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Density-matrix renormalization-group calculations of excited states of linear polyenes
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We present density-matrix renormalization-group calculations of the Pariser-Parr-Pople-Peierls model of
linear polyenes within the adiabatic approximation. We calculate the vertical and relaxed transition energies,
and relaxed geometries for various excitations on long chains. The triplet (13Bu

1) and even-parity singlet
(2 1Ag

1) states have a 2-soliton and 4-soliton forms, respectively, both with large relaxation energies. The
dipole-allowed (11Bu

2) state forms an exciton-polaron, and has a very small relaxation energy. The relaxed
energy of the 21Ag

1 state lies below that of the 11Bu
2 state. We observe an attraction between the soliton-

antisoliton pairs in the 21Ag
1 state. The calculated excitation energies agree well with the observed values for

polyene oligomers; the agreement with polyacetylene thin films is less good, and we comment on the possible
sources of the discrepancies. The photoinduced absorption is interpreted. The spin-spin correlation function
shows that the unpaired spins coincide with the geometrical soliton positions. We study the roles of electron-
electron interactions and electron-lattice coupling in determining the excitation energies and soliton structures.
Electronic interactions play the key role in determining the ground-state dimerization and the excited-state
transition energies.

DOI: 10.1103/PhysRevB.63.195108 PACS number~s!: 71.10.Fd, 71.20.Rv, 71.35.2y
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I. INTRODUCTION

The interplay of electron-electron interactions a
electron-lattice coupling in linear polyenes results in
wealth of low-lying excitations. Electron-electron intera
tions induce spin-density-wave correlations in the grou
state. The lowest-lying excitations are triplets, which co
bine to form dipole-forbidden singlet (1Ag

1) excitations. Op-
tical excitations are gapped, lie above the 21Ag

1 state, and
are essentially ionic in character, that is, there is cha
transfer from one site to another. The lowest optically
lowed (11Bu

2) state lies below the charge gap,1 and is thus
excitonic in character. For convenience, we show the gr
theoretic labeling of the states discussed in this pape
Table I.

Electron-phonon interactions result in a dimerized se
conducting ground state. Within the adiabatic approximati
the nonlinear excitations include charged-spinless
neutral-spin-1/2 solitons. Both electronic interactions a
electron-lattice coupling lead to a gap in the optical sp
trum. In contrast to the interacting limit, however, the 21Ag

1

state always lies above the 11Bu
2 state in the noninteracting

electron-phonon model.
The realization that electronic interactions play a sign

cant role in polyenes came via the experimental observat
by Hudson and Kohler2 in 1972, that the 21Ag

1 state lies
below the 11Bu

2 state. At the same time, by performing
double-configuration-interaction calculation on the Paris
Parr-Pople model, Schulten and Karplus3 demonstrated tha
the 21Ag

1 wave function has a strong triplet-triplet contrib
tion, and has a lower energy than the 11Bu

2 state. The triplet-
triplet and correlated nature of the 21Ag

1 state was further
investigated by Tavan and Schulten4 and other workers.5 In
1986, Hayden and Mele6 performed a real-spac
renormalization-group calculation on the Hubbard-Peie
model of up to 16 sites, and found that the 21Ag

1 state was
0163-1829/2001/63~19!/195108~8!/$20.00 63 1951
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composed of 4 solitons. This 4-soliton nature was also inv
tigated by Su7 and Wen and Su.8 Ovchinnikov et al. also
high lighted the role of electronic interactions, by suggest
that they are largely responsible for the optical gap.9 In con-
trast to the strong deviations from the ground-state geom
predicted for the triplet and 21Ag

1 state, Grabowskiet al.10

predicted that the 11Bu
2 state is an exciton-polaron.

The existence of the 21Ag
1 state below the 11Bu

2 state in
polyacetylene thin films was suggested by a number of
periments. Third harmonic generation~THG! and two-
photon absorption, in the work of Halvorson and Heege11

indicate that a1Ag
1 state lies below 1.1 eV, while linear ab

sorption, locating the 11Bu
2 state, typically rises at 1.8 eV

and peaks at 2.0 eV.12 However, Fannet al.13 performed
THG, finding peaks at 0.6 and 0.89 eV, which they inte
preted as1Ag

1 and 1Bu
2 states virtually coincident at 1.8 eV

The position of the 21Ag
1 state is therefore not definitively

established. We return to this point in Sec. V when we d
cuss our own theoretical predictions. For a detailed review
the experimental and theoretical studies of conjugated p
mers up to 1992, see Ref. 14.

