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Triplet exciton polarons in nondegenerate conjugated polymers are studied theoretically. Both
electron-electron and electron-lattice interactions are taken into account in the Pariser-Parr-Pople mod-

el. The electronic and lattice structures of exciton polarons and their adiabatic energy surfaces are cal-
culated by means of the unrestricted Hartree-Fock and the single-configuration-interaction methods.
The calculated absorption spectrum of a triplet exciton polaron explains well the photoinduced absorp-
tion (PA) spectrum observed in polydiaectylene. An excitonic effect turns out to be crucial in explaining
the narrow-peak profile of the observed PA spectrum. The present theory may well apply to the similar
PA observed in poly(p-phenylene vinylene).

I. INTRODUCTION

Conjugated polymers have been widely investigated
both theoretically and experimentally during the last de-
cade. ' In recent years, they have also attracted much at-
tention as nonlinear optical materials. Due to the low-
dimensional nature of their electronic and lattice struc-
tures, the ground state undergoes Peierls distortion and
various nonlinear localized defects such as solitons, pola-
rons, exciton polarons, and bipolarons are generated
upon photoexcitation and doping. Many unusual proper-
ties of conjugate polymers have been considered to be as-
sociated with these excitations.

The photoinduced absorption (PA) spectrum provides
fundamental information on excited states. It has been
shown to be especially useful in order to understand the
electronic structure of conjugated polymers. A relative-
ly narrow peak has been observed at about 1.4 eV in the
PA spectrum of polydiacetylene (PDA), which has
been investigated most extensively among families of con-
jugated polymers with nondegenerate ground states. It
has been established that the peak is associated with an
optical transition from a triplet state. A similar PA
peak of triplet origin has been reported in poly(p-
phenylene vinylene) (PPV) and its derivatives. '

On the other hand, there have been very few theoreti-
cal works on the triplet state and the PA spectrum of
nondegenerate conjugated polymers. ' ' Su' pro-
posed that triplet neutral bipolarons (exciton polarons)
are responsible for the PA peak in PDA. He calculated
the absorption spectrum of the triplet state using the Su-
SchrieII'er-Heeger (SSH) model' with appropriate
modifications for PDA. ' ' The model includes an

electron-lattice coupling but neglects electron-electron in-
teractions. It turned out that the calculated absorption
spectrum was in disagreement with the experiments: the
calculated peak position 0.5 eV was much lower in energy
than the observed one. Su speculated that the disagree-
ment originated from the neglect of Coulomb interac-
tions. By introducing the Hubbard on-site U in a pertur-
bational method, he estimated that a U of about 12 eV is
necessary to explain the 1-eV peak shift. Since this value
of U is quite large, such a perturbational calculation may
not be very reliable.

On the other hand, Abe, Yu, and Su recently showed
that the binding energy of a triplet exciton can be as large
as 1 eV even for a relatively moderate interaction
strength, if one takes into account the long-range nature
of the electron-electron interaction by means of the
Pariser-Parr-Pople (PPP) model. ' The excitonic
effect was taken into account within the single
configuration-interaction (CI) method. Abe et al.
subsequently studied nonlinear optical spectra of the
same model, finding good agreement between calculated
and experimental spectra. The problem of excitons in
conjugated polymers was surveyed in Refs. 27 and 28.

However, the excitons treated in these studies are free
excitons on a perfect dimerized chain. To address the
question of PA, the effect of lattice relaxation is con-
sidered to be significant. Therefore, both the electron-
lattice interaction and the exciton effect must be taken
into account. We have performed such a study for non-
degenerate conjugate polymers. We used the PPP model
with electron-lattice coupling of the SSH type, and treat-
ed the model by means of two different approximations:
one is the unrestricted Hartree-Fock (UHF) method, and
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the other is the single CI method as used in Refs. 20 and
24 —26. We will demonstrate that one can obtain a quali-
tative picture of lattice relaxation of photoexcited states
and photoinduced absorption in nondegenerate conjugat-
ed polymers. Furthermore, an interesting feature of the
exciton polaron is obtained in the present study. In the
CI method, the relevant excited state of a triplet exciton
polaron turns out still to be an exciton trapped to the po-
laron deformation. In the SSH model and also in the
UHF method, in contrast, the optical excitation of a trip-
let neutral bipolaron (exciton polaron) inevitably results
in the "ionization" of the polaron: an electron or a hole is
removed from the polaron level and becomes free, leaving
a charged polaron behind. This has an important impli-
cation for the line shape of the PA spectrum. In the CI
method, the single predominant exciton-exciton transi-
tion provides a narrow peak in the PA spectrum, ac-
counting qualitatively for the observed spectra. On the
other hand, in the case of the UHF calculation and the
SSH model, the PA spectrum (in the limit of an infinitely
long chain) intrinsically possesses a broad, asymmetric
line shape because of the band character of the final
states, although the disagreement of the peak position in
the SSH model is improved by the UHF model.

