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ABSTRACT

A tight-toinding one-dimensional distorted system with impurities

is considered and the electron density of states is calculated in the

coherent potential approximation. It Is shown that two types of impurities,

an impurity built in a chain and a domain wall (a soliton), play the

essential role and a drastic reduction of the energy gap is observed for

a few per cent of impurities. The experimental situation in polyacetylene

is also discussed.
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In recent years much attention has been focused on properties of

polyaoetylene, but especially on its semiconductor-metal transition during

doping (for a reviev we refer to Heeger and MacDiarmid 1981). This phase

transition is manifested in the electrical conductivity, which can be varied

over thirteen orders of magnitude, the thermopower.the magnetic susceptibility

and the optical properties* Polyacetylene is tine simplest conjugated polymer

and belongs to the class of highly conducting organic compounds such as TTF-TCBQ

and (TMTSr)2 AsFj, in which the Peierls instability, commensurate and in-

commensurate charge density wave states has been established experimentally

(see Alcacer 19BO). A common feature of these materials is a quasi-one-

dimensional crystallographic structure. They are very convenient for theoretical

considerations in the framework of a one-dimensional model and the semi-

conductor-metal transition may be interpreted as collapsing of the Peierls

gap (Rice 1979; Su et al. 1979, 1980; Takayaraa et al. 1980; Rice and Timonen

1979; Mele and Rice 198l; Bulka 1981) due to impurities.

The electronic band structure of doped polyacetylene has been determined

by Kasowski et al. (i960) and flredas et al. (198l) for periodically distri-

bured dopants. Of course, in such a model any tails of the electron density

of states (EDOE) in the gap do not appear and the increase of the conductivity
of

is mainly due to changing/the "band filling. Mele and Rice (1981) considered

the 256 atom length chain with randomly distributed dopants. They determined

the electronic-structure and the stability of a system with solitons (Rice

1979; Rice and Tiaonen 1979; Su et al. 1979, 1980 and Takayama et al. 1980)

and for an incommensurate case. They also considered

a chemical influence of dopants, a Coulomb coupling and interchain interactions.

In this paper we present calculations of the electron density of

states (EDOS) using the coherent potential method (CPA) (see for example

Elliot et al. 197k). This well-known method in the physios of alloys is

applied for an infinite polyene chain with randomly distributed impurities.

A mathematical approach and fundamental physical features of the method are

described in Sec.II. First, we present how to determine a local impurity

state for a single defect in the chain. Naturally, we expect that in a

neighbourhood of the impurity state the impurity band is forming (due to

interactions between impurities). These interactions are taken into account

in the mean-field manner and the EDOS is calculated for a few simple situations.

Two cases will be considered: a site impurity and a bond impurity,

i.e. when an atomic potential and an electron hopping is disturbed, respectively.
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The soliton as a domain vail in the distorted chain may \>e classified as a

fcond impurity. .

Sec.Ill is devoted to a site impurity in the distorted chain. In this

model ve assume that a dopant in polyacetylene changes the atomic potential

for IT electrons of the nearest neighbour carbon atosn into an effective atomic

potential. The distances between atoms and the bonds are constant. We will

show that in spite of very small splitting of the single impurity state from

the hand the flowing of the impurity band into the gap is very large and for

some parameters the gap disappears.

In the soliton case (Sec.IV) we assume that solitons are pinned to

impurities and randomly distributed. The single impurity state lies at the

middle of the gap and we expect that ./.t. ; will be a formation of an impurity

band. As will become apparent, this band is very broad and flat, and the gap

disappears for a feu per cent of solitons. We think that this mechanism plays

a crucial role in the phase transition in polyacetylene.

Apart from these two main types of impurities, the effect of inter-

chain connections, bond and angle changes between the acetylene groups will

be considered in Sec.V. It will also be shown that a chemical infleunce and

a Coulomb interaction can he classified as the site impurity effect.

II. THE METHOD

We consider the one bana ID model described "by the tight binding

Hamiltonian

el-
(3)

This method with the philosophy of the multiple scattering theory (see for

example Watson 195T) is very fruitful in investigations of impurity 3tates.

