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ABSTRACT
Within the framework of the extended-Hubbard model, theoretical studies
on the intensities of two-photon absorption (TPA) of the even-parity states in
conjugated polymers show relatively large contributions from the exciton mAg
state. The TPA intensities due to the 2Ag as well as other sub-gap even-parity
states are demonstrated to be extremely weak in the long chain limit, independent
of their locations relative to the optically allowed exciton. We show our results
have important implications for the interpretation of third harmonic generation
(THG) and TPA spectra of several conjugated polymers. We have also probed
the higher energy states that are reached by two-electron excitations from the
ground state. Evidence for the biexciton, a bound state of two excitons that
occurs below the two-electron continuum, is found. The lowest biexciton state is
of even parity, can be reached by optical excitation from the lBu exciton, and
also by two-photon excitation from the ground state. Interpretation of a recent
picosecond photoinduced absorption experiment on polyparavinylene (PPV) and
TPA on polysilanes (PS) in terms of the biexciton will be given. Multiexciton states
have experimentally found in a linear chain mixed-stack charge-transfer solid. Our
theoretical studies based on the extended-Hubbard Hamiltonian demonstrate that
such stable multiexciton states in this class of organic systems are due to the
Coulomb interactions.
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CHAPTER 1

Introduction

Within the last few years, various electronic devices based on conjugated
polymers have been proposed. In particular, the recent fabrication of "plastic"
light-emitting diodes (LEDs) from conjugated polymers (Burroughs et al., 1990;
Braun and Heeger, 1991; Gustafsson et al., 1992) has demonstrated the promising
application of this class of electronic materials. Another possible area of application of polymers is in nonlinear optics, which has also been very actively pursued
in recent years. Due to the high potential of applications to optical and electronic
devices, there has been a large amount of experimental work on the spectroscopy
of conjugated polymers. Various techniques including third harmonic generation
(THG), two photon absorption (TPA), and pump-probe spectroscopy have been
used to study the excited states in this electron systems. There has now accumulated much nonlinear optical data which complements the linear spectroscopy.
In spite of the considerable experimental progress in the area of organic
optical and electronic devices, the electronic structures of conjugated polymers are
not completely understood by scientists, especially in the high energy region. It
is believed that the understanding of the high energy excited states in conjugated
polymers is important to the invention of new electronic and optical devices. In the
following sections, we will give the basic knowledge on the quasi-one-dimensional
electron systems in which we are interested. The molecular and electronic structure
as well as the suitable model Hamiltonian will be our main focus.
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1.1

Materials and their chemical and electronic structures
The materials in which we are interested here are quasi-one-dimensional

conjugated polymers and quasi-one-dimensional mixed-stack charge-transfer (CT)
solids. The common feature among them is the quasi-one-dimensionality. Thus,
mixed-stack CT solids may also be the potential candidates of nonlinear optical
materials.
Strictly speaking, there are no real one-dimensional electron systems, and
real materials are always three-dimensional. The term "quasi-one-dimensional electron systems" actually stems from the recognition that the atoms in materials are
bonded strongly only in one dimension to form chains and the bonding between
chains is sufficiently weak. It has been known that a quasi-one-dimensional electron system in its ground state at the absolute zero of temperature is an insulator
(or a semiconductor). This is because a one-dimensional metal is always unstable against electron-phonon coupling (including intra- or inter-site electron-photon
couplings) or the electron-electron interaction and transforms into a Peierls insulator or a Mott-Hubbard insulator, respectively, by opening an energy gap.
With intersite electron-phonon coupling, the distortion of one-dimensional
periodic lattice can lead to a bond order wave (BOW) state, in which the larger
charge density distribution is on the short bonds than on the long bonds. With
intrasite electron-phonon coupling, another instability can lead to the large and
small charge density distributions on the alternate sites, and the metallic state
can be transformed into a charge density wave (CDW) state. Instability resulting
from the electron-electron interaction can also transform a metallic state into a
spin density wave (SDW) state, in which the spin-up and spin-down electrons are
alternately distributed on the adjacent sites. In some materials in which both
intersite electron-photon coupling and electron-electron interaction are important
(for example, this could occur in several7l'-conjugated polymers), the ground state
of such electron systems will be the coexistent state of BOW and SDW.
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1.1.1

Quasi-one-dimensional conjugated polymers

The nonlinear optical materials we will study in Chapters 2 and 3 consist
of quasi-one-dimensionaI1r- and O'-conjugated polymers. For example, polyacetylene (PA), polydiacetylene (PDA), poly(paraphenylenevinylene) (PPV), and polythiophene (PT) belong to 1r-conjugated polymers, while polysilanes (PS) are the
O'-conjugated polymers. Their chemical structures are shown in Figures 1.1 and
1.2.
The lattice of a 1I"-conjugated polymer consists of arrays of carbon atoms,
which possess four valence electrons. In PA, three out of four carbon valence
electrons form

0'

bonds by sp2 hybridization by which two neighboring carbon

atoms on the backbone chain and a hydrogen atom are linked. The remaining 2pz
valence electron is in a
axis. The

0'

11"

orbital whose extension is perpendicular to the chain

bonds form a filled valence band, while the 1I"-bond will form a half-

filled metallic band if the bond distance between the carbon atoms in the chain
are all alike. However, such a system is unstable with respect to a dimerization
distortion, the Peierls instability (Peierls, 1955), and the structure is transformed
into an alternating bond configuration as shown in Figure 1.1(a, b). The half-filled
metallic state then transform into a bond order wave (BOW) by opening an energy
gap. Theoretically, this characteristic feature is described by alternating transfer
integrals t(l ± 8) along the conjugated backbone, with 8

f'V

0.1, where 8 is bond

alternation parameter.
Although both PDA and PT have four carbons per unit cell, their conjugated backbones are still one-dimensional and well represented by alternating
transfer integrals (Soos and Hayden, 1989). The alternation 8 in PDA is larger
than in PA due to the triple bonds (see Figure 1.1(c)) to an effective 8

f'V

0.15.

Although PT have similar backbone with cis-PA, its conjugated double bonds are
locked by the sulfur atoms, leading to different site energies (denoted by
fB,

see Figure 1.1(d)) and hence to a larger alternation (8

f'V

0.2).

fA

and
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Figure 1.1: The idealized chemical structure of several conjugated polymers: (a)
trans-polyacetylene, (b) cis-polyacetylene, (c) polydiacetylene, (d) poly thiophene
and (e) poly(paraphenylenevinylene). Rand R' denote hydrogen or alkyl groups.
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Figure 1.2: Schematic representation of the
orbitals and their charge centroids
in a regular (Si)n chain (Soos and Hayden, 1990; Herman, 1988). In the plot, R
and R' denote hydrogen or alkyl groups.
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The PPV structure consists of many phenyl rings bridged by ethylenic
structure. The calculations within Hiickel model show that the electronic structure
of PPV can be separated into localized and delocalized states (Soos et al., 1992
and 1993). The localized states only involve the phenyl rings, while the delocalized
states possesses the same behavior as that in PA. Thus the effective 8 (IV 0.25) for
PPV polymer is considerably larger than in PA, PDA, or PT.
The u-conjugated polysilanes are somewhat different because they contain
no 7r-electrons in the polymer backbone (Prasad and Williams, 1990). Nevertheless, they show delocalization of a electrons along the polymer backbone. This
phenomenon has been called a-conjugation. Since each Si contributes two electrons, we have a half-filled system with 2n electrons and 2n orbitals for n Si atoms.
The orbital structure is shown in Figure 1.2 (Soos and Hayden, 1990; Herman,
1988). Note here that the bond alternation in quasi-one-dimensional 7r-conjugated
polymers can be understood in terms of the Peierls instability (Peierls, 1955), while
the PS alternation is intrinsic to the regular Si chain (see in Figure 1.2). The resulting Hiickel calculation due to Sandorfy C model (Sandorfy et al., 1955) has
large alternation 8 (IV 0.3), since t integrals between sp3 orbitals on the same and
adjacent Si are quite different.
In all of the conjugated polymers mentioned above, the molecular structures can be simplified as that shown in Figure 1.3 (Soos et al., 1992; Soos and
Hayden, 1990; D. Guo, 1993; McWilliams and Soos, 1991). This simplified molecular structure with alternating bond lengths (characterized by 0) possesses mirror
plane and inversion symmetries. Therefore, all eigenstates are either of even parity (hereafter Ag) or of odd parity (hereafter Bu) with respect to the inversion
and mirror plane symmetries. The ground state is the lAg, and the allowed onephoton transitions are then to excited Bu states. Transitions between Ag states
are one-photon forbidden but two-photon allowed.
Based on the bond alternation 0, we can classify conjugated polymers into
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Figure 1.3: Simplified molecular structure in the theoretical modelings. The perpendicular dash line indicates that the structure possesses a mirror plane symmetry.
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two classes. Class I polymers characterized by small 6 include PA and PDA, in
which the 2Ag is below the 1Bu (Schulten et al., 1976; Ohmine et al., 1978; Ducasse
et al., 1982; Soos and Ramasesha, 1983; Dixit and Mazumdar, 1984; Kohler et al.,
1988). Class II polymers including PT, PS, and PPV are characterized by relative
large effective 8, which places the 2Ag above the lBu. The ordering of the 2Ag and
the 1Bu in class I polymers is historically of interest, and the correct prediction
of this energy ordering should at least include on-site electron-electron interaction
into the Hamiltonain. The single electron models including only electron-photon
coupling are proven to be unsuitable.

1.1.2

Mixed-stack charge-transfer solids
Materials we will study in Chapter 4 consist of quasi-one-dimensional

mixed-stack CT solids, in which donor molecules (D) and acceptor (A) molecules
are stacked alternately along a certain direction. An example of this class of materials is a solid of anthracene-PMDA (pyromellitic-acid-dianhydride). The solid is
made by an alternate face to face stacking of donor anthracene and acceptor PMDA
molecules, the structure of which is shown in Figure 1.4. Unlike the conjugated
polymers, the lattice formed from the alternating D and A is hard to distorted by
the Peierls instability. On the other hand, because of the intrasite electron-phonon
coupling, another instability will open an energy gap, and transform a metal to a
charge density wave (CDW) state. Thus even the quasi-one-dimensional mixedstack CT solids are semiconductors.
In next section we will focus on the discussion of the model Hamiltonian which describes the quasi-one-dimensional conjugated polymers. The proper
Hamiltonian to describe the mixed-stack CT solids can be obtained with minor
modification, and will be discussed in Chapter 4.
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Figure 1.4: (A) Molecular structure of anthracene and PMDA, (B) Projection of
the anthracene-PMDA crystal structure at 150 K onto ac plane. The stack axis is
the crystallgraphic c axis (Brillante and Philpott, 1979).
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1.2

Model Hamiltonians -

Quantum chemical approach

Historically, the Hiickel Hamiltonian, a single electron model, is an early
model to describe the one-dimensional polyenes. Su, Schrieffer, and Heeger (1979)
extended Hiickel theory to include linear electron-phonon (e-p) coupling, and applied this model to trans-polyacetylene (trans-PA). Within such a model, they
predict the two-fold degenerate ground state of trans-PA resulting from interchanging single and double bonds along the chain backbone, and demonstrate
that topological solitons are the lowest electronic excitation. This elegant model
also provides a qualitatively accurate description of properties of trans-PA, such
as conductivity (Weinberger et al., 1979; Ikehata et al., 1980), optical properties
(Suzuki et al., 1980; Lauchlan, 1981), and magnetic resonances (Weinberger et al.,
1980; Nechtschein et al., 1980).
The Hiickel or tight-binding Hamiltonian for the alternating transfer integrals t(1 ± 8) in Figure 1.2 and Figure 1.3 can be written in second quantized form
as:

N-l

E

[1 - (-I)m8](atn.uam+I.u + atn+I.uam.u),
(1.1)
m=l,u
Here atn.u (a m•u) creates (annihilates) an electron with spin (j at site m, t > 0 is
H t = -t

the nearest neighbor hopping integral, and 8 is the bond-alternation parameter.
However, the Hiickel Hamiltonian does not incorporate electron Coulomb interaction explicitly, and omits the correlation effect on the many-electron systems. But
recently considerable amount of experimental evidence (Schulten et al., 1976; Hudson et al., 1982; Baeriswyl et aI, 1992) indicates that electron-electron interaction
is important in linear chain systems. Also, both theoretical (Schulten et al., 1976;
Ohmine et al., 1978; Ducasse et al., 1982; Soos and Ramasesha, 1983; Dixit and
Mazumdar, 1984) and experimental (Kohler et al., 1988) studies on polyenes up
to 16 carbon atoms have shown that an optically forbidden state, 2Ag, lies below
the lowest optically allowed state IBu , while an independent electron model such
as Hiickel theory fails to make correct prediction. The low-lying 2Ag state below
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the 1Bu arises from electron correlation and can be understood qualitatively by
considering the strong correlation limit (Hudson et al., 1982).
In quantum chemical approach, the most complete expression of Hamiltonian incorporating electron-electron Coulomb interaction is the Pariser-Parr-Pople
(PPP) Hamiltonian (Pariser and Parr, 1953; Pople, 1953; Salem, 1966) where the
on-site interaction Hu and the long-range Coulomb interaction Hv are added to
the Huckel Hamiltonian, i.e.,
H

= H t + Hu + Hv.

(1.2)

In terms of real-space operators, Hu and Hv can be written as:
(1.3)

and

Bv

1

=-

E

2 m, ('
m ¢m)

Vmm/(n m -1)(nm' -1),

(1.4)

respectively. The number operator is defined as: nm = Lu atn,uam,u, and U (= Vmm )
and Vmm' (m =/: m/) are on-site and intersite Coulomb correlation parameters.
Note here that Hubbard models only take on-site interactions into account, while
extended-Hubbard models, in addition to the on-site term, also include the nearest
neighbor interactions. Therefore, Hubbard and extended Hubbard models are
merely the special cases of PPP model.
Within PPP theory, Vmml depends on the distance rmml between atoms,
and can be obtained from the Ohno interpolation (Ohno, 1964),
Vmml

= V(rmm/) =

U

VI +Qr~ml .

(1.5)

or from the Mataga-Nishimoto interpolation (Mataga et al., 1957),
Vmml

= V(1' mm /) =

U
1

1 + Q'2rmm'

(1.6)
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Here, U is as usual an on-site electron-electron interaction parameter and a is a
constant. In Hubbard and extended-Hubbard theory, U and Vmml, however, are
two empirical parameters, and are usually taken to be constants.
Although there exist various choices of basis vectors corresponding to the
Hamiltonians described above, a very useful and efficient full configuration interaction calculations can be performed in real-space by choosing valence bond (VB)
diagrams as the basis vectors. The diagrammatic valence bond (DVB) method,
which uses Pauling's familiar VB diagrams (Pauling, 1933) as a many-electron
basis, was developed completely many years ago (Mazumdar and 800s, 1979; Bondeson and 800s, 1980; Ramasesha and 800s, 1984), and is recently employed to
the exact studies of nonlinear optical properties of conjugated polymers (for example: 800s and Ramasesha, 1988; Dixit et al., 1991; D. Guo et al., 1993). The
merit of DVB theory is that it provides efficient full configuration interaction (CI)
techniques to take account of electron correlation effects on molecular systems. A
brief summary of this theory is presented in Appendix A.
However, DVB theory can only apply to electronic systems up to 10 carbon
sites due to the limitations of today's computing facilities. This drawback can be
overcome with truncated configuration interaction methods which provide qualitative analyses on larger molecular systems as shown in many literatures (Buenker
and Peyerimhoff, 1975, also see Appendix B). These approximate methods are usually performed in molecular orbital (MO) space, but suffer some difficulties from
the evaluation of Hamiltonian matrix elements even though only single-double CI
calculations are performed.
In order to reduce such problems, We introduce truncated CI calculations which include two steps: firstly, writing the model Hamiltonian in MO space
by making transformation from real space; secondly, adopting the notions of VB
diagrams to MO configuration functions. A successful application of MO configuration diagrams can be expected, since each MO level can only accommodate two
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electrons at most. This is exactly analogous with the accommodation of the "site"
in real space in linear chain 7r-conjugated polymers. The detailed description of
MO configuration diagrams will be given in'Appendix A. In order to perform the
first step, we here consider the general form of model Hamiltonian, namely PPP
model, since others are just the special cases to it.
To obtain the PPP Hamiltonian in terms of MO operators, we introduce
the most general linear transformations (Surjan, 1989; Srinivasan and Ramasesha,
1992):
am,O' =

E Cj,mbj,O'

(1.7)

j

and

a~,O' =

2: Cj,mb},O',

(1.8)

j

where

blO'

and

spin u, and

bj,O'

Cj,m

create and annihilate an electron in j molecular orbital with

is the coefficients of the mth atomic orbital (AO) in the jth MO.

With these transformations, we can express the number operator in terms of MO
operators as
nm

=

2: Ci,mcj,mEij,

(1.9)

i,j

f. j, we define Eij = EO' bt,O'bj,O' as a shift operator (Matsen and Pauncz,
which transfers an electron from ph MO to ith MO. If i = j, then Eij is

where if i
1986),

called weight operator (Matsen and Pauncz, 1986).
Substituting equations 1.7, 1.8 and 1.9 into H t , Hu, and Hv (equations 1.1,
1.2, 1.3 and 1.4), we then obtain the PPP Hamiltonian in terms of MO operators
as (detailed derivation is given in Appendix C)

H =

2: f.pEpp + '12 2:(fijklEijEkl ijkl

p

Here, we define

!ijkl

and

9ijkl

9ijkl 8jk E il)

1

+ '2 2:

Vmm,.

(1.10)

m,(m':/:m)

as
(1.11)
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9ijkl

= E(U

+2

In equation 1.10,

€p

E

Vmm , )CimCjmCkmClm.

(1.12)

(m';im)

m

= - 2t Em (1- ( _l)m 8)Cp,m Cp,m+I denotes the energy of pth MO.

Thus the first term summing over the MO levels occupied by electrons gives only
the diagonal values to the Hamiltonian matrix. Nevertheless, the second term will
give both the diagonal and off-diagonal matrix elements. The last term in equation
1.10 is a constant.
In addition to the model Hamiltonians, when we calculate optical quantities of a molecular system, it is necessary to compute transition dipole moments
between any two correlated states. The dipole moment operator p. in real space
can be written in general form as
J.L

= ~ Xma~,CTam,CT'

(1.13)

m,CT

where

Xm

is the coordinate of mth site, and we have taken the electronic charge to

be 1. Now it is not difficult to obtain the dipole operator in MO space by inserting
equations 1.7 and 1.8 into equation 1.13. After this, we obtain
p. =

E

djjEjj

(1.14)

i,(#i)

= Lm XmCimCjm
is the transition dipole moment between the ith and ph MO. Sim-

Here, i and j are summing over all molecular orbitals, and dij
(Salem, 1986)

ilarly, many of the operators of physical quantities in MO representation can be
found by taking the same transformation as that discussed above.

1.3

Fundamentals of nonlinear optics,
Basically, all materials display nonlinear optical response in an intense and

coherent laser beam. The macroscopic quantity to describe this nonlinear optical
response is an optical polarization function of the medium. If the field strength is
relatively low, the polarization of the medium is linear in the applied field. The
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Cartesian m-components of the linear polarization PJ"L> (WeT ) can be expressed in
terms of linear optical susceptibility x~~( -WeT; wt) as:
p~L)(Wq) = p~l)(Wq) =

L x£~( -wq;wt)En(wt).

