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Density matrix renormalization calculations of the relaxed energies and solitonic structures
of polydiacetylene
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The density matrix renormalization group method is applied to the Pariser-Parr-Pople-Peierls model to
calculate the energies and associated structures of the low-lying states of polydiacetylene. The extrinsic dimer-
ization of polydiacetylene, arising from the electrons inpy orbitals in the triple bonds, is explicitly calculated.
We find the following results.~i! Electronic interactions result in a twofold increase in the ground state
dimerization, and a twofold decrease in the electronic correlation length,j. ~ii ! The vertical energy of the
21Ag

1 state lies circa. 1 eV above the 11Bu
2 state in long chains.~iii ! The 13Bu

1 and 21Ag
1 states undergo a

sizable electron-lattice relaxation, while this is modest for the 11Bu
2 state. As a consequence, the relaxed

energy of the 21Ag
1 lies circa 0.1 eV below the relaxed energy of the 11Bu

2 state.~iv! The reduction inj results
in a reversal in bond dimerizations in both the 13Bu

1 and 21Ag
1 states~in contrast to the noninteracting Peierls

model!. However, the excitonic 11Bu
2 state shows a polaronic distortion. We compare our results to experi-

ment. For short oligomers the comparisons are very reasonable, but they are less satisfactory for long chains.
The inclusion of solvation effects and a reparametrization of the Ohno interaction may both be necessary.

DOI: 10.1103/PhysRevB.67.245202 PACS number~s!: 71.10.Fd, 71.20.Rv, 71.35.Aa
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I. INTRODUCTION

There are a number of reasons why a computational
theoretical study of the electronic states of polydiacetyle
~PDA!, (C4R2)x @where R is hydrogen or an alkyl group#, is
both interesting and instructive. First, in common with
one-dimensional conjugated polymers, polydiacetylene
hibits a wealth of different kinds of excitations. These i
clude magnons, bound magnons, and excitons. These ex
tions are further enriched by their coupling to the lattic
Second, the relative energetic ordering of these excitat
determines the optical properties of the polymer. So, de
oping an understanding of the reasons for this ordering is
important predictive tool. Finally, polydiacetylene is pro
ably the best experimentally characterized polymer, so it
good system with which to test the predictions of theory.

Until recently, understanding the combined effects
electron-electron interactions and electron-lattice coup
had been an almost impossible task. However, with the
vent of the density matrix renormalization group~DMRG!
~Ref. 1! method realistic models ofp-conjugated polymers
can now be solved, and greater insight is being obtained a
the nature of the low-lying excitations. The Pariser-Pa
Pople-Peierls~PPPP! model is such a realistic model o
p-conjugated systems: it is a tight-binding model of t
p-electrons, including both long-range 1/r interactions and
electron-lattice coupling. The DMRG method has recen
been applied to the PPPP model of linear polyenes, and
excited states and associated solitonic structures w
investigated.2,3 In this paper we present our investigations
the same model applied to polydiacetylene.

In the polyene calculations we found that the 21Ag
1 state

is so strongly coupled to the lattice that its relaxed ene
lies circa 1 eV below the relaxed energy of the 11Bu

2 state.
~Indeed, there is an energy reversal, as the vertical energ
0163-1829/2003/67~24!/245202~9!/$20.00 67 2452
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the 21Ag
1 state lies just above the 11Bu

2 state.! This result
agrees with the widely held observation that trans-(CH)x is
not electroluminescent. The question as to whether there
sub-bandAg state in polydiacetylene is more equivocal, wi
many authors arguing that there is such as state.4,5

In an earlier paper,6 the current authors used the Parise
Parr-Pople model to study the vertical excitations energy
polydiacetylene. The Pariser-Parr-Pople model was par
etrized from earlier studies of conjugated oligomers, and
ing the polydiacetylene bond lengths from Giesa a
Schultz.7 The electron-phonon coupling constanta, used to
derive the hybridization integrals, was obtained from o
studies of trans-(CH)x .3 We obtained good agreement wit
the experimental results of Giesa and Schultz7 for the 11Bu