In the case of a single impurity in the system (let the B atom be in the A

atom chain) all t. - 1 and V. 0 apart from V = V. The position oft. . . = -1 and V.

the impurity state is determined by the poles of the Green function

where 2M = E + VE - k . This type of impurities we call the site impurity.

If only the hopping integral is disturbed we talk about the bond impurity.

We assume that for the A B alloy (y = 1-x) the Green function has
x y

the same form as above (Eq.. C O ) , with the self energy H for an average

medium. We postulate that M satisfies the equation

5oo = x Goo °oo

where

g a = 1
00 E - V - 2M

(a = A,B)

00 e - 2M

(5)

(6)

(7)

(8)

where t^ i + 1 is the electron hopping integral between nearest-neighbour

sites and V^ is the atomic potential at the i site (the spin is neglected).

Using the self-avoiding path method (Anderson 1958) one can easily show that

the diagonal element of the Green function at the 0 b site is (Economou and

Cohen 19T2)

where

eo-ML -,
(2)

and £ = E - V • V is the atomic potential for this medium. This is the

single site conerent potential approximation (lsCPA) (Elliot et al. 197M-

For the two-site CPA (2sCPA) the Green functions are

Goo
E - Vo - M

00 £ - 2M

(«= A,B} , (9)

(10)

and
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oo 00 (11)

According to these formulae the EDOS has been calculated for a small and

large difference of the atomic potentials, V = 1 and V = It (Figs.l and 2).

The formation of the impurity band around the single impurity state naturally

follows from the above presentation.

The advantage of this scheme is the possibility of an investigation

?,i' bond impurities. Nov we consider ah alloy with two sorts of bonds A and

B (w.ith two values of the hopping Integrals, t and t ) with the concentration

x and y = 1-x, respectively. The simplest case is the two-bond CPA (2bCPA).

The Green function;:' are defined as:

1
oi CO e-A

-fr

Moreover, we assume that dopant does not perturb these hopping integrals,

but only the atomic potential of the nearest neighbour carbon atom is changed

into an effective potential. Let it be at the 0 atom and the difference

of the atomic potentials is V. This model is equivalent to the chain with

impurity atoms built in it.

We can use the method described above and determine the impurity states

for the single impurity in the chain (see Bulka 1981) and the impurity band.

We should remember that in the distorted chain the path on the right is not

equivalent to that on the left (as it is in metals) and

(17)

(12)
In order to calculate the EDOS we use the IsCPA formula (Eq.(5)> where

''oo ~ e 01 (13)

-2
where M = t /(t-M), and t is the hopping integral of the average medium,

which is defined by

2. "

X'O
J00

_ ,,2r G
oi

(lit)

(15)

The EDOS for this case is exhibited in fig.3. A generalization of these

two bond alloy models leads to an amorphous system ( many bond alloy).

III. THE SITE IMPURITY IN A DISTORTED SYSTEM

Folyacetylene is a polymer, in which acetylene groups form very long,

zigzag chains. The angle between carbon atoms is about 120 . There is a

periodic single-double band structure with the distortion of the chain,

what has been confirmed experimentally (see Heeger and MacDiarmid 198l).

^-electrons play the main role in the electrical properties. We assume that

this system can be described by the Hamiltonlc.n (1) with

t2n-l,2n
t2 = -1 - a (16)

The result is presented in FIg.lt. The arrow points out the single

impurity state and it is seen that there is a very small splitting of this

state from the valence band. We carefully investigated this region and did

not find any gap between the valence and impurity band even for 1% of
band

impurities. We also observe very deep flowing of the impurity/into the gap,

which will be manifested in the electrical conductivity.

In our previous paper (Bulka 1981} we have considered the stability

conditions of this model in a single Impurity approximation and the critical

concentration has been found. We think that the critical concentration cal-

culated for the CPA band structure is lower (due to this large reduction of

the gap) than estimated previously. The qualitative situation of the gap

reduction with decreasing of the distortion is exhibited in Fig.5. During

a doping, when the distortion decreases, the impurity band takes more and

more area in the gap. Finally, both bands meet together and the system

starts to be metallic. However, there can still be a distortion with a

pseudogap (see the curve for 6 = 0.02 in Fig.5).

