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We study the Coulomb interaction dependences of the HF ground state, lattice dimerization
and 'B. excited state in regular trans-polyacetylene using the PPP hamiltonian model developed
in a previous paper. The nature of the HF ground state is determined by the relative
magnitudes of the on site and nearest neighbour parts and the screening of the longer range part
of the effective Coulomb potential.

The Coulomb interaction with relatively large nearest neighbour part and not too strongly
screened longer range part induces lattice dimerization. The driving force of the Coulomb
induced dimerization is the nearest neighbour exchange interaction. The lattice dimerization
in polyacetylene is due to the Coulomb mechanism.

The SSH model is implicitly taking into account the nearest neighbour exchange interac-
tion.

The Franck-Condon band gap is mostly determined by the nearest neighbour exchange
interaction. The 'B. excited state is excitonic. The exciton binding energy is estimated for
the effective Coulomb potential with the screened long range part. It is not large owing to very
small effective mass of electron and hole. To explain the observed !B, excitation energy, the
short range part of the effective Coulomb potential must be screened by about half compared to
the one in small conjugate molecules. The condition for splitting of the exciton into a zwitter-
ionic pair of charged solitons is discussed.

§1. Introduction

A major unsolved problem in polyacetylene is the role of the Coulomb
interaction in it. The Su, Schrieffer and Heeger?” (SSH) model neglecting the
Coulomb interaction was very successful. However, the success of the SSH
model does not directly mean that the Coulomb interaction in polyacetylene is in
fact weak. The SSH model utilizes the Hiickel hamiltonian. It is well known
that the Hiickel theory is able to explain many properties of conjugate molecules
in spite of the neglect of the Coulomb interaction. It, however, is eventually a
crude approximation and the Coulomb interaction has important contributions in
7 electronic structures of small conjugate molecules. The success of the SSH
model might be intuitive owing to implicit incorporation of some effects of the
Coulomb interaction via empirical parametrization. There is also another
possibility that the effective 7 electron Coulomb interaction might be suppressed

220z ¥snBny g1 uo 3sanb Aq ZZ6£€81/1/1/69/3101e/d}d/Wwoo"dno"oIWepeoe;/:SdRY WOl papeojumog



2 H. Fukutome and M. Sasai

in polyacetylene by some mechanisms due to its unique structure and very long
chain length.

In order to investigate the role of the Coulomb interaction in polyacetylene,
it is necessary to start with a model with a sound quantum chemical background
since polyacetylene is a typical conjugate molecule essentially of the same
chemical character as small linear conjugate hydrocarbons, polyenes, except for
its very long chain length. The Pariser-Parr-Pople (PPP) hamiltonian is best
suited for this purpose because it is well established as a good semi-empirical
effective hamiltonian for 7 electrons in small conjugate molecules.

We have developed in a previous paper?® (hereafter referred to as I) a model
of polyacetylene utilizing the PPP hamiltonian. To calculate 7 electronic struc-
tures and lattice distortions in polyacetylene we have developed the following
method. 1) We use for 7 electronic structures the temperature unrestricted
Hartree-Fock (TUHF) approximation that incorporates an important part of
electron correlation effects and is able to cover whole correlation regimes.
ii) To solve the TUHF equation in an irregular lattice with solitons we use the
transfer matrix technique that is able to get exact solutions in a one dimensional
random system. We have shown in I that the transfer matrix technique can be
adapted to the TUHF approximation with the long range Coulomb interaction.
iii) To determine an irregular lattice structure with solitons we use the force
equilibrium condition, i.e., the Hellmann-Feynman theorem. By combining ii)
and iii) we can calculate the exact UHF solution and lattice geometry in a state
with solitons. iv) To see whether the effective r electron Coulomb interaction in
polyacetylene is similar to the one in small conjugate molecules or not, we first
start with the parametrizations of the PPP hamiltonian and elastic potential well
reproducing spectra and geometries of small conjugate molecules. We adopt
ethane, ethylene and benzene as the reference molecules to determine the pa-
rameters. Thus determined parameter sets have been given in Table Il of 1. If
the parameter sets are unable to explain experiments of polyacetylene, it is the
case as we shall show in this and an accompanying papers, we next examine what
modifications in the interaction parameters are necessary.

The purpose of this paper is to study how the nature of the HF ground state
and physical properties of regular transpolyacetylene, especially the lattice
dimerization, band gap and 'B, absorption band, are dependent on the 1 electron
Coulomb interaction. We shall study in an accompanying paper” (hereafter
referred to as I11) effects of the Coulomb interaction on solitons and search for the
effective n electron Coulomb interaction that is consistent with experiments of
polyacetylene. The results of this paper are useful as the basis to understand the
mechanisms of the Coulomb interaction to affect properties of solitons.