(1.15)

n

Here, En(wt} is the

nth

component of the amplitude of the electric field with

monochromatic frequency WI. pJl) (wq ) is the first order optical polarization. If the
applied field is intense, the polarization response of the material can not adequately
be described by equation 1.15. Instead, a complete description of total optical
polarization Pm(wq ) should have the following form:

(1.16)
where pJ[VL)(wq) is the

mth

component of nonlinear optical polarization, and can

be expressed as:

pJ:'L)(wq ) =

00

E p~)(Wq),

(1.17)

1=2

where PJ:>(wq ) is the
of the

nth

mth

component of Ith order optical polarization. In terms

order nonlinear susceptibility X(n), the second and third order optical

polarizations, for example, can be written as:
p~2)(Wq)

= E X~~p( -Wq; WI, w2)En(wdEp(W2),

(1.18)

np

and

p!;)(Wq ) =

E
X~~pq( -Wqj W17 W2,W3)En(wJ)Ep(W2)Eq(W3).
npq

(1.19)

In systems with inversion symmetry, X(2) vanishes, so that p~)(Wq) is
the first nonlinear response term. This third-order term describes in general the
generation of a field at frequency Wq (

= WI + W2 + W3

) under the influence of

three incident fields with the frequencies WI, W2 and W3. In a degenerate case with
WI

= -W2 = W3 = W, we obtain for linearly polarized light an intensity-dependent

polarization at the frequency

W

p(NL)(W) = X(3)( -WjW, -w,w)IE(w)1 2E(w),

(1.20)
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where the tensor indices are omitted, and the higher order polarization has been
ignored here. This result describes an intensity-dependent correction to the linear
suscepti bili ty

P(W)

= (X{l) + x(3)IE(w)12)E(w) = x(I,w)E(w),

(1.21)

which in turn gives rise to an intensity-dependent change of the optical dielectric
function

f(I,W)

= f/(I,w) + if"(I,W) = 1 + x(I,w)

(1.22)

and the related coefficients of absorption a and refractive index n

a(I,w)

=

Wf"(I,W)
en(I,w)

w

= en(I,w)Im(x(I,w))

(1.23)

(1.24)

x(/, w) appearing in the above equations is called the effective optical susceptibility. Note here that for

f"

«:

f/,

which is usually true in real semiconduc-

tors, n(I,w) = J(!. Furthermore, if the refractive index n(I,w) is only weakly
frequency-dependent for the w-values of interest, we may approximate

a(I,w) =

w
(I /m(x(I,w))

en ,w

R:

w
()Im(x(I,w)),
eno w

(1.25)

where no(w) is the background refractive index due to bound electrons in materials.
In order to study the optical nonlinearity of materials, we need the expression for X~hpq( -Wj wll W2, W3)' The general and complete expression was first
derived by Orr and Ward (1971), and can be written as:

n

+
(Wba

+

m P

q

JLabJLbcJLcdJLda

+ wt)(wca n

W2 P

m

W3)(Wda - W3)
q

JLabJLbcJLcdJLda
(Wba + wd(wca +WI +W2)(Wda - W3)
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(1.26)
Here, the symmetrizing operation S indicates a summation over all the tensors
obtained by making the 3! permutations of the 3 pairs (n, wt) , (p, W2) and (q,

W3). This is the intrinsic permutation symmetry property in third order. po(a) is
the thermal-equilibrium density-matrix element for the state labeled by a. nwba is
the energy difference between the state band a. fL is the dipole operator, fLab being
the transition moment between two states, a and b. Since our interests in this dissertation are in the relatively high energy excited states in quasi-one-dimensional
molecules, the calculated two-photon absorption (TPA) and third harmonic generation (THG) spectra will provide the best analytic tools. For quasi-one-dimensional
chains, only the chain direction component will have large contribution in THG
and TPA processes. Thus, after doing the intrinsic permutation and neglecting the
constant, the THG and TPA formulae can be expressed as (Delone and Krainov,

1988; Butcher and Cotter, 1990):

x~1d -3w; w, w, w) =

2: /Lgi/Lim/Lmn/Lng
Imn

X{[(Wig - w)(wmg - 2w)(wng - 3W)]-1
+[(Wlg - w)(wmg - 2w)(wng
+[(Wlg - w)(wmg

+ w)]-l

+ 2w)(wng + W)]-l

+[(Wlg + 3w)(wmg

(1.27)

+ 2w)(wng +W)]-l},

and

X?~A(-W;W,-W,W)

= Im{x(3)(-w;w,-w,w)},

the imaginary component of X(3)( -Wj w, -w, w) which is defined by

X(3)( -Wj W, -W, w)

=L
Imn

/Lgi/Lim/Lmn/Lng

(1.28)
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X{[(Wig - W)(W mg - 2w)(wng - W)]-l
+[(Wlg - W)Wmg(W ng - W)]-l

+ W)]-l
+[(Wlg +W)(W mg + 2w)(wng + W)]-l
+[(Wlg - W)Wmg(W ng

+[(Wlg + W)Wmg(Wng

(1.29)

+ W)]-l

+[(Wlg + W)Wmg(Wng - w)]-l}.
According to the THG and TPA formulae shown above, it is clear that the THG
processes will give both two-photon resonances and three-photon resonances, while
the TPA processes will give two-photon resonances only. Since the interesting
frequency range for nonlinear optical experiments is usually below lBu state, hence
no one-photon resonances appear in this range in the THG and TPA spectra.

1.4

Motivations and scope
Nonlinear optical properties of materials with one-dimensional electron

systems are the focus of much current interest and activity because of their large
third-order optical susceptibilities

X(3)

and their ultrafast response times (Chemla

and Zyss, 1987; Prasad and Ulrich, 1988). In addition, complementary information on the high energy excited states in the linear chain systems, which is usually
not available by the measurement of ordinary absorption, can be obtained, both
theoretically and experimentally, from the studies of optical nonlinearity of materials. In the case of quasi-one-dimensional organic semiconductors, the lowest
exciton states are expected to give dominant contributions to the ordinary absorption spectrum. The other states (for example, conduction band threshold state
and biexciton state) with relatively high energy which only have very small or
vanishing oscillator strengths do not appear in ordinary absorption spectrum. Instead, the measurement of nonlinear optical properties, such as third harmonic
generation (THG), two-photon absorption (TPA) and pump-probe spectroscopy,

38

in these materials can display high energy excited states (D. Guo et al., 1993; Abe
et al., 1992; Hasegawa et al., 1990, 1991, 1992).
Both theoretically and experimentally, the location of the lowest twophoton state (2Ag) relative to the 1Bu waS of interest for a long time. This is
because that the early observed THG spectra are often considered to be two-peak
spectra, in which one peak is assigned to the 1Bu from the peak in linear absorption of the same materials, and the other is assigned to the 2Ag based on the
energy consideration. However, the assignments of the resonances based only on
the energy consideration have been proven to be unsuitable (Mazumdar and Guo,
1994; Guo et al., 1994), since in

X(3)

processes the important physical factor to

influence the relative strengths between all states is not from the denominator in
the X(3) formula, but from the numerator (Mazumdar and Guo, 1994; D. Guo et
al., 1993). Based on the carefully numerical analysis and intuitive physical insight,
the "four essential states" model has been proposed by us (Mazumdar and Guo,
1994: D. Guo et al., 1993), and gives successful explanations of and makes pre-

dictions about THG spectra in conjugated polymers (Mazumdar and Guo, 1994).
These four essential states are known to be the ground state, the odd parity exciton state (IBu ), the even parity exciton (hereafter the mAg), and the conduction
band threshold (hereafter the nBu ).
From our numerical analysis, we also expect a biexciton state to exist in
conjugated polymers, and it should be observable in the TPA and picosecond photoinduced absorption processes, provided the experimental spectra are extended
to more higher energy region. Indeed, the biexciton has been observed in a TPA
measurement in P8 thin films (800s and Kepler, 1991), and has also found in
a picosecond photoinduced absorption in PPV polymer (Leng et al., 1994). In
addition, the biexciton as well as triexciton are observed in differential transmission (DT) spectrum in a mixed stack charge-transfer solid of anthracene-PMDA
(Ezaki et al., 1993). However, the detailed theoretical studies on the biexciton and
even triexciton in organic molecules are still lacking. In contrast, the biexciton in
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inorganic semiconductors has been understood by scientists for a long time.
In order to confirm the validity of "four essential states" model, in Chapter
2 we first investigate the TPA intensities arising from the excited even parity
states, particularly to the 2Ag below the lBu. We show that even within the
interacting electron model the lowest even-parity excited state, the 2Ag, in long
chain limit actually makes tiny contribution to the TPA due to cancellation effects.
In contrast, the cancellation for the mAg is incomplete, and is therefore dominant
in

X(3)

processes. In the end of this chapter, the recent TPA measurements on

PDA thin films (Torruellas, 1991: Stagemen et al., 1994) will be discussed. The
relative THG intensities between 2Ag and the nBu will be compared.
The stable biexciton existing in conventional semiconductors has been
completely understood by scientists (Ueta et al., 1984). In contrast, the theory of
stable biexciton in one-dimensional conjugated polymers is so far not completely
apparent. In Chapter 3, we explore the full electronic energy spectrum through
various parameters, including Coulomb interaction and bond alternation. In these
spectra we identify the biexciton state by tracking the evolution behavior of each
high energy even-parity excited state. The formation and stability of biexciton
state will also be discussed in this chapter. It will become clear that the biexciton
state in conjugated polymers is stable due to Coulomb interaction. Meanwhile, we
will show the weak TPA intensity to 2Ag state in a long chain limit in the class
of conjugated polymers in which the 2Ag is above the 1Bu. Our theories in this
chapter will be applied to re-examine the TPA spectra for several materials such
as PS, PPV and PT.
In Chapter 4, we will discuss another class of quasi-one-dimensional organic molecules, the mixed-stack charge-transfer solids. Since this class of materials has experimentally shown stable multiexciton states (Ezaki et al., 1993;
Kuwata-Gonokami ct al., 1994), we will provide physical insight to understand the
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mechanism of these stable multiexciton states. We show that, in contrast to inorganic semiconductors, these stable muItiexcitons are actually bound by Coulomb
interaction.
Finally, a brief summary and conclusions of our work in this dissertation
will be given in Chapter 5.
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CHAPTER 2

TPA Intensities of Even-Parity States in Conjugated Polymers

Most studies of the nonlinear optical (NLO) properties of the 7r-conjugated
polymers have been concerned with third harmonic generation (THG) experiments.
The earlier experimental THGs were usually considered as two-peak spectra (Fann
et aI., 1989; Kajzar and Messier, 1985), since these experimental results were only
limited to low frequency region. Based on energy considerations, these two peaks
were often assigned to be a three-photon resonance to the 1Bu state and a twophoton resonance to the 2Ag state, since the 1Bu is the lowest excited state with
odd parity, and the 2Ag the lowest excited state with even parity. For example,
two peaks were seen in the THG spectrum (see Figure 2.1) in the blue form of
a Langmuir-Blodgett thin film polydiacetylene with side group (CH2)8COOCdt
and (CH2 )JsCII3 performed by Kajzar and Messier (1985). One sharp peak at 1.9
p,m (0.65 eV) was identified as a three-photon resonance to the lEu from the peak
of linear absorption at 1.95 eV in this material. Because of the absence of linear
absorption at 2.76 eV, the resonance at 1.35 J1.m (0.92 eV) was considered as a
two-photon resonance due to the 2Ag state at 1.84 eV, which is known to occur
below the 1Bu absorption (Kohler and Schilke, 1987).
Nevertheless, more recently theoretical studies have shown this interpretation is actually incorrect (D. Guo; 1993; Yu et aI., 1989; Abe et aI., 1992).
Moreover, it was found (D. Guo, 1993; Mazumdar and Guo, 1994) that only four
essential states (see Figure 2.2) derived from numerical studies within interacting
electron models should be responsible for the bulk of third order optical nonlinearity

X(3).

These four states are now known to be the ground state, the first
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Figure 2.1: Wavelength dependence of the THG of the blue form of a Langmuir-Blodgett film of a polydiacetylene (Kajzar and Messier; 1985).
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odd-parity exciton state (IBu), the first even-parity exciton state (mAg), and the
conduction band threshold (nBu) (D. Guo, 1993; Mazumdar and Guo; 1994). The
quantum number m and n strongly depend on chain length, the magnitude of
Coulomb correlation, and bond alternation, but the characteristics of mAg and
nBu are parameter independent. The criteria to identify them are such that, in

class I polymers, mAg is strongly dipole-coupled both to lBu and nBu states and
the location of mAg is always pinned in between lBu and 2Bu. Numerical studies
have shown the uniqueness of the mAg as well as the nBu in conjugated polymers
(D. Guo, 1993; D. Guo et al., 1993).
Detailed numerical results showed that direct dipole coupling from the lAg
to the nBu is very weak for nonzero Coulomb interactions. This is why the nBu is
not seen in linear absorption. Nevertheless, the nBu participates strongly in

X(3)

processes because of the mAg, which is very strong dipole coupled to both the 1Bu
and the nBu (Kawabe et al., 1991; Guo et al., 1993). Thus, the "four essential
states" model predicts that in an ideal infinite chain, there should be two, instead
of just one, three-photon resonances. One of these is due to the lBu and the other
is due to the nBu • In addition, a two-photon resonance due to the mAg state is
expected (Mazumdar and Guo, 1994). Based on this model, the resonance at 1.35
I'm is naturally assigned to a three-photon resonance due to the nBu and a weak

resonance at 1.1 I'm (1.13 eV), not discussed by Kajzar and Messier, is assigned
to the two-photon resonance due to the mAg (Mazumdar and Guo, 1994).
In order to confirm the validity of the "four essential states" model and
support its predictions, we will focus in this chapter on the analysis of relative
TPA intensities to the 2Ag and some low-lying even-parity states which are below
the optical gap, instead of only determining their energies. The validity of the
assignment of the peak at 1.35 I'm to the nBu, and not to the 2Ag, will be further
examined by comparing the relative THG strengths of the 2Ag to the nBu.
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2.1

Theoretical model and TPA formula

The theoretical model we choose to describe the linear polyenes is the
one-dimensional extended-Hubbard Hamiltonian,
H =

~ ~ ni(ni-1)+ V ~(ni-1)(niH -1)-t ~[1-( -1)i8][aL,aiH,u+alH,uai,u].
I

I,J

I,U

(2.1)
Here atu creates a 7r-electron of spin

0'

at site i, ni,u

= atuai,u,

ni

= L:u atuai,u,

t > 0 is the nearest neighbor hopping integral, U and V are the on-site and intersite
Coulomb interactions, and 8 is the bond alternation parameter. In all our calculations we have set t = 1. We recognize that polyenes are often described within
Pariser-Parr-Pople (PPP) models in which the long range Coulomb interactions
are included. Since our results are based on exact (up to N = 8) and single-double
configuration interaction (up to N = 20) finite chain calculations, this is better to
keep only the short range part of the Coulomb interactions. For most of our work
presented below, we do not restrict ourselves to any specific U, V, or 0, since our
motivation is to arrive at a completely general picture.
TPA is given by the imaginary component of the third-order optical susceptibility,
(3)(.
) _
X
-W,W,-W,W -

L

C

(lAgIJLlj B u)(jBuIJLlkAg)(kAgIJLI1Bu)(IBuIJLI1Ag)

Xj,k,/

(WjBu -W)(WkA

g

-2W)(W1Bu

-w)

+...
(2.2)

where we have shown only the relevant resonant term. Here the triple sum is over
all Ag and Bu states, C is a constant, and all energies are relative to the ground
state energy (i.e., nwlAg

= 0).

In analyzing TPA, the conventional assumption

has been that TPA occurs at every

W

=

!WkA g ,

corresponding to each zero of

the denominator in equation 2.2. This is precisely why the existing analyses of
TPA and THG have been largely limited to determination of energies alone, and
little consideration has been given to intensities. We show in section 2.2 and
2.4 that because of cancellation effects the contribution to the

X(3)

is tiny in the
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infinite chain for certain Ag states, and thus no TPA is expected even when the
corresponding energy denominators are zero.

2.2

TPA to 2Ag state -

The independent-electron model

We first discuss this vanishing contribution to the
states to the noninteracting limit of U

= 0, V =

X(3)

by the lowest Ag

O. In the infinite chain, interband

optical transitions involving both the valence band (v.b.) and the conduction band
(c. b.) are restricted between levels (see Figure 2.3) that are symmetrically located
relative to the exact midgap, i.e., transitions are allowed only between v.b. levels at

-€ and c.b. levels at +€, where the zero of the energy is at the gap center. These
transitions correspond to the allowed vertical transitions in the infinite periodic
ring. Equation 2.2 then dictates the following: two-photon transitions to any Ag
state reached by single-electron excitation can occur via only two virtual Bu states,
again placed symmetrically above and below the intraband Ag state in question.
For example, in Figure 2.4, the two virtual Bu states that are relevant for twophoton absorption to the 2Ag are the lBu and the 2Bu. Although the 2Ag is
dipole-coupled to other Bu states, the latter necessarily have zero dipole coupling
to the lAg in the long chain limit, because of the restriction that allowed transitions
from the ground state involve only the transitions between symmetrically placed
v.b. and c.b. levels (see Figure 2.3). Thus in the X(3) expansion, corresponding to
each intraband Ag state, there are only four nonzero terms in the noninteracting
rigid band (D. Guo et al., 1993). These fou~ nonzero terms involving the 2A g , as
an example, can be classified into" direct" terms

in which the same Bu state occurs twice, and "cross" terms,

4i
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Figure 2.3: Interband optical transitions involving both the valence band and
the conduction band. In the infinite chain, the allowed transitions are restricted
between levels that are symmetrically located relative to the exact midgap. such
transitions are shown in (a). For small chains, allowed interband transitions are
also allowed between unsymmetric levels. Several such transitions are represented
in (b).
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Figure 2.4: The orbital occupancies of the (i) lAg, (ii) lBu, (iii) 2Ag, and (iv) 2Bu
in the limit of U = V = O. Only the highest two v.b. levels and the lowest two
c. b. levels are shown.
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in which different Bu states appear. Each arrow in the above expressions represents
a dipole coupling between two states.
We now examine the natures of these terms and again consider the 2Ag
for illustration. The transition dipole moments (2AglJ.'IIBu) and (2AglJ.'12Bu) necessarily have equal magnitudes for all N. This is because the two transition correspond to either the HOMO (highest occupied molecular orbital) to HOMO I transition or the LUMO (lowest unoccupied molecular orbital) to LUMO

+

I transition, and the magnitudes of these are equal by electron-hole symmetry.
For N -

00,

(IAglJ.'IIBu) and (IAglJ.'12Bu) are also almost equal in magnitudes.

Now consider the products (IAglJ.'IIBu}(2AglJ.'IIBu) and (IAglJ.'12Bu)(2AglJ.'12Bu).
These are of opposite signs because of the anti symmetric natures of the wavefunctions. This is easily seen by directly calculating 1.he transition dipole moments
between these states. To prove this, we first write the singlet wavefunctions for
the ground state, the IBu, the 2Ag, and the 2Bu in terms of MO diagrams (see
Appendix A) as

.)
IIBu) = I x 12Ag}

.)

= ~ {I x ~) - I ~ . )}
12Bu)=I~ )

(2.3)
(2.4)
(2.5)
(2.6)

where for N-site systems we have only kept the frontier 4 levels centered at the
midgap. The dipole operator expressed in MO space is
rIL

= L..-.).)
~d .. E ..