Electron-electron interactions inp-conjugated systems
such astrans-polyacetylene, are conveniently modeled
the one-band Pariser-Parr-Pople model, which includes lo
range Coulomb interactions. This semiempirical model h
been used extensively to study the excited states of s
conjugated molecules with a remarkable degree of succe15

TABLE I. The classification of the relevant states.

State 1Ag
1 1Bu

2 3Bu
1

Spatial inversion symmetry 1 2 2

Spin 0 0 1
Particle-hole symmetry 1 2 1

Character Covalent Ionic Covalen
©2001 The American Physical Society08-1
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The Peierls model describes the electron-lattice coupling
the adiabatic limit. Thus the Pariser-Parr-Pople-Peie
model is a realistic and accurate model ofp-conjugated sys-
tems, which captures their essential physics. In an ea
paper16 we performed accurate calculations on this mo
using the infinite lattice algorithm of the density-matr
renormalization-group~DMRG! method.17,18 The Hellmann-
Feynman theorem was used to calculate the low-lying
cited states and the lattice geometry associated with th
We showed that the 13Bu

1 and 21Ag
1 states are modeled b

2- and 4-soliton fits, respectively, and that the 11Bu
2 state is

an exciton-polaron. In this paper we develop that work.
particular, our objectives are the following.

~1! To further demonstrate that the DMRG calculatio
are reliable by~i! making comparisons to the exact noninte
acting limit, and~ii ! comparing the infinite-lattice method t
the finite-lattice method.

~2! To use a realistic model of polyenes to understa
roles of electron-electron interactions and electron-lat
coupling in determining the dimerization of the ground st
and the transition energies of the excited states. In agreem
with the earlier work of Horsch19 and Konig and Stollhoff,20

we find that electronic interactions play the key role in dr
ing the ground-state dimerization. Electronic interactions
also dominant in determining the solitonic structures a
transition energies of the excited states.

~3! To make more detailed comparisons to other exp
mental probes, in particular photoinduced absorption. T
agreement with a wide range of experiments confirms
validity of the model, our calculational method, and our p
dictions on the soliton structures and their interactions.

~4! To further investigate both the geometry and ele
tronic properties of solitons.

This paper also serves as a correction to Ref. 16. In
paper we use the dimerized ground-state geometry in
Coulomb interactions to calculate the energy of all the sta
Thus the Coulomb interactions~unlike the one-electron
transfer integrals! were not updated in the Hellmann
Feynman minimization procedure for the relaxed states.
find that using the correct geometry in the Coulomb inter
tions affects the excitation energies by approximately 0.1
The geometry of the triplet excited state is modified, so t
now there is no soliton-antisoliton confinement in the trip
state. However, attractive soliton interactions remain in
2 1Ag

1 state.
The plan of this paper is as follows. In Sec. II we intr

duce the Pariser-Parr-Pople-Peierls model. To establish
consequences of the interplay of electron-electron inte
tions and electron-lattice coupling, we consider these
limits separately in Secs. III and IV. The noninteracting lim
also allows us to compare the infinite and finite DMRG
gorithms to an exact calculation. In Sec. V we solve the
model, and discuss the vertical and relaxed energies of
key excited states. As well as linear absorption and nonlin
optical spectroscopies, photoinduced absorption is a us
tool in determining the positions of excited states. We d
cuss the experimental situation and our theoretical inter
tation in Sec. VI. In Sec. VII we consider solitonic structure
By making comparisons between the geometrical soli
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structures and the spin-spin correlation functions, we sh
how they are closely related. We conclude and discuss
Sec. VIII.

As well as the work already mentioned, earlier work
the solitonic structure of the low-lying excitations include,
mean-field study of the Heisenberg-Peierls model,21 and an
exact diagonalization of a 12-site extended Hubbard-Pei
model.22 The DMRG method was recently used by Yaro
et al.23 and Fanoet al.24 to solve the Pariser-Parr-Pop
model for linear and cyclic polyenes, respectively.