In this paper, we consider a linear chain, and treat
nondegeneracy by means of the so-called Brazovskii-
Kirova (BK) model, neglecting the triple bonds in PDA
and the phenyl rings in PPV. The fact that similar triplet
PA spectra have been observed commonly in the poly-
mers with much different backbone structures suggests
that the phenomenon is less sensitive to the individual
structure. This partly justifies our use of the BK-type
model, although limitation of the BK model has been
pointed out. We intend to give a unified picture for the
PA phenomenon in nondegenerate polymers.

The rest of this paper is arranged as follows. In Sec. II,
we briefly describe our model and calculation method. In
Sec. III, we present the main results of our calculations.
Roughly speaking, the two methods give similar results,
but there are some important differences, as mentioned
above. Concluding remarks are given in Sec. IV.

II. MODEL AND CALCULATION METHOD

To investigate the electronic structure of nondegen-
erate conjugate polymers, we adopt the PPP model for m.

electrons on a linear chain. It consists of the hopping
term between nearest-neighbor sites, the on- and off-site
Coulomb interactions, and the elastic energy of the lat-
tice. The PPP Hamiltonian is given as

H= —gt„„+,(C„+, C„+C„C„+, )

n, cr

V„
+XUP. ~P. &+ X X 2 P...P.,.

n num a, a'

+g —(u„+,—u„)
n

Here, C„(C„)creates (annihilates) a m. electron with
spin o. at site n, and p„=C„C„.u„ is the lattice dis-

placement at site n. The transfer integral t„„+,includes

electron lattice coupling a of the SSH type and the
symmetry-breaking term 5t of the BK type as follows:

t„„+,=t —a(u„+, —u„)+(—I)"5t . (2)

We assume the dependence of the Coulomb interaction
V„on the distance as V„=V/~ n —m ~.

We are primarily interested in the lowest triplet state
of the system. For this purpose we have treated the
Hamiltonian in Eq. (1) with two different methods. One
is the UHF approximation for the spin state S,= 1, and
the other is the single-CI approximation.

In the UHF method the Coulomb interaction is taken
into account at a mean-field level. Since the UHF state is
not in principle an eigenstate of the total spin operator S
there is a possibility of contamination by higher spin
components (S) 1). Nevertheless, we use the term "trip-
let" for the UHF state with S,=1 in this paper. Excited
states are calculated by use of the frozen orbital approxi-
mation.

In the CI method, we construct a basis by the states in
which an electron is excited from an occupied orbital to
an unoccupied one upon the singlet ground state calculat-
ed by the restricted Hartree-Fock (RHF) method. Triplet
and excited singlet states are obtained by diagonalizing
the Hamiltonian (1) within the basis. In this way, we can
take into account excitonic effects beyond the mean-field
approximation for excited states.

The lattice displacements u„are treated within the adi-
abatic approximation. The equilibrium lattice deforma-
tion of the ground state is a perfect dimerization
u„=(—1)"uo resulting from the Peierls instability and
the term 5t in Eq. (2). An excitation brings about pola-
ronic lattice relaxation. In the UHF method, the lattice
is optimized by using the Hellmann-Feynman force equi-
librium condition

2a 1
yn n 1+n / pn Nrfpm

m

(3)

u„=(—1)"u„',

u„' =uo[1 —Q sechI(n nc —
—,
' )Ig ] . —

(4a)

(4b)

Here Q and g denote the amplitude and width of the de-
formation, respectively. The center of the exciton is lo-
cated at the bond center between the neth and (nc+ 1)th
sites.