(2.7)

i,j

where
dij

=

E XmCimCjm
m

(2.8)
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is the transition dipole moment between
the above equation,
is taken to be 1),

Xm

ith

and

ph

gives the position of the

MO levels (Salem, 1966). In

mth

atom (the electronic charge

is the m th atomic coefficient for the

Cim

E jj

ith

M0, and

= I: bt,l1 bj ,

(2.9)

11

11

is a shift operator, where b}c:r and bj,11 are creation and annihilation operators in
MO space as was defined in Chapter 1. The transition dipole moment between

lAg and 1Bu can be estimated as
(lAgIJlI1Bu) = (x x

·IJlI x -

.)

(2.10)

= v'2d1f,lf+1'
where the coefficient

v'2 has been included according to the normalization of wave-

functions (see Appendix C). Similarly,

(lAgIJlI2Bu) = (x x

·IJlI ~)

(2.11)

v'2d1f-1 ,/f+2'

=

(2AgIJlI1 B u) = ~ {(x ~ 1- (~. I} IJlI x -

.)

= ~ {d/f+1I/f+2 + dlf-1,/f}

(2.12)

= v'2dH
1 H,
1"- 'T
where in linear chain systems with centro-inversion and electron-hole symmetries
dH+l
H+2 = dH
1 H, and
1" 'T
1"- I'}'

(2AgIJlI2Bu)

= ~ {(x ~ 1- (~.
= -../2dl!_l l!,
~

Note here that, for N -.
involving the 2A g,

00,

I

I} IJlI ~)

(2.13)

~

d/f-l,/f+2 : : : : dlf,/f+1' therefore in the X(3) expansion
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The energy difference between the 2Bu and the 1Bu also approaches zero in infinite
chain limit, so that the sum of the four terms vanishes in equation 2.2 and no TPA
to the 2Ag would occur.
Notice that the same would be true for arbitrary band edge Ag states
reached by single-electron excitation, and TPA has vanishing intensity for all such

Ag states. The overall TPA due to singly excited Ag states, however, is not zero,
since Ag states reached by single-electron excitation can also be removed from the
band-edge. For example, from the 1Bu it is possible to reach an intraband Ag
state in which the excited electron is promoted from the band-edge to a level deep
inside the conduction band. Such a high energy Ag state is shown schematically
in Figure 2.5. The virtual Bu state (other than the 1Bu) that is relevant now is
even higher in energy, and is obtained by exciting an electron from a level deep
inside the valence band to a level deep inside the conduction band, as is also
shown schematically in Figure 2.5. Even though the same sign considerations
apply, the finite energy difference between the two Bu states now can lead to
nonvanishing TPA away from the exact midgap (Agrawal et al., 1978). It is clear
that such processes are, however, inherently weak, and this is why calculations of
THG spectra (since THG process has the same numerator as TPA process, and
the cancellation depends only on terms with opposite signs in numerator) find at
most a kink (Yu et al., 1989; Wu and Sun, 1990) slightly above the midgap region
within the rigid band noninteracting model, as opposed to a strong two-photon
resonance. To summarize, TPA to the lowest Ag states has vanishing intensity
in the noninteracting case, although nonvanishing weak TPA can occur to higher
energy Ag states.
We have, so far, limited our discussions to Ag states reached by singleelectron excitation. Ag states that are reached by two-electron excitations are
also in principle relevant in

X(3)

processes. Representative examples of such two-

electron excitations are shown in Figure 2.6. Two-electron excitations of the type

(ii) in Figure 2.6 make no contribution to X(3) (800s et al., 1990; 8huai and Bredas,
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Figure 2.5: (i) An Ag state (U = V = 0) obtained by excitation from the 1B u ,
upon promoting an electron from the c.b. edge to a level deep inside the c.b.
(schematic); (ii) the Bu state other than the lBu that contributes to the TPA to
(i)(schematic). This is reached from the Ag by promoting'an electron from a level
deep inside the v.b. to the v.b. edge. The labels a and b refer to even and odd
pari ty band levels.
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Figure 2.6: Two-electron excitations in the noninteracting limit. Both (i) and (ii)
contribute to the 2Ag for nonzero Coulomb interactions, although the contribution
of (i) is much larger in short chains. These contributions are of opposite signs for
all chain lengths, and the magnitudes approach each other in long chains.
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1991; Varon and Silbey, 1992; also see Appendix D) because of a cancellation. On
the other hand, the contribution of configurations of type (i), in which all band
levels are doubly occupied, does not cancel. Strong TPA should therefore occur
at a fundamental frequency equal to the band gap frequency. This kind of TPA is
not interesting, because the linear absorption dominates in the bandgap region.

2.3

Finite size effect
The demonstration of similar weak intensities of TPA to low energy Ag

states for nonzero Coulomb ,correlations is nontrivial, because of the intricate configuration interaction (CI) that now occurs. For example, CI studies of short correlated chains have shown that the 2Ag , which occurs below the 1Bu , has nearly
equal contributions (Hudson et al., 1982; Tavan and Schulten, 1987) from the singly
excited configuration (iii) in Figure 2.4 and the doubly excited configuration (i)
in Figure 2.6. Since in the noninteracting case TPA to two-electron excitations of
the type in Figure 2.6(i) does not cancel, it might be conjectured that Coulomb
correlations should enhance TPA to 2Ag and other low lying even parity states.
We will point out the fallacy in this logic, but our demonstration of weak TPA
to low energy Ag states at N

-+ 00

will be based on numerical work. Since nu-

merical work for nonzero U and V is limited to short finite chains, it is useful to
understand the chain length dependence of TPA to low energy even parity states
first in the noninteracting limit, where we already understand the N

-+ 00

limit.

We show that the direct evaluation of TPA intensity in the very short chains leads
to incorrect conclusion about the infinite chain, and indirect approaches are called
for.
For what follows, we define for each Ag state with quantum number k the
quantities

x+ and

X-, given by

(2.15)
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Here x+ and x- are the separate positive and negative contributions to the double
sum in equation 2.15, to be calculated at frequency W

= !WkA

g•

Clearly,

(x+ + x-)

is a measure of the TPA strength. In Figure 2.7, we show the plot of (x+
vs. 1/N, calculated numerically for the 2Ag , for 0

+ x-)

= 0.2, U = V = 0 and for

N

up to 500. Very similar curves are obtained for several of the low-lying Ag states,
with only the maximum TPA and the N at which the maxima occur different. The
initial increase of (x+ + x-) with N is understandable within the TPA mechanism
discussed above. First, for small N, allowed interband transitions are not restricted
to symmetrically located occupied and unoccupied levels (Le., k-conservation is
applicable only for very large N) and "unsymmetric" Bu states, namely, those Bu
states reached by transitions between an occupied level at
at

-f

to an unoccupied level

+i' (where f :f:. i' ), make substantial contribution to TPA (see Figure 2.3). The

effects of these unsymmetric Bu states do not cancel. Second, the energy difference
between the lEu and the 2Bu is substantial in short noninteracting chains, and
the dipole couplings (IAgIILIIBu) and (lAgIILI2Bu) are also very different.
We now see the fundamental problem in attempting to estimate the TPA
intensities at large N from direct extrapolations of the intensities at small N, an
approach that works reasonably well for linear absorption. For nonzero Coulomb
interactions, calculations of (x+ + x-) can be done only for very short chains, in a
region where Figure 2.7 demonstrates that TPA intensity increases with N. Direct
evaluation of TPA intensities is therefore not suitable for estimating the intensities
at N

-+ 00,

and indirect approach is called for. As shown in Figure 2.8, the ratio

of the negative and positive contributions,

Ix- /x+l,

rather than the sum, is more

suitable for our purpose. Even though this ratio is small at small N, it increases
continuously to reach the infinite N value.
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Figure 2.8: The absolute value of the ratio of the negative and the positive contribution to the TPA to the 2Ag , in the limit of zero Coulomb interactions, as a
function of the chain length N.
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2.4

TPA to 2Ag and mAg -

Interacting electron model

For nonzero U and V, we therefore evaluate

N. Our motivation is to demonstrate that

Ix-/x+1 for several different

Ix-/x+1 for

low lying Ag states (a) is

enhanced relative to the noninteracting case, and, (b) they exhibit the same monotonic behavior. In Table 2.1 we have presented the exact

Ix-/x+1 for the 2Ag and

the 3Ag for several different correlation parameters and chain lengths N

= 4,6,8.

In all cases the correlation parameters are such that the Ag states occur below
the lEu (for N = 4, there can be only two covalent states, and therefore the 3Ag
occurs above the lEu for arbitrarily large U). While most of the results are for
short range Coulomb interactions, we have included the results for the PariserParr-Pople (PPP) model with Ohno parameters (Ohno, 1964) for comparison. As
might be anticipated, the PPP results are cqmparable to those for relatively weak
short range Coulomb interactions (U
values of the

= 3, V

= 1 in Table 2.1). The very large

Ix-/x+l, compared to the values in Figure 2.8 at the same N, as well

as the rapid increases with increasing N, already indicate weak TPA at infinite
N. This is particularly true for U

~

6, where

x- and x+ are nearly equal. The

strong tendency of cancellation for strong Coulomb interactions is merely a signature of faster N --.

00

convergence. Note that a strong tendency to cancellation

requires participation by (at least two) different Bu states, and their energy difference should be small. Such small energy differences characterize short chains with
strong Coulomb interactions, while for same chain lengths but weaker Coulomb
interactions all energy differences are large due to finite size effect. Since small energy differences between excited states would characterize the infinite chain even
for weak Coulomb interactions, we believe that short chains with strong interactions are actually representative of much longer chains with weaker interactions
(Kawabe et aI., 1991).
Unlike in the uncorrelated case, where only two Bu states contribute to the
double sums in equation 2.15 in the infinite chain, multiple Bu states contribute
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State

2Ag

Correlation parameters

b

U

= 3, V

=0

0.1

U

= 3, V = 1

0.1

U=4, V =0

0.1

U

= 4, V = 1

0.1

U

= 6, V

=2

0.1

U = 10, V = 3

0.1

PPP-Ohno

0.07
0.1

U= 4,V =0

0.3
0.1

3Ag

U

= 4, V = 1
0.3

U

= 6, V

=2

0.1

N
4
6
8
4
6
8

4
6
8
4
6
8
4
6
8
4
6
8
4
6
8
6
8
6
8
6
8
6
8
6
8

Ix-Ix+1
0.474
0.498
0.559
0.495
0.486
0.514
0.659
0.706
0.794
0.715
0.734
0.746
0.938
0.956
0.978
0.990
0.997
0.999
0.452
0.514
0.532
0.522
0.976
0.670
0.883
0.689
0.979
0.627
0.843
0.711
0.999

Table 2.1: The exact absolute values of the ratios of the negative and the positive
contributions to the TPA, Ix-/x+l, for the 2Ag and the 3Ag, for N = 4,6,8, and for
several different Coulomb correlation parameters. For the chosen parameters the
Ag states occur below the lEu. Note the increase in the tendency to cancellation
with both increasing interactions and increasing bond alternation.
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to these double sums (although not to the same extent) for nonzero Coulomb
interactions, even in the infinite chain. Thus the calculation of

Ix-/ x+ I requires a

complete diagonalization of the Bu subspace, as opposed to the determination of a
few lowest states (Soos and Ramasesha, 1984; McWilliams et aI., 1991). Currently,
this can be done for at most N

= 10

with nearly 5000 Bu states. In order to

determine the behavior of Ix-/x+1 at even longer N, we have therefore used an
approximate CI technique (see Appendix 8). We start from the noninteracting
limit, and include CI with all singly (S) and doubly-excited (D) many-electron
configurations (hereafter we refer to this approach as SDCI). It is known that SDCI
can give the lowest Ag states below the 1Bu, but the energy difference between the
1Bu and the 2Ag is inaccurate in long chains (Ohmine et al., 1978). This, however,
is not of concern here. We merely intend to demonstrate that the qualitative
behavior of Ix-/ x+ I is the same in the correlated and the uncorrelated cases. In
Table 2.2 we show our results obtained by the SDCI approach for the 2Ag for N =
8,16,18 and 20, for a few representative parameters for the 2Ag occurs below the

lBu. We have limited ourselves to the weak Coulomb interactions regime, since
Table 2.1 already indicates that for strong Coulomb interactions nearly complete
cancellations occur, and since the SDCI approach becomes rather inaccurate for
strong interactions. The results for the PPP-Ohno model are once again similar
to those obtained for U = 3 and are not shown.
We now point out the following findings: First, the

Ix-/x+1

obtained for

N = 8 by the SDCI approach in all cases is smaller than the corresponding exact
values (compare Table 2.1 and 2.2). Second, comparisons of the SDCI and exact
results for N = 4,6, and 8 show that the difference between the exact and SDCI

Ix-/ x+ I increases with N (this is to be expected, since at smallest N, double excitations nearly exhaust all possible excitations). Therefore, inclusion of excitations
neglected within the SDCI approach actually further enhances Ix-/x+1 and the
exact Ix- Ix+1 for N = 20 in all cases must be considerably larger than the SDCI
values in Table 2.2. The true rate of increase of Ix- /x+1 with N must also be larger
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State Correlation parameters

6

0.1
U = 3, V =0

0.3

2Ag

U =3, V = 1

0.1

U

= 4, V =0

0.1

U

= 4, V =

0.3

1

N

Ix-/x+1

8
16
18
20
8
16
18
20
8
16
18
20
8
16
18
20
8
16
18
20

0.455
0.509
0.520
0.532
0.543
0.682
0.753
0.781
0.437
0.460
0.473
0.488
0.628
0.647
0.644
0.640
0.748
0.817
0.824
0.836

Table 2.2: The SDCI (see text) Ix-Ix+1 for the 2Ag for N =8,16,18,20 for several
different correlation parameters. In all cases the 2Ag occurs below the 1Bu. The
SDCI ratios are lower limits for the exact numbers (see text).
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State

Correlation parameters

8
0.1

U = 4, V

=0
0.3

3Ag
0.1

U = 4, V = 1
0.3

N Ix-/x+1
16
18
20
16
18
20
16
18
20
16
18
20

0.740
0.741
0.764
0.737
0.774
0.785
0.859
0.908
0.937
0.933
0.947
0.955

Table 2.3: The SDCI Ix-/x+1 for the 3Ag for N =16, 18, 20 for several different
correlation parameters. In all cases the 3Ag is below the 1Bu. Note the very large
tendency of cancellation of TPA.

than what is seen in Table 2.1, from comparison of exact and SDCI results for N
= 4,6,8. Nevertheless, enhanced

Ix-/x-I

(relative to the noninteracting model,

see Figure 2.8) and increase with increasing N is still observed. Finally, larger

Ix- /x+ I for larger 8 is to be interpreted again as a signature of faster convergence,
as occurs for strong Coulomb interactions in Table 2.1. This is because the effect
of larger 8 in short chains is also to reduce the energy gaps between Bu states. We
expect similar large

Ix- Ix+1 for small 8 at even larger N.

The tendency to cancellation of TPA to low energy even parity states
becomes more transparent as we probe the 3Ag. In Table 2.3, we show the
calculated for N

Ix-/x+1

= 16, 18 and 20 for the 3Ag. We do not compare with N = 8 here

since the comparison may not be meaningful. The number of spin wave excitations
increases rapidly with N, and the natures of Ag excitations higher than the 2Ag
in systems with chain lengths differing by a factor of 2 or more are expected to
be different. In short chains, we need U ~ 4 to have the 3Ag below the IBu.
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Given that the calculated ratios are lower limits for the exact values, the very
large

Ix-/x+1 in this region, along with its steady increase with N, indicates near-

total cancellation of the TP A at N

- t 00.

It has been argued that in long PPP

chains both the 2Ag and the 3Ag occur below the 1Bu , where a "band" of covalent
states appear. Since there cannot be any fundamental difference between these
covalent even parity states, we believe that the cancellation seen with the 3Ag is
representative of the behavior of all subgap ,Ag states.
We now present a qualitative insight to this cancellation of the TPA. We
have mentioned above that the low energy Ag wavefunctions have strong contributions from doubly excited configurations for nonzero Coulomb interactions. The
tendency to cancellation of the TPA may therefore seem counterintuitive. The
tendency to cancellation still persists, because the contributions of closely related
doubly excited configurations to the low energy Ag wavefunctions are themselves
of opposite signs. For example, considerable discussions exist in literature (Hudson
et al., 1982; Ohmine, 1978) about the contribution of configuration (i) in Figure
2.6 to the interacting 2Ag state. What is less recognized is that the doubly excited
configuration (ii) in Figure 2.6 also makes a relatively large contribution (though
smaller than (i) in short chains) (Hudson et al., 1982). Examination of the exact
N = 8 results (Hudson et al., 1982) for the PPP-Ohno parameters indicates that
these two contributions are of opposite signs.. We find these contributions to be of
opposite signs for all N, U, V and 8 for which our exact and approximate calculations have been done. Similar phase relationships exist between all such closely
related doubly excited configurations contributing to the 2Ag and other low energy two-photon states. This phase relationship can be understood by writing the
Hamiltonian in equation 2.1 in molecular orbital space (k-space) and constructing the matrix elements of the electron-electron interaction term with the zeroth
order 2Ag configurations in Figure 2.4. It is found that the matrix elements corresponding to the two doubly excited configurations in Figure 2.6 are themselves of
opposite signs. In short chains, the magnitudes of these contributions are different,
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but in the infinite chain, these magnitudes are expected to approach each other,
so that their overall contribution to the TPA should cancel. To summarize, the
interacting 2Ag state has

contr~butions

from·both single-electron excitations of the

type in Figure 2.4 and two-electron excitations of the type in Figure 2.6, and their
overall contributions to cancel via two different mechanisms. In the case of the
one-electron components of the wavefunction, cancellation occurs because of the
participation from different Bu states. In the case of the two-electron components
of the wavefunction, the phase relationships between closely related functions are
behind the tendency to cancellation. This implies that the nonparticipation of
configurations of the type (ii) in Figure 2.6 is true strictly in the limit of U = V

= o.
We point out that the above qualitative picture involving the phase relationships of closely related doubly excited configurations also explains diminishing transition dipole coupling between the 2Ag and the lowest Bu states in
finite chains with increasing Coulomb correlations. For N

= 4,6,8 we have done

exact calculations and find that the difference between the absolute magnitudes
of the relative weights of the functions (i) and (ii) decreases monotonically with
increase in Coulomb correlations. The configuration (ii) in Figure 2.6 actually
represents two different singlet functions. We choose the function reached by the
direct dipole excitation from the zeroth order IBu and 2Bu configurations, namely,
the linear combination,H2:(7 bt+
)(2:(7 bt+
N
N 1 ,(7 )IIAg), and compare its
2 1 ,(7 b2,(7
2 2 ,(7 b2relative weight in the exact 2Ag state in N = 8 with that of configuration (i) in
Figure 2.6, as a function of U, for the sake of illustration. These relative weights
are shown in Table 2.4, where we have also included the exact transition dipole
moments (2AglJ.tllBu) and (2AglJ.t12Bu).