We have also performed the 2sCPA calculations. Near the energy gap

region the EDOS is exactly the same as in the IsCPA case. There are

differences above the conduction band, where the bands are similar to those

in the metal (FIR.2a).



IV. SOLITOMS

In a dimerized system there are two degenerate lowest energy states

with a different bonding structure. One of the states can be obtained from

the other by interchanging the double and single bonds. Thus, a neutral

defect in the system Is a bond alternation domain wall called also a soliton.

This situation is analogous to that in magnetic materials. Moreover,

solitons may "be charged and neutral. Naturally, charged solitone strongly

interact with oppositively charged impurities. In the effect they are

pinned to dopants, and thus we can say that they are randomly distributed.

If we are not interested in dynamical properties of neutral solitons, then

we can assume that in high temperatures they are also randomly distributed.

Thus, solitons may "be fully treated in the same way as impurities.

First we consider a single soliton in the chain. On the right

and left sides of the 0 site there are different phases of the distortion,

i.e. the system is described by the Hamiltonian (l) with

t -2nr2n-l i

The Green function can be written (Bishop 1980) as

t2n+l,£n+2 ~ t-2n-l,-2n-a

w E -S (20)

where the relation

E -
E ~

(21)

has been used. It is seen that the single soliton state lies at the mid-gap

(E = 0) (Rice 1919; !3u et al. 1979, 1980; Takayama et al. 1980 and Rice and

Timonen 1979).

For randomly distributed solitons we use the method developed for

bond impurities (Sec.II). In the lowest order of the approximation (2bCPA)

the conditions for the average medium are:

Boo °oo
G

°oo

where GQ° , G Q°, G ^ and G ^ , GQ* , G ^ are the Green function, for

the dimerized cluster and the soliton in the average medium, and they are

defined by

and

•"00 c

e-M-

The average Green functions have a similar form

bo-rboo e-M1

(23)

' (25)

where

^ tM = (26)

and V, t , t are the atomic potential and the hopping integrals for the

average medium.

For E = 0 one can easily calculate the EDOS and the results are

presented in Table I. For a few per cent of solitons the EDOS almost achieves

the value for an undlstorted chain. Therefore we expect a drastic growth

of the soliton band.

The band structure of the system with solitons is presented in Fig.6.

We see that the EDOS is symmetrical around E =» 0, The singularities are

rounded and the soliton band is very flat.

We should like to emphasize that also the width of the soliton bjuui

rapidly increases - This indicates a strong interaction between ;;olLtoru>. V.-v

a constant distortion <5 = 0.1 we determine the oonccntrut ton i.it whK-li t. !•,•••

gap disappears, 6% < yc < 1% . This v;iluo will N> rohu'.-.i vhm *<- .iv,v..r-

decrea^ing of the distortion with .loping. in ;i :;in^Li- s.Mii.'n :irt-r.-\ '• "*'• '••"•'•

the i:nti<:i?ntru.tlon at which U w :iy.it.i<m |..-,-i™'i: n>-nliii- i:: <\ i: ;^« •'•vl
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however the system iaay tie still distorted vith e. pseudogep in the EDOS. The

calculations outside the gap region show that solitons slightly influence

the band structure.

Here we consider the shortest domain wall, whereas the width estimated

by Su et al. (19T9, 1980) is lit lattice Constances. For a larger width a

soliton overlapping is largerand interactions between them are stronger.

Therefore, one can expect a wider impurity band and lower y .

V. DISCUSSION M D SUMMARY

How we would like to c ..cuss modifications of both models and show

that the EDOS will be qualitatively the same. Let us consider in detail the

chemical role of dopants. We focus our attention only on that orbital of a

.lost atom, which is important in a charge transfer process from (or to) a

polyacetylene chain. There is an overlapping beteeen orbitals of a dopant

and atoms in the chain. The system can be described by the tight binding

iiamiltonian (l) with the hopping integral t between a dopant and a nearest

carbon, and the difference Vd of their atomic potentials. The Green

function can be written analogously as (}8) , i.e.