The calculated electronic states are classified by their
symmetries as follows. The lattice deformation given by
Eq. (4) preserves the Cz„symmetry around the center of
an exciton polaron. The many-body wave functions are
classified as A or B„states. Furthermore, the system
possesses alternancy symmetry. ' %'e add the superscript
+ or —according to Pariser's notation. '

Here, y„denotes the change of bond length,

p„=g (C„+, C„) is the bond order, and N is the to-
tal number of sites. The last term in Eq. (3) ensures
g„y„=O. In the CI calculation, it requires much com-
puter time to determine the fully optimized lattice defor-
mation in contrast to the UHF calculation, so that we as-
sume the following expression of the lattice deformation:



THEORY OF TRIPLET EXCITON POLARONS AND. . . 14 115

In order to calculate the PA spectrum, we compute the
matrix element P of the dipole moment between the
lowest triplet state

~ Tu ) and its mth optically allowed ex-
cited state ~T ): P = —e(, TO~+„~„p„~T ). Here
x„ is the position of the nth site and e is the elementary
electric charge. Since in our calculation) Tc ) belongs to
the B„+ symmetry, ~T ) must be a As state. The ab-
sorption intensity at photon energy co is proportional to

ri)~P
~

5(E~ —co). Here E is the excitation energy
of the state

~
T ).

We have calculated the PA spectrum in addition to the
various nonlinear optical spectra reported in Refs. 24-28
by use of the CI method, and found that the correspond-
ing experiments in PDA can be well explained by using
the following parameters: t = 1.65 eV, 5t =0.05t,
U=3.0t, V=1.3t, a=4.2 eV/A and %=50 eV/A .
These parameters give uo =0.024 A. The strength of the
Coulomb interaction is intermediate, although the ratios
V/t and U/V are somewhat larger than those used in
Refs. 24-28. Note that 5t in these references corre-
sponds to 2auo+5t in the present paper. In Sec. III we

show results calculated with these parameters. Numeri-
cal calculations have been performed for the system of

half-filling with N=100. We impose the periodic bound-
ary condition.

III. RESULTS

A. UHF calculation

We begin with results obtained in the UHF approxima-
tion. In Fig. 1, we display the lattice and electronic
structures of a triplet exciton polaron, with the lattice be-
ing fully optimized by using the Hellmann-Feynman
force equilibrium condition of Eq. (3). The electronic
state has B„symmetry. In Figs. 1(a), 1(b), and
1(c), we depict the alternating bond variable y„
=( —1)"+'y„/2uc, the bond order P„, and the sPin densi-

ty s„=( (p„ t }—(p„ t ) )/2, respectively. All of them in-

dicate that the exciton polaron is localized with a width
of about ten sites. The deviations of p'„and P„ from the
background regular bond-order wave (BOW) are so large
as to reverse the phases of alternating patterns at the cen-
tral region of the exciton. As shown in Fig. 1(c), negative
spin densities appear at every two sites, giving a strongly
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FICx. 1. Lattice and electronic structures of a triplet exciton polaron obtained by the UHF method. (a), (a'), and (a") display the
alternating bond variable g„and the alternating and nonalternating components u„' and u„of the lattice deformation, respectively.
u„and u„are normalized by uo ( =0.02416 A). A solid curve in (a ) indicates Eq. (4 b) fitted to the UHF calculation (Q = 1.78 and
/=2. 32). The dashed one shows Eq. (4.b) giving the energy minimum in the CI calculation (Q = 1.27 and /=2. 25). The bond order
p„(the spin density s„) and its alternating and nonalternating components p„' and p„(s„' and s„) are shown in (b), ( b'), [(c), (c'), and
(c") ], respectively. The lattice deformation is fully optimized by the Hellmann-Feynman force equilibrium condition [Eq. (3)].
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FIG. 1. (Continued).

alternating pattern. s„has a dip at the central region and
maxima at the third site from the center of the exciton.
Such a profile of spin density has also been found in a
charged polaron state in the PPP-UHF model for po-
lyacetylene. The exciton polaron does not have the
charge density and spin bond order.

As shown in Fig. 1(a), y„has small ripples outside the
central region. They come from the slowly varying,
nonalternating component of u„. The existence of such a
component has been pointed out for solitons and pola-
rons in the SSH model. We decompose u„ into alter-
nating and nonalternating components u„' and u„as

u„=u„+(—1)"u„',

u„=(u„]+2u„+u„+])/4 .