Note that the difference between the

absolute magnitudes of the relative weights decreases with U, and so do the individual transition dipole moments. Similar results are also obtained for other pairs
of closely related double-excitations. We emphasize here that the above qualitative
picture is also an indirect confirmation of our idea that strongly interacting short
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U
2
3
4
5
6
20
100

Coefficients for (i)
0.4604
0.4977
0.4506
0.3997
0.3583
0.1965
0.1472

Coefficients for (ii)
-0.1767
-0.2558
-0.2720
-0.2650
-0.2521 .
-0.1647
-0.1291

(2AgIIlIIBu)
-1.2738
-0.5808
-0.3051
-0.1873
-0.1285
-0.0184
-0.0028

(2AgIII 12Bu)
1.6922
1.0173
0.6452
0.4421
0.3234
0.0509
0.0076

Table 2.4: The exact coefficients of the (i) the configuration (i) in Fig. 3 and of
(ii) the configuration (ii) in Fig. 3 with singlet spin coupling between the electrons
occupying the HOMO and the LUMO, and between the electrons occupying the
HOMO - 1 and LUMO + 1 levels, in the 2Ag state of the N = 8 chain for different
Hubbard interactions (8 = 0.1). The exact dipole couplings (electronic charge =
1, mean lattice constant = 1) between the 2Ag and the 1Bu and between the 2Ag
and the 2Bu are also shown. Note that the individual dipole couplings decrease
with U, and so do the difference between the coefficients. Similar decrease in the
difference between the coefficients should occur with increasing chain length (see
text).
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chains give qualitative insights to the behavior of weakly interacting long chains.
From the behavior of

Ix- Ix+1 in Table 2.1-2.3 we conclude that TPA to

Ag states below the 1Bu is tiny in the infinite chain limit. This weak role of low
energy two-photon states should also be true for other

X(3)

processes, for which the

relevant dipole matrix elements are the same and only the energy denominators are
different. Most importantly, we will show in the next sections that our conclusion
has strong implications for the interpretation of the THG and TPA spectra in the
polydiacetylenes (Kajzar and Messier, 1985; Hasegawaet aI., 1990, 1991; Torruellas
et al., 1991).
We are now in a position to demonstrate the nonvanishing TPA to the mAg
state which then give dominant contribution to the

X(3)

processes. In numerical

analyses, it was found that in all of the odd-parity states there are only two Bu
states (the 1Bu and the nBu) that have strong dipole couplings to the mAg state
(D. Guo et aI., 1993). Thus the

X(3)

processes involving the mAg state have strong

contributions only from four terms. Again these four terms can be classified into
"direct" terms

and "cross" terms,

As in the the case of 2Ag in the one-electron model, the dipole moment products
(lAgIIl11Bu}{mAgIIl11Bu) and (lAgllllnBu}{mAgllllnBu) are still opposite in sign,
and the contributions from "direct" and "cross" terms should cancel. However,
the cancellation to the mAg state is only partial. The reasons for this are twofold:
(1) The energy difference between the 1Bu and the nBu, which corresponds to
the binding energy of the exciton, is substantial. (2) Although the dipole products

(lAgIIl11Bu}(mAgIIl11Bu) and (lAgllllnBu}{mAgllllnBu) have opposite signs, their
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magnitudes are quite different due to the weak dipole coupling between the lAg
and the nBu • Therefore we expect this state to be seen in the

X(3)

processes,

particularly in TPA and TH G spectra.
In Figure 2.9, we show the TPA spectra for both moderate Coulomb cor-

= 10, V = 3) and strong Coulomb correlation (U = 50, V = 15). For U
= 3, the most intense TPA is due to the mAg state. For U = 50, V = 15,

relation (U

= 10, V

there exist only two strong peaks: one at low energy side is due to the mAg state,
and the other with relatively high energy is identified as biexciton (marked by B).
We will further discuss the characteristics of biexciton in next chapter. In both two
cases, the TPA intensities due to the 2Ag and other subgap states are vanishing.
Since a short chain with strong Coulomb interaction is actually a representative
of a long chain with weak Coulomb interaction (D. Guo, 1993), we conclude that
the 2Ag is not one of the essential states in

2.5

X(3)

processes, but the mAg is.

Interpretation of experimental TPA spectra

We have shown the relative role of the 2Ag and the mAg in X(3) processes.
In the following we will apply our theories to experimental TPA spectra. Figure

2.10 show a TPA spectra which was performed on a polydiacetylene thin film 4BCMU with side group (CH2)40CONHCH2COO(CH2)CH3 (Torruellas, 1991).
In order to identify the relative locations of the mAg and a sub-gap state to the 1Bu
state, the ordinary absorption of the same thin film is included in the spectrum.
From the ordinary absorption, we can first estimate the 1Bu state to be
between 480 and 520 nm (or between 2.4 and 2.6 eV). Based on our analyses in
the last sections, the strong sharp peak at 865 nm (1.4 eV), which implies a single
two-photon state is located at 433 nm (2.8 eV), can be attributed to the mAg state.
Thus this state is quite near the 1Bu state and can give a two-photon resonance
near the frequency one-half to the optical gap as seen in the THG experimental
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Figure 2.10: A TPA spectrum for a thin film of polydiacetylene 4-BCMU. The
linear absorption spectrum of this thin film is included in order to identify the
relative positions of the mAg and a sub-gap state to the 1Bu (Torruellas, 1991).
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spectrum. Another extremely weak TPA absorption at near 1140 nm (1.1 eV) can
be assigned to a sub-gap Ag state at 570 nm (2.2 eV). This subgap state mayor
may not be due to the 2Ag state. However, this state is so weak, as have been
claimed before by us, that it could be expected to be a non-essential state in the
TH G processes.
We examine another experimental TPA spectrum shown in Figure 2.11
performed recently on PDA-PTS (Stegeman et al., 1994). The optical gap of this
material is now believed to be 1.95 eV (Blanchard et al., 1989). Thus, above the
1.1 pm wavelength (1.13 eV in energy), there exist two resonances: the relative
strong one at 1.2 /lm (1.03 eV) can be attributed to the mAg state at 2.06 eV,
which is slightly above the 1Bu state as was predicted (Mazumdar et aI, 1991),
and the other small hump centered at 1.35 /lm (0.92 eV) can be due to a sub-gap

Ag state at 1.83 eVe The TPA intensities below the 1.1 /lm (1.13 eV) are also seen
in this spectrum. However, their origins are still uncertain.

2.6

Interpretation of THG spectra in PDAs
Based on our TPA analysis, the experimental THG spectrum of PDA

thin film (Kajzar and Messier, 1985) can be understood. For better illustration,
we explicitly write the formal expression for the relevant resonant term in the
suscepti hili ty,
(3)(

X

-

3 .

)- C

w,w,w,w -

,,{IAglpli Bu}(jBul/ll kA g}{kAgl/lIIBu}{IBulpIIAg}
XL.J
j,k,l

(

)(
)(
)
WjBu - 3w WkAg - 2w wlBu - W

+ ...

(2.16)

Three-photon resonances to Bu states and two-photon resonances to Ag states
are expected now. In Figure 2.1, the intensity of the resonance at 1.35 /lm (0.92
eV) is rather strong, and from the eye estimates can be as larger as

!

of the

intensity of the lower-frequency resonance (Kajzar and Messier, 1985). We present
here an analysis of the intensity of the two-photon resonance to the 2Ag in THG
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that indicates that the origin of the resonance at the 1.35 p.m (0.92 eV) in the
polydiacetylene is due to the nBu, and not due to the 2Ag.
In analogy with our calculations of TPA intensities, we define the quantities that are related to the intensities of the various THG resonances as double
sums. For the three-photon resonance to the 1Bu and the nBu, we consider the
double sums.

13w(lBu) =

LL (lAgIIl11Bu){lBullllkAg}(kAgIIlIIBu}{IBuIIl11Ag)
k I

13w(nBu)

(WkA g

-

2w)(wIBu - w)

= L: L: (lAgllllnBu}{nBullllkAg}{kAgIIlIIBu}{IBuIIl11Ag) ,
k

I

(WkA g

-

(2.17)

2W)(WIBu -

(2.18)

w)

while for the two-photon resonance to the 2Ag we define
hw(2Ag)

= LL (lAglpliBu)(jBulpI2Ag}(2AglpI1Bu}(IBulpllAg).
j

I

(WjBu - 3w)(WIBu -

(2.19)

w)

Here 13w(lBu), 13w(nBu), and 12w(2Ag) are direct measures of the intensities of the
three-photon resonance to the 1Bu, the three-photon resonance to the nBu, and
the two-photon resonance to the 2Ag • They are to be calculated at w = ~WIBu' w
~WnBu'

=

and W = ~W2A", respectively. Note that 12w{2Ag ) again has contributions of

opposite signs, since the origin of the different signs is in the numerators and not
the denominator in equation 2.19. All calculations involved exact dipole matrix
elements obtained for N = 8 with PPP-Ohno , 1964) and PPP-Mataga-Nishimoto
(PPP-MN)(Mataga and Nishimoto, 1957) parameters (results for other Coulomb
parameters are not shown since they are very similar). The calculation of 12w {2Ag)
involved also the exact finite chain energies, since our result for TPA intensities
establishes that the 12w(2Ag) obtained for finite chains is an absolute upper limit
for the 12w(2Ag) in the infinite chain. Calculations of 13w(IBu) and 13w(nBu),
however, cannot be done with exact finite chain energies, because of two reasons.
First, the energies of the mAg and the nBu are too high in short chains (Mazumdar
et al., 1992). Second, finite PPP chains give double resonances (D. Guo and
Mazumdar, 1992), two-photon resonance to the mAg and three-photon resonance
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to the nBu occurring at nearly the same frequency, due to the highly discrete energy
spectrum (actually such double resonances would occur in all weakly interacting
short chains, including the noninteracting model (Wu and Sun, 1990). Thus the
exact energy spectrum would predict a stronger (D. Guo and Mazumdar 1992)
three photon resonance to the nBu than to .the lBu, clearly not an infinite chain
result. Fortunately, both these problems can be resolved from consideration of the
following. The double sums in equation 2.17 and 2.18 are given almost entirely by
a few dominant terms because of the large dipole couplings between the IBu and
the mAg and between the nBu and the mAg on the one hand, and the very weak
couplings between all other relevant states on the other hand (Dixit et al., 1991;
Mazumdar et al., 1992; Kawabe et al., 1991; D. Guo et al., 1993). Very reliable
estimates of 13w(lBu) and 13w(nBu) are, therefore, obtained from the following
expressIOns.

I (IE) '"
3w

u

-

(IAgIJLIIBu)4
(WIBu

-w)(-2w)

+

(IAgIJLIIBu)2( lBuIJLlmAg)2
(WIBu -W)(WmA g

-2w)

+ (lAgIJlIIBu)(lBuIJllmAg)(mAgIJllnBu)(nBuIJlllAg)
(WnBu - W)(WmA g

I
3w

-

2w)

( B ) '" (lAgIJlIIBu)(lBuIJllmAg)(mAgIJllnBu){nBuIJLI1Ag)
n u (WIBu _ W)(W m A - 2w)
I1

(2.20)
(2.21 )

In equation 2.20 all dominant terms have been retained, but terms in which
two or more of the dipole couplings are weak have been discarded. The estimates
of the relative magnitudes of 13w(IBu) and 13w(nBu) in the infinite chain can now
be obtained by substituting the exact finite chain transition dipole moments with
the infinite chain energies of the 1Bu and the nBu in equations 2.20 and 2.21.
We substitute the experimental exciton energy ('" 2.0 eV) and the conductionband threshold energy (,..., 2.4 eV) for the energies of the lBu and the nBu in our
calculations. Since we are interested in relative quantities, the only assumption in
the above procedure is that all transition dipole moments in equation 2.20 and 2.21
increase with N in a similar fashion. This is certainly a reasonable assumption.
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Parameter
PPP-Ohno
PPP-MN

12w {2Ag) 13w{lBu)
8.5349
0.2878
7.3589
0.2838

13w{nBu)
1.1869
2.4775

13w{ nBu)/I3w{ lBu)
0.139
0.3367

Table 2.5: The relative intensities of the 2Ag two-photon resonance, the 1Bu
three-photon resonance, and the nBu three-photon resonance in THG, within the
PPP-Ohno and the PPP-MN models (see text). The relative intensity of the 2Ag
two-photon resonance is an absolute upper limit (see text).

Note that since all transition dipole couplings in equation 2.21 increase with N, and
since the tendency to cancellation of the two-photon resonance to 2Ag also increases
with N, our calculations will necessarily give an upper limit for 12w(2Ag)/I3w(nBu).
The energy of the mAg is the only uncertain quantity in equations 2.20 and 2.21.
We have placed the mAg at 2.2 eV somewhat arbitrarily because that the relative
intensities are independent of its actual location, as long as it is placed in between
the 1Bu and the nBu, in agreement with finite chain results (Dixit et aI., 1991;
Mazumdar et aI., 1992; Kawabe et aI., 1991; D. Guo et aI., 1993).
The numerical results for the relative intensities of the two three-photon
resonances obtained from equations 2.20 and 2.21 and the two-photon resonance
to the 2Ag obtained from equation 2.19 are shown in Table 2.6 for the PPP-Ohno
and the PPP-MN parameters. As discussed above, within our approximation, the
relative strength of the 2Ag two-photon resonance, compared to the three-photon
resonance to the nBu, is an absolute upper limit. Nevertheless, it is seen that the
intensity of the 2Ag two-photon resonance is tiny. Comparison to the experimental THG spectra in Figure 2.1 (Kajzar and Messier, 1985) clearly indicates that
the 1.35 pm (0.92 eV) resonance is a second three-photon resonance. The calculated intensity of the second three-photon resonance, relative to the calculated
intensity of the three-photon resonance to the lEu exciton, is close to what are
experimentally observed (Kajzar and Messier, 1985).
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Since the contributions of the low-lying Ag states to optical nonlinearity
in long chains is tiny, optical nonlinearity is dominated by the four essential states,
the lAg, the lBu, the mAg, and the nBu • In addition to the two three-photon
resonances, a weak two-photon resonance at 1.1 Ilm to the mAg is then expected.
Very few of the experimental THG spectra cover the entire frequency range of
interest and we are aware of only two experiments that do so. Close examination
of the THG spectrum shown in Figure 2.1 (Kajar and Messier; 1985) indicates
not only the two resonances discussed by the authors (at 1.907 and 1.35 Ilm), but
also a weak (but distinct) shoulder at 1.1 pm. We believe that the experimental
THG spectrum here does indicate three resonances, as discussed above. Note that
the frequency range covered here very clearly precludes the 1.35 Ilm resonance
from being 2Ag two-photon resonance, since even in finite chains the two-photon
resonance to the 2Ag is considerably weaker than the two-photon resonance to the

mAg, which should appear at higher frequency (Dixit et al., 1991; Mazumdar et
al., 1992; McWilliams et al., 1991). No such signature of a stronger two-photon
resonance at shorter wavelengths is seen in Figure 2.1, although the experimental
data points go down to about 0.8 pm in wavelength (up to about 1.55 eV in
energy), and should have, therefore, found all two-photon states up to 3.1 eV. The
only choice is to assign the 1.35 pm resonance to the three-photon resonance to
the nBu • The same conclusion is reached from examination of the very recent
THG study (see Figure 2.12) of Hasegawa et al., (1992), who have extended their
study of the polydiacetylene blue film investigated earlier (Hasegawa et al., 1990,
1991) all the way to 1.7 eV. In addition to the strong resonances at 0.65 and 0.9

eV, a weak structure is seen at about 1.3 eV, but no other strong resonance is
seen at higher energies. According to the "four essential states" model, the strong
resonances at 0.65 and 0.9 eV can be assigned to two three-photon resonances
due to the 1Bu and the nBu, respectively, and the weak resonance at 1.3 eV a
two-photon resonance due to the mAg state.
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2.7

Conclusions
In conclusion, we have presented detailed calculations of intensities of TPA

to Ag states occurring below the 1Bu that indicate that in an ideal infinite chain
such states make negligible contribution to third order optical nonlinearity. In contrast there exists an exciton mAg state which is shown to have strong contribution
to the TPA and the THG processes. In addition, Analysis of intensities of threephoton and two-photon resonances in THG indicate that the 0.92 eV resonance
in the polydiacetylenes is a three-photon resonance due to the conduction-band
threshold and is not a two-photon resonance.
We have restricted ourselves to Ag states below the 1Bu in the present
work, but very similar cancellations will also occur in many (but not all) Ag states
above the 1Bu. This has important implications for two-photon absorption experiments in aromatic conjugated polymers in which the 2Ag occurs above the 1Bu.
Sharp TPA is often found (Periasamyet al., 1992; Pfeffer et al., 1993), and sometimes is assigned to the 2Ag. We believe that the actual quantum number of the
dominant Ag state is uncertain, and may not necessarily be 2 (in our theoretical
work the quantum number m of the dominant two-photon state ranges from 2 to
a chain length and correlation dependent saturation number (Dixit et al., 1991;
Mazumdar et al., 1992)). It is conceivable that the observed two-photon state in
these systems is a still higher Ag state, and TPA to all lower Ag states (which
are however above the 1Bu in this case) is weak due to cancellations similar to
that described here. The situation could be thus very similar to that in transpolyacetylene, for which it has now become clear that the two-photon resonance
seen in THG is not the 2Ag , even though this was assumed to be so in the original
paper (Fann et al., 1989).
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CHAPTER 3

High Energy Even-parity States in Conjugated Polymers

In finite chain polyenes as well as in the linear chain polydiacetylenes, the
lowest even parity excited state, the 2Ag, is below the one-photon 1Bu state. We
refer to these systems as class I conjugated polymers. The occurrence of the 2Ag
below the 1Bu is a signature of relatively strong correlation effects. Our theoretical
work in Chapter 2 has shown that there is no TPA to the 2Ag in long chains
within the noninteracting model. Even for non-zero Coulomb interaction, the 2Ag
state actually makes extremely weak contribution to the third order nonlinear
optical (NLO) processes due to a cancellation effect. In contrast, there exists an
even parity state (hereafter mAg) that occurs at high energy with strong dipole
couplings to 1Bu as well as the nBu and is dominant to the third order NLO
processes (Dixit et al., 1991; D. Guo et al., 1993).
As in the PDA's, TPA experiments on PPV (Baker et aI., 1993), poly(3octylthiophene) (Pffefer et aI., 1993), a-sexithienyl (Periasamy et aI., 1992) and
the polysilanes (PS) (Soos and Kepler, 1991) have shown a sharp TPA above the
optical gap. These TPA spectra are now reproduced in Figure 3.1 and 3.2. The
molecular structures of these polymers are included in the figure.