The notations used in this paper are the same as those in L.
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Theory of Electronic Structures and Lattice Distortions 3

§ 2. Basic properties of the PPP hamiltonian model

We first consider some basic properties of the PPP hamiltonian model in the
TUHF approximation that are important in considering how the Coulomb inter-
action affects 7 electronic structures of polyacetylene. The densities and bond
orders of up and down spin 7 electrons can be represented in terms of the electron
density (ED) g, the spin density (SD) s», the bond order (BO) p» and the spin
bond order (SBO) ¢. as

An =qn/2%sn, D =Pal 2% tn. (2-1)
The net charge density (CD) d» is given by
an=1+d», ;dn=u, v=0, £1, £2--, (2-2)

where v is the total net charge of a chain. Our model has the four 7 electron
order parameters dn, Sn, p» and fn.

We assume as usually done that the effective Coulomb interactions ym» of 7
electrons, Vamn of ¢ cores and —vm» between 7 electrons and o cores have the
same shape

Ymn=— V= 0mn . . (2'3)

Then the total energy E***=E*+E? (confer Eqs. (2-2) and (2-4) in I) and the
force equilibrium condition (Eq. (2-29) in I) are given in terms of the order
parameters as

2
Em:%(N+2u)+;{23npn—27,,(1’i‘ +th>

2
+')’o<d1 —Sn )+U(xn)}+2 andmdn, (2‘4)
__ d({iixn) gfnpn 1 dyﬂ (pn2+4tn2)_+_271 ay”ddj, (2.5)

where Ynn =70 and ¥»=7nn+1. The TUHF equation (Eq. (2:6) in I) has the form
Br*Crv1,a+Bri1Carat An*Cia=6a"Chia,
Ar* =707+ yunlan=1) =5 =DuF i, | (2:6)
Bn*=Bn—ynpn"=BnF bn,

where
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Dn:'—‘?éldn_zm, ')’nmdm, An:‘}’oSn,
(2:7)

Bn:Bn_ ann, bn:')’ntn,
are the quantities having the significance of the gap parameters.

From Eqgs. (2-4), (2-5) and (2-6), we have the following important properties
of our model.

1°) Neutral UHF states with d» =0 depend only on the on site Coulomb force
and the nearest neighbour exchange interaction but are independent of the
different site Coulomb force.

2°) Anion-cation symmetry: If we have an anionic UHF solution with ¢»
=1+d», d»*0, then we have also a cationic solution with ¢.=1—d» and the same
equilibrium geometry. The energies of these solutions are related as

E*(anion)— E***(cation)=vys . (2-8)

The TUHF equation (2+6) and the force equilibrium condition (2+5) are invariant
to the transformation

€ai_')’o/2—’_(5ai_')'0/2), Brn— — B y
. (2-9)

dn_’_dn, Pn=—Dn, Sa™>—Sn, In>—

The total energy (2+4) is also invariant to (2-9) except for the change of the sign
of v. This shows that the orbital energy spectra of the anionic and cationic
solutions are the mirror images to each other with respect to the origin .* = 7o/ 2.
This implies also that the orbital energy spectrum of a neutral UHF state is
symmetric with respect to the origin.

3°) The TUHF equation (2:6) has the form of a Hiickel equation with the
effective transfer interaction B,* and the effective 7 electron-o core interaction
A,%*. The nearest neighbour exchange interaction is renormalized into the
effective transfer interaction B," so that it has a larger value than the pure
Hiickel transfer interaction

|Bn*1>18x] . (2-10)

The on site and different site Coulomb forces between 7 electrons are renormal-
ized into the effective 7 electron-o core interaction A,*. The A,* depends on the
CD d» and is much affected by doping.

We note that the above properties are obtained on the assumption (2-3) and
the neglect of the long range transfer and exchange interactions between sites
farther than nearest neighbours. These approximations are reasonable and the
error coming from them will not be so large to alter our conclusions.
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Theory of Electronic Structures and Lattice Distortions 5

§3. Coulomb interaction dependences of the UHF states
in regular lattice

As we have shown in I, regular undoped trans-polyacetylene has five UHF
states that may become the singlet HF ground state; BOW (bond order wave),
SDW (spin density wave), CDW(charge density wave), SD-BOW(spin density-
bond order wave) and CD-BOW(charge density-bond order wave). We show
here that they have characteristic and different Coulomb interaction dependences.
From this we can see how the nature of the HF ground state is determined by the
Coulomb interaction. '

The order parameters in the UHF states have alternating values

d.=(—1)""'d, sp=(—1)""'s, }

-1
pr=p+(—=1)"""p", t»=0, 3D

where p is the average BO and d, s and p” are the amplitudes of the CD, SD and
BO alternations, respectively. All the UHF states have no SBO. The UHF
states are characterized by having one or two non-zero alternation amplitudes

5’ (BOW), s(SDW), J(CDW), } (3:2)

s and po’(SD-BOW), d and po’ (CD-BOW),

where po’ is the value of p’ in equidistant lattice. We note that lattice dimeriza-
tion induces a BO alternation p5” in all the UHF states and p’ is the sum of the
spontaneous and induced components, p'=p¢ +po". SDW and CDW have no
spontaneous BO alternation, po"=0, whereas BOW, SD-BOW and CD-BOW have
a spontaneous one, po’+#0. The UHF states having no spontaneous SD(CD)
alternation in equidistant lattice remain to have no SD(CD) alternation in
dimerized lattice.