2

energies of oligomers in hexane solution~with the side
groups,R5H). Our long-chain prediction of circa 3.0 eV fo
the 11Bu

2 energy is in reasonable agreement with the
trapolated experimental oligomer energy of circa 2.5 e
However, our prediction lies over 1 eV higher in energy th
the results of Weiser and co-workers, who find the 11Bu

2

energy at circa 1.9 eV in crystalline polydiacetylene.8,9

These discrepancies indicate that the Pariser-Parr-P
model may not be so well parametrized for long chain po
mers in the solid state. We also found that the vertical ene
of the 21Ag

1 state lies circa 1.0 eV higher than the 11Bu
2

energy.
In this work, we use the results of the Pariser-Parr-Po

calculations6 to parametrize the additional parameter in t
PPPP model, namely the dimensionless electron-phonon
pling parameterl. The stereochemistry of polydiacetylene
different from that of linear polyenes is one crucial aspe
namely, thesp hybridization of the triple bonds results in a
extrinsic dimerization.10 Thus, undoped polydiacetylene
semi-conducting, irrespective of the ground state brok
symmetries driven by thep electrons. This has a number o
©2003 The American Physical Society02-1
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important consequences for the effects of the intrinsic dim
ization. First, since the ground state is no longer degene
there is a linear confining potential between the soliton a
antisoliton. Second, there are four midgap states~rather than
just two, as in linear polyenes.! This means that the 21Ag

1

state consists of four solitons, not just two. The extrin
dimerization also affects the excitation energies determi
by thep-electron interactions. In a uniform chain, as for t
linear polyenes withl50, the lowest spin-density-wav
states, namely the 13Bu

1 triplet and the 21Ag
1 state are gap-

less, while the excitonic 11Bu
2 state is not. For a chain with

extrinsic dimerization, however, all the excitations a
gapped, and for sufficiently large dimerization the 21Ag

1

state will lie above the 11Bu
2 state.

To understand the roˆles of electron-electron interaction
and electron-lattice coupling in determining the characte
tics and energies of the excited states, we study the P
model in the limiting cases of nonzeroU, zerol ~the Pariser-
Parr-Pople model! and zero U, nonzero l ~the Peierls
model!, before the general case of nonzeroU, nonzerol is
considered. Before that, however, we parametrize the P
model for polydiacetylene by determining the extrins
dimerization arising from the triple bonds.

II. PARISER-PARR-POPLE-PEIERLS HAMILTONIAN

We are principally interested with the low-energy ele
tronic structure and associated geometries arising from
delocalizedp electrons. Before considering this, howev
we need to understand the roˆles of thes and py electrons.
Each unit cell consists of twosp2 hybridized carbon atoms
and twosp hybridized carbon atoms. The electrons in thes
orbitals are responsible for the overall structural integrity
the molecule, and for the in-plane bond angles. The elect
in the py orbitals do not delocalize, but they cause t
‘‘triple’’ bond to shorten. Thep ~or pz) electrons delocalize
throughout the molecule, cause the overall chain length
shorten, and lead to a ‘‘dimerized’’ chain, whereby som
bonds shorten and others lengthen. We denote the c
structure before dimerization by thep electrons as the unre
laxed, or undistorted geometry. We denote the chain struc
after dimerization as the relaxed, or distorted geometry. W
these definitions the overall chain length of the distor
chain equals that of the undistorted chain. Figure 1 shows
undistorted and distorted geometries.

We represent the inequivalent bonds prior to distortion
thep-electrons by the different bond hybridization integra

t̄ l and r̄ l5H t1 and r 1 : bonds includingpy orbitals

t2 and r 2 : otherwise J .

~1!

We denote the dimerization caused by thep-electrons as the
intrinsic dimerization,D l

i . Similarly, we denote the effective
dimerization caused by thepy electrons as the extrinsi
dimerizationD l

e .
The Pariser-Parr-Pople-Peierls model for thep electrons

is defined as
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Ĥ522 (
l 51

N21

t lTl̂1
1

4pt0l (
l 51

N21

~D l
i !21U(

i 51

N S n̂i↑2
1

2D
3S n̂i↓2

1

2D1(̂
i j &

Vi j ~ni21!~nj21!, ~2!

where^ & indicates all pairs of sites,

t l5~ t̄ l1D l
i /2!, ~3!

and t̄ l is the undistorted hybridization integral given b
Eq. ~1!.