Due to large

effective bond alternation in these systems, the moderate Coulomb interactions
are unable to suppress the energy of the 2Ag to below the IBu. We shall call these
materials class II conjugated polymers. Since the 2Ag is above the 1Bu, this sharp
TPA has been so far assigned to the 2Ag (Baker et aI., 1993; Periasamy et aI.,
1992; Soos and Kepler, 1991).
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(b) Simulated TPA spectrum of (Si)6 chains for exact solutions of PPP models.
This simulation made an unreasonable assumption that a linewidth for the 2Ag is
0.002Eg, and other Ag states are O.15Eg, where Eg is the optical gap. (800s and
Kepler, 1991).
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There are several reasons to doubt this assignment. First, in the Hiickel
limit, TPA to the 2Ag has vanishing strength in the long chain limit (Mazumdar
and Guo, 1994; Guo et al., 1994). Since class II resembles the Hiickel model more
strongly than does class I (in that 2Ag is above the lBu in class II), one might
anticipate that TPA intensities should be even closer to the noninteracting case.
Second, experimental TPA in low energy region in poly(di-n-hexylsilane) (PDHSPS) with sidegroups R

= R' = C6 H 13

is exceptionally to neighboring even parity

states should have been observable. A theoretical fit (see Figure 3.2(b)) to the 2Ag
assumes a linewidth for the 2Ag that is two orders of magnitude smaller than all
other linewidths (Soos and Kepler, 1991), an assumption that is difficult to justify.
TPA in PPV (Baker et al., 1993) also occurs to a single state. Finally, in both
poly(3-octylthiophene) (Pffefer et al., 1993) and a-sexithienyl (Periasamy et al.,
1992), a weak TPA at an energy below that of the dominant TPA is observed. The
original investigators assign the weak low energy TPA to the lBu which supposedly
becomes weakly allowed due to partial destruction of symmetry (Pffefer et al.,
1993; and Periasamyet al., 1992). The possibility that the higher dominant TPA
is to the mAg and the lower energy weak TPA is to the 2Ag (as is true for the
polydiacetylenes (Stegeman et al., 1994)) was not considered.
We will point out in this chapter that exactly as in class I polymers, TPA to
the 2Ag is weak in the long chain limit in class II. The observed TPA is therefore
to the higher mAg state, which, depending upon the bond alternation, can be
considerably removed from the 1Bu. Thus the narrow linewidth of the TPA (Soos
and Kepler, 1991), as well as the absence of TPA to the neighboring Ag states, is
explained without making any unreasonable assumption about linewidths.
In addition to the low energy region, we will also probe very high energy

Ag states near and above 2 x E(lBu), where E(lBu) is the 1Bu energy. Our motivation are twofold: First, Photoinduced absorption experiments in the 7r-conjugated
polymers has consistently shown photoinduced absorption to a peculiar high energy
state near 1.7 eV above the 1Bu exciton (Leng et al., 1994). For example, Figure

82

3.3 show a picosecond photoinduced absorption spectrum performed by Leng et
al., (1994). A photoinduced absorption band marked by EX in Figure 3.3 , which
is associated with photoexcited 1Bu , were seen. Second, TPA in PDHS-PS (Soos
and Kepler, 1991) also revealed a relatively weak TPA at higher energy region (see
Figure 3.2(a». The origin of this resonance is still unknown.
In conventional semiconductors with large exciton binding energies (for
example, CuCI with a binding energy of 0.2 eV), the biexciton concept is now firmly
established (Peyghambarian et al., 1993). The larger exciton binding energy (for
example, 0.5 eV for the crystalline polydiacetylenes) in the 71'-conjugated polymers
suggests stable biexcitons. In this context the investigation of the biexciton in
quasi-one-dimensional polymers is clearly of interest. The EX band in picosecond
photoinduced absorption in PPV and the TPA at higher energy region in PDHS-PS
may be understood within biexciton concepts.
As shown in Figure 3.4, biexciton was already expected in the optical
processes in the strong Coulomb interaction limit within the extended Hubbard
Hamiltonian (D. Guo et al., 1993). The strong-coupling biexciton in Figure 3.4 is
the lowest two-electron excitation and consists of two neighboring ion pairs. We,
however, will further identify the biexciton state from the theoretical studies, and
correlate our theoretical predictions with experiments.
In this chapter, we will, therefore, focus on two aspects: First, we will show
that, exactly as in class I conjugated polymers, TPA to the 2Ag is actually quite
tiny in long chain limit in spite its location is above 1Bu and its dipole coupling is
not small. The observed strong, sharp TPA in PDHS-PS (Soos and Kepler, 1991),
PPV (Baker et al., 1993), and PT (Pffefer et al., 1993; Periasamy et al., 1992)
can be assigned to mAg. Second, we will introduce and probe stable biexcitons in
quasi-one-dimensional conjugated polymers, and compare our theories with several
experimental results (Soos and Kepler, 1991; Leng et al., 1994; Kobayashi et al.,

1992).
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to the biexciton (Leng et al., 1994).
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3.1

Theoretical model
Our theoretical studies in this chapter are based on the one-dimensional

extended-Hubbard Hamiltonian, namely,

,,0

U"
t
a iou)'
H = "2
~ ni(ni- 1)+ V "~(ni-1)(niH -l)-t ~(1-( -l)'6')(ai,t ua iH,u+ a iH,u
I

I

I ,IT

(3.1)
Here, U and V are the on-site and the

near~st

neighbor Coulomb correlation pa-

rameters, respectively. t > 0 is the nearest neighbor hopping integral and 6' is
the bond alternation parameter. In all our calculations, we have set t

= 1.

The

electron number operator is defined as ni = Lu a!,uai,u, where a!,u and ai,u creates
and annihilates an electron at ith site with spin (1'.
The direct demonstration of stable biexcitons within equation 3.1 is exceedingly difficult, if not impossible. Demonstration of a biexciton requires the
simultaneous determination of the two-electron continuum. Thus the ideal calculation must include configuration interaction with at least all singly and doubly
excited configurations (SDCI) for a long chain, since only a long chain can have
true continuua. However, SDCI calculations are currently not possible for long
chain. Such single-CI calculations (Abe et al., 1992), which can be carried out
for long chains, suffice in this case. The only alternative is then to perform exact
short chain calculations, for which energy sta:tes are necessarily discrete for realistic
interaction parameters and continuum states do not exist (see Figure 3.5). Even
worse, because of this discreteness, the identification of the lowest two-electron
excitation from energies alone is difficult. We therefore adopt the same procedure that was previously used to identify the one-electron continuum from exact
finite chain calculations. We monitor wavefunctions, rather than energies, with
the understanding that the wavefunction characters of the exciton, one-electron
continuum, biexciton, and two-electron continuum have already formed in short
chains. As the chain length increases, more and more states fill in the energy gaps,
but there is no fundamental change in wavefunction characters.
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o

1A g

Figure 3.5: Energy spectrum for N = 8 with realistic parameters, U = 3, V = 1,
8 = 0.2. The one- and two-electron continuua in such finite chain do not exist.
and the lowest two-electron excitation state also cannot be.identified only from the
spectrum.
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In a long chain limit, even for U = V

= 0 the half-filled band is a semicon-

ductor for nonzero 6. In Figure 3.6(a) we show all one-electron excitations from
the ground state, while in Figure 3.6(b) we show the set of two-electron excitations
that have nonzero dipole couplings with the lBu. The corresponding continuum
states are shown within a total energy scheme in Figure 3.6(c). Thus the twoelectron continuum begins exactly at 2 X E(lBu). The ground state absorption,
and the absorption from the lBu to the two-electron continuum are identical, and
are shown schematically in Figure 3.6(d).
In the presence of Coulomb interactions, the formation of excitons requires
splitting off of states from the one-electron continuum (see Figure 3.7(a». The exciton acquires a very large oscillator strength, while the strength of the transition
to the one-electron continuum is diminished. Biexciton formation would require
similar splitting off of states from the two-electron continuum (see Figure 3.7(a)).
The nature of the absorption from the lBu in such a case has not been understood previously. The wavefunction analysis that is now necessary to prove stable
biexcitons follows from a simple physical argument. The lowest two-electron states
within the interacting models consist of two excitons. Biexciton formation requires
that the second exciton is formed in the immediate vicinity of the first exciton,
and as shown in Figure 3. 7(b), there are then only two possible "spots" for the
formation of the second exciton. On the other hand, the second exciton can be created anywhere if the final state belongs to the two-electron continuum. Thus from
a "density-of-states" argument an alternate and sufficient proof of biexciton stability is that the lowest two-electron excitation has a weaker dipole coupling with
the lBu than a higher energy two-electron excitation. Conversely, a small dipole
moment between the lBu and the lowest two-electron excitation is a definite signature of bound biexciton. In Figure 3.7(c)and 3.7(d) we give a schematic of the
one- and two-electron excitations based on our argument. Note that the predicted
behavior of two-electron excitations is now exactly opposite to that of ground state
absorption, where the exciton acquires a larger transition dipole moment with the
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formation.
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ground state as the exciton binding energy increases.

3.2

Identification of even-parity states: 2Ag, mAg and biexciton
We first present normalized dipole couplings between all Ag states and

the 1Bu as a function of energy for various bond alternation 8. Figure 3.8 shows
the exact numerical calculations for N = 8 with realistic Coulomb correlation
parameters, U

= 3 and V = 1.

Our purpose here is to distinguish between Ag states

reached by one- or two-electron excitations, and to identify the lowest two-electron
excitation. As discussed above, identification of the lowest two-electron excitation
itself is difficult for realistic 8 (8 =0.1 - 0.3), we thus begin our calculations with
very large 8 (8 = 0.5). For such large 8 with small Coulomb interactions, the
total energy spectrum can be estimated from approximate molecular orbital (MO)
energies (see Figure 3.9), namely,
(3.2)
where E is the total energy and

fj

is the energy of ith quasi-molecular orbital which

occupied by ni (ni = 0,1,2) electrons. It is this decomposition of total energies
into approximate MO energies that allows us to classify total energy states as
one- vs. two-electron excitations. The normalized dipole couplings as a function
of energy for 8 = 0.5 are shown in Figure 3.8(a). The level marked B at near
1.8E(lBu) in the figure is the 10Ag state, the lowest two-electron excitation state,
which can be identified from both energy and dipole moment considerations. Since
its energy is about 2 x

E(lBu) and its normalized dipole coupling is almost 1,

which is expected for the lowest two-electron even parity state, it can be seen
as a two-electron excitation across the optical gap in band theory. Indeed, this
can be further confirmed from the wavefunction obtained by diagonalizing the
Hamiltonian in MO scheme (see Appendix A and Appendix C). We find that
/1OA g ) has the largest weight from a MO configuration represented by a diagram
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1. The arrows against the x-axes give the location of the 2Bu. The
dashed vertical line is twice the 1Bu energy. The levels marked 2, m and B are the
2Ag, the mAg and the biexciton states. The assignment of B as the biexciton is
possible from the continuous tracking of these states as 6 is varied. The level C,
a higher two-electron state, acquires a stronger dipole moment than B for small
6, indicating a bound biexciton. In long chains, the biexciton would occur below
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Figure 3.9: Decomposition of exact N = 8 total energies (in units of t) into
approximate MO energies for U = 3, V = 1, 8 = 0.5. The total excited energies
are given in parenthesis against representative even and odd excitations, while the
numbers against the MO levels are their single-particle energies, with the error
bars included. The vertical arrows denote the excitations within the MO scheme.
The lOAg is obtained by promoting two electrons from the HOMO to the LU~10,
and therefore is the lowest two-electron excitation. The assignments of electron
excitations in this picture are based on the computed wavefunctions within the
framework of MO theory.
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as:

Ixxx,x",)
Thus, in exciton picture, if we identify the 1Bu as an exciton state with odd parity,
this two-electron excitation state can be viewed as a biexciton state.
The even parity 2Ag state in the case of 8 = 0.5 has the strongest dipole
coupling to 1B,,, while the mAg state is ambiguous because we find two comparable
strengths: one is at about 1.3E(lBu), and the other is between 1.4E(lB) and

1.5E(lB). But this ambiguity will become clear when tracking back the evolution
spectra of normalized dipole coupling from small 8. We now report the above
calculations, gradually reducing 8 (8 = 0.1 would correspond to the polyacetylenes,
while 8 = 0.2 - 0.3 would correspond to polymers in which the 2Ag occurs above
the 1Bu). These results are summarized in Figures 3.8(b) - 3.8(d). The 2Ag in
all cases is labeled as 2. In addition we have labeled a higher one-electron Ag
state as m. This is the mAg state, and has been shown to be the dominant twophoton state relevant for nonresonant nonlinear optics in class I polymers (D. Guo
et al., 1993). The slow gradual change in 8 allows us to continue to demarcate
between one-electron and two-electron excitations. For example, the locations of
one-electron excitation mAg state in 8 = 0.2 and 8 = 0.3 are easily identified
since, as have been known in the case of small 8, it possesses the strongest dipole
coupling to 1Bu state (D. Guo et al., 1993 and therein). Therefore by tracking
its behavior of various 8, we can identify the mAg state in the case of 8 = 0.5 to
be at "'" 1.3E(lBu). In addition, according to the MO theory, we find that this
state is certainly an one-electron excitation state because of the calculated MO
wavefunctions, which show that this state actually has strong mixture from the
following two MO configurations expressed in MO diagram as:
1

.

y'2{1xx /)('\ .. ')-Ixxx~ .. )}
and
_1 {I x

v'2

~

.. ) -I x x

~

.)}
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Therefore, we confirm this state to be an one-electron excitation, and it can be
seen as an exciton state with even-parity. Similarly, we can identify biexciton state
(marked by B) in small 8 (for example 0 = 0.2 and 0.1) by taking the similar strategy. We point out here that the major effect of reducing 8 (and thereby increasing
the relative Coulomb contribution to the optical gap) is a redistribution of dipole
moments with lBu; the relative shifts in energies is small within this range of parameters. There should be no doubts whatsoever that in all cases the levels marked

B are the biexciton state. In Figure 3.10, we present the approximate normalized
dipole couplings for N

= 10 calculated within the framework of quadruple-CI (Q-

CI) approach. Again, 2A g, mAg and biexciton states can be clearly identified by
tracking these evolution pictures.
We have shown before that the location of biexciton state for 0 = 0.5
is slightly below 2E(lBu), while with decreasing 0, its location is found shifting
up to higher energy. Thus, for 8 = 0.2, we can identify the biexciton state at

'" 2.llE(lBu ), as shown in Figure 3.8. Here we have to point out that the shifting
up of biexciton energy can be understood to be a finite size effect. For an infinite
chain, we expect its energy to be below 2 x E(lBu). We demonstrate this point of
view by examining the normalized dipole couplings (see Figure 3.11) for very strong
Coulomb interactions, U

= 50, V = 15 (in units of t).

To reduce partial finite size

effects, we perform such calculations for a N = 10 periodic ring. In Figure 3.12
we show the exact energy levels for this case, up to the two-electron continuum.
The spin-wave states (containing the 2Ag), the exciton "band" (containing the
1Bu and the mAg) at energy U - V, and the one-electron continuum (containing

the nBu), centered at energy U, have been previously discussed in the context
of nonresonant optical nonlinearity (D. Guo et al., 1993). It is also clear from
Figure 3.12 that the biexciton "band" consists of states at 2U - 3V and the twoelectron continuum consists of a "band" centered at energy 2U - 2V. Therefore,
the exciton, conduction band, biexciton state, and two-electron continuum can be
well separated and recognized. Also they can be clearly identified by examining

95

(a) 2
~1

0=0.5

------

«

~

~o

- :J
CD1

(b)

0=0.4

~

.......,...

"
.............0 (c)
en

2 m

0=0.3

«1
~

-

c

CD

0=0.2

~O
:J

~1
.......,...

o

t
0.5 1.0 1.5 2.0 2.5 3.0

EkA /E 18
9

u
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Figure 3.11: Normalized dipole coupling between Ag states and the lEu, plotted
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the real space wavefunctions or electron-electron correlation functions (D. Guo
et al., 1993). Thus biexciton state can be identified to be at about 1.6E(1Bu),
namely, below 2 x E(lBu).

Although the above calculations is just for finite

system (N = 10), we believe that short chain with strong Coulomb correlation are
actually the representative of long chains with weaker interactions (D. Guo, et al.,
1993). This implies that for an infinite chain with weak Coulomb interaction like
U

= 3, V = 1, the biexciton state must be much below 2 X

E(lBu). The higher

energy of biexciton state (> 2 x E(1Bu)) for a short chain with weak Coulomb
interaction is just the reflection of a finite size.
In summary, we have found three important classes of even-parity states:
spin wave 2Ag state, excitonic mAg state and biexciton state. The dipole couplings
to lBu among these even-parity states are just redistribution as S varying. Here
we should emphasize that although the 2Ag may have considerable dipole coupling
to 1Bu state, we will find in the next sections that the TPA to the 2Ag is still weak
in a long chain limit. On the other hand, the mAg and biexciton states are found
to be dominant both in class I and class II in TPA and photoinduced absorption
(PA) processes.

For what follows, we will first discuss the low energy TPA behavior, interpret several TPA measurements in class II polymers, and then probe the stable
biexcitons based on our numerical analysis. To the best of our knowledge, this is
the first time to discuss in detail the biexciton theory for conjugated polymers.
The experimental observations (Kobayashi et al., 1992; Leng et al., 1994) will also
be tested within our theories.
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3.3

Vanishing TPA intensities of 2Ag and band edge states
In order to carry out TPA calculations, we employ the imaginary compo-

nent of the nonlinear refractive index

where we have shown only the relevant resonant term. Here the triple sum is over
all Ag and Bu states, C is a constant, and all energies are relative to the ground
state energy (Le.,

hWIAI1

= 0).

In chapter 2, we have shown that the TPA intensities to low-lying evenparity states in class I materials are vanishing in a long chain limit (Guo et al.,
1994; Mazumdar and Guo, 1994). Actually, this vanishing strengths also apply to

any band edge states above 1Bu. The TPA calculation for U = 50, V

= 15 with 8

being 0.1, as was presented in Figure 2.9 demonstrated that there exist only two
strong peaks: one is due to mAg state, and the other due to biexciton state. The

2Ag and other band edge states are almost vanishing. Since the short chain with
strong Coulomb interactions is the reflection of fast convergence to the long chain
with weak Coulomb interactions (D. Guo et al., 1993), hence we believe that, for a
long chain with weak Coulomb interactions, the TPA intensities of 2Ag and band
edge states are actually extremely weak.
For large 8 (8

~

0.2), the 2Ag is above the 1Bu but below the 2Bu in all

cases in Figure 3.8 except 8

=

0.2, where it is nearly degenerate with the lBu

(a situation we believe is the case for poly thiophene). Unlike in class I materials,
the 2Ag has a strong dipole coupling with the lBu.

On the other hand, the

cancellation of TPA intensity to the 2Ag has its origin in opposite signs (Mazumdar
and Guo, 1994; Guo et al., 1994) of the dipole product (lAglpI1Bu) (lBu Ip12Ag)
and (lAglpI2Bu) (2BulpI2Ag), where p is the dipole operator. We therefore expect
to have very weak TPA to the 2Ag even here. TPA intensities as a function of
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energy are shown in Figures 3.13(a) and 3.13(b) for 8 = 0.2 and 0.3, with the same
linewidths for all Ag states. TPA intensities to the 2Ag is very weak in spite of
a large dipole coupling, and since the cancellation effect becomes strong only in
the long chain limit, the relative intensity from the present short chain calculation
should be considered as an upper limit (Mazumdar and Guo, 1994; Guo et al.,
1994).
The mAg is now above the 2Bu for 8 > 0.2 (see Figure 3.8). In class I
materials, it occurs below the 2Bu for all Coulomb correlations, thereby proving
that the dominant two-photon state in class I materials is close to the 1Bu, as
has now been experimentally verified. On the other hand, its relative location
shown in Figure 3.8 (i.e., E(mAg) > E(2Bu)) indicates that the energy separation
between the mAg and the 1Bu is larger for larger bond alternation. This is to be
expected within a valence bond description of the 1Bu and the mAg. The strong
sharp TPA in Figures 3.13(a) and 3.13(b) is due to the mAg state. Thus if the
dominant TPA in class II materials is assigned to the mAg, the experimentally
observed narrow TPA linewidths, as well as the absence of TPA to neighboring

Ag states are explained naturally, without imposing particular conditions on the
relative linewidths. We believe that this is strong evidence that exactly as in class
I materials, the observed TP A in class II materials is not to the lowest even parity
state. In the long chain limit, the mAg should become even more dominant.