II. PARISER-PARR-POPLE-PEIERLS MODEL

The Pariser-Parr-Pople-Peierls model is a realistic and
curate model ofp-conjugated systems, which includes th
key features of long-range electron-electron interactions
electron-lattice coupling. The Hamiltonian for anN site
chain with open boundary conditions is defined as

H522 (
l 51

N21

t l T̂l1
1

4pt0l
(
l 51

N21

D l
21G (

l 51

N21

D l

1U(
i 51

N S ni↑2
1

2
D S ni↓2

1

2
D 1(̂

i j &
Vi j ~ni21!~nj21!,

~1!

where^ i j & indicates all pairs of sites,t l5@ t01(D l /2)#, and

T̂l5
1
2 (

s
~cl 11s

† cls1H.c.! ~2!

is the bond order operator of thel th bond. We use the Ohno
function for the Coulomb interaction,

Vi j 5U/A11br i j
2 , ~3!

whereb5(U/14.397)2 and bond lengths are in Å. The d
mensionless electron-phonon coupling constantl is defined
by

l5
2a2

pKt0
, ~4!

where K is the elastic spring constant@estimated to be
46 eV Å22 from Raman analysis of C-C stretching modes
trans-~CH! 2],25 anda relates the actual distortion of thel th
bond from equilibrium,dr l , to D l :

dr l5D l /2a. ~5!

We take the undistorted chain to lie along thex axis, with the
bonds oriented at 30° to this axis. Then, for fixed bo
angles, the distorted chain coordinates are defined as

xi j 5xi j
0 2

A3

4a (
l 5 i

j 21

D l ,

yi j 5yi j
0 2

1

4a (
l 5 i

j 21

D l~21! l 11, ~6!
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where

xi j
0 5

A3

2
a0u j 2 i u

and

yi j
0 50, if u j 2 i u even

5
a0

2
~21!( i 11) otherwise. ~7!

a0 (51.40 Å) is the undistorted C-C bond length.
The force per bond,f l , is

f l52
]^H&
]dr l

. ~8!

Using the Hellmann-Feynman theorem, this can be rewri
as

f l522aS D l

2pt0l
1G2^Tl& D2(̂

i j &
8

Ub

2a~11br i j
2 !3/2

3SA3

2
xi j 1

~21!( l 11)

2
yi j ^~ni21!~nj21!& D . ~9!

The prime over the sum indicates that the sum runs ove
pairs of sites which span thel th bond. The contribution to
the bond force from the Coulomb interaction is small co
pared to the kinetic-energy term: the value of the Coulo
force from the nearest-neighbor density-density correlato
approximately one-tenth of the kinetic term. Moreover, t
density-density correlator alternates in sign and drops to
than one-tenth of the nearest-neighbor density-density
relator, so the sum over all bonds is also small. Table
shows the correlator for up to five nearest neighbors.
therefore only include the nearest-neighbor density-den
correlator in the evaluation of the distorted geomet
„However, the full distorted geometry is used in the eval
tion of the Coulomb interaction@Eq. ~3!#.…

Using this approximation, and settingf l50, the self-
consistent equation for the equilibriumD l is

D l5S 2pat0l

a2Clt0l D ~^Tl&2G2Cla0!, ~10!

where

TABLE II. The density-density correlator as a function of di
tance.

j ^(ni21)(ni 1 j21)&

1 20.308
2 10.002
3 20.021
4 10.004
5 20.011
19510
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Cl5
Ub

2a@11b~a01dr l !
2#3/2

^~nl21!~nl 1121!&. ~11!

We observe that, since the nearest-neighbor density-den
correlator is negative, the Coulomb interactions tend to
crease the bond dimerization.

The calculations were performed for fixed chain lengt
which is enforced by setting

G5
1

N21 (
l 51

N21

~^Tl&2Cla0!. ~12!

To complete our discussion of the model, we turn to
parametrization. There are three parameters in the modelt0 ,
U, andl. An optimal parametrization fort0 andU was found
in Ref. 15 by fitting the Pariser-Parr-Pople model to the e
cited states of benzene. Assuming that this parametrizatio
transferable between allp-conjugated systems, we use the
here, and sett052.539 eV andU510.06 eV. The remaining
parameterl is found by fitting the vertical energies of th
1 1Bu

2 and 21Ag
1 states, calculated from the Parsier-Pa

Pople-Peierls model, to the six-site linear polyene.16 This
gives l50.115. Finally, usingK546 eV Å22 implies a
54.593 eV Å21.

III. SOLUTION OF THE PEIERLS MODEL

As originally recognized by Pople and Walmsley,26 the
low-lying excitations of the dimerized even-N site chain cor-
respond to the creation of two midgap states. These exc
tions are associated with localized geometrical structu
which lead to a reversal of the lattice dimerization, and w
subsequently termed solitons. The defect states repel f
each and are repelled from the ends of the chain. Thus,
reside at approximatelyN/4 and 3N/4 along the chain@as
may be seen in Fig. 5~b!#. Figure 1 shows a schematic energ
diagram of the molecular orbitals and defect states, wh
Fig. 2 shows the energies of the 11Bu

2 and 21Ag
1 states as a

function of inverse chain length. It is clear that the first e
cited even-parity state lies above the odd-parity state. H

FIG. 1. Energy-level diagram for the key low-lying states in t
noninteracting limit.
8-3
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ever, in the long chain, continuum limit, these states are
generate, with energy 4D0 /p50.12 eV, usingl50.115, t0
52.539 eV, and27

D058t0 expF2S 11
1

2l D G . ~13!