They are plotted in Figs. 1(a') and 1(a"). u„' is smooth
and well fitted by the expression given in Eq. (4b) with

Q = l.78 and /=2. 32. The fitted curve is depicted by the
solid line in Fig. 1(a ). u„has a magnitude similar to that
of u„'. Its behavior in Fig. 1(a") corresponds to a local
expansion of the lattice around the exciton polaron. This
is opposite to the charged-polaron case, where the lattice
contracts locally (Ref. 33). We also decompose p„and s„
into alternating components p„' and s„' and nonalternating
ones p„and s„as

p„=p„+( —1)"p„',

s„=s„+(
—1)"s„',

p. =(p. 1+-2p. +p. +1)/4

s„=(s„,+2s„+s„+,)/4 .

These are depicted in Figs. 1(b'), l(c'), 1(b"), and 1(c").
p„' is smooth and similar to u„'. p„decreases slightly at
the central region, corresponding to a local expansion of
the lattice as indicated by u„. Both s„' and s„have
smooth profiles. The amplitude of s„' is larger than that
of s„. These characteristics are similar to those of the po-
laron case in Ref. 32.

The exciton polaron shown in Fig. 1 is centered at a
short bond of the background BOW. We can obtain
another type of exciton polaron which is centered at a
long bond. It has a slightly higher energy (by 0.00043t).
The two types of exciton differ in the signs of alternating
components, as pointed out for solitons and polarons in
Ref. 32. (Lifting of the degeneracy between states with
opposite signs of alternating components is discussed in
Ref. 34).

Figure 2 shows the energy-level structure of the
exciton-polaron state given in Fig. 1. It is characterized
by an in-gap orbital for each spin localized spatially
around the central region of the exciton. The orbital cor-
responds to the highest occupied molecular orbital
(HOMO) for the up-spin and the lowest unoccupied MO
(LUMO) for the down-spin. We obtain localized orbitals
even in the case of a perfect dimerized lattice. In the
SSH model, an exciton-polaron state has two in-gap
states. In our calculation, the existence of the second in-

gap state is not clear, since the second HOMO and
LUMO lie near the edge of the band in energy, and their
wave functions are fairly extended in space.

In Fig. 3, the energy of the triplet exciton polaron is
plotted by a thick solid curve, assuming the deformation

2-
Ul

c 0-
C5

0
-4—

(Up) (Down)

FIG. 2. The energy-level structure of up- and down-spin elec-
trons for the triplet exciton polaron state calculated by the UHF
method and given in Fig. 1. Open (solid) triangles indicate the
HOMO (LUMO) orbitals for each spin.
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and decreases gradually with increasing energy, resulting
in an overall asymmetric profile. The discreteness of bars
in Fig. 4 is due to our finite-size calculation. In the
infinite system, the spectrum should become a broad
band with a peak and a continuous tail, similar to that
obtained by the SSH model. ' The maximum absorption
in Fig. 4 lies at an energy higher than the observed peak
position 1.4 eV. ' ' By using somewhat smaller U
and V, the peak position can be shifted to about 1.4 eV,
while the overall profile remains essentially the same.

B. CI ealeulation

Next, we present the results obtained by the single-CI
calculation. %e assume the lattice deformation given in
Eq. (4). Figure 5, from bottom to top, shows contour dia-
grams of the energies of the singlet ground state, and the
lowest triplet and singlet excitonic states in the parameter
space defined by Q and g in Eq. (4). The three states be-
long to the 'A, B„+ and '8„+ symmetries, respectively.
The energy of the singlet ground state obtained by the
RHF method increases with increasing Q and g. Exciton
states are stabilized by relaxing the lattice locally, form-
ing exciton polarons. The triplet exciton has a rather
shallow energy minimum at Q = 1.27 and (=2.25, which
is depicted by a circle with dot in Fig. 5. The energy at

this point is slightly higher (by 0.04t) than that obtained
by means of the UHF method with full optimization. We
plot u„' for these parameters by a dashed line in Fig. 1(a'}
to compare the lattice structures obtained by the CI and
UHF methods. The value of Q in the CI method is small-
er than that in the UHF case, implying that the local de-
formation is smaller. The singlet exciton has an energy
minimum at a larger g, and a smaller Q than those for the
triplet one as shown in Fig. 5.