3.4

TPA spectra in PS, PT and PPV polymers

As applications of our theories presented in last section, we interpret
several existing TPA observations on class II materials. These experimental TP A
spectra were reproduced in Figures 3.1 and 3.2.
Here we first examine the experimental TPA spectrum of PDHS-PS films
(Soos and Kepler, 1991). As was mentioned in the preceding sections, the TPA
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intensity of 2Ag state is weak in long chain systems, and this therefore suggests
that the sharp TPA strength at 4.2 e Y is due to an exciton mAg state and the
broad TPA at 5.8 eY is due to biexciton. The mAg state should also be seen in
electroabsorption (EA) measurements, since a static electric field applied to the
systems will mix even- and odd-parity states, and then one-photon transition to

Ag state will become allowed (D. Guo et al., 1993). Thus, the electroabsorption
measurements should display both even and odd parity states. Figure 3.14 show
the EA spectrum of PDHS-PS films (Tachibana et al., 1990). As was mentioned
before in TPA spectrum, the electroabsorption at 4.2 eY is from the mAg state,
while the conduction band threshold starts from

IV

5.2 eY, and is followed by a

series of oscillatory signals (D. Guo et al., 1993).
Now let us examine the two-photon excitation spectrum in polycrystalline
a-sexithienyl (T6) thin film reported by N. Periasamy and co-workers (1992). Since

T6 belongs to the C2 h point group, the electronic states are still classified according
to the even-parity Ag and odd-parity Bu states. Moreover, because T6 molecule
consists of only 6 twisted rings, we therefore expect a strong finite size effect on
this system. In addition, T6 has similar backbone with cis-PA, but its conjugated
double bonds are locked by the sulfur atoms. This can result in the different
site energies between locked and unlocked atoms, and hence leads to a larger
effective bond alternation (Soos et al., 1992). Thus, for this finite T6 molecule, the
TPA intensity of 2Ag state is quite weak, instead of completely vanishing, and its
location can almost coincide with the one-photon 1Bu state. Accordingly, the TPA
at

IV

2.27 eY, some 0.11 above lBu state, can be ascribed to mAg state. In the

spectrum there still exist other three visible peaks at 2.39, 2.43 and 2.47 eY, which
are probably due to the vibronic levels of the mAg electronic manifold originated
from the solid state effects. A strong TPA peak centered at 3.5 eV, which is 0.6 eV
above the one-photon absorption peak, was also seen in the TPA spectrum of the
soluble conjugated polymer poly(3-octylthiophene) (Pfeffer et al., 1992). Again,
we assign this TPA resonance to the mAg state. The TPA to the 2Ag state cannot
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be seen from this spectrum.
Finally, we discuss the experimental TPA spectrum of poly(p-phenylenevinylene) (PPV) carried out by C. J. Baker et al. (1993), in which they showed
a strong TPA signal at about 2.95 eV, some 0.5 eV above the one-photon optical
gap. The PPV chemical structure consists of many of phenyl rings bridged by
ethylenic structure. The calculations within simple Huckel model show that the
electronic structure of PPV can be separated into localized and delocalized states
(Soos et al., 1992 and 1993). The localized states only involve the phenyl rings,
while the delocalized states possesses the behavior just like that in a linear chain
polyene. Thus the effective 8 for PPV molecule is estimated to be larger than that
for polyenes, and accordingly the 2Ag state for this class of molecule may occur
above the 1Bu. Since the TPA intensity of 2Ag state should be still tiny for a long
PPV chain, the observed TPA peak at about 2.95 eV can therefore be ascribed to

mAg state, instead of the lowest even-parity 2Ag state. Figure 3.15 show the EA
spectrum of poly[3-methoxy-6-(2-ethyl-hexyloxy)phenylene vinylene] (PPV-MER)
film (Leng et al., 1994). A strong derivativelike future is seen at 2.15 eV. This
is followed at higher energies by photon sidebands, and an absorption feature at
2.8 eV. In addition, a much weaker oscillatory feature at 3.5 eV can be observed.

Since the 2.15 eV feature can be reproduced by absorption derivatives, whereas
the 2.8 eV peak cannot, we identify the former as caused by s stark shift of the
1Bu exciton in PPV-MEH and the latter as caused by the mAg state. The feature

at 3.5 eV in EA is oscillatory in nature indicating that this is the conduction band
threshold in PPV (D. Guo et al., 1993; Sebastian and Weiser, 1981).

3.5

The stability of biexcitons
We now discuss the issue of bound biexcitons. Energetically, the lowest

threshold for the two-electron continuum is 2 x E(IBu), which corresponds to two
separated excitons. The criterion of a stable biexciton in long chains (though not
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necessarily in short chains, see below) is that its energy is below this threshold.
The lowest possible energy (denoted by E(BX)) for the biexciton (here denoted
by BX) in one-dimension is twice the 1Bu exciton energy minus the binding energy

Eb of the single exciton, namely
(3.4)

although the actual energy may be slightly higher due to the repulsive interaction
between similar charges not included in the above estimation. In Figure 3.8{a), the
lowest two-electron excitation is at 1.8 x E(lBu) and therefore even in this weakly
correlated limit the lowest two-electron excitation corresponds to a bound state.
The biexciton state in Figures 3.8(b) -(d) is shifted to relatively higher energies
at smaller S, even though physically the biexciton binding energy should increase
with increasing effective Coulomb interacti?n. This shifting of the biexciton to
higher energies is a finite size effect in our calculations. With increasing Coulomb
interactions (decreasing 8), the ground state becomes more covalent and the exciton
resembles the singly ionic state, while the biexciton begins to resemble the doubly
ionic state with two pairs of charged carbon atoms. Since these charges avoid the
ends of a finite open chain, the biexciton wavefunction with four site charges is
effectively "squeezed" more than the exciton with two site charges, and its energy
is raised relative to the lowest energy states. Thus the biexciton in a short chain
is at relatively high energy for the same reason that the mAg and the one-electron
continuum are at relatively higher energies in short chains (Mazumdar et al., 1992
and 1993). This finite size effect will continue to be relevant until the Coulomb
interactions are large, and strong localization makes the exciton of width one lattice
constant. Only for large interactions the biexciton in finite chains occurs below
2 x E(lBu), as have been discussed in section 3.2. It is because of the apparent
energy discrepancy at small U and V that the criterion of Figure 3. 7( d) becomes
necessary to prove stable biexcitons.
We have discussed in the above the lowest two-electron excitation is a
biexciton provided there exists a higher energy two-electron excitation which has
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a larger dipole moment with the lBu. Note that this is exactly what happens
as we proceed from Figure 3.8(a) to (d): as the effective Coulomb interaction
increases, the dipole coupling between biexciton and the lBu decreases, until an
even higher energy two-electron excitation C has a larger coupling with the lBu.
This qualitative change in the dipole moment profile in the two-electron part of
the spectrum is a distinct signature of a bound biexciton. Thus, for realistic 6,
equation 3.1 therefore indicates stable biexcitons. It is also significant that while
the absolute energies of B (biexciton) and C (edge of two-electron continuum) are
too high, their energy difference does increas'e with decreasing 6 (see figure 3.8 and

3.10).
The validity of the wavefunction analysis approach is now demonstrated
by examining the relatively strong Coulomb interaction case of U = 10, V = 3, and
~

= 0.1, where the localization is strong. For such large interaction, the biexciton

binding energy is very large and the two-electron continuum begins almost exactly
at 2 x E(lBu). The two-electron spectrum in this case is shown in Figure 3.l6(b),
while the two-electron spectrum of Figure 3.8(c) is reproduced in Figure 3.l6(a).
The dipole moment profiles are identical, and are also similar to that in Figure
3. 7( d). This proves our contentions that, (a) the relatively high energies of Band
C in Figure 8(b )-( d) are finite size effects important in the small correlation case,
and (b) the two-electron spectrum should resemble figure 3. 7( d) in case of biexciton
formation.

3.6

The mAg and biexciton states in PA

Both the mAg and the biexciton should be observable in pump-probe
experiments as a transition from the lEu for short delay times (at longer delay
times, decay from the lBu to triplet states or formation of bipolarons become
possible), and in TPA from the ground state. Existing evidence of stable biexciton
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has been recently observed in a high energy photoinduced absorption (PA), since
they are from the same excited dynamics.
The origins of the short time PA at about 0.5 and 1.5 eV in PPV polymers
currently fall into controversy. As have been shown in Figure 3.3, a peculiar PA at
about 1.7 eV about the 1Bu have been seen (Leng et al., 1994) and interpreted as
biexciton based on the very careful measurements shown in Figure 3.3, which rule
out triplet or single polaron absorptions. On the other hand, Hsu et al., (1994)
have explained the observed picosecond PA in PPV and in PPV derivatives within
a polaron-pair mechanism, whereby the electron or the hole of the exciton migrates
to a different chain, and each chain has a polaron.
In detail, Figure 3.17 show the proposed excited state energy levels of PPV
and the optical transitions from the 11 Bu and J3 Bu states (Leng et al., 1994). The
optical gap from the ground state is 2.4 eV. The threshold for the biexciton where
two electron-hole pairs are bound together must be much lower than 2E(lBu) (=
4.8 eV), since extra Coulomb attractions exist between the electron and hole on

the two adjacent excitons (Akimoto et al., 1972; Brinkman et al., 1973). On the
other hand, E(BX) > 2E(lBu) - Eb

= 3.7 eV since there also exist in biexciton

excess Coulomb repulsion (electron-electron and hole-hole). Therefore the energy
of biexciton in PPV is placed to be between 3.7 eV and 4.8 eV. This determines the
optical transition 1Bu --. BX (see Figure 3.17) to between 1.3 eV and 2.4 eV. We
thus identify the PA band EX in Figure 3.3, which is associated with photoexcited
1Bu, as the transition into a biexciton state in Figure 3.17 at 4.15 eV.

Rather, we list additional experimental evidences that we believe indicates
that the PA is due to absorption from the singlet excitons. First, the high energy
picosecond PA is a general phenomenon, and occurs in several other 7r-conjugated
polymers (Kobayashi et al., 1992; Sinclair et al., 1992). In particular, Kobayashi
et al. (1992) have seen PA at 1.4 eV and 1.8 eV in blue-phase PDAs, in which the
exciton occurs at 1.95 eV, and conjugation lengths are truly long. Large side group
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in the PDAs should also reduce or eliminate the possibility of interchain electron
and hole migration. On the other hand, the exciton binding energy is known to
be about 0.5 eV in the PDAs. Thus equation 3.4 suggests that the 1.4 eV PA
is due to biexcitons. The 1.8 eV PA can be due to the edge of the two-electron
continuum, assuming that its relaxation energy is more than that of the exciton
such that P A becomes observable on the energy side of the bleaching. Second, both
the mAg and the biexciton should be observable in TPA, while the mAg should
also be observable in electroabsorption (EA). Observation of TPA in PPV , shown
in Figure 3.1 (Baker et aI., 1993), as well as EA in PPV-MEH shown in Figure 3.15
(Leng et aI., 1994) at 0.5 eV above the 1Bu , supports our assignment of the low
energy in picosecond PA to the mAg. Since there is no difference of the dynamics
of the picosecond PA between in PDA and PPV, the interpretation of picosecond
PA within polaron pairs on the different chains is unlikely.

3.7

Conclusions

In summary, we have presented the normalized dipole coupling spectra
for even-parity states as the functions of energies for various Coulomb correlation
parameters and bond alternations. The remarkable states in which we are interested in these spectra are the spin wave 2Ag state, exciton mAg state and biexciton
state. For a long chain system and for both large and small 8 which place 2Ag state
above and below the IB u , respectively, the TPA intensity to the 2Ag is shown to
be weak even for their comparably large dipole coupling to IBu. Thus only mAg
and biexciton states are found dominant in the TPA processes in the class of linear
chain conjugated polymers. In addition, it can be expected that both the mAg
and the biexciton states should be observable in PA experiments in conjugated
polymers.
With this view, the recent TPA measurements for PS, PT and PPV (Soos
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and Kepler, 1991; Periasamyet al., 1992; Baker et al., 1993; Pfeffer et al., 1993)
can be understood. For PS, the sharp peak at
while the broad one at

f'V

f'V

4.2 eV is due to the mAg state,

5.8 eV is due to biexciton state. Since Ts molecule is a

finite chain, the weak peak in coincidence with lBu state may be due to the 2Ag
state, while the TPA intensity at

fV

2.27 eV is due to the mAg state. Within a

simple Huckel model, the PPV electronic structures are similar to those for linear
chain polyenes except for some localized states. Therefore, we expect the similar
TPA behavior in such systems, namely, the TPA intensity of 2Ag should be tiny
and the strong TPA peak at 2.95 eV can attributed to an excitonic mAg state.
The observed high energy state in picosecond PA experiment in PPV
(Leng et al., 1994) can be explained as the biexciton within our theories. Note
here that stable multiexcitons have very recently been demonstrated in a quasione-dimensional organic mixed-stack neutral charge-transfer (CT) solid (KuwataGonokami et al., 1994). Due to the similarity of quasi-one-dimensionality with
conjugated polymers, theoretical investigations of stable multiexcitons in this class
of organic materials are clearly of interest. We will go to this topic in next chapter.
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CHAPTER 4

Stable Multi-Exciton Strings in Charge-Transfer Solids

In the preceding chapters, we have found that, in addition to exciton
states, the relatively high energy biexciton state existing in one-dimensional conjugated polymers should play an important role in TPA and PA processes. The
important experimental evidences have been found in the TPA measurement of
poly(di-n-hexylsilane) films (Soos and Kepler, 1991) and in the pump-probe measurement of poly(p-phenylenevinylene) (Leng et al., 1994). Our theoretical studies
have demonstrated that the stable biexcitons in conjugated polymers are supported
by Coulomb interaction.

It is well known that in a number of inorganic semiconductors two excitons can combine together to form an excitonic molecule (biexciton). The exchange
interaction between the electrons of the two excitons is responsible for the formation of the biexcitons. The bound state of more than two excitons is not possible
in inorganic semiconductors since exchange interaction does not support such a
collective excitation. Comparatively, recent experimental differential transmission
(DT) spectrum in a quasi-one-dimensional neutral mixed stack charge-transfer

(CT) solid of anthracene-PMDA (pyromelli'tic-acid-dianhydride) (see Figure 4.1)
has shown that the bound states of more than two excitons are stable (Ezaki et al.,
1993). These collective excitations are currently referred to as excitonic n-strings.
The experimental details can be briefly summarized below.
The sample used for the experimental measurement is a high purity single
crystal of anthracene-PMDA grown by sublimation techniques. This techniques
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the crystallographic c axis (Brillante and Philpott, 1979).
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yield high-purity thin single crystals with thickness of less than 50 p.m. Figure
4.2(a) shows the linear absorption spectrum of the sample at 10 K. The lowest
energy peak corresponds to O-photon I-exciton. The width of the 0-0 line, center
at 2.2713 eV, is smaller than 0.3 meV. A pump-probe techniques was employed
to detect transitions between the multiexciton states. The pump pulse generates
the excited state, while the time-delayed probe pulse monitors transitions between
the excited states. The DT spectrum measures the difference between the probe
transmission in the absence and presence of the pump. The pump photon energy
was centered at the O-phonon line (2.2713 eV) in order to resonantly excite the n

= 1 exciton state, as shown in Figure 4.2{a).
Figure 4.2(b) shows the DT spectrum with 1 ps probe delay at 10 K, in
which two bands have been observed (Ezaki et al., 1993). At low pump intensity, strong photoinduced absorption is observed just below the excitation zero
phonon energy (2.2713 eV), this excitation transition is denoted by a. By increasing the pump intensity, an additional photoinduced absorption band denoted
by

f3 is observed at even lower energy. The time-dependence of the P A signals

shown in Figure 4.3 indicates the recovery of the a-band is very slow and is almost
unchanged up to 150 ps, while the ,a-band has fast decay time of 50 ps. Experimentally, the a band has been assigned to the transition from n

= 1 exciton

to

n = 2 exciton (see Figure 4.4). Further evidence for the assignment of the a-band

was obtained by direct two-photon absorption (TPA) to the 2-exciton (see Figure

4.5). This direct TPA corresponds to the transition shown by the dashed arrows
in Figure 4.4. The pump was detuned to 2.233 eV, which is 38 meV below the zero
phonon line, thus minimizing the generation of I-exciton. The induced absorption
signal is observed below the CT exciton band. The signal temporally follows the
pump beam as shown in Figure 4.5, except for the small structure with slow temporal response. The large transient signal of Figure 4.5 is therefore understood as
the direct generation of the bound 2-exciton state. During the temporal overlap
with the probe, one-photon from each pulse is absorbed to create the 2-exciton
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by direct TPA. The

f3 band in Figure 4.2(b) has been attributed to the transition

from n = 2 exciton to n = 3 exciton (see Figure 4.4), and can only be understood
by a process higher than the third order optical nonlinearity.
In this chapter, we will identify a and

f3 from our theoretical calculations

within the extended Hubbard model. Furthermore, we will demonstrate that such
excitonic n-strings are stable due to the Coulomb interaction (Kuwata-Gonokami
et al., 1994).

4.1

On the mixed-stack charge-transfer solids

Mixed-stack CT solids belong to another class of quasi-one-dimensional
organic molecules. They are composed of parallel molecular stacks, each consisting
of alternating donor (D) and acceptor (A) molecules. An example is a solid of
anthracene-PMDA, in which the donor is the anthracene molecule and the acceptor
is the PMDA molecule. Mixed-stack CT solids have been known to be either
neutral (DA) or ionic (D+ A-) in their ground state (McConnell et a1., 1965),
which depends on the competition between two energies: ID - AA, the energy to
ionize D and transfer the electron to A, (ID is the ionization potential of the donor
and AA is the acceptor electron affinity), and aV, the electrostatic (Madelung)
energy gained if the lattice is ionic, (V

rv

~ is the magnitude of the nearest-

neighbor Coulomb interaction, and a > 1 is the Madelung constant). Whether the
neutral state or the ionic state is the stable state depends on the total energy per
DA pair, E DA , defined as

(4.1)
assuming that the overlap (transfer integral) between neighboring molecules is
small compared with other energies involved in DA pair. If (ID - AA)

> aV, the

solid is neutral and If (ID - AA) < aV, the solid is ionic. The effect of inclusion
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of transfer integral can lead to a hybridization of the neutral and ionized states
resulting in a partly ionized state (DP+ AP-), where 0 < p < 1 is the fractional
charge number (Soos and Mazumdar, 1978; ·Soos, 1979).
In a neutral solid, the lowest energy required for exciting an electron from
a donor to a neighboring acceptor along the stack (DA
et aL, 1965), in t

~

~

D+ A-) is (McConnell

0 limit,

(4.2)
In an ionic solid in t

= 0 limit, the lowest energy required to transfer an electron

from a charged acceptor back to a neighboring donor (D+ A- ~ DA) is

(4.3)
The two equations above can be plotted as the V-shaped plot as shown in Figure
4.6, against ID - AA (top scale). The vertical dashed line is the neutral-ionic (N-I)
boundary, where
(4.4)

Note here that at the N-I boundary,

D.En = D.Ei = V(a - 1) >

o.