This gap is only a fraction of the experimentally measu
gap of approximately 2.0 eV.28 While a larger optical gap
can be obtained by increasingl and t0, the energetic order
ing of the low-lying states would still be incorrect. As we s
in Sec. IV, it is electronic interactions which primarily ope
the optical gap, and reverse the energetic ordering of
states. Furthermore, electronic interactions significan
modify the soliton structures, as we show in Sec. VII.

The noninteracting limit enables us to make a compari
between the DMRG methods and the exact calculation
Fig. 3 the energy difference between the exact results
DMRG calculations is shown for the 11Bu

2 and 21Ag
1 states.

We see that for both states the accuracies of the infinite
finite lattice algorithm calculations are close, so that b
methods can be used in the actual calculations. The accu
is better for the 11Bu

2 state, but even for the 21Ag
1 the error

is about 0.002 eV for the 50-site chain in the infinite latti
algorithm calculation. Other DMRG convergence tests, c
firming the validity of the method, were presented in Ref. 1

IV. SOLUTION OF THE PARISER-PARR-POPLE MODEL

The uniform chain in the limit of only on-site Coulom
interactions is described by the Hubbard model. At ha
filling, the spin excitations are gapless in the infinite-cha
limit, whereas the charge excitations are gapped. E
though the Pariser-Parr-Pople model contains long-range
teractions, the spin excitations still appear to be gaples
the uniform chain, as shown in Fig. 2. The 21Ag

1 state is also
gapless, confirming the interpretation of it as a pair of bou
magnons. The optical gap@E(1 1Bu

2)# extrapolates to ap

FIG. 2. Transition energies for the 11Bu
2 ~squares!, 2 1Ag

1 ~dia-
monds!, and 13Bu

1 ~triangles! states and the charge gap~circles! as
functions of the inverse chain length for theU50 Peierls model
~dashed lines and open symbols! and thel50 Pariser-Parr-Pople
model ~solid lines and filled symbols!. ~In the Peierls model the
1 1Bu

2 and 13Bu
1 states are degenerate.!
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proximately 1.6 eV, and is excitonic, lying approximate
1.0 eV below the charge gap for long chains. As discusse
Sec. I, the energies of the 21Ag

1 and 11Bu
2 states in poly-

acetylene thin films are believed to be at approximately
21.8, and 2.0 eV, respectively. Approximately 0.3 e
should be deducted from the calculated 11Bu

2 energy to ac-
count for solvation effects,29 indicating that the undimerized
Pariser-Parr-Pople model underestimates the optical ga
approximately 0.7 eV, and the 21Ag

1 energy by up to 1.8 eV.

V. SOLUTION OF THE PARISER-PARR-POPLE-PEIERLS
MODEL

Sections III and IV indicate that neither electron-latti
coupling nor electron-electron interactions alone are su
cient to explain the low-energy excitations of polyene olig
mers. A pure electron-phonon model predicts degene
1 1Bu

2 and 13Bu
1 states with the 21Ag

1 state lying above
them, while a pure electron interaction model underestima
the optical gap, has gapless spin excitations and does
lead to a dimerized chain. We now turn to the DMRG so
tion of the Pariser-Parr-Pople-Peierls model. We note tha
infinitesimally small electron-phonon coupling will open
gap in the spin excitation spectrum for all electronic intera
tion strengths.

We first calculate the ground-state energy and lattice
ometry. The normalized staggered bond dimerization is
fined as

d l[~21! l
~ t l2 t̄ !

t̄
, ~14!

where t̄ is the average value oft l in the middle of the chain.
d50.102 in the center of the chain. Usinga
54.593 eV Å21, this implies that the bond-length alterna

FIG. 3. The difference between the exact calculation of
2 1Ag

1 ~diamonds! and 11Bu
2 ~squares! states in the noninteracting

limit, and the results of DMRG calculations in infinite and fini
algorithms. Solid lines correspond to the infinite lattice algorith
results, and dashed lines to the finite lattice algorithm.
8-4
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DENSITY-MATRIX RENORMALIZATION-GROUP . . . PHYSICAL REVIEW B 63 195108
tion of the ground state in the middle of the chain is 0.056
in close agreement with the experimental result
0.052 Å.30

