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An Anderson impurity in conjugated pojymers: 11. 
Single-sotiton solutions by the unrestricted 
Hartree-Fock approximation 

Kikuo Harigayat 
Department of Physics, Faculty of Science, University of Tokyo, Hongo 7-3-1, 
Bunkyo-ku. Tokyo 113, Japan 

Received 7 December 1990 

Abstract. In order to investigate electronic structures around a carbonyl defect ( > e o ) ,  a 
dopant or an atomic side group in conjugated polymers, an Anderson impurity model is 
introduced in the Su-Schrieffer-Heeger (SSH) model. The case where the local level of the 
impurity has negative energy isconsidered. The Coulomb interaction term is Ueated by the 
unrestricted Hartree-Fock approximation. Polymer chains with odd sites are numerically 
diagonalized. Electron number is first taken to be half-filled. Next, it is increased by unity. 
In the half-filled case. the soliton is positivelycharged when twoeffective impurity levels are 
deep in the valence band. The impurity level is almost full. The mid-gap state of the soliton 
is nearly empty. As the Coulomb strength intensifies, the soliton gradually changes into a 
neutral (spin) soliton where one of the effective levels is high in the conduction band. The 
impurity levels are nearly singly occupied. When one electron is added, the change of the 
electronic states can be understood from that of the half-filled case When the two effective 
levelsaredeepenough, thesolitonisnearlyneutral. lfoneofthemishighin theconduction 
band, the soliton is negatively charged. A local moment does not exist for small Coulomb 
strengths U when electronic states are half-filled. It is present when an electron is added. 
?his contrast is due (at U = 0) to whether the Fermi level is located in the gap or at one of 
the energy levels. Relations of the results to real defect states are discussed. 

1. Introduction 

When an impurityispresent in conjugatedpolymers, electroniclevelschange drastically 
around the impurity. We have been studying the effects of three types of impurities in a 
series of publications [l-lo]. The first one is the bond-type impurity [l, 21, which locally 
changes the electron-hopping integral. It has been found that bond-type impurities do 
not make an impurity band in the electronic Peierls gap. The second one is the site-type 
impurity [ I ,  3,7], where the electronic site energy varies. Site-type impurities make an 
impurity band in the gap. It is located at an energy close Io the valence or conduction 
band. The position depends on the sign of the impurity strength. Finally, the third one 
is the Anderson impurity discussed in the preceding paper (referred to as I hereafter) 
[IO]. The Anderson impurity takes into account the cases where interactions between a 
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polymer chain and an additional localized level are strong. Possible situations where the 
Anderson impurity model might be applied are: electron-hopping process between a 
dopant atom and a polymer chain; a local carbonyl (>bo )  defect that is naturally 
present in pristine polyacetylene; and the effects of an atomic side group that strongly 
accepts electrons from or donates them to the chain. We note that Mizes and Conwell 
[ll] have independently proposed the use of the Anderson model (with no Coulomb 
interactions) to describe a carbonyl ( > e o )  defect. T h e n  bond between the carbon 
and the oxygen is modelled by the mixing interaction. We also note that Forner etal[12] 
have included the carbonyl defect by the modulation of the site energy. The present 
treatment is a generalization of their model. In I ,  we have studied the effects of an 
impurity without the Coulomb term. A new localized level has been found in the Peierls 
gap. This level is located above the top of the valence band if the impurity level is deep 
in the valence band. It is below the bottom of the conduction band when the impurity 
level is high enough in the conduction band. This level always exists whether the system 
is nearly dimerized or there is a soliton excitation pinned at the impurity. 

We depict our model system schematically in figure 1, We consider an imaginary side 
atom, namely ‘X’- adjacent to a carbon atom of a polymer chain. In the atom X, there 
is one localized level in  which Coulomb repulsion between electrons might be strong 
enough. In contrast, the Coulomb force in the chain would be relatively weak. We 
neglect it. As the atom X and the chain interact strongly via the mixing interaction, 
electronic states of the polymer chain would be drastically changed around the atom X. 
There would be an effective site-type impurity at the atom X. 