(4.5)

Table 4.1 show several mixed-stack CT solids, the ground state of which is
classified as either neutral or ionic (Torrance et al., 1981) based on the experimental
values of 6.E (either 6.Ei or 6.En ). These values obtained by measuring the
optical absorption of powdered samples dispersed in KBr are included in Figure

4.6 (Torrance et al., 1981). The detailed experimental descriptions can be found
in original literature (Torrance et al., 1981).
The interesting phenomenon existing in the mixed-stack CT solids near
the neutral-ionic interface is the N-I phase transition. Earlier studies have found
the thermal- and pressure-induced N-I phase transition in several mixed-stack CT
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Figure 4.6: Theoretical charge transfer excitation t1E for neutral and ionic
mixed-stack CT solids plotted against (ID - AA) are represented by the V-shaped
straight line. The vertical dashed line is the N-! boundary. The experimental t1E
for several solids listed in Table 4.1 are plotted as a function of redox potential
t1Ere cloz (the energy difference between the oxidation potential of the donor and
the reduction potential of the acceptor) which is a measure of (ID - AA) (Torrance
et al., 1981).
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Table 4.1: Mixed-stack CT solids in Figure 4.3. TMPD stands for tetramethylphenylenediamine; TCNQ, tetracyanoquinodimethane.; TTF, tetrathiafulvalene: TMDAP, tetramethyldiaminopyrene; DEDMTSeF, 'diethyldimethyltetraselenafulvalene; TCNE, tetracyanothylenej DDQ, dichlorodicyano-p-benzoquinone;
PMDA, pyromelliticdianhydride (Torrance et al., 1981).
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solids (Torrance et al., 1981; Tokura et al., 1982). On increasing pressure or
decreasing temperature, the Madelung energy increases due to the reduced spacing between molecules, and the N-I boundary in Figure 4.6 will shift toward the
right. If the boundary shifts far enough, the neutral solids would become ionic.
In addition, recent studies by Koshibara et al., (1990) have shown that N-I phase
transition can be caused by photoexcitation. They found that, in the photoexcitation process, one absorbed photon can convert as many as 160 donor-acceptor pairs
from the ionic to neutral state; these photogenerated CT excitation of DA in the
ionic D+ A-lattice may locally modify the Coulombic interaction and undergoes
the ionic-to-neutral transition. However, the detailed microscopic mechanism corresponding to such a photoinduced N-I phase transition is not entirely understood
by scientists.

4.2

Modeling mixed-stack charge-transfer solids

The mixed-stack CT solid, anthracene-PMDA, consists of alternately
stacked aromatic donor and acceptor molecules. The ground state is known to
be in the neutral phase (see Figure 4.6), far from the N-I boundary, and can be
modeled as a strong charge density wave (CDW) with nearly two electrons occupying each D site and empty each A site. CT excitation promotes an electron from
the highest occupied orbital of D to the lowest unoccupied orbital of A, leaving a
hole behind. The electron-hole pair in the resultant D+ A- unit is bound by strong
electro-static interaction. In addition, the electrostatic interaction between CT excitons leads to the binding of two or more excitons in one dimension. Such bound
multiexcitons (2-exciton, 3-exciton, and so on) have been observed in DT spectrum in the CT solid of anthracene-PMDA (Ezaki et al., 1993; Kuwata-Gonokami
et al., 1994). We propose here an approach to investigate the stabilities of these
multi-excitons.
Theoretical description of the CT crystal is obtained within the extended
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Hubbard model (Soos et al., 1978, 1986; Painelli and Girlando, 1987; Nagaosa,
1986),

H=

~) -I)'fclc,c,u + t L:(ctu CI+1,U + ct+I,uClu) + ~ L: VlmPIPm'
I,u

I,u

I,m

(4.6)

where we have adopted the convention that the D(A) molecules occupy odd(even)
sites. In the above equation, ct.u creates an electron of spin

(j

at site 1, 2f

= ID

- AA' where ID is the donor ionization energy and AA is the acceptor electron
affinity, t is the nearest-neighbor charge resonance integral, and Vim = YlI-ml the
Coulomb interaction between charged sites,

II -

mllattice constants apart. The

charge density operators are written as

PI

=Z -

n,

= z - L: ctuclu,

(4.7)

u

where z =2 for a D site and 0 for an A site. The exclusion of high-energy D+2 and
A-2 in our theoretical description (Soos et al.,I986j Painelli and Girlando, 1987j

Nagaosa, 1986) amounts to a Hubbard U -+

00

approximation. In equation 4.6,

the first term corresponds to the energy difference between the HOMO of D and
the LUMO of A, the second term describes charge-transfer from D to A, and the
last term is the Madelung electrostatic energy.
Although the exact description of the CT crystal involves the nonzero t,
a simple physical picture to understand the formation of multiexciton states can
be obtained by considering the atomic limit t -+ 0, where electron hopping is
negligible. Within this limit, the individual energy states are described almost
entirely by single real-space configurations. The ground state is a perfectly neutral
configuration· . ·DADADA . ". The excitation energy E 1- CT from the ground
state to I-exciton state· . ·DAD+ A- DA ... is given by
(4.8)
where VI is the nearest neighbor Coulomb interaction. Further excitation from
the I-exciton state can create a 2-exciton state· .. DAD+ A-D+ A- DA . ". This
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in turn creates a 3-exciton state· . ·DAD+ A-D+ A-D+ A-DA· ", and so on (see
Figure 4.4), where the energy of n-exciton state is given by,
En-CT

= 2nf -

with
M(n)

=

Vi x M(n)

(4.9)

2El (_1)k+1 2n - k

(4.10)

k=l

k

being the Madelung energy contribution of the ionic segment of the chain. The
transition energy from the (n - I)-exciton to the n-exciton, if measured from the
l-exciton state, can be expressed as:
DoE(n)

= E n- CT -

E(n-l)-CT - E 1- CT .

(4.11 )

From equation 4.10, the quantity DoE(n) is negative for any number n in the limit
of zero electron hopping.
However, the t = 0 limit is not actually enough to describe the real system,
as the oscillator strengths of the CT transitions are exactly zero in this limit. For
nonzero t, there will be many other configurations existing in real CT systems, as
based on the following reasons: First, the bound electron-hole pair within a single
excitonic unit can now dissociate. One of many examples is the configuration
.. ·DAD+ ADA- DA . ". Second, the 2-exciton can dissociate into a continuum of

two separated excitons. Two examples for this are· . ·DAD+ A- DAD+ A- DA . "
and·· ·DADA- D+ AD+ A-· ". Similar dissoCiation of the n-exciton can also occur.
The observation of the n-exciton then requires that LlE{n) remains negative for
realistic t. Experimentally, negative DoE(n) would allow to the detection of these
transitions as photoinduced absorption (PA) on the low energy side of the exciton
resonance in pump-probe measurements, provided the exciton resonance has a
narrow width. Theoretically, we need to demonstrate binding of the n-exciton
strings for realistic t.
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4.3

Formulation of DT spectrum
The differential transmission spectrum (DTS) is one of the most power-

ful methods to reveal novel elementary exci.tations such as excitonic n-string. In
the pump-probe technique, the presence of the strong pump beam of amplitude

E(w') leads to a modification of the absorption coefficient experienced by a weak
probe wave of amplitude E(w). The nonlinear polarization affecting probe wave is
therefore given by
00

E X(n)( _w)IE(w')ln-l E(w)

pNL(I,w) =

n=2
00

=

E x(n)( -w)E(w)I!!.::-l

(4.12)

n=2

where 1= IE(w')1 2 being the intensity of the incident pump beam. X(n) is the nth
order optical susceptibility. If the change of the absorption coefficient ~a(I, w) i~
much smaller than an inverse sample thickness 1-1, namely, ~a(I,w)1 ~ 1, then
the differential transmission response, DT(I, w), can be defined as

DT(I,w) = -LXa(I,w)l.

(4.13)

As was shown in Chapter 1, the intensity dependent absorption coefficient can be
defined in terms of the total optical polarization. The DT(I,w), after subtracting
the linear absorption coefficient from the nonlinear absorption coefficient, can be
obtained in terms of the nonlinear optical polarization pN L(I, w) as follows:

DT(I w)
,

=_

wi 1m (PNL(I,w))
cno(w)
E(w)

(4.14)

where no(w) is the background refractive index, and c is the velocity of light. In
order to reveal the triexciton state in DT spectrum, we have to include at least
the fifth-order polarization. The total nonlinear optical polarization then can be
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expressed as

pNL(I,W)

= p(3)(I,W) + p(5)(I,W)

= X(3)(w)IE(w')12E(w) + x 5(w)IE(w')1 4 E(w)

(4.15)

= X(3)(w)E(w)I + x(5)(w)E(w)I2.

Now if we define DT(n)(w) as

DT(n)(I,w) = _

wi 1m (p(n)(I,w)) ,
cno(w)
E(w)

(4.16)

then we obtain the DT( I, w) formula in a compact form as

DT(I,w)

= DT(3)(I,W) + DT(5)(I,W),

(4.17)

where DT(3)(I,w) and DT(5)(I,W) are called the third and the fifth order DT
spectra. Obviously, the DT spectrum is a frequency-dependence of the probe field
and intensity-dependence of the pump field.
Now we are prepared to derive the formulae for DT(3)(I,W) and DT(5)(I,

w). Since we are interested in a small frequency region under nearly resonant
pumping of the exciton states, the rotating wave approximation is valid and the

DT(n)(I,w) can be approximated by -Im(p(i(~t). This means we can neglect
the frequency dependence of w/no(w). Under the rotating wave approximation,
we have the well-defined ground state Ig), single exciton states {In)}, two-exciton
states {1m)} and three-exciton states {II)} .... Then the dominant contribution
to DT(3)(I,W) and DT(5)(I,W) can be obtained as (Ezaki et al., 1993; Shen, 1984;
also see Appendix E)

(4.18)
and

DT(5)(I,W)

= rT(5)(w).

(4.19)

Here, T(3)(W) and T(5)(W) are defined as

T(3)(W) = -

L:
m

rmnJl~;Jl;g
(w - wmn )

2

+ r mn + (w -

2r ng Jl!g
wng )2 + r;g

(4.20)
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and
T(5)(

w

)

r
r 112
= _ "'"'
Imr/mrmnrng + "'"'
mnrmnrng
2
L...J (w _ W )2 + r
L...J (w _ W
)2 + r2
11 2

1m

11 2

11 2

1m

11 2

1m

(w -

mn

m

mn

(2

Jlmn

+ 2Jlng2 + "'"'
2 )
L...J Jlm'n
m'

2rngJ.l!g
(2
1 "'"' 2 )
W )2 + P
2Jlng + 2 L...JJlmn •
ng
ng
m

(4.21)

In the above equations, J.lii denotes the transition dipole moment between any two
opposite parity states, Ii) and Ij),

r ij

being the damping constant corresponding

to this transition.

4.4

Theoretical DT simulations

Our theoretical simulations are now based on the Hamiltonian expressed
by equation 4.6. The basis vectors are represented by VB diagrams. The calculated
energies and dipole transition moments are fed into the DT formulae prepared in
section 4.3. Exact calculations are done for a periodic ring of N = 10 sites, (5
DA units) and for a periodic ring of N

= 14

(7 DA units). The former possesses

fivefold rotational symmetry, while the latter has sevenfold rotational symmetry.
In addition, both have a mirror plane corresponding to the longest diagonal of
the ring. Eigenfunctions of the Hamiltonian therefore belong to the subspaces
characterized by the rotational quantum number K = 0, 27rm/N, where m

±2, ... , ±

au =

±1.

The ground state is in

= 1 subspace with even parity, while all optically allowed states
occur in the subspace K = 0, au = -1 with odd parity. These two subspaces are
the K

= 0,

r:, and the mirror plane symmetries

= ±1,

au

coupled (Mazumdar and 800s, 1981) by the velocity operator

v

= it 2) C~qCn+l,q -

C~+1,qCnq)

(4.22)

n,q

along the circumference of the ring, and exhaust all states that are relevant for
linear and nonlinear optical excitations. In the equation we assume the lattice
constant and Ii to be 1 for simplicity.
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The exact energy spectra in the two subspaces are calculated by complete
diagonalization of the Hamiltonian matrices, and the transition dipole moment between even-parity and odd-parity states are calculated using the velocity operator
in equation 4.22. The relationship between dipole operator I' and velocity operator
V IS

v

= -i[H,JL]

(4.23)

where H is the total Hamiltonian defined in equation 4.6.
We first show the results for the set of parameters t = -0.1 eV, Vi = 0.5
eV, Vjl-ml = Vi/II -

ml, and

€

= 1.38 eV. Similar results can also be obtained by

choosing different set of parameters (t

= -0.15 and

-0.2, and various Vjl-ml and

f). The above magnitudes of t and VI are typical for CT solids (Nagaosa, 1986),
while the magnitude of f is chosen to fit the experimental energy gap to the n = 1
exciton. The energy spectrum for N

= 14 is shown in Figure 4.7.

There are two n

= 1 excitons. One is the even-parity exciton state and the other is the odd-parity

exciton state. Only the odd-parity exciton state is optically allowed from ground
state. The one-photon forbidden but two-photon allowed exciton can be seen in
electroabsorption experiments (Phillpot, 1987), and has also been discussed in the
context of 7r- conjugated polymers (Dixit et al. 1991). The binding energy of the n

= 1 exciton is rather large, about 0.31 eV. The number of n = 2 and n = 3 exciton
levels is quite large. They are 4 and 10, respectively. The larger number of exciton
states for higher n is due to the different spin couplings between the multiple D+
and A-radical ions. In both cases, these are also seen to be separated from the
respective continuua. The occurrence of more than one kind of extended states for
n

= 2 and

n = 3 is understandable, since the delocalization of separated excitons

as well as completely free electrons and holes are possible now. These extended
states shall form n

= 2 and n = 3 continuum bands, respectively, in real crystals.

The most important result of our calculations is the stability of the 2exciton as well as 3-exciton, as measured by the energy difference between the
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Figure 4.7: Calculated energy spectrum within equation 4.6 for a periodic ring
of 14 sites, with t = -0.1 eV, Vi = 0.5 eV, Vim I = Vi/lml, and f = 1.38 eV.
The parentheses indicate the continuua for various n, and the arrows indicate the
exciton binding energies.
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highest exciton state and the lowest continuum state for each n. These energy
separations are the binding energies of the n-exciton strings, and are indicated
by the arrows in Figure 4.7. We found that the binding energy (0.131 eV) for 3exciton is actually greater than the binding energy (0.125 eV) for 2-exciton. This
is a convincing proof of the stability of the 3-exciton. Physically, the stability
of the n-exciton states can be understood by considering the exciton dissociation
process. In Figure 4.8, we show such dissociation process for n = 1 exciton. 1exciton dissociation necessarily requires creation of the 2-exciton first, and followed
by annihilation of the central A- D+ pair. The energy required for creation of the
second D+ A- keeps the I-exciton bound .. The same physical reason will also
support the stability of n

> 1 excitons.

In Figure 4.9, we show the theoretical DT spectrum for N = 14 periodic
rmg. The similarity between the theoretical and experimental spectra is remarkable, and the only discrepancies are quantitative, arising from finite size effects
as well as uncertainties in the parameters used in our calculation. The calculated
spectrum clearly indicates that the experimentally observed photoinduced absorptions are due to transitions between the n

=I

and n

=2 and n =3 excitons, respectively. We assign the

= 2 excitons and between n

Q

band to the transition be-

tween the I-exciton state and the bound 2-exciton state. The second photoinduced
absorption band, /3, in Figure 4.4 (also in Figure 4.9), is attributed to a transition
between the n

= 2 string and

the n = 3 string. This assignment is supported by

the intensity dependence of the signal: the /3 band becomes more prominent at
higher intensities, as expected in the processes higher than third order. The structure in between the a-band and the /3-band, seen for strong intensities both in the
experimental and in the calculated DT spectra, results from transitions from the
n = 2 continuum to the n = 3 continuum, and is a consequence of the long range
nature of the Coulomb interaction.
In order to further understand the behavior of DT spectrum shown in
Figure 4.9, we first analyze, both mathematically and physically, the intensity
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.. ·DADAD+ A- DADADA ...

Figure 4.8: Dissociation process for n = I exciton. In this process, I-exciton
dissociation necessarily requires creation of the 2-exciton first, and followed by
annihilation of the central A- D+ pair.
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Figure 4.9: Calculated DT spectrum within equation 4.6 for different pump intensities. The Vi parameters in equation 4.6 are chosen as those presented in
Figure 4.7. Larger energy shifts in the calculated DT spectrum compared with the
experiment are finite size effects.
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dependence of DT spectrum. Figure 4.10 shows such dependence at the frequency
of 2-exciton, namely, at AE(2)(h. Clearly, there exists an intensity at which

DT(I,w) show a minimum (a maximum if taking absolute value). We refer this
intensity as I max , and can be evaluated by

Imax

=-

T(3)(W) )
( 2T(S)(w)

(4.24)

w=Lt.W 2 ) ·

Note that since the intensity of pump field is always positive, the amounts of T(3)(w)
and T(5)(w) at frequency AE(2)jh must have opposite signs. This can be easily
confirmed from Figure 4.11. At this maximum intensity I max , the signal of n = 2

(a band) will have a largest absolute value. Other intensities will give relatively
small strength of DT spectrum for n

= 3 (f3 band).

= 2 signal.

Now we examine the signal at n

In Figure 4.11, we found that since at w

= Ll.~(3)

both

T(3)(w)

and

T(S)(w) are negative, therefore, the strength of total DT spectrum corresponding

to n = 3 will increase with increasing pump intensity. This is exactly what we
found in Figure 4.9 that n = 3 signal strongly depends on the pump intensity.
We also here present another theoretical DT spectrum in Figure 4.12 for

= 10 periodic ring. The parameters we choose here are: t = -0.1 eV, E = 1.38
eV, Vi = 0.5 eV, V2 = 0.3 eV, V3 = 0.15 eV, V4 = 0.10 eV, and Vs = 0.075 eV.
N

This set of parameters is chosen to fit the experimental transi tion energy (.6.E (1),
6.E(2), and 6.E(3)) defined by equation 4.11. Again, we can identify the a band

and f3 band even in this short periodic ring.

We therefore conclude that the

observed stable multiexciton n-strings indeed can be described by our theoretical
model, and are bound by Coulomb interaction.

4.5

Summary
In summary,' the multiexciton n-strings have been experimentally observed

in the DT spectrum in an mixed-stack CT solid of anthracene-PMDA (Ezaki, et
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al., 1993). We demonstrate that the multiexciton n-strings observed are stable
due to Coulomb interactions between the electrons in the excitons bound together.
The observed a band is due to the transition from n = 1 exciton to n = 2 exciton,
while the f3 band is due to the transition from n = 2 exciton to n = 3 exciton. The
f3 band can only be observed in strong pump intensity, as expected in the process
higher than third order optical nonlinearity.
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CHAPTER 5

Summary and conclusions

The microscopic mechanism of optical nonlinearity in conjugated polymers was well-established. It has been known that only four essential states are
strongly responsible for the bulk of THG spectrum. These four essential states
are the ground state lAg, the exciton state lBu, the exciton state mAg and the
conduction band threshold state nBu • In the complete THG spectra in conjugated polymers, the "four essential states" model therefore predicts that only two
three-photon resonances due to the lBu and the nBu, and only one two-photon
resonance due to the mAg do exist. The lowest excited even-parity state 2Ag is
demonstrated to have no contribution.
Within the extended-Hubbard models, our theoretical analyses on TPA
intensities of the even-parity states in conjugated polymers can support the above
issue. Furthermore, by examining the renormalized dipole moments of all evenparity states as the evolution functions of bond alternation and Coulomb interaction, we also found the existing biexciton states. Our theories show that both
mAg and biexciton should be observed in TPA as well as PA processes.