T̂l5
1

2 (
s

~cl 11s
† cls1H.c! ~4!

is the bond order operator of thel th bond.Vi j is the Ohno
potential, defined by

Vi j 5
U

A11~Ur i j /14.397!2
, ~5!

with the bond lengths in Å. The dimensionless electro
phonon coupling constantl is defined by

l5
2a2

pKt0
, ~6!

FIG. 1. The parametrization of the Pariser-Parr-Pople-Pei
Hamiltonian for polydiacetylene.~a! A schematic diagram of the
s2py backbone before the lattice has been dimerized by
p-electrons.t1 is the hybridization integral for the ‘‘triple’’ bond
~containing bothpy and pz orbitals! before dimerization by thep
orbitals.t2 is the hybridization integral for the other bonds.~b! The
geometry of the polydiacetylene chain.
2-2
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where K is the elastic spring constant~estimated to be
46 eV Å22 for C-C bonds12!. a relatesdr l , the change in
bond length of thel th bond from its undistorted value (r̄ l),
to D l

i as

dr l52D l
i /2a. ~7!

t0 is taken to be the hybridization integral of a C-C bond
1.4 Å, namely, 2.539 eV. Finally,G is determined self-
consistently to enforce constant chain lengths:

(
l 51

N21

D l
i50. ~8!

The relaxed geometry is determined when the force
bond f l vanishes. Using the Hellmann-Feynman theoremf l
can be expressed as

f l522aS D l
i

2pt0l
1G2^Tl̂& D 2(̂

i j &

bU

~11br i j
2 !3/2

3S xi j

]xi j

]D l
i
1yi j

]yi j

]D l
i D ^~ n̂i21!~ n̂ j21!&. ~9!

We take polydiacetylene to have constant bond ang
This is borne out in experiments where the bond angles
seen to remain approximately constant for a wide range
polymer lengths and functional groups.7 An illustration of
polydiacetylene, with its constant bond angles, is shown
Fig. 1~b!. For constant bond angles,xl andyl are defined as

xl5r lcos~180°2123°!5S r̄ 2
D l

i

2a D cos~57°!

for the bonds at an angle of 123° from thex axis, or

xl5 r̄ 2
D l

i

2a
~10!

otherwise. Similarly,

yl52S r̄ 2
D l

i

2a D sin~57°! ~11!

for the bonds at an angle of 123° from thex axis, or

yl50 ~12!

FIG. 2. The hybridization integrals in polydiacetylene. The h
bridization integrals in a unit cell of the unrelaxed chain equal
hybridization integrals for a relaxed chain. We used the bo
lengths determined by the x-ray structure analysis of Giesa
Schultz~Ref. 7! to generate the ground state hybridization integr
ts , td and t t ~Ref. 6!. t1 and t2 are described in Fig. 1~a!.
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Setting f l50 ; l yields a self-consistent equation for th

equilibrium D l
i , which is solved using the fixed-point itera

tion method, with an initial guessD l
i50 ; l. We use the

infinite-lattice DMRG method, so as to enforceĈ2 symme-
try. The calculation of the relaxed energy of a given state
a given chain length is as follows.

~1! The eigenstate is calculated for an initial choice
$D l

i% by building up the lattice to the target chain size usi
the infinite lattice algorithm of the DMRG method.

~2! At the target chain size the conditionf l50 is repeat-
edly applied until the$D l

i% have converged.
~3! Using the new values of$D l

i%, steps~1! and ~2! are
repeated. The procedure is successfully terminated when
energies have converged after successive Hellma
Feynman iterations.