There is a restriction in the relative magnitudes of the alternation am-
plitudes. From the definitions of ¢».* and p.* (Eq. (2-3) in I) and the Schwartz
inequality, we have

Clniq;fﬂZQnt(l_Qni)glpnilz , (3'33)
that leads to

1—4s*=2(pxp' ), } (3-3b)

1-d*z(p+p'),

showing that SD(CD) and BO alternations of large amplitudes are incompatible.
The gap parameters (2-7) in the UHF states are also alternating
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6 H. Fukutome and M. Sasai

d,=(—1)""14, d=7s,
_ I
D,=(—-1)""'D, D=4,
( 2 (3-4)
BZm+1:Blz,81_')’11)1/2, Zm:BZZBZ_Vzpz/z,
plzp—'_p,y pz:p—ﬁ,y bn:(),
where I is a parameter to determine the stabilities of CDW and CD-BOW

Io= —70+2 % 7’1,zm—22mY Yi2m+1

:2(712+714+"'+')’23+ 7’25+"’)_70_4(713+7’15+"'). (3-5)

The total energy (2-4) per unit cell is given in terms of the alternation amplitudes
as

Etot:_z;’_—{— 2(31 +BZ )p—%( 71 + 7/2)(1)24‘1)’2)

28— B)— (n— 1P} —2res*— L2 a*+ U+ Ulza). (3+6)

We see from Eq. (3-6) what parts of the Coulomb interaction are responsible
to produce the spontaneous alternations of the order parameters in the UHF
states.

1°) The spontaneous BO alternation enhances the attractive nearest neigh-
bour exchange interaction stabilizing the BOW class states.

2°) The spontaneous SD- alternation suppresses the repulsive on site
Coulomb force stabilizing the SDW class states.

3°) The net charges produced by the spontaneous CD alternation are of the
same sign on even (on site, second, **+) neighbour sites but of the different signs
on odd (nearest, third, ‘+*) neighbour sites, so that the Coulomb potential due to
the CD alternation is attractive between odd neighbour sites but repulsive
between even neighbour sites. If the attractive contribution of odd neighbours
exceeds the repulsive one of even neighbours, then the condition />0 is satisfied
and the different site Coulomb force stabilizes the CDW class states.

From 1°)~3’) and the list (3-2) of the spontaneously alternating order
parameters in the UHF states, we obtain the Coulomb interaction dependences of
the UHF states as summarized in Table I. We have some important remarks.

4°) BOW, SDW and SD-BOW are neutral states and independent of the
different site Coulomb force. BOW is also independent of the on site Coulomb
force because BOW has constant ED’s, and consequently a constant contribution
of the on site Coulomb force. ‘

5°) Owing to the restriction (3+3b), the stabilizations by the Coulomb force
and exchange interaction counteract. In SDW (CDW ) without spontaneous BO
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Theory of Electronic Structures and Lattice Distortions 7

Table I. Coulomb interaction dependences of the UHF states.

On site Nearest Neighbour Long range
Coulomb Coulomb Exchange Coulomb
BOW
X X X
(Dimerization, Gap) ©
SDW
X X
(Neutral solitons) © ©
CDW
(Charged solitons) © © © ©
SD-BOW (@) X © X
CD-BOW O ©) © O

© and O represent stabilizing and distabilizing contributions, respectively, and X independence of
the heading part of the Coulomb interaction. The physical properties of trans-polyacetylene with the
same Coulomb interaction dependence as the respective UHF state are also shown in parentheses. For
solitons confer III.

alternation, development of the SD(CD) alternation produces not only a stabiliza-
tion by the Coulomb force but also accompanies a destabilization by a suppres-
sion of the exchange interaction due to a decrease of BO’s. In SD-BOW (CD-
BOW) with both the BO and SD(CD) alternations, both the two interactions work
stabilizingly but either one of them cannot become much superior to another.
They must have moderate and balanced contributions.

6°) The stabilization of CDW and CD-BOW by the Coulomb force mainly
comes from the nearest neighbour Coulomb attraction. The long range part of
the Coulomb force farther than the nearest neighbour always contributes destabil-
izingly because the repulsive contribution of even neighbours is predominant in it.
If the effective Coulomb potential ymn has a velatively large nearvest neighbour part
and screened long range part, them the parameter 1o has a large positive value
leading to a large stabilization of CDW and CD-BOW. We shall show in III that
an enormous stabilization of charged solitons is brought about by screening of the
long range part of the effective Coulomb potential due to this mechanism of the
stabilization of CDW.