In mixed-stack organic charge-transfer solids, the theoretical simulations
are shown in excellent agreement with the experimental differential transmission
spectrum (Ezaki et al., 1993). The

Q'

band is interpreted as the photoexcitation

from I-exciton to 2-exciton, while the (3 band is interpreted as the transition from
2-exciton to 3-exciton.
Based on our works in this dissertation, we give the conclusions as follows:
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(1) The TPA intensities to the 2Ag and several sub-gap even-parity states should
be vanishing in long chain limit in conjugated polymers, due to cancellation effects
in

X(3)

processes. These cancellation effects are uncorrelated to the locations of

these states with respect to the 1Bu state and also to the large or small dipole
couplings to the 1Bu state.
(2) A unique exciton mAg state at between the 1Bu and the nBu has a strong
dipole coupling to both Bu states. The incomplete cancellation effect lets the mAg
dominate in X(3) processes. Therefore this state can be seen in both TPA and THG
measurements in conjugated polymers.
(3) In TPA spectrum, we expect another high energy excited even-parity state
to be dominant. This state is a stable biex.citon state which is formed from two
excitons bound by Coulomb interaction. In THG spectrum biexciton state may not
be seen due to both its relatively high energy and relatively small dipole coupling
to the IBu. But the biexciton should be observable both in TPA and PA processes.
(4) In mixed stack charge-transfer solids, multiple excitonic n-strings have been
investigated in detail from both the theoretical and experimental DT spectra.
Theories within the extended Hubbard models demonstrate that these stable multiexciton states are supported by Coulomb interaction.
We have, so far, studied the even-parity excited states such as the 2Ag,
the mAg and the biexciton states in conjugated polymers and multiexcitons in
mixed-stack CT solids. In particular, we have focused upon the understanding
of biexcitons and even triexciton in these systems. Due to the common feature
of quasi-one-dimensionality, other quasi-one-dimensional electron systems such as
segregated-stack CT solids and halogen-bridged transition-metal chain compounds
are clearly of interest. We believe that biexcitons in Coulomb correlated onedimensional materials as mentioned above should be common, and we expect many
experimental signatures are to come in the future.
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APPENDIX A

Diagrams as the basis vectors of model Hamiltonians

In valence bond (VB) theory, VB diagrams (Mazumdar and Soos, 1979;
Bondeson and Soos, 1980; Ramasesha and Soos, 1984) have been chosen as the
basis functions in quantum chemistry as well as solid state physics, show explicitly the electron configurations in real space, and hence provide intuitive physical
pictures of real-space electron transfer in excitations. All of the possible diagrams
constructed, which form a set of complete, and nonorthogonal basis, are the eigenfunctions of 8 2 and 8 z • On the other hand, in molecular orbital (MO) or band
theory, basis functions are conventionally expressed as single Slater determinants
constructed from one-electron orbitals. Slater determinants, however, are somewhat difficult to be expressed, particularly for multi-electron excitation states. The
evaluation of Hamiltonian matrix elements between Slater determinants is also not
intuitive, and sometimes become a tedious task. We here introduce MO diagrams
as the basis functions of model Hamiltonians in MO space. The advantage of the
diagrammatic MO method is the simplification of the evaluation of Hamiltonian
matrix elements.
The construction of the diagrams (both VB and MO diagrams) is based
on the following recognition: the electron occupancy in orbitals (either sites or
molecular levels) can be one of the four possible states, namely, empty, doubly
occupied, or singly occupied with a line beginning at an orbital or a line ending
at an orbital. Thus, in diagram representation, each line connecting two singlyoccupied orbitals i and j with paired spins represents itself in second quantized
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form as

1-) = ~(a!Qajll -

a!ll a jo)IO),

(A.1)

while a cross, a spin-paired (singlet) electron at orbital p denotes

(A.2)
and a dot, I')' an empty-occupied orbital. Here

al,a

denotes real space or molec-

ular orbital operators. For example, for a four-site half-filled linear chain, the
Huckel calculations will give four molecular orbitals: Two of them form a valence
band and the others form a conduction band. The configuration of ground state
in single electron picture is such that the valence band are completely occupied
and the conduction band is empty. In terms of diagram and second quantization
representations, it can be expressed as:

(A.3)
Here, the first two positions in the diagram denote two valence-band levels, and
the last two denote two conduction-band levels. Following the ground state, the
lowest excited state with opposite parity to the ground state, then, corresponds
to a configuration with the excitation of one electron from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO),
l.e.,

11Bu)

=I x -

.)

= ~ {(atQatll)(a~Qa~1l - a~lla1a)} 10)

(A.4)

If the migration of one electron in either conduction band or in valence band occurs

further, we may create a 12A) state as:

(A.5)
The diagram for the second lowest excited Bu state, the 2Bu, can be obtained from
the lAg state by exciting one electron at HOMO - 1 level to the LUMO

+ 1 level,
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I.e.,

12 B u) = 1~ ) = ~ {(a~aa~p)(ataa!p -

alpa!a)} 10).

(A.6)

Note here that the combination of two configurations in equation A.5 is due to
the electron-hole symmetry, which can exist in the linear chain systems with evennumber of total sites. The sign "-" can be estimated as (-l),,+q(Ieh)(Iu), where
p denotes the number of crosses in the diagram and q is the number of singly
occupied by electron at odd-number orbitals. Ieh and Iu are the eigen-values of
electron-hole and mirror plane symmetry operators, respectively.
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APPENDIX B

Configuration interaction

In this Appendix we will briefly dis,cuss the idea of configuration interaction (CI), which is the most important quantum-chemical method for dealing with
electron correlations. Detailed descriptions of CI calculations can be found in the
literature (Fulde, 1991).
Consider a system of N electrons described by using M basis functions
(In this dissertation, they are the VB diagrams or MO diagrams, which has been
discussed in Appendix A) and denote one of many-body states by

Iw).

It is always

possible to expand I\II) in terms of a complete basis 1<1>1) of the Hilbert space, i,e.,

(B.1)
Here

0:1

is the coefficients obtained by diagonalizing model Hamiltonian H. The

dimension of the Hilbert space equals the number of different N-electron configurations. Except for very small systems, the Hilbert space is much too large to be
fully used; it must be drastically reduced for practicable calculations under two
conditions: (1) The reduced dimension of subspace should be as small as possible
within which the Hamiltonian

H can be diagonalized. (2) The computed results

should be as accurate as possible.
To illustrate CJ calculation in detail, we first consider the ground state

1<1>0) in MO theory in single-electron picture. It can be written as
1<1>0)

= II ctact.aI O),
JJ.<k,

(B.2)

146

where c~O' is a fermion creation operator, kf is a fermi level and 10) is an empty
state. We may use this ground state as a reference state and label the other
configuration states 1<1>1) 's spanning Hilbert space according to the excitation of
electron across the optical gap. For
spanned by 1<1>0),

ct,clJU 1<1>0),

examp~e,

ctucjulCVUICIJU

the Hilbert space of the full CI is

1<1>0) and so on. Thus a many-body state

11lI) can be expressed as:
(B.3)
Here, Greek indices

jl,

v etc. are used for occupied orbitals in valence band and

Latin indices i, j etc. for unoccupied orbitals in conduction band. The coefficients
ao, a~,

a:!v

etc. are again obtained by diagonalizing H. For a large system,

we may, for instance, do the CI calculation within the framework of single and
double configuration interaction (SD-CI) with the aim of reducing the dimension
of Hilbert space. This requires that the expansion of 1\lI) be terminated after the
two-particle term. Thus 11lI) is now given by

(BA)
In SD-CI calculations, we expect the calculated results to be qualitatively correct,
but not quantitatively.
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APPENDIX C

Derivation of model Hamiltonians in MO basis

The most general description of one-dimensional correlation systems is
the Pariser-Parr-Pople (PPP) Hamiltonians, which can, in terms of real-space operators, be written as:
Hppp = H t

+ Hu + Hv.

(C.1)

Here, H t is the Hiickel Hamiltonian which for the alternating transfer integrals
t{l

± 8) can be expressed as:
N-l

Ht

= -t L

[1- (-l)mb](a~,uam+I,u + a~+I,uam,u).

(C.2)

m=l,u

(am,u) creates (annihilates) an electron with spin

(J'

in site m, t > 0 is the

nearest neighbor hopping integral, and b is the bond-alternation parameter. Hu
and Hv in equation C.1 describe on-site and inter-site Coulomb interactions, and
are given by
(C.3)
and
Hv =

1

'2 L

Vmm,(n m -l)(n m, -1).

(C.4)

m,(m':F m )

= Eu atn,uam,u, and

U (=Vmm ) and
Vmm , (m =p m') are on-site and intersite Coulomb correlation parameters. Note
that Hubbard models only take on-site interactions into account, while extended

Here, the number operator is defined as: nm

Hubbard models, in addition to on-site term, also include the nearest neighbor
interactions. Therefore, Hubbard and extended Hubbard models are merely the
special cases of PPP model.

14S

To obtain the PPP Hamiltonian in terms of MO operators, we introduce
the most general linear transformations (Surjan, 1989; Srinivasan and Ramasesha,
1992):
am,lT

= ~ Cj,m bj,lT

(C.5)

j

and

a~'1T

= ~ Cj,m bJ.IT'

(C.6)

i

where bJ.u and bi,u create and annihilate an electron in j molecular orbital with
spin

(7,

while

Cj,m

is the coefficient of the m~h atomic orbital (AO) in the jlh MO.

With these transformations, we can express the number operator, in terms of MO
operators, as
(C.7)
i,j

where if i

-I

j, we define

Eij

=

EIT bt,ubj,1T as a shift operator, which transfers

an electron from ph MO to ith MO. If i = j, then

Eij

is called weight operator

(Matsen and Pauncz, 1986).
We first consider H t term. By substituting equations C.5 and C.6 into
equation C.2, It can be rewritten as:
(C.S)

Note that if p =f; q, then it is not difficult to prove that
N-l

.

- t ~ [1 - (-l)mS](c pm cq,m+I

+ cp.m+ICqm) =

0

(C.9)

m=l

by examining the atomic coefficients, and for p

= q, we define

N-l
fp

= -2t ~ [1 - (_l)mS](c pm Cp,m+d -10.

(C.lO)

m=l

Thus, the Hiickel Hamiltonian becomes

(C.ll)
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Secondly, we consider Hu term. According to equation C.3, Hu can be
rewritten as:
(C.I2)
By using equation C. 7, the second term in the above equation can be expressed
as:

~ ~nm = ~ ~{~~CimClmEiI}
=

~ L: {(4= L:
m

(4= L:

(C.I3)

L: L: CjmCkmbjk = 1,

(C.I4)

CimClmEil)
CjmCkmbjk)} •
13k

I

Here, we have used the fact that

j

k

according to the unitary symmetry of

Thus equation C.13 becomes

Ckm.

~ Ln m = ~ ~~LL{(LUCimCjmCkmC[m)bjkEiI}'
I
m

(C.15)

m

13k

Similarly, the first term in equation C.I2 can be written as:

U L:
2 m

n~ = -21 L:i L:j L:kEi m
{(E UCimCjmCkmCim)EijEkl} •

(C.I6)

Now, taking equations C.I5, C.I6 and H t in equation C.8 together, we obtain the
Hubbard Hamiltonian in MO representation as:
HHubbard

= L fpEpp

p

+ ~ ~ ~ L L {(L UCimCjmCkmClm)(EijEkl - bjkEil)}.
I

J

kim

(C.17)
Finally, we expand Hv in equation CA as:

Hv =

1

2

E
m,m'=Fm

Vmm,nmn m , -

E
m,m'=Fm

1

Vmm,n m

+2

E

V mm,.

(C.I8)

m,m'=Fm

The last term in the above equation only give a constant. The first term is actually
similar to the first term in equation C.I2, and can be written as:
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The second term, similar to the second term in equation C.12, will become
(C.20)
Again we have used the equation C.14. Now if m

= m',

we let Vmm ,

= U,

and

after combining equation C.16 and equation C.19, we obtain
(C.21)
Furthermore, combining equation C.15 and equation C.20, we have
(C.22)
Now we define

Jijkl

and

9ijkl

9ijkl

=

as:

2)U + 2
m

L

Vmm , )CimCjmCkmCim'

(C.24)

(m'~m)

Thus, the PPP Hamiltonian in MO representation becomes

The extended Hubbard Hamiltonian widely used in this dissertation can be obtained from the above equation by restricting Vmm , to be
U m=m'

Vmm, =

V m = m' =F 1

o

(C.26)

otherwise

The model Hamiltonians, after transformation into the form as equation C.25, are
particularly convenient if we use MO diagrams as their basis vectors. Since

Eij

represents a shift operator, it connects two diagrams by shifting an electron from
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Operator

Initial Diagram ItPa)
I
k } I

-

Eij

-

x

Coefficient a;Ja

J2
J2
1
1

-72
x
~

~

-1
1
-1

Final Diagram ItP.o)
k J %
I

x

....---x---.
~

~

-

.

x

Table C.2: Coefficients for transformation of Diagrams for shift operator Eii.
(Mazumdar and 800s, 1979; Soos and Ramasesha, 1990)

one to another orbitals. The general expression of eigen-equation of

Eij

can be

written as
(C.27)
Here,

I~a)

and

I~.o)

denote any two configurations represented by diagrams de-

scribed in Appendix A. a~a is a transformation coefficient obtained from the consideration of the normalization factor of wavefunctions. Some transformation coefficients have been calculated and summarized (Mazumdar and Soos, 1979; Soos
and Ramasesha, 1990) in Table C.l.
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APPENDIX D

Intrinsic cancellation in

X(3)

processes in independent electron model

The theoretical proof of intrinsic cancellation in

X(3)

processes in inde-

pendent electron model is somewhat tedious (Guo, 1993). However, we briefly
summarized our results here (also see Varon and Silbey, 1992). We found that the
cancellation can only occur among the following six dipole coupling pathways in
X(3)

processes:

Bl

Al

= {Ig) => la --+ r) => Ig) => Ib --+ s) => Ig)} ,

(D.1)

A2

= {Ig) => Ib --+ s) => Ig) =>

la --+ r) => Ig)} ,

(D.2)

= {Ig) =>

la --+ r) => la

--+

r, b --+ s) => Ib --+ 8) ::} Ig)} ,

(D.3)

r) => la

--+

r, b --+ s) => la --+ r) ::} Ig)},

(DA)

B2 = {Ig) ::} la

--+

B3 = {Ig) => Ib --+ s) => Ib --+ s, ~

r) => la --+ r) => Ig)} ,

(D.5)

a --+ r) ::} Ib --+ s) ::} Ig)} .

(D.6)

--+

and

B4 = {Ig) ::} Ib --+ 8) => Ib --+

S,

Here, a, b, c, etc. are used for the levels in valence band, while r, s, t, etc. for
the levels in conduction band. In equations D.1 - D.6, Ig) is the ground state in
independent electron model, Ib --+ s) denotes a state in which an electron has been
promoted across the optical gap, and

Ib --+ S, a --+ r)

denotes a state in which two

electrons are promoted across the optical gap. The sign "=>" in equation D.1 - D.6
means the dipole-coupling between two states. Referring to the considerations of
energy (corresponding to the denominator in

X(3)

expression) and dipole moment
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(corresponding to the numerator in
two special cases: (1) a

X(3)

= b or r = s,

expression), we found that, except for the

(2) both a

= band r = s,

Therefore, this equation implies the occurrence of intrinsic cancellation in

X(3)

processes in independent electron models for any molecular systems, not only for
one-dimensional electron systems. The pathways which survive after cancellation
(Yaron and Silbey, 1992) are shown in Figure D.1, where we have assumed that
the processes in Figure D.1 are transition-allowed; otherwise, the strength of the
X(3)

will be vanishing. We note here that the (j) and (k) processes in short linear

chain systems with centro-inversion symmetry may have nonzero contribution to
X(3),

while in infinite chain limit, both contributions to

X(3)

are zero due to the

vanishing dipole moment in asymmetric transition (D. Guo, 1993).
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Figure 0.1: The X(3) processes which remain after cancellation. (A) corresponds to
electron-hole pair migration, while (8) corresponds to the processes which involve
doubly excited states (Yaron and Silbey, 1992).
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APPENDIX E

Derivation of DT(3) and DT(S)

To derive DT(3)(I, w) and DT(5)(I,w) in the form used in this dissertation,
we start from the equations (11) and (12) in the literature by Ezaki et al. (1993).
They can be defined as (also see Shen, 1984):

DT(3)(I,W) = -Im[p(3)(t)/ Ep(w)] = -

E h[( _r mnJL)~n
W

m

+ h[(w -

r ngJL~g
wng )2

+ r;g]

{

(2)( )
Pnn

t -

+

Wmn

(2)( )}

P gg

t

f2
mn

]p~~(t)
(E.1)

,

and

DT(S)(I w) = -Im[p(S)(t)/E (w)] = _ '"'

,

P

L..J
1m

r/mJLfm

r mnJL~n
{ (4) ( )
+ '"'
~ h[(w _ wmn )2 + r~n] Pmm t -

+ h[(w -

r ngJL;g
wng )2

+ r;g]

{

(4)( )
Pnn

p(4)

h[(w _ W 1m )2 + r21m ]

t -

(t)

(4)( )}
Pnn

t

(4)( )}

Pgg

mm

t

.

(E.2)

Here, p(3)(t) and p(5)(t) are the third and fifth order polarization functions, respectively. Ep(w) is the amplitude of pump field.

JLij

denotes the transition dipole

moment between i and j states. p~~(t) and p~~(t) are the second and fourth order
population densities on level n at time t. For very short transition time (t-+- 0),
they can be defined as:
(E.3)
(E.4)
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p~4J(t)

r

= L: r .: r
m

m

(e- rnt - e-rmt)21l"pTpJ.'~nP~~(O)
n

_.27rpTpp.!ge- rnt {p~~(O) - p~~(O)} - e- rnt L 27rpTpp.~nP~~(O)

(E.5)

m

(E.6)

where p is the energy density of the pump field per unit frequency, and is proportional to the intensity of the pump field.

r m, r n

are the longitudinal relaxation

constants for {1m)} and {In)} excited states.
Suppose the DT spectrum is measured at such a time t as r nt, r nt ~ 1,
we have
p~~(t) = -p~!)(t) = p~~(O) = -p1!)(O) '" 21l"pTpJ.'~g

(E.7)

p~~(t) '" (21l"pTp)2J.'~nJ.'~g

(E.8)

p~4J(t) '" -(21l"pTp)2 {2J.'!g + J.'~g ~J.'~'n}

(E.g)

= -p~~(t) -

(E.10)

p1!)(t)

p~4J(t)

Now inserting equations E.7 - E.10 into equations E.1 and E.2, and realizing that

21l"pTp

<X

I, we obtain:

(E.ll)
and
(E.12)

where

(E.13)
and
T(S)(

)

W

222
ImJ.'lmJ.'mnJ.'ng
L..J (
1m W - Wlm )2 + r21m

= _~

r

(w _

+~

L..J
m

r

22
mnJ.'mnJ.'ng
(2
(
2 J.'mn
W - Wmn )2 + r mn

2r ngJ.'~g
(2
Wng )2 + r2ng 2~ng

1~ 2 )

+ 2" L..J
J.'mn
m

+2

2
J.'ng

.

In equations E.13 and E.14, we have placed h to be 1 for simplicity.

+~

2 )

L..J J.'m'n
m'

(E.14)
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