1
00

E-
E-V,

_ M - (SI)

-t

Thus, the effective atomic potential V used in Sec.Ill is

V =
E - V ,

(28)

The Coulomb interaction between a transferred charge and electrons in the

chain may be described as

Dopants also change bond angles and overlapping in a polyacetylene

chain. We have studied positions of a single impurity state in the case of

stretching and squeezing. Squeezing in the chain produces very very shallow

levels in the gap (pratically not visible in an experiment} and during the

stretching levels do not appear at all. Interchain connections through dopants

slightly modify the EDOS as well.

For solitons we shouia also assume a perturbation of the atomic potential.

One can. easily do it changing E to E-V in formula (£5). U3ing the

same method we have calculated the EDOS. There are only small difference

from that in Fig.6. The bands in the gap region are slightly shifted and for

yii of solitons and V = 1 the shift is 0.01.

In summary we would like to point out the simplicity of the method
and

and the straight physical^mathematical connections between a single impurity

state and an impurity band. For doped polyacetylene we have shown the role

of impurities built in the chain and solitons. In both cases the large

reduction of the gap is observed, even for a few per cent of impurities. The
transition

critical concentration.at which the semiconductor-metal/occurs,is about &% •

for the constant distortion S =0.1. This value is much lower than that

estimated by Mele and Rice (l98l). They also obtained a much larger value

of the EDOS at E = C. These differences are the result of the different

chain lengths and averaging method. Hele and Rice (19Bl) considered the 256

atom length chain, where the individual states have the Gaussian shape with

a half-width taken arbitrarily. The averaging procedure is unknown. In the

present work the EDOS calculations have been performed for an infinite chain,

where interactions of uniformly and randomly distributed impurities have been

treated in a mean field manner (CPA). We restricted our studies to the

zeroth width solitons, what is significant for a soliton band formation. He

expect the existence of the distortion in metallic state (compare with the

experimental facts in irradiated TCKQ salts (Zuppiroli and Bouffard 1980)

In. further papers the present method will have been used for stability

conditions, d.c. and optical conductivity calcualtions in doped polyacetylene.

HCoul V0d (29)

where n and n are the electron number operators at the 0 site and

at the dopant, respectively

Hartree-Fock approximation we get V = V
Od

V- is the Coulomb integral. Using the
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TABLE I

The electron density of states p(G) at E = 0 for the different soliton

cocentrations y.

y

0.001

0.01

0.05

0.1

0 . 2

1.0

np(0)

0.036

0.112

0.21*1

0.323

0.1*03

0.1*55
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FIGURE CAPTIONS

Fig. l

Fig.-?

The electron density of states calculated in the isCPA for s i te
impurities with the potential V = 1 (a) and V = 1+ (b) for the
concentration y = 0.1 (full curve), 0.2 (dashed curve) and 0.5
(dash-dotted curve). The arrow points out the position of the
single impurity s tate . .

The electron density of states calculated in the 2aCPA for s i te
impurities V - 1 (a) and V = h (b) for y = 0.1 (full curve), 0.2
{dashed curve) and 0.5 (dash-dotted curve). . The arrow points out
the positions of the single and two impurity s tates .

The electron density of states calculated in the 2bCPA for bond

impurities tA= -1 and tB = -1.5 for y = 0.1 (full curve), 0.2

(dashed curve) and 0.5 (dash-dotted curve).

The electron density of states of the distorted chain & = 0.1 with
the concentration y = 0.1 of the s i te impurities V = 1. The
dashed lines denote the gap in the pure system.

The electron density of states in the gap region for the s i te impurity

V = 1 and y = 0.1 in the distorted chain £ = 0.1 (full curve),

0.05 (dashed curve) and 0.02 (dash-dotted curve).

The electron density of states of the distorted chain £ = 0.1 in
the gap region for the soliton concentration y = 0.01 (dotted curve),

0.03 (dash-dotted curve), 0.05 (dashed curve) and 0.07 (full curve).
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