Interactions between the atom X and the chain would indeed be quite interesting. 
When the atom X attracts electrons strongly and thus a local level, namely Ed, of the 
atom X is deep enough, the pristine configuration in figure l(a) would changc into 
configurations in figures l(b)-(d). As the X atom would act as an effective site-type 
impurity, it would be energetically favourable to create a pinned soliton around the 
atom X. Figures l(b) and (d) are the cases where the Coulomb force is weak, while it is 
sufficientlystronginfiguresl(c)and(e). In figure I(b), twoelectronsoccupythelocalized 
level and n-electronic states in the chain are filled with electrons, the number of which 
is reduced by unity from half-filling. A positively charged soliton is pinned at the site 
adjacent to the atom X. As the Coulomb repulsion becomes stronger, the number of 
localized electrons decreases. There might be one electron at the atom X when one of 
the effective levels is in the conduction band (the other remains in the valence band). 
The situation is depicted in figure l(c). The soliton’s mid-gap level is singly occupied 
and a spin soliton is present. Electronic level structures are different between figures 
I(&) and (c). Crossover between the two cases may be described as a phase transition in 
a mean-field approximation 1131. A similar crossover may also occur when electron 
number changes. The case where electron number increases by unity is shown in figures 
l(d)and(e). Infigure I(d),aspinsolitonispinnedat theatomX. Itmight be transformed 
into anegatively charged soliton (figure l(e)) as the Coulomb strength increases. In this 
way, our system may show fertile changes of electronic structures, which depend on 
given parameters, for example, filling of electrons and Coulomb interaction strength. 

The Anderson impurity in metals was thoroughlyinvestigated. It isnow well known 
that the Kondo effect occurs. One of the causes of this effect is the singularity at the 
Fermi energy. Many-body effects strongly renormalie physical properties. Differently 
from the Anderson impurity in metals, the Fermi energy lies in the wide Peierls gap in 
the present system. It would be an interesting problem to clarify how the Kondo effect 
changes. But, in this paper, we do not discuss the possibility of the Kondo effect. We 
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Figure 1. Schematic structuresof an Anderson impurity i n  conjugated polymers. Electronic 
level structures are also shown. I n  (a), a pristine configuration with the nearly dimerized 
chain is shown. An Anderson impurity is denoted by the atom ' X .  In (b) and (c) .  the cases 
with half-filled electrons are shown. In (d )  and ( e ) ,  the cases where an electron is added are 
depicted. The twoeffectivelevels €*and 4 + Varedeep in thevalence band in(b) and (d). 
One of them, E, + U ,  is in the conduction band in (c) and (e). 

concentrate upon structures of one-electron states. Thus, we shall make use of the 
unrestricted Hartree-Fock (UHF) approximation for the Coulomb repulsion between 
electrons at the atom X. The Kondo effect is automatically excluded in the UHF. 

The purpose of this paper is to investigate how lattice and electronic structures 
change, depending upon the impurity level, the Coulomb strength and the electron 
number. The case where the local level at the atom X has negative energy is considered. 
The Coulomb term has been treated by the UHF [13]. Polynier chains with odd sites are 
to be numerically diagonalized. First, electron number is taken to be half-filled (case 
A). Secondly, it  isincreasedbyunity(caseB). Changeofelectronicstructures, discussed 
in association with figure 1, is quantitatively investigated. In case A, the soliton is 
positively charged when two effective levels, Ed and Ed + U, are deep in the valence 
hand. The d site is almost full. The mid-gap state of the soliton is nearly empty. As the 
Coulomb strength intensifies, the soliton gradually becomes a neutral (spin) soliton 
where one of the effective levels, Ed + U, is in the conduction band. The d level of the 
impurity is nearly singly occupied. In case B, change of the electronic levels can be 
understood from that of case A, by adding one electron. When the two effective levels 
are deep enough, the soliton is nearly neutral. If one of them is high in the conduction 
band, the soliton is nearly negatively charged. Relations to real defect states are 
discussed. 
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This paper is organized as follows. The model and the UHF treatment are explained 
in section 2. Section 3 is devoted to numerical results. We summarize the paper and give 
a discussion in section 4. 

2. Model and numerical method 

We consider the following model: 

H = H s s " + H *  (2.1) 
The first term is the Su-Schrieffer-Heeger (SSH) Hamiltonian [14] 

~ s s ~ = - E [ t o - a ( u " t r  -un ) ] (C:+i ,~Cn .~  f H C ) + f K x ( u n t i  -U,) '  (2.2) 
".S n 

where fo is the nearest-neighbour hopping integral of the undimerized chain, (Y is the 
electron-phonon coupling strength due to the modulation of the hopping integral, U. is 
the displacement of the nth CH unit, cn,$ is an annihilation operator of an electron at the 
nth site with spins (s = t or 1 ) and K is the force constant between adjacent units. 
The second term is the Anderson impurity [13] localized at the ith site 

HA= Ed x d : d ,  + V x ( d J c l , s  +c],,d,) + Ud\d td \d j  (2.3) 

where d$ is an annihilation operator of a localized electron at the atom X, Ed is its atomic 
level, V is the mixing matrix element between the localized level and the z-electron 
orbitalat theithsiteofthepolymerchainand Uistheon-siteCoulomhrepulsionstrength 
at the atom X. 