Figure 6 shows the real-space electronic structure of
the triplet exciton-polaron state with the stable structure
(Q=1.27 and (=2.25). The bond order p„(spin density
s„),and its alternating and nonalternating components p„'

and p„(s„' and s„) are depicted in Figs. 6(a) —6(a")
[6(b)—6(b")]. The deviation of p„ from the background
regular BOW is smaller than that in the UHF calculation
(Fig. 1), and p„' is negative only at the center with a very
small absolute value. p„decreases slightly in the central
region, as seen in the UHF case [Figs. 6(a" ) and 1(b"}].

The single-CI method always makes the spin density
positive [Fig. 6(b)] with total sum g„s„=l. This tends to
suppress the magnitude of the spin density compared to
that calculated by the UHF method. The amplitudes of
s„' in Fig. 6(b') are about one fifth of those in the UHF in

Fig. 1(c ), although their overall line shapes are similar.
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FIG. 6. The electronic structure of a triplet exciton polaron obtained by the CI calculation. The bond order p„(the spin density
s„)and its alternating and nonalternating components p„' and p„(s„' and s„)are shown in (a), (a'), and (a" ) [(b), (b'), and (b" ) ], respec-
tively. The lattice deformation is optimized within Eq. (4) with Q=1.27 and g'=2. 25.
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represents the lowest triplet (singlet) excitonic state with B„+
symmetry. The thick dashed line indicates the Ag ground
state obtained by the RHF method. The thin solid lines are the
lowest ten Ag states, which are degenerate for spin singlet and
triplet. The value of g is fixed to 2.25.

In Fig. 7, we present the energy surfaces for several
states relevant to the PA and linear absorption. It is plot-
ted against Q with the value of g fixed at 2.25. The
branches of the lowest triplet and singlet excitonic states
with B„+ symmetry are shown by thick solid and thin
dashed lines, respectively. The thin solid lines indicate

A excited states. The 'Ag ground state (thick dashed
line) obtained by the RHF method is the same as that in

Fig. 3.
The nature of the excited A states in Fig. 7 is as fol-

lows. The lowest A state has an excitonic character.
This state was not obtained in the UHF method. At
Q=O, free-electron-hole states begin at about 2.5 eV.
They have energy curves parallel to that of the singlet
ground state. A few branches come off the free-electron-
hole continuum with increasing Q. In these states, either
an electron or a hole is delocalized, but the other carrier
is captured at the local deformation, forming a polaron.

At Q=O the lowest triplet and singlet excitons have
large binding energies (about 1.3 and 0.6 eV, respectively,
on the basis of the bottom of the free-electron-hole con-
tinuum at about 2.5 eV). These energies are purely of
electronic origin. With increasing Q, the exciton states
are stabilized by the polaron effect, whereas free-
electron-hole states do not have such an effect and re-
quire only the elastic deformation energy. Therefore, the
binding energies increase with increasing Q, as shown in
Fig. 7.

The absorption spectrum of the triplet B„+ exciton po-
laron obtained in the single CI is shown by solid bars in
the lower panel of Fig. 8. The broken bar is the linear ab-
sorption spectrum of the singlet ground state with the
perfect dimerized lattice (Q=0). The latter has a peak at

0.5 1.0 1.5 2.0 2.5

Energy (eV)
FIG. 8. Absorption spectra obtained by the CI calculation

(lower panel) in comparison with observed ones (upper panel).
In the lower panel, solid bars represent the spectrum of the trip-
let B„+exciton polaron state with the optimized lattice structure

(Q =1.27 and )=2.25). In contrast to the results of the UHF
calculation (Fig. 4), the spectrum is dominated by a single tran-
sition indicated by an arrow in Fig. 7. The broken bar indicates
the linear absorption spectrum of the singlet A~ ground state
with perfect dimerized lattice (Q =0). In the upper panel, the
solid and broken lines indicate the PA (Ref. 4) and the linear ab-
sorption (Ref. 35) spectra of PDA (more precisely, poly[2, 4-

hexadiyne-1, 6-diol-bis(p-toluene sulfonate)], or PTS) observed at
low temperatures, respectively. In both the upper and lower
panels, the relative intensities of the PA and the linear absorp-
tion are arbitrary.