We have derived in I the conditions for the UHF states to become the HF
ground state in equidistant lattice. We summarize here the conditions

BOW o KBOV<2/y,, KBEV<2/T,,

SDW Gy, r>T1v,

SD-BOW : KB®V">2/y,, G®PV>1/y, r>I%, (3-7)
CDW DGV y, o>y,

CD-BOW : K®V<2/Iv, G™®™>1/r, Iv>7,
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8 H. Fukutome and M. Sasai

where y=7:=7: and K and G are the quantities defined in Eq. (4-12) of . As we
have noted in I, there is a correspondence between the UHF states of the SDW

class and those of the CDW class. The latters can be obtained from the formers .

by replacing 7o by I'o and 4 by D. The condition I'o>7, (Eq. (4:30) in I) for a
CDW class state to become lower in energy than the corresponding SDW class
state can be satisfied for the effective Coulomb potential with relatively large
nearest neighbour part and screened long range part. The relative stability of
the neutral states BOW, SDW and SD-BOW is determined by the relative
strengths of the on site Coulomb and nearest neighbour exchange interactions,
i.e., by the ratio y/7.. If 7/70 is small, the stabilization by the on site Coulomb
force is the larger and SDW becomes the HF ground state. If 7/7. is near 1, the
stabilization by the exchange interaction is the larger and BOW becomes the HF
ground state. The SD-BOW ground state can be realized in a narrow range of
v/ve where the two interactions can simultaneously produce moderate and balan-
ced stabilizations whose sum exceeds the maximal stabilization by either one of
them. This explains the structure of the phase map of the three states shown in
Fig. 2 of . The three states BOW, CDW and CD-BOW also have a phase map in
the 7/|8| vs I'»/|8] plane with the same structure as Fig. 2 in L

§4. Coulomb interaction dependence of the dimerization potential

We consider here how the Coulomb interaction affects the dimerization
potential. As shown in I, the free energy of a UHF state with a spontaneous BO
alternation changes linearly upon small dimerization of the lattice. This can
clearly be seen in Eq. (3:6). For small dimerization, x:=x +dx and x.=x — 4z,
the change of the total energy is

5Et°t:4{—‘d[’;(xx) —%—dz,(xx ) po}po'ax , (4-1)
where po is the value of p in equidistant lattice. Equation (4-1) is a good
approximation for the free energy change because the entropic term is negligibly
small in regular lattice (in the order of 107*eV ). The equilibrium geometries of
BOW, SD-BOW and CD-BOW are therefore always dimerized. Equation (4-1)
shows that the larger the spontaneous BO alternation p.’, the larger the stabiliza-
tion by lattice dimerization is. SDW and CDW have no ., so that an equidistant
lattice is their equilibrium geometry. It was shown that they cannot have a
dimerized equilibrium geometry.”

" The correlation stabilizations of SDW and CDW at their equidistant equili-
brium geometries are determined by 7, and I, respectively, while the correlation
and dimerization stabilization of BOW at its dimerized equilibrium geometry is
determined by 7. To get larger stabilization of BOW than SDW and CDW, the
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Theory of Electronic Structures and Lattice Distortions 9

ratios 7/7o and 7/Ib must be larger than a critical value. Namely, fo get a lattice
dimerization, the effective Coulomb polential is necessary to have the nearest
neighbour part exceeding a critical rvelative value to the on site part and Is. The
values of 7/7. for the Mataga-Nishimoto and Ohno potentials, that give equidis-
tant and dimerized lattices, respectively, are 0.48 and 0.68 (at »=1.412A4). The
critical value of 7/70(7/I%) is therefore between these values. We note that the
critical value is dependent on the transfer interaction and the elastic potential.
We show in Fig. 1 how the barrier height of the dimerization potential of the HF
ground state consisting of SDW and BOW changes upon the damping c7», 0<c¢
<1, of the nearest neighbour part 7» of the Ohno potential. We see that the
barrier turns out negative and the lattice dimerization disappears if the damping
factor ¢ becomes smaller than a critical value.

Since equilibrium dimerized lattice is possible only in the BOW class states
with a spontaneous BO alternation, the nearest neighbour exchange interaction to
produce it is the driving force of the dimerization. The mechanism of the lattice
dimerization by spontaneous BO alternation was first suggested by Cizek and
Paldus.”

Screening of the long range part of the effective Coulomb potential much
affects the ratio y/I» and consequently the dimerization. CDW and CD-BOW are
very much stabilized by the screening and can become lower in energy than SDW
and SD-BOW. We show in Fig. 2 how the exponential screening

Ymn €XD(— ¥mn/a¥), lm—n|>1,(4:2)
(ev)

0.10 L

PP

0,05

Fig. 1. Dependence of the dimerization potential

SOK barrier on the dumping cy», 0<c=<1, of the

nearest neighbour part 7. of the Ohno potential.