The model equation (2.1) is to be analysed with the help of the numerical diag- 
onalization method. We use the UHF for the Coulomb interaction at the atom X. The 
Coulomb term in (2.3) is transformed as follows: 

d i d  d\ d j  j ( d \ d r  }d \d,  + d\ d t ( d \  d , )  - ( d \ d r ) ( d \ d i ) .  (2.4) 

n = (did t ) +  ( d \ d L )  (2.5) 

m (d\ dr ) - (d\ d l  ) (2.6) 

We define charge and spin order parameters as 

and 

respectively. Then, equation (2.3) is transformed into 

H6\ = 

where 

{ E d  + I[n + (sgns)m]U)d:d, + V z  (dfc, ,  + c],,d,) - t(n2 - mZ)U (2.7) 

1 if s = T  I-, if s = . l  
sgns = 

In the UHF. wavefunctions are calculated by the Schrodinger equation: 
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and 

E r . s q x . s ( d )  = [Ed + Y n  + (%ns)m)U]qr , s (d )  + v q x , s ( l ) .  (2.9) 

The difference from I is that the wavefunctions depend on spins. The bond variable is 
determined through 

(2.10) 

Equations (2 .5) ,  (2.6),  (2.8), (2.9) and (2.10) are to be solved numerically. The 
method is the same as in the previous papers [&lo].  

3. Numerical results 

Numerical results are reported for the parameters LY = 4.1 eV A-‘, K = 21 eV ,&-’and 
to = 2.5 eV with N = 51. These give A = 2a2/nKta = 0.20. We particularly take V = 
03,. The quantities Ed and U are taken as independent variables in order to see how 
the electronic structures of the chain system and the atom X change. They are varied 
within -1.0t0 S Ed 0 and 0 s U S  2.01,. We specially consider the case Ed < 0 for 
simplicity. This case was shown in figure 1. Results for the case Ed > 0 can be obtained 
by performing charge conjugation transformation. 

3.1. N ,  = N + I 
In this subsection, we report on numerical results of the half-filled system, which 
means that the total number of states in the system is 2(N + 1 )  and electron number is 
the half of 2(N + 1). Electron numbers of the ‘up’ and ‘down’ spins are the same 

We show typical solutions when the d level is deep and in the valence band: Ed = 
-0.61,. When the Coulomb strength Uis not too strong, the two effective levels, Ed and 
Ed + U, are located in the valence band. The situation was shown in figure l(6). We 
present a typical solution for U = 0.2r,. Figure 2(a) shows the smoothed bond variable 
yn E ( - l y ( yn  - y,+,)/2.Apinnedsolitonisfoundaroundtheimpurityatn = 25. Figure 
2(b) shows the smoothed charge density, p. = ~ ~ ( ( C ~ ~ ~ , ~ C ~ - ~ , ~ )  + 2(cL.,c,,,) + 
(ca, l,pcn+ ,,$))/4, together with the d-electron number n by the vertical line. The d level 
is filled up with about two electrons. The n-electron system has reduced electron density 
(excess hole density) around the impurity. Then, thesolitoois positivelycharged. Figure 
2(c) is the spin density distribution, 8, ~ ~ ( s g n s ) ( ( c ~ _ , , , c , _ , , , )  + Z(C$~,J + 
spins. This is because the Fermi energy lies between occupied and unoccupied levels of 
the n-electron system. It would be energetically favourable to make m zero. 

On the other hand, if one of the effective levels, Ed + U, is so large that it is in the 
conduction band, the electronicstructure is different. Figure 3 shows a solution for U = 
1.8to. As shown in figures 3(6) and (c), the order parameters, n and m, are about unity. 
This shows that one of the effective levels at the atom X is nearly full, and the other is 
almost empty. Then, a magnetic local moment appears at the d level in the mean-field 
picture of the Anderson impurity [13]. This moment was depicted in figure l(c) by the 
point at the atom X. The n-electronic system has almost uniform charge distribution 

N , = N b = 2 6 .  

( C ~ + ~ , ~ C . + ~ . ~ ) ) / ~ .  t There is no spin density. Energy levels are degenerate with respect to 
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FigureZ. Dimerization pattern ( U ) .  electron den- 
sity (b) and spin density (c) in the SSH model with 
an Anderson impurity a t  n = 25. I n  ( b ) ,  electron 
numbern at the d level is also shown by the vertical 
line. In (c), number of spin m at the d level 
is presented by the vertical line. Parameters are 
V = 0.5to, Ed = -0.61,. U = 0.2t0, N = 51 and 
Ne = 52. 
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Figure 3. Dimerization pattern (a),  electron den. 
sity (b)  and spin density ( c )  in the SSH model with 
an Anderson impurity at n = 25. In (b ) .  electron 
number n at the d level is alsoshown by t he vertical 
line. In (c). number of spin m at the d level 
is presented by the vertical line. Parameters are 
V=0.51,. E,- -0 .61 , .  U = 1 . 8 1 ~ .  N = 5 1  and 
N. = 52. 

and the spin density changes around n = 25. So, the pinned soliton is a spin soliton. The 
mid-gap level is nearly singly occupied as shown in figure l(c). Soliton width is larger in 
figure 3(u) than that in figure 2(a) ,  because of weakening of the pinning force. The 
crossover between figures 2 and 3 is the second-order phase transition in the formalism 
of the UHF, which will be discussed later. 