Using the ground-state geometry, the vertical energ
~that is, the energies of these states with the ground-s
geometry! (Ev) of the 13Bu

1 , 1 1Bu
2 , and 21Ag

1 states are
calculated. These, as well as the relaxed energies (E0-0), are
shown in Fig. 4~a! as functions of inverse chain length. Th
vertical energy of the 21Ag

1 state lies approximately 0.3 eV
above that of the 11Bu

2 state in the long chain limit.31 The
relaxation energy of the 11Bu

2 state is modest, being ap
proximately 0.2 eV for 102 sites. By contrast, the relaxat
energies of the 13Bu

1 and 21Ag
1 states are substantial, bein

approximately 0.8 and 1.5 eV, respectively, and conve
rapidly with increasing chain length. The energy of the
laxed 21Ag

1 state lies 1 eV below that of the 11Bu
2 state. We

see in Sec. VII that this strong relaxation is associated wi
large distortion of the ground state structure.

In Fig. 4~b! we plot the charge gap,

E~N11!1E~N21!22E~N!, ~15!

FIG. 4. ~a! Transition energies for the 11Bu
2 ~squares!, 2 1Ag

1

~diamonds!, and 13Bu
1 ~triangles! states as functions of the invers

chain length. Vertical and relaxed transitions are indicated
dashed and solid lines and open and solid symbols. Experime
results for the relaxed 11Bu

2 (3) and 21Ag
1 (1) state energies

for polyenes in hydrocarbon solution~Ref. 32!. ~b! Transition ener-
gies for the 11Bu

2 state~squares! and charge gap~circles! as func-
tions of the inverse chain length.
19510
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and the energy of the 11Bu
2 state. In the long chain limit the

charge gap represents the energy of an uncorrelated elec
hole pair, and therefore represents the band edge. The r
ation energy of the charge gap is roughly double that of
1 1Bu

2 state. This is to be expected, as the two charges f
independent polarons, whereas the excitonic 11Bu

2 state
forms a single polaron, as discussed in Sec. VII. We see
the single chain binding energy is 2.4 eV. However, the u
bound pair is strongly solvated (;1.5 eV), while the exciton
is more weakly solvated (;0.3 eV).29 This implies that the
bulk binding energy of the 11Bu

2 state is;1 eV.
The experimental values ofE0-0(1 1Bu

2) andE0-0(2 1Ag
1)

for short polyenes are also shown.32 The 21Ag
1 values are in

excellent agreement with our calculation. The 11Bu
2 values

are approximately 0.3 eV lower than our predictions, wh
is approximately the reduction expected by the solvation
the chains in solution.29 Thus, for short polyene oligomers
the optimized parametrization of the Pariser-Parr-Pop
Peierls model gives remarkably good results.

Kohler analyzed the experimental results forN56 –16.32

For the 21Ag
1 state the empirical relation,

E0-0~2 1Ag
1!50.96120.72/N, ~16!

was derived. This relation appears to confirm the work
Ref. 11, whose authors found a 21Ag

1 state at 1.1 eV in thin
films. However, there is no particular reason why a line
extrapolation in 1/N is valid. Our calculation for the Pariser
Parr-Pople-Peierls model shows a significant flattening of
the 21Ag

1 energy for chain lengths of roughly 30 or mo
sites. The calculated converged energy of 1.74 eV is
agreement with Ref. 13.

This rapid convergence of energy with chain length is
contrast to both the Pariser-Parr-Pople and Peierls model
the Peierls model the excitation energies are gapped, bu
deviation from 1/N behavior is only evident for long chain
(;100 sites!. In the Pariser-Parr-Pople model a deviati
from 1/N behavior is only evident in the long chain limit fo
the 11Bu

2 state and the charge gap. In the Pariser-Parr-Po
Peierls model, however, states which form pronounced s
tonic structures, such as the 21Ag

1 and triplet states~as dis-
cussed in Sec. VII! self-trap once the chain length excee
the size of their solitonic structures. It is possible that t
self-trapping is a consequence of the adiabatic treatmen
the lattice, and that a full treatment involving quantu
phonons would change this prediction.