A. Parametrization of the Hamiltonian

The undistorted hybridization integralst1 and t2 are de-
termined by the extrinsic dimerization of the ‘triple’ bon
~caused by thepy electrons!, subject to the constraint that

t113t252ts1td1t t5const, ~13!

where ts , td , and t t are the single, double, and triple bon
hybridization integrals used in Ref. 6~see Fig. 2!. The elec-
trons in thepy orbitals on each ‘‘triple’’ bond are also subjec
to a Pariser-Parr-Pople-Peierls model, whereD l

i is replaced
by De. We takel to be the free parameter that determin
the values oft1 and t2, subject to Eq.~13!.

The py orbitals are expected to act independently of t
bulk of the system and mix very little in character with oth
orbitals, thereby acting as a two site system. If we take a
of py orbitals in isolation and set the bond force—obtain
by the Hellmann-Feynman condition—to zero, we obtain
self-consistent equation forDe, given by Eq.~A10! in the
Appendix. As the underlying physics of the two-site syste
is expected to be the same as that of a double bond in p
acetylene, the values oft0 , U and r 0 used in Eq.~A10! are
the values used in the C-C bonds of polyacetylene~namely,
t052.539 eV,r 051.4 Å, andU510.06 eV).

For various values ofl, we generated values oft1 andt2,
by solving Eq.~A10! to find the hybridization integralt1,
and using Eq.~13! to find t2. Various ground state, relaxe

TABLE I. The optimal parameters used in the Pariser-Pa
Pople-Peierls Hamiltonian applied to polydiacetylene.

Parameter Value

r 1 1.285 Å
r 2 1.400 Å
t1 2.687 eV
t2 3.067 eV
l 0.085
a 4.062 eV Å21

K̃e f f;K 46 eV Å22
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d
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ALAN RACE, WILLIAM BARFORD, AND ROBERT J. BURSILL PHYSICAL REVIEW B67, 245202 ~2003!
long-chain geometries were then calculated by perform
the Hellman-Feynman routine on the Pariser-Parr-Po
Peierls Hamiltonian of thep electrons@Eq. ~2!#, for each
parameter set. These geometries were then used to fi
vertical energies of the Pariser-Parr-Pople-Peierls mode
the vertical energies of the Pariser-Parr-Pople model
sented in Ref. 6, the best fit giving the optimal set of para
eters$l,t1 ,t2%. These optimal parameters are shown in Ta
I. A choice ofl50.085 gives a long-chain vertical energi
of 3.104 and 3.862 eV, compared with the values of 3.1
and 3.862 eV from the Pariser-Parr-Pople-Peierls model,
the 11Bu

2 and 21Ag
1 states, respectively. This suggests t

Hamiltonian is accurately parametrized.11

Finally, as we have already mentioned, an electron in
bond t1 experiences a different potential to an electron
bondt2; hence, on first inspection one would think the spri
constant of bondt1 different from that oft2. We found the
new effective spring constantK̃e f f from

K̃e f f52
]2V~De!

]2De
^~n1̂21!~n2̂21!&1Kul50.085. ~14!

Evaluating the first term on the right-hand-side of Eq.~14!,
including the Coulomb correlator, gives

FIG. 3. A comparison between the occupied molecular orbi
in the Peierls model for polyacetylene and polydiacetylene. In p
actylene the 2Ag state is obtained by promoting two electrons fro
the highest occupied~HOMO! to lowest unoccupied molecular or
bital ~LUMO!. However, in polydiactylene, it is obtained by pro
moting one electron from the HOMO to the LUMO11 ~or the
HOMO 21 to the LUMO!.
24520
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K̃e f f5K20.02 eV Å22;K. ~15!

Hence, the new spring constant is essentially the same a
value derived from the Raman analysis of the C-C stretch
modes in trans-(CH)x ~see Table I!.12

III. PEIERLS MODEL

Setting U50 in the P-P-P-P model defines the Peie
model. Figure 3 shows a schematic energy diagram of
molecular orbitals and defect states for polyacetylene
polydiacetylene within this model. In polyacetylene there a
two midgap states. In contrast, the extrinsic dimerizat
present in polydiacetylene results in four midgap states.
21Ag

1 state in polyacetylene is formed by the double occ
pancy of the antibonding molecular orbital. However,
polydiacetylene the 21Ag

1 state is formed by exciting asingle
electron into a higher-lying molecular orbital, and cons
quently there are four associated geometrical defects~or soli-
tons!.