N A The dimerization potential barrier of the HF

N N ground state consisting of SDW and BOW, e.g,,

N \ the difference of the energies of SDW and BOW

\ at their equidistant and dimerized equilibrium

R b geometries, is plotted against the damping factor

c. The barrier is calculated for the SOK and PP

parametrizations. In the dashed line region, the

equidistant equilibrium geometry of SDW

Lo 0.; 0'; 0'7 becomes lower in energy than the dimerized one
“C of BOW.

0.00
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0.00 0.05 Dﬁﬂ(ﬁl_'é)/z(l&)

T T T T T T T T T

(e -7

Fig. 2. Dependence of the dimerization potential of CDW on the exponential screen-
ing of the long range part of the Ohno potential. How the dimerization potential
of CDW (- ) is affected by the exponential screening (4-2) of the Ohno
potential is illustrated for various values of the screening parameter @. The
parametrization is SOK and the average bond length » =(7,+r,)/ 2 is fixed to the
equilibrium value 1.412A. The dimerization potentials of SDW and BOW(——)
are also shown.

of the long range part farther than the nearest neighbour of the Ohno potential
affects the dimerization potential of CDW where 7 =1.412A is the average bond
length (#7:+ 72)/ 2 of the dimerized equilibrium geometry. Note that the dimer-
ization potential consisting of SDW and BOW is not affected by the screening
since they depend only on the on site and nearest neighbour parts of the effective
Coulomb potential. For @ smaller than 2.9, the condition 1> 7, is satisfied and
CDW becomes lower than SDW. Thus, the screening of the long range part of
the Coulomb potential can lead to a drastic change in the nature of the HF ground
state, from neutral SDW with an antiferromagnetic SD alternation to ionic CDW
with alternating CD’s. At this stage of the screening, however, the stable equili-
brium geometry is still in the region of the BOW ground state and dimerized.
Upon further decrease of e, the barrier of the dimerization potential becomes
lower. For a smaller than 2.6, CDW at equidistant lattice turns out to have
energy lower than the minimal energy of BOW and the barrier of the dimerization
potential disappears. Therefore, a sudden change of the equilibrium geometry
from dimerized to equidistant takes place at this stage of the screening.

We have shown in I that the SD-BOW ground state can be realized in a
Peierls system consisting of an array of stacked organic ion radicals with a
suitable effective Coulomb potential. An example of the parametrization for
such a Peierls system has been given in Table Il of I. Screening of the long range
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Theory of Electronic Structures and Lattice Distortions 11

-3.19

-3.20

-3.21

-3.22

(eV)

Fig. 3. Dependence of the dimerization potential of CD-BOW on the exponential
screening of the long range part of the Ohno potential. How the dimerization
potential of CD-BOW(------ ) in the Peierls system whose parameters have been
given in Table II of I is affected by the exponential screening (4-2) of the Ohno
potential is illustrated for various values of @. The average bond length 7 is
fixed to the equilibrium value 3.4A. The dimerization potentials of SD-BOW
and BOW(—) are also shown.

part of the effective Coulomb potential can change the nature of the HF ground
state from SD-BOW to CD-BOW. We show in Fig. 3 how CD-BOW is stabilized
by the screening (4:-2). We see that a mild screening makes CD-BOW the HF
ground state. Such a Peierls system is likely to have a rather strong screening
of the long range part of the Coulomb potential. Then, much stabilized CDW
becomes the HF ground state and lattice dimerization disappears.

The dimerization stabilization energy and the magnitude of the bond length
alternation #7'=(#,— 72)/2 is affected by the strength of the effective Coulomb
potential. We show in Fig. 4 how the dimerization potential of BOW .at T
=300°K is affected by the constant screening (1/€ )ym» of the Ohno potential. We

show in Fig. 5(a) and (b) the 1/¢ dependences of 7" and the dimerization stabil-.

ization energy of BOW. In the limit 1/e —0 of the complete constant screening,
our model reduces to the SSH model and BOW becomes always the ground state
of the system. In the lattice without the Coulomb interaction dimerization is
caused by the transfer interaction. The extent of the lattice dimerization
produced by the transfer interaction, however, is very much dependent on the
gradient of the transfer integral 8(x).® The PP parametrization for f(x) with
a steep gradient yields a lattice dimerization at 7 =300 K, though it is small, in
the limit 1/e =0, but the SOK parametrization with a gentle gradient gives a very
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12 H. Fukutome and M. Sasai

(A)

0.06
0.04

0.02

0,00l

(eV)

b.10p- PP

U.USL

(o)