Our understanding of self-trapping—and its validity
otherwise—is complicated by the discussion of the 11Bu

2

state energy. Again, an empirical relation,

E0-0~1 1Bu
2!52.01115.60/N, ~17!

was derived by Kohler, which is in good agreement with t
thin film result. Our calculated value of 2.74 eV is too hig
even when solvation effects (;0.3 eV) are deducted. Onc
again, the 11Bu

2 state is self-trapped, and the possible rela
ation by lattice fluctuations would lead to a better agreeme

However, since the phonon frequency of;0.2 eV is so
small compared to the electronic energy scales, any cor

y
tal
8-5
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tions to the adiabatic limit are expected to be small, so
need to consider other possible reasons for the discrepa
in the long chain limit. One source is the possible renorm
ization of the Pariser-Parr-Pople-Peierls model paramete
the long chain limit; another iss-electron screening.

VI. PHOTOINDUCED ABSORPTION

The photoinduced absorption spectrum of a system,
tained while it is being pumped at an energy above the
tical gap, gives an insight into the excited states of t
system.12 Typically the system is pumped at 2.4 eV, a
photoinduced absorption peaks are observed at 0.43 and
eV.

The higher-energy peak is believed to intrinsic and h
been ascribed to a bound soliton-anti-soliton pair.33 A pos-
sible interpretation is that excitations to states above the
tical 1 1Bu

2 state decay nonradiatively to the 21Ag
1 state,

which subsequently relaxes. The photoinduced absorptio
then a vertical transition from the relaxed 21Ag

1 state to a
1Bu

2 state. We find that the energy of the 11Bu
2 state in the

relaxed geometry of the 21Ag
1 state lies 1.3 eV above th

2 1Ag
1 state for 102 sites. However, the dipole moment

weak, being only 0.16̂m&1 1B
u
2 ~where^m&1 1B

u
2 is the dipole

FIG. 5. ~a! The geometries~normalized staggered bond disto
tion d l as a function of the bond indexl from the center of the
lattice! of various states of the Pariser-Parr-Pople-Peierls mo
1 1Ag

1 ~crosses!, 1 1Bu
2 ~squares!, 1 3Bu

1 ~triangles!, 2 1Ag
1 ~dia-

monds!, and polaron~circles!, for a 102-site system.~b! The same
as ~a! for the U50 Peierls model.
19510
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moment between the ground state and 11Bu
2 state!. A second

possibility is that it is a triplet-triplet (T→T* ) transition. We
calculate this transition energy to be 2.8 eV, while the dip
moment is 0.96̂m&1 1B

u
2. Since the excited triplet (T* ) is a

triplet exciton~as opposed to a spin-density wave excitatio!
at high energy, it is reasonably to assume that it will
strongly solvated, reducing this transition energy by as m
as 1 eV. Thus a triplet to triplet transition is a possible e
planation for this absorption.

We calculate the transition energy between the lowest
laron state and the first dipole connected excitation to be 0
eV at 102 sites, and the dipole moment is 0.88^m&1 1B

u
2, sug-

gesting that this is the origin of the lower peak.

VII. SOLITON STRUCTURES

In Fig. 5~a! we plot, as a function of bond index from th
center of the chain, the normalized staggered bond dimer
tion, d l @Eq. ~14!#. We note that the 13Bu

1 and 21Ag
1 states

undergo considerable bond distortion, whereas the 11Bu
2

l:

FIG. 6. Spin-spin correlation functions for 11Ag
1 ~solid

squares!, 2 1Ag
1 ~solid diamonds!, and 11Bu

2 ~empty squares!
states.~a! In the relaxed 11Ag

1 geometry.~b! In the relaxed 21Ag
1

geometry.
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state shows a weak polaronic distortion of the lattice, sim
to the distortion associated with a doped charge. In Ref.
we showed that the 13Bu

1 and 11Bu
2 states fit a 2-soliton

form,7,34,35whereas the 21Ag
1 state fits a 4-soliton form. The

bond distortions of the non-interacting limit~the Peierls
model! are plotted in Fig. 5~b!. A comparison between thes
plots illustrates the role played by the electronic interactio
in modifying the noninteracting picture

~1! The dimerization in the ground state is enhanced b
fivefold factor, in qualitative agreement with Refs. 19 a
20.

~2! The 11Bu
2 state evolves to an exciton-polaron,

agreement with Ref. 10.
~3! The 21Ag

1 state, owing to its strong triplet-triplet con
tribution, evolves to a 4-soliton solution, in agreement w
Ref. 6.

Further insight into the electronic structure of polyen
and its relation to their geometry can be obtained from
spin-spin correlation function, defined as

Si52^Si
ZSN112 i

Z &. ~18!

This function measures antiferromagnetic correlations
tween sites symmetrically situated with respect to the ce
of the chain. As the correlation function shows unimporta
oscillations between even and odd site indicesi, we use the
symmetrized function

S̃j5
1
2 ~S~1/2!(N2 j )1S(1/2)(N2 j )11!, ~19!

j 50,4,8, . . . ,N22, which measures the correlations b
tween pairs of doubly bonded sites, withj being the distance
between them.