Since the non-interacting Peierls model can be solved
actly for a given bond order, we use this model to valida
the DMRG method. A graph of the exact and DMRG
calculated excitation energies for the 21Ag

1 and 11Bu
2 states

are shown in Fig. 4, indicating excellent agreement. T
21Ag

1 state lies energetically above the 11Bu
2 state, as ex-

pected. However, in the thermodynamic limit these sta
become degenerate, with an excitation energy;0.066 eV.

The associated relaxed geometries generated by the
calculations are presented in Fig. 5. In this plot we introdu
the normalized, staggered bond dimerization for thel th bond
as

d l5~21! l
~ t l2 t̄ !

t̄
. ~16!

The geometries are in excellent quantitative agreement.
note the lack of a bond reversal for any state, as the sol

ls
-

FIG. 4. A comparison between the DMRG~full symbols! and
exact~open symbols! calculations of the Peierls (U50 andlÞ0)
model of the 11Bu

2 ~squares! and 21Ag
1 ~triangles! excitation ener-

gies.
2-4



n
s

-

d

c
-

DENSITY MATRIX RENORMALIZATION CALCULATION S . . . PHYSICAL REVIEW B 67, 245202 ~2003!
FIG. 5. Comparisons betwee
the DMRG and exact calculation
of the Peierls (U50 and lÞ0)
model of the normalized, stag
gered bond dimerization,d l . The
graphs shows half a polymer, an
can be reflected atN551 to give
the full polymer.~a! 11Ag

1 state~i!
exact ~ii ! DMRG; ~b! 21Ag

1 state
~i! exact ~ii ! DMRG; ~c! 11Bu

2

state ~i! exact ~ii ! DMRG. Note
that because of the extrinsi
dimerization, there is no bond re
versal for any state.
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and antisoliton experience a linear confining potential a
result of the extrinsic dimerization. Further, as already d
cussed, the 21Ag

1 state shows a tightly-bound four soliton fi
while the 1Bu

2 state shows a tightly-bound two soliton fi
These states are composite quasiparticles, and they ex
polaronlike dimerization patterns with weak lattic
distortions.13 These results help us understand the role
electronic interactions in the solitonic structure of the exci
states, as we shall discuss in more detail in Sec. V D.

IV. SOLUTION OF THE PARISER-PARR-POPLE MODEL

The spin excitations are gapless in the thermodyna
limit of a uniform chain at half filling with only on-site
electron-electron interactions. This result remains true
long-range interactions.3 In contrast, in thel50 limit of the
P-P-P-P model~i.e., the Pariser-Parr-Pople model!, polydi-
acetylene does not have a uniform lattice, owing to the
trinsic dimerization. As a consequence, the 13Bu

1 and 21Ag
1

states are gapped. Figure 6 compares the results of
Peierls model with those of the Pariser-Parr-Pople mo
For long-chains E(21Ag

1);1.75 eV, whereasE(11Bu
2)

;1.79 eV. Hence the energetic ordering is in agreem
with most experiments withl50.

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

A. Ground state structure and energy profile

The relaxed geometry of the ground state, with the o
mal set of parameters$l,t1 ,t2%opt, yields hopping integrals
in the middle of the chaint t , td , andts that are in excellent
agreement with the experimentally determined ones foun
Ref. 6. Table II compares the hopping integrals. Hence,
first result is that the full solution of the Pariser-Parr-Pop
Peierls model generates a good ground state geometry.
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This ground state stability can be explained and explo
further by considering how the total ground state energy v
ies as a function of the dimerization. The calculated value
$t i% imply that the dimerization of the ground state in th
middle of the 102-site chain isD i;0.22560.001 eV. This is
the average dimerization, and because the variance from
average is small~0.4%! and gets smaller for longer chain
we can conclude that thep system would be homogeneous
dimerized in the thermodynamic limit, tending towards 0.2
eV. Therefore, in the ground state

D l
i5~21! l 110.225 eV, ~17!

implying thatdr l
i5(21)l0.028 Å.