1 1 AL i

0.0 R Y~ S— o‘.m(r‘l_rz)/z(A) 0.0 0.5 1I.o 1/e
Fig. 4. Dependence of the dimerization potential ~ Fig. 5. Dependences of the bond length alterna-
of BOW on the constant screening (1/¢)ymn tion (a) and the dimerization stabilization
of the Ohno potential. How the dimeriza- energy (b) of BOW on the constant screening
tion potential of BOW is affected by the (1/€)7mn of the Ohno potential. The equili-
constant screening of the Ohno potential is brium bond length alternation 7' =(7,
illustrated for various values of 1/¢ in the —72)/2 and the dimerization stabilization
SOK (a) and PP (b) parametrizations. The energy of BOW, eg,; the difference of the
average bond length 7 is fixed to the equili- energies of BOW at the equidistant lattice
brium value 1.412A4 (SOK) or 1.413A (PP). with r=# and the dimerized equilibrium

lattice, are plotted against 1/¢ for both the
SOK and PP parametrizations.

small dimerization at T=0 K (only in the order of 107*A ) and it disappears at T
=300 K. In the SOK case, therefore, the lattice dimerization is solely due to the
Coulomb mechanism. In the PP case, the transfer interaction mechanism has a
substantial contribution in the weak Coulomb regime. However, the Coulomb
mechanism very effectively enhances the dimerization even in the weak Coulomb
regime as seen in Fig. 5. If we try to explain the observed dimerization solely by
the transfer interaction mechanism, as done in the SSH model, we need 5(x ) with
much steeper gradient than the PP case. Such a very steep B(x) is difficult to
justify quantum chemically. In both the parametrizations of 8(x), the average
bond length 7 (=1.412A for the SOK case or=1.413A for the PP case) is little

affected but the magnitude of the bond length alternation 7’ is much reduced
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Theory of Electronic Structures and Lattice Distortions 13

upon constant screening of the effective Coulomb potential. Fincher et al.”
showed by X ray scattering that undoped trans-polyacetylene has a lattice
dimerization with #=1.424 and 7'=0.07+0.02A. Our result in Fig. 5(a) shows
that to be consistent with the X ray scattering data the effective Coulomb
potential in trans-polyacetylene cannot be very weak as long as the transfer
interaction and elastic potential in it are similar to those in short polyenes. In
the SOK and PP cases, the weakest plausible effective Coulomb potential are
about 40~509% and 60~709% screened Ohno potentials, respectively. It is very
unlikely possibility that not only the effective Coulomb potential but also the
transfer interaction and the elastic potential are modified in polyacetylene from
small conjugate molecules. As we shall show in III, the PP parametrization
leads to an unreasonably narrow neutral soliton spreading and can be eliminated,
while the SOK one gives results consistent with experiments. Therefore, the
present result suggests that the effective Coulomb potential in trans-polyacetylene
is not weaker than half of the one in small conjugate molecules.

§5. Equivalence of the SSH model to a BOW state

We show here that the SSH model is equivalent to a BOW state in our model
under a reasonable approximation.” The energies of the SSH model and a BOW
state in our model are

ESSH:zn}(ZBnpn_i' U(In)), (51)
EBOW:Zn:(ZBnpn_annZ/2+ U(In)) (5'2)

We make the following approximations for the lattice distortion dependences of
Br, U(x») and 7» '

Br=B—0xn, U(xn)z—;ixnz, Y»=7y=const . (5-3)
The neglect of the distortion dependence of the nearest neighbour Coulomb
potential ¥, is reasonable since it is much weaker than that of 8.. With the
approximation (5-3), the force equilibrium condition becomes

_20 .
Tn=" D . (5-4)

Using Eq. (5:4) we can eliminate the lattice distortion variables x» from the
energies (5+1) and (5:2)

2
B =3280~ 22 p.?), (55)
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14 H. Fukutome and M. Sasai

EBOWzg{ZBpr(%Jr%z)pnz}. (5:6)

Equations (5+5) and (5-6) show that the SSH model is equivalent to a BOW
state in our model as long as an equilibrium lattice geometry concerns. This
equivalence indicates that the SSH wmodel implicitly incorporates effects of the
neavest neighbour exchange inlevaction that is the most important part of the
Coulomb interaction for lattice distortions. From Egs. (5:5) and (5+6), the
electron-lattice coupling parameter (the gradient of A(x)) in the SSH model can
be related to the parameters in our model as

05 =V o+ yx/ 4 . (5-7)

As we shall show in III, the SOK parametrization for 4(x ) and the Ohno potential
with 50~409% constant screening and an exponential screening of the long range
part give soliton properties in agreement with experiments. The reasonable
values of the parameters are therefore p=>=3eV/ A, y=3.8~4.5eV (the values at
7=1.412A) and x=278eV/ A% Then Eq. (5:7) gives 0>*"=6.0~6.4eV/A.
This value is near the values p***=8¢V/ A and 7.2+2.4eV/ A proposed by Melé
and Rice® and by Fincher et al.”

§ 6. Coulomb interaction dependence of the band gap, a possible
mechanism of splitting of exciton and evaluation
of the exciton binding energy

As shown in § 4, the nearest neighbour Coulomb interaction of appreciable
strength must be present in polyacetylene. It inevitably makes the optically
allowed 'B. absorption band excitonic. Here, we consider first the Coulomb
interaction dependence of the band gap and next the condition to make splitting
of the exciton into a zwitterionic pair of charged solitons possible. We lastly
evaluate the exciton binding energy.