The spin-spin correlation functions, calculated in t
ground state geometry, are shown in Fig. 6~a!. They show a
monotonic decay for the correlations in the 11Ag

1 and 11Bu
2

states, but in the 21Ag
1 state there is a small minimum atj

58 and a maximum atj 516. This behavior of the spin-spi
correlations in the 21Ag

1 state becomes clearer when we c
culate it in the relaxed geometry for this state. Here,
correlation function of the 21Ag

1 state, shown in Fig. 6~b!,
has a strong minimum atj 58, where it changes sign, and
maximum at j 520. These features strongly confirm th
triplet-triplet character of this state. By comparing Fig. 6~b!
to the soliton structure shown in Fig. 5~a!, we see that the
unpaired spins correspond to the positions of the geomet
solitons.

VIII. DISCUSSION AND CONCLUSIONS

We began this investigation of the electronic and g
metrical structure of linear polyenes by performing separ
studies of theU50 Peierls model and thel50 Pariser-Parr-
Pople model. These studies show that these two limits
dict quite different low-lying excitations. The Peierls mod
predicts midgap states associated with geometrical defe
19510
r
6

s

a

s
e

-
er
t

-

-
e

al

-
te

e-
l
ts.

The dipole-forbidden 21Ag
1 state lies above the degenera

singlet and triplet 1Bu states. In contrast, the Pariser-Pa
Pople model predicts gapless~or very small gapped! triplet
and 21Ag

1 states, with the 11Bu
2 state lying above them.

When these two models are combined in the Pariser-P
Pople-Peierls model we see the effect of the interplay
electron-electron and electron-phonon interactions. T
lowest-lying triplet (13Bu

1) is a soliton-antisoliton pair; the
lowest-lying singlet (21Ag

1) is an even-parity pair of soliton
antisoliton pairs, owing to it being a bound pair of triplet
and the lowest optically allowed state (11Bu

2) is an exciton-
polaron. The soliton positions in the 21Ag

1 state is confirmed
by the spin-spin correlation function. Electron-electron int
actions play the dominant role in opening the optical gap a
dimerizing the lattice.

We find that the relaxation energies of the 13Bu
1 and

2 1Ag
1 states are substantial, whereas the energy of the 11Bu

2

state is modest. The vertical energy of the 21Ag
1 state lies

above that of the 11Bu
2 state, but the relaxed 21Ag

1 state lies
;1.0 eV below that of the 11Bu

2 state. The role of electron
electron interactions are crucial and subtle in determin
these relative positions. A larger electron-electron interact
leads to a more dimerized ground state, and this tend
raise the vertical energy of the 21Ag

1 state relative to that of
the 11Bu

2 state. However, a larger electron-electron inter
tion also leads to a larger relaxation of the 21Ag

1 state en-
ergy compared to that of the 11Bu

2 state, leading to a rever
sal of their energies.

For short polyenes we find good agreement with exp
mental values. However, in the long chain limit the resu
~at least for the 11Bu

2 state! become more qualitative. Th
experimental uncertainty in the position of the 21Ag

1 state
means that we cannot be sure of the validity of our pred
tion. However, if we assume that;1.0 eV is the correct
relaxed energy of the 21Ag

1 state, then our predictions ar
between 0.5 and 1.0 eV too high. In Sec. V we discus
some of the possible origins of these discrepancies. T
include, the neglect of lattice fluctuations in the adiaba
treatment of the lattice, the possible renormalization of
p-model parameters in the long chain limit, and the negl
of thes-bond screening. We would expect that as a molec
gets larger thep orbitals will become more extended, as th
mix with other orbitals. This will reduceU anda ~and hence
l), and increaset0, thus reducing the excitation energie
Work is currently in progress to study these affects.

ACKNOWLEDGMENTS

This work was started while W.B. was on Study Leave
the UNSW. He thanks the Royal Society and the Gord
Godfrey Committee of the UNSW for financial suppo
R. J. B. was supported by the Australian Research Coun
and M.Yu. L. was supported by the EPSRC~U.K.! ~GR/
K86343!. We thank D. Yaron and Z. Vardeny for discu
sions.
8-7



tol
y,

a

d

.

ke

ett

,

hys.

ys.

ev.

n,

BARFORD, BURSILL, AND LAVRENTIEV PHYSICAL REVIEW B 63 195108
*Email address: W.Barford@sheffield.ac.uk
†Current address: The School of Chemistry, University of Bris

Bristol, U.K. On leave from Institute of Inorganic Chemistr
630090 Novosibirsk, Russia.