FIG. 6. The effects of Coulomb interactions and electro
phonon interactions on the excitation energies. 21Ag

1 state ~dia-
monds! and 11Bu

2 state ~squares!. The Peierls model (U50 and
lÞ0): open symbols. The Pariser-Parr-Pople model (UÞ0 andl
50): solid symbols.
2-5
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The total ground state energy,Etot , is given by the
p-electron energyEp and the elastic energyEs,py

, as

Etot5Ep~D l
i ,D l

e!1Es,py
~D l

i !. ~18!

Hence, by imposing the homogeneous intrinsic dimerizat

D l
i5~21! lD0

i , ~19!

we can study how the ground state energy varies as a f
tion of D0

i .
Thep-electron energy, elastic energy and the total ene

are shown in Fig. 7. The total energy shows only one m
mum atD0

i ;20.22 eV in the acetylene phase space, in go
agreement with the average quoted above. We now rou
estimate the energy difference between acetylene and
tatriene structure for 102 sites. For the butatriene struct
we reverse the dimerization~see Fig. 8!. The energy differ-
ence between the total energies of both structures is there

DEtot5Etot~D0
i 520.22!2Etot~D0

i 50.22!512.65 eV.
~20!

Thus, per unit cell we haveDEtot50.495 eV. This is in very
good agreement with the values quoted in the literature
;0.5 eV.14,15 It is this energy difference that gives the line

TABLE II. A comparison of the hybridization integrals gene
ated by the relaxed geometry calculation of the ground state
polydiacetylene using the Pariser-Parr-Pople-Peierls Hamilto
with those found from the experimentally-determined bond leng
used in the Pariser-Parr-Pople model~Ref. 6!. These are denoted
tPPPPand texpt, respectively.

tPPPP~eV! texp ~eV!

Triple t t 3.316 3.435
Single ts 2.467 2.449
Double td 2.891 2.794

FIG. 7. The ground state energies as a function of the intrin
bond alternation parameter,D i , for a polydiacetylene chain of 102
sites. The total energy of thep-electrons is denoted by circles. Th
elastic strain energy of thes2py backbone is denoted by the sol
curve. The sum of both energies,Etot , is denoted by triangles.
24520
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confining potential between the soliton and antisoliton, a
bond reversal costs 0.5 eV per unit cell.

B. Calculated relaxed excited state energies

The vertical energies (Ev) of the 13Bu
1 11Bu

2 and 21Ag
1

states are calculated using the ground state geometry. Th
and their respective relaxed energies (E020), are shown in
Fig. 9 as a function of inverse chain length, and quoted
Table III for 102 sites. We first note that the vertical energ
of the 11Bu

2 and 2Ag
1 states are circa 1 eV apart; in th

thermodynamic limitEv(11Bu
2),Ev(21Ag

1).
The relaxation energy of the 11Bu

2 state is modest
(;0.14 eV) for 102 sites. Conversely, the relaxation en
gies of the 13Bu

1 and 21Ag
1 states are substantial, being;0.5

and 1.0 eV, respectively, converging rapidly withN. The
large 21Ag

1 and 13Bu
1 relaxation energies are a consequen

of the large distortion away from the ground state structu
The graph in the inset of Fig. 9 shows the difference betw
E(020)(11Bu

2) andE(020)(21Ag
1). These values are tendin

towards a long chain value of;0.1 eV.
The charge gap is also shown in Fig. 9. In the thermo

namic limit the charge gap represents the energy of an
correlated electron-hole pair. As expected, the charge
relaxation energy (;0.3 eV) is about twice that of the 11Bu

2

state (;0.14) eV, as the free charges form polarons, wher
the 11Bu

2 state forms a single, bound exciton polaron. T
single chain exciton binding energy is predicted to
2.6 eV.