As shown in I, the energy bands in regular undoped trans-polyacetylene are
given by

Si(g):%i[X2+B12+BZZ+231B2 cos 6]'?, (6-1)

where the plus and minus give the conduction and valence bands, respectively,
and X =0(BOW), 4(SDW and SD-BOW) or D (CDW and CD-BOW). From Eq.
(6+1), the band gap is given by

Gap=2[X?+(B,— B:)*]*?,

B1_B2:BI_BZ_%(')’1_7’2)17_%(')’14"}’2)1),. } (62)

Equation (6-2) shows that the band gap consists of the Hiickel gap 2|81 — ., the
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exchange correlation gap [(y1—72)p+ (714 72)p’| and the Coulomb correlation gap
2X. The exchange and Coulomb correlations make the gap always larger than
the Hiickel one. In a dimerized lattice, the HF ground state at the equilibrium
geometry must be either BOW, SD-BOW or CD-BOW. In the dimerized lattice
with the BOW ground state only the nearest neighbour exchange interaction
contributes to the Franck-Condon band gap, while in the one with the SD-BOW
(CD-BOW) ground state the on site part (all parts) of the Coulomb force also
contributes to it via the Coulomb correlation gap. All the BOW class states have
an appreciable exchange correlation gap because they have a spontaneous BO
alternation po” that effectively contributes to it. The Franck-Condon band gap of
the dimerized lattice with the effective Coulomb potential similar to the one in
small conjugate molecules is quite large owing to a large exchange correlation
gap. Itisabout 8 eV in the PP-Ohno parametrization and about 6 eV in the SOK-
Ohno case as shown in Fig. 6.

The Franck-Condon band gap, however, is very semnsitively decreased by
reduction of the strength of the effective Coulomb potential. We show in Fig. 6
how the Franck-Condon band gap at T =300K is affected by the constant
screening (1/€)ym~ of the Ohno potential. The band gap in the SOK case reduces
to zero in the limit 1/e -0 because no lattice dimerization is present, while the one
in the PP case remains to have a small finite value owing to the persistence of a
dimerization. Figure 6 shows that the Franck-Condon band gap in trans-
polyacetylene mostly arises from the exchange correlation.

Lauchlan et al.” showed that trans-polyacetylene has a photoconductivity
starting from a threshold at about 1.0~1.3 ¢V that is well below the 'B. absorp-
tion peak energy 1.9eV. The threshold was interpreted as the energy necessary
to make a zwitterionic pair of charged solitons. To be consistent with the
photoconductivity data, the 'B. exciton must be able to split into a zwitterionic
pair of charged solitons. The splitting of the exciton is in principle possible.
The exciton is a bound zwitterion as illustrated in Fig. 7(a) in the representation
to use the localized Wannier functions. The lattice around the zwitterion of the
Franck-Condon exciton makes a distortion to relax the lattice dimerization since
the polarization of r electrons induced by the zwitterion makes nearby double
bonds weaker. Then the zwitterion after the lattice relaxation is just equivalent
to a colliding pair of charged solitons in close encounter (Fig. 7(b)). This lattice
relaxation is always possible since it stabilizes the bound zwitterion. The last
stage of the splitting of the exciton is separation of the colliding charged solitons
(Fig. 7(c)). This process accompanies loss of the binding energy Uwina of the
zwitterion. The key to make the process possible is in the fact that the separated
charges induce much stronger polarization of r electrons around them than the
polarization induced by the bound zwitterion since the charges in the bound
zwitterion are compensated out and do not give strong long range influence to

220z 1snBny 9 uo 1senb AQ-ZZ6££81/L/1/69/2l01e/d)1d/Woo dno-owepese//:sdny Wwouj pepeojumoq



16 H. Fukutome and M. Sasai

Fig. 6. Dependences of the Franck-Condon band
gap (—) and 'B, excitation energy (------ )
on the constant screening (1/€)ym» of the
Ohno potential. The Franck-Condon band
gap and 'B, excitation energy calculated by
Eqgs. (6-2) and (6-5) are plotted against 1/¢

(c)

Fig. 7. Schematic illustration for the process of
splitting of the 'B, exciton. The Franck-
Condon exciton (a) first relaxes to a collid-
ing zwitterionic pair of charged solitons (b)
and next separates into a plus and a minus
charged solitons {(c).

for both the SOK and PP parametrizations.

outside. If the correlation stabilization energy Upar due to the polarvization cloud
around the separated charges is lavger than the binding energy of the exciton, Upn
> Ubsina, then the splitting of the exciton becomes possible. As we shall show in III,
this condition is satisfied by the Ohno potential with a constant screening and an
exponential screening of the long range part.