1As defined by the energy to add a particle and a hole to a h
filled system.

2B. S. Hudson and B. E. Kohler, Chem. Phys. Lett.14, 299~1972!.
3K. Schulten and M. Karpus, Chem. Phys. Lett.14, 305 ~1972!.
4P. Tavan and K. Schulten, Phys. Rev. B36, 4337~1987!.
5R. R. Birge, K. Schulten, and M. Karplus, Chem. Phys. Lett.31,

451 ~1975!; R. McDiarmid, J. Chem. Phys.79, 1565~1983!; B.
Hudson and B. Kohler, Synth. Met.9, 241 ~1984!.

6G. W. Hayden and E. J. Mele, Phys. Rev. B34, 5484~1986!.
7W. P. Su, Phys. Rev. Lett.74, 1167~1995!.
8G.-Z. Wen and W.-P. Su,Relaxations of Excited States an

Photo-induced Structural Phase Transitions~Springer-Verlag,
Berlin, 1997!, p. 121; Synth. Met.78, 195 ~1996!.

9A. A. Ovchinnikov, I. I. Ukrainskii, and G. V. Kventsel, Usp. Fiz
Nauk.108, 81 ~1973! @Sov. Phys. Usp.15, 575 ~1973!#.

10M. Grabowski, D. Hone, and J. R. Schrieffer, Phys. Rev. B31,
7850 ~1985!.

11C. Halvorson and A. J. Heeger, Chem. Phys. Lett.216, 488
~1993!.

12Relaxation in Polymers, edited by T. Kobayashi~World Scien-
tific, Singapore, 1993!, p. 174.

13W.-S. Fann, S. Benson, J. M. J. Madey, S. Etemad, G. L. Ba
and F. Kajzar, Phys. Rev. Lett.62, 1492~1989!.

14D. Baeriswyl, D. K. Campbell, and S. Mazumdar, inConjugated
Conducting Polymers, edited by H. Kiess~Springer-Verlag, Ber-
lin, 1992!.

15R. J. Bursill, C. Castleton, and W. Barford, Chem. Phys. L
294, 305 ~1998!.
19510
,

lf-

r,

.

16R. J. Bursill and W. Barford, Phys. Rev. Lett.82, 1514~1999!.
17S. R. White, Phys. Rev. Lett.69, 2863~1992!; Phys. Rev. B48,

10 345~1993!.
18Density Matrix Renormalization, edited by I. Peschel, X. Wang

M. Kaulke, and K. Hallberg~Springer, Berlin, 1999!.
19P. Horsch, Phys. Rev. B24, 7351~1981!.
20G. Konig and G. Stollhoff, Phys. Rev. Lett.65, 1239~1990!.
21J. Takimoto and M. Sasai, Phys. Rev. B39, 8511~1989!.
22J. T. Gammel and D. K. Campbell, Synth. Met.55, 4638~1993!.
23D. Yaron, E. E. Moore, Z. Shuai, and J. J. Bredas, J. Chem. P

108, 7451~1998!.
24G. Fano, F. Ortolani, and L. Ziosi, J. Chem. Phys.108, 9246

~1998!.
25E. Ehrenfreund, Z. Vardeny, O. Barfman, and B. Horovitz, Ph

Rev. B36, 1535~1987!.
26J. A. Pople and S. H. Walmsley, Mol. Phys.5, 15 ~1962!.
27A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W-P. Su, R

Mod. Phys.60, 781 ~1988!.
28However, the exact 11Bu

2 transition energy obtained from Eq.~1!
at 102 sites is 0.23 eV, while the 21Ag

1 state is at 0.33 eV.
29E. Moore, B. Gherman, and D. Yaron, J. Chem. Phys.106, 4216

~1997!.
30H. Kahlert, O. Leitner, and G. Leising, Synth. Met.17, 467

~1987!.
31Experimentally, this implies that the vertical energy of the 21Ag

1

state lies about 0.6 eV above the 11Bu
2 state, because of the

greater solvation energy of the latter state.
32B. E. Kohler, J. Chem. Phys.88, 2788~1988!.
33J. Orenstein and G. L. Baker, Phys. Rev. Lett.49, 1043~1982!.
34D. K. Campbell and A. R. Bishop, Nucl. Phys. B200, 297~1982!.
35M. A. Garcia-Bach, R. Valenti, S. A. Alexander, and D. J. Klei

Croat. Chem. Acta64, 415 ~1991!.
8-8