For long chains, the 21Ag
1 and 13Bu

1 states show devia
tions from the 1/N behavior; however, the 11Bu

2 state and the
polaron do not. In the Pariser-Parr-Pople-Peierls model st
that form pronounced solitonic structures self-trap once
chain length exceeds their spatial extent.17 As we shall see in
Sec. V C, the 21Ag

1 and 13Bu
1 states have localized solitoni

dimerizations, which corroborates this idea. Calculations
polyacetylene have show similar results.3

of
n
s

ic

FIG. 8. The structures and their possible dimerization for po
diacetylene.~a! Acetylene structure withD i520.22 eV. ~b! Unre-
laxed geometry withD i50 eV. ~c! Butatriene structure withD i

50.22 eV.
2-6
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FIG. 9. The excitation energies for the 11Bu
2

~squares!, 13Bu
2 ~hexagons!, and 21Ag

1 ~tri-
angles! states, and the charge gap~circles! as a
function of the inverse number of carbon atom
Vertical and relaxed transitions are indicated
dashed and solid lines and open and solid sy
bols, respectively. The experimental vertical tra
sitions of the 11Bu

2 state~crosses! are also shown
~Ref. 7!. The inset shows uE(020)(11Bu

2)
2E(020)(21Ag

1)u.
er
t

d
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s
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th
C. Comparison to experimental energies

Our calculated energies for short oligomers are in v
reasonable agreement with experiment. Figure 9 shows
experimental vertical 11Bu

2 energies.7 Kohler and Schilke4

have also observed a vertical absorption of 3.22 eV an
vertical emission at 2.79 eV in butyl-capped C2(C4H2)3.
They also observed a two-photon feature at 3.04 eV. Sub
two-photon signals have also been observed by Towns
and co-workers.5 Our relaxed triplet energy of 1.8 eV agree
well with the observation of phosphorescence from triplets
1.72 eV by Winteret al.16 However, as already discussed
the Introduction, our long chain predictions for the 11Bu

2

energies disagree by circa 1 eV from Wieser’s and
workers’ observations on crystalline PDA.8 Similarly, our
predicted binding energies are considerably larger than
single crystalline results of circa 0.5 eV, observed by b
Franz-Keyldish oscillations8 and photoconductivity.9 While
some of this discrepancy can be attributed to solvat
effects,18 not modeled by a single chain PPPP calculation
does seem likely that a re-parametrization of the Ohno in
action is necessary for long chains in a crystalli
environment.19 In conclusion, as the PPPP model is not a
curate to 0.1 eV, our calculation that the relaxed 21Ag

1 en-
ergy lies below the relaxed 11Bu

2 energy may not be true fo
all PDA polymers in all environments.

TABLE III. Energies for various states of polydiacetylene wi
102 sites.

State E102
(v) E102

(020)

11Bu
2 3.10 2.95

21Ag
1 3.86 2.86

13Bu
1 2.90 1.82

charge-gap 5.85 5.55
24520
y
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a
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nd
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D. Solitonic structures

In Fig. 10 we plot the normalized, staggered bond dim
izationd l for the PPPP model. This illustrates how electron
interactions affect the electronic states. By comparing to
bond distortions of the Peierls model~Fig. 5!, we see that
interactions roughly double the dimerization in the grou
state of the Peierls model. This increase is expected.20,21

The 11Bu
2 state is polaronic in form, in both the Peier

and Pariser-Parr-Pople-Peierls models. However, electr
interactions increase the soliton-antisoliton confinement
they cause the oppositely charged soliton and antisoliton
bind strongly, forming an exciton-polaron. The excito
polaron geometry is almost undistinguishable from that
the doped charge.

The two spin 1/2 spinons in the soliton-antisoliton pair
the 13Bu

1 state do not bind by electronic interactions, but

FIG. 10. The dimerizationd l , ~from the end of the chain! of the
11Ag

1 ~crosses!, 21Ag
1 ~diamonds!, 13Bu

1 ~triangles!, and 11Bu
2

~squares! states, and the polaron~circles!.
2-7
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bind by the confinement arising from the difference in ene
between the acetylene and butatriene structures. Figur
shows that there is now a bond reversal for this state in
interacting model. This arises from a reduction in the el
tronic correlation length,j;a/d, as shown in the fits of the
two-soliton form,

d l5 d̄„11tanh~2x0 /j!$tanh@~ l 2x0!/j#

2tanh@~ l 2x0!/j#%…, ~21!

in Fig. 11 as a function ofU. Indeed, the soliton-antisoliton
separation, 2x0, decreases as a function ofU, because the
difference in energy between the acetylene and butatr
structures is greater in the interacting model.