The effective Coulomb potential satisfying the above condition allows us to
make approximate evaluation of the exciton binding energy. Since its long
range part is screened, it can be approximated by a square well potential with the
depth 7/e and the range 7. The reduced mass m of the electron-hole pair is m
=m*/2 where m* is the effective mass of an electron and a hole. The bound
state energy Usma of the square well potential is given by'”

= 2 zzm
Etan =7y, &+t e

2

Ubind:m_zl;;z‘ﬂz . (6-3)

The effective mass m* is obtained from Eq. (6-1) as
m*:hz(B1“‘Bz)/£lzBle s (6’4)

where a~/37 is the lattice constant of the dimerized regular lattice. We show
in Fig. 8 the 1/e dependence of the effective mass. As seen in Fig. 8, m* is very
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small, in the order of one-tenth of the electron mass in the SOK case. From Eq.
(6:4), we see that m* 72y/h*e <1 and we can make the approximation tan &= ¢.
Therefore, we have

A(B,— Bz))’ / A(B,— Bz)?’) X
med 3B Bz€ 1+ 1+= SB Bz€ ’ (6 5)

We show in Fig. 6 the 'B. excitation energy calculated by Eq. (6:5). The exciton
binding energy is not large even for large y/e. This is due to the small effective
mass of electron and hole. We see from Fig. 6 that the effective Coulomb potential
must have a constant screening about 1/€~ 0.5 in the SOK case together with an
exponential screening of the long range part in order fo get the 'B. excitation
energy in agreement with the observed energy 1.9 ¢V. We shall show in III that
this effective Coulomb potential also gives the formation energy of a zwitterionic
pair of charged solitons in agreement with the observed photoconductivity thresh-
old. Therefore, we can conclude that the 'B. absorption band in trans-
polyacetylene is excitonic but the exciton is able to split into a zwitterionic pair
of charged solitons if the effective Coulomb potential in trans-polyacetylene is
suitably screened compared to the one in small conjugate molecules.

§7. Conclusions

Summarizing the above results we can conclude
1°) The UHF states BOW, SDW, SD-BOW, CDW and CD-BOW have character-
istic and different Coulomb interaction dependences. The factors in the effective
Coulomb interaction to determine the nature of the HF ground state are the ratio
¥/ 7, of the nearest neighbour to on site parts and the screening of the longer range
part.
2°) Lattice dimerization is possible only in the BOW class states with a sponta-

&
£
*E

0.3

Fig. 8. Dependence of the ratio of the effective

mass m* of electron and hole to the electron
. mass m. on the constant screening (1/€)7mn of
r the Ohno potential. The m*/m. given by Eq.
/e (6-4) is plotted against 1/e for both the SOK
o o e and PP parametrizations.
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neous BO alternation. The effective Coulomb potential with relatively large
nearest neighbour part and not too strongly screened longer range part induces
lattice dimerization. As long as polyacetylene has the transfer interaction and
the elastic potential similar to the ones in small conjugate molecules, the effective
Coulomb interaction in it cannot be very weak to get a lattice dimerization
consistent with the X ray scattering data.

3°) The SSH model is implicitly taking into account effects of the nearest
neighbour exchange interaction that is the driving force of lattice distortions by
the Coulomb interaction.

4°) The Franck-Condon band gap in a dimerized lattice is mainly determined by
the nearest neighbour exchange interaction. The By excited state in the lattice
with a Coulomb induced dimerization is excitonic. The binding energy of the
exciton for the effective Coulomb interaction with screening of the long range
part is not so large owing to the small effective mass of electron and hole. To
get the ' B, excitation energy consistent with the observed absorption spectrum of
trans-polyacetylene, the short range part of the effective Coulomb interaction
must be screened by about 502§ compared to the one in small conjugate molecule.
Splitting of the exciton to a zwitterionic pair of charged solitons is in principle
possible. We shall study in III what effective Coulomb potential makes the
splitting of the exciton possible.

The above conclusions have been obtained in the TUHF approximation.
Since 0.8<(7o—71)/e8<1.5 for the Ohno potential with the screening factor
0.5<1/e <1, the Coulomb interaction in polyacetylene belongs to an intermediate
correlation regime. Therefore, correlation effects beyond TUHF might have an
important contribution to lattice distortions in polyacetylene. Consideration of
such higher order effects, however, is a difficult task. We add finally a comment
about this. Cross and Fisher'? showed that the RPA correction has a substantial
contribution to spin Peierls distortion. However, application of RPA to
polyacetylene is inappropriate. As seen in Fig. 2, the HF ground state in the
regular lattice with a dimerization consists of SDW and BOW or CDW and BOW.
SDW and CDW bifurcate from BOW at points very close to the dimerized
equilibrium geometry. Because of the equivalence of the HF and RPA in-
stabilities,'® RPA becomes unstable at the bifurcation points. Therefore, RPA is
a bad approximation in polyacetylene. We confront the so-called mode-mode
coupling problem if we want to proceed to a better approximation than TUHF.
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