-2 eV for the parameters used, matching the main ab-
sorption feature of a PDA single crystal shown by the
broken line in the upper panel of Fig. 8. (The splitting of
the main peak is due to inequivalent chains in the crystal.
The weak features above 2 eV are phonon sidebands,
which are not taken into account in the present calcula-
tions. )

The calculated triplet absorption spectrum is dominat-
ed by a single transition, in contrast to the results of the
UHF calculation (Fig. 4), where the spectrum (in the lim-
it of an infinitely long chain) intrinsically possesses a
broad, asymmetric line shape because of the band charac-
ter of the final states. The dominant transition is indicat-
ed by an arrow in Fig. 7, its final state being the lowest

excited state that has an excitonic character. It oc-
cupies a large oscillator strength because of a large over-
lap of wave functions between the initial and final states.
The weak absorption peaks at higher energies come from
transitions to higher A~ states in which either an elec-
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tron or a hole is delocalized. These transitions are similar
to those obtained by the UHF method. The difference in
the peak profile between the CI and UHF methods arises
from the existence of the excitonic Ag state in the CI
method.

The solid line in the upper panel of Fig. 8 represents
the PA spectrum observed in a PDA crystal at a low tem-
perature by Hattori, Hayes, and Bloor. The calculated
spectrum in the lower panel reproduces the observed PA
spectrum quite well in both the peak position and the
spectral profile. The sharpness of the observed PA peak
cannot be explained by the UHF result in Fig. 4 as well as
by the result of the noninteracting model. ' We have
compared our results with experimental data for single
crystals at low temperature, because our calculations are
for zero temperature and do not take account of disorder
effects. The PA spectrum is much broader at higher tem-
peratures or in the presence of large disorder.

In PPV, the observed PA peak is located at a position
similar to that of PDA, while the linear absorption peak
is located somewhat higher in energy than that of
PDA. ' ' These observations can essentially be ex-
plained by the energy diagram shown in Fig. 7, with
slightly shifting the curves of all the excited states up-
wards relative to the ground state. Such a modification is
possible by using a somewhat larger 5t than in the case of
PDA. However, the situation is less clear about the na-
ture of the PA in PPV, because the observed peak is
broader than in PDA. Although there is a tendency to
narrow with improving sample quality, ' it is not clear at
present whether the width is intrinsic or still affected by
disorder.

IV. CONCLUDING REMARKS

In this paper, we have studied the model in which both
electron-lattice and long-range electron-electron interac-
tions are taken into account. This model is a natural ex-
tension of the previous model used in Refs. 20 and
24—28 ~ We have shown that the picture of a triplet exci-

ton polaron within the single-CI treatment of the PPP
model provides a good description of the PA spectra for
PDA and presumably also for PPV. First, the Coulomb
interaction improves the discrepancy between the ob-
served PA peak position and the result of the SSH model.
This is also possible at the UHF level, which effectively
includes exciton effects in the triplet ground state by
forming localized orbitals. Second, as for the profile of
the PA spectrum, the excitonic character of excited states
is crucial in our calculation to give a single strong peak.

The UHF and single-CI methods give similar results
for the energy surfaces of B„exciton polarons, as shown
in Figs. 3 and 7. However, the detailed electronic and
lattice structures of the exciton polaron are different in
the two methods: e.g. , the existence of the negative spin
density. We hope that the detailed structures will be
clarified by experiments such as the electron-nuclear
double-resonance (ENDOR) technique.

In PPV, some experiments have indicated the existence
of PA peaks associated with bipolarons. ' ' However,
these have not been observed in an improved sample of
PPV nor in one of its derivatives. ' '" From a theoretical
point of view, the intrinsic photogeneration of a bipola-
ron seems diScult because of Coulomb repulsion between
charged objects with the same sign.

It has been observed that a photoexcited singlet exci-
ton relaxes to a self-trapped state (a singlet exciton pola-
ron) with a time constant of about 150 fs, and that its life-
time is about 2.0 ps. ' Relaxation processes from pho-
toexcited singlet excitons or electron-hole pairs to singlet
or triplet exciton polarons are an interesting problem to
study based on the present work.
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