As already discussed, even for the Peierls model
21Ag

1 state requires a four-soliton fit of the form

d l5 d̄„11tanh~x0 /j!$tanh@~ l 2xd2x0!/j#

2tanh@~ l 2xd1x0!/j#1tanh@~ l 1xd2x0!/j#

2tanh@~ l 1xd2x0!/j#%…. ~22!

In linear polyenes the 21Ag
1 state has a substantial triple

triplet character,22–25 and is thus composed of four soliton
This triplet-triplet character is also present in the 21Ag

1 state
of polydiacetylene, and causes an additional attrac
between the soliton-antisoliton pairs. This is illustrated
Fig. 12.

VI. CONCLUSIONS

The density matrix renormalization group method h
been applied to the Pariser-Parr-Pople-Peierls model to
culate the energies and associated structures of the low-l
states of polydiacetylene. The extrinsic dimerization
polydiacetylene—arising from thepy orbitals—results in dif-
ferent physical behavior to that of linear polyenes.

For the PPPP model in thel50 limit ~that is, without
p-electron dimerization! the excited states are gapped, b
cause of the extrinsic dimerization. For realistic Coulom

FIG. 11. The soliton widthj ~triangles! and half the soliton-
antisoliton separation,x0 ~diamonds!, for the triplet state as a func
tion of U, obtained by fitting Eq.~21! to the calculated staggere
bond dimerization.
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interactions the 21Ag
1 energy lies below the 11Bu

2 energy.
Conversely, for the PPPP model in theU50 limit the 21Ag

1

state fits a four-soliton form, as there are four midgap sta
The 1Bu

2 state fits a two-soliton form. The extrinsic dime
ization results in a linear confining potential between t
soliton and antisoliton, and there is no bond reversal.

When both electronic interactions and electron-latt
coupling are both considered we find the following resu
~i! There is a twofold increase in the ground state dimeri
tion, and a twofold decrease in the electronic correlat
length,j5a/d. ~ii ! The vertical energy of the 21Ag

1 state lies
circa 1 eV above the 11Bu

2 state.~iii ! The 13Bu
1 and 21Ag

1

states undergo a sizable electron-lattice relaxation, while
is modest for the 11Bu

2 state. As a consequence, the relax
energy of the 21Ag

1 lies circa 0.1 eV below the relaxed en
ergy of the 11Bu

2 state.~iv! The reduction inj results in a
reversal in bond dimerizations in both the 13Bu

1 and 21Ag
1

states. However, the excitonic 11Bu
2 state still shows a po-

laronic distortion.
We compared our results to experiment. For short olig

mers the comparisons are very reasonable, but they are
satisfactory for long chains. The inclusion of solvatio
effects18 and a reparametrization of the Ohno interaction m
both be necessary. However, the prediction of a subgapAg
state is borne out by most experiments.4,5
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APPENDIX: THE TREATMENT OF py ELECTRONS
IN THE TRIPLE BOND

At half filling and in theS50 subspace, the two-site bas
that models the electrons inpy orbitals on the triple bond is

FIG. 12. The evolution of the dimerization,d l , of the 21Ag
1

state with increasingU. U510 eV ~squares!, U57 eV ~circles!,
andU50 eV ~triangles!.
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u1&5
1

A2
u↑0,0↓&2u0↓,↑0&,

u2&5
1

A2
u↑↓,00&1u00,↑↓&. ~A1!

This generates the Pariser-Parr-Pople Hamiltonian matri

Ĥ5S V~De! 22 t1~De!

22t1~De! U D , ~A2!

where

V~De!5
U

A11~Ur ~De!/14.397!2
, ~A3!

r ~De!5r 02De/2a, ~A4!

and

t1~De!5t01De/2. ~A5!

The ground state energy is

e05
1

2
„@U1V~De!#2$@U2V~De!#2116t1~De!2%1/2

…,

~A6!
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