Figure 4 shows the energy level structure around the energy gap as a function of U 
with Ed (= -0.6tU) kept constant. The Fermi energy is denoted by the broken curve. 
The thin curve indicates Ed + U. For U < l.Ot,, the energies of the levels increase as U 
increases. The levels are doubly degenerate. The unoccupiedlevel in the gap is the mid- 
gap level of the positive soliton. When U > Lot,, each level splits into two undegenerate 
levels due to the phase transition. For l.Ofo < U s  1. It,, the energy levels in the gap 
would be complicated mixed levels of the soliton's mid-gap state and the d level of the 
atomX. This wouldeasily besuspectedifwe remindourselvesofthe factthat the positive 
gradient of energy levels as a function of U is very close to that of the thin curve at 
U =  l.Ol,. When U 3 l.lto, there are two levels in the gap. One of them is occupied 
and the other is unoccupied. They are associated with the pinned spin soliton. 

Changes of level structure in the gap are summarized in a phase diagram in figure 5. 
The quantities U and Ed are taken as variables. The thick curve is the boundary of the 
phase transition betweenm = Oandm# 0. Thecharacteroflocalizedlevelsalsochanges. 
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U l t ,  

Figure 4. Electronic level structure around the 
Peierls gap as a function of U. Parameters are 
V = 0.5to, Ed = -0.6t0, N = I1 and N, = 52. The 
Fermi level is denoted by the broken curve. The 
thin line is the effective level Ed + U, 

. \ 
1.0 

\ 
\ 
\ . 

\ 
\ .. 

FigureS. Pharediagramofelectroniclevelsin the 
Peierlsgap. ParametersareV = O.St,,N= Sland 
N. = 52. The symbols P and S indicate that there 
are positive and spin solitons, respectively. The 
symbols M, (j = 1.2) mean that levels are mixed 
ones of the impurity level and the mid-gap state. 
M,  is form # 0 while M2 is form = 0. The heavy 
full curve is the boundary of the second-order 
phase transition. The broken line shows the 
relation Ed + U = A". 

The other thin curves are the boundaries where the character of localized levels located 
in the gap only changes. The region P is the phase where a positive soliton is present. 
The symbols M i  and M, denote the regions where mixed energy levels of the mid-gap 
state and the d state are present. The region S is the phase with the spin soliton. When 
the dlevel isdeepenough (Ed < -0.28tn), the local moment is present in the regionM,. 
WhenEd > -0.28to, themoment appearsfor larger UthanintheregionM,. Thesymbols 
MI and M2 indicate this difference. The broken line shows the relation Ed + U = A,,. 
When €d is deep enough (Ed < -0.6tn), the two boundaries among the regions P, Mi 
and S are nearly parallel to  the broken line. 

Figure 6 shows variations of n and m as a function of U with Ed = -0.6tn. For small 
U, n decreases linearly. This reflects the upward shift of one of the effective levels. For 
larger U, n ceases decreasing as m increases. This means development of the local 
moment at the d level. 

Figure7shows the boundary between thephasesm = 0 andm # Oin theEJUversus 
U-l plane. The curve has a maximum near E d / U =  -0.5. This is due to the electron- 
hole symmetry of the mean-field Hamiltonian when &, = -$U. This property is the 
same as in the UHF solution of the Anderson impurity in metals [13]. The value of U-' 
at the maximum corresponds to n T / U  = 0.393, where T = V2/2t0 is the broadening of 
the d level, obtained from equation (3.7) in I. For the Anderson impurity in metals, the 
maximum value is 1.0 [13]. The two values do not agree. This might be due to the finite 
system size and/or the effect of the presence of the wide energy gap. 
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U1 t ,  

Figure 6. Variation of order pzameters m and n 
as a function of U. Parameters are V =  0.5t0. 
Ed = -0.61". N = 51 and N. = 52. 

-1.0 -0.5 

EdlU 

Figore7. Phase boundarybetween thc two phases 
with m = 0 and m # 0 in the EdIU versus tolU 
plane. 

3.2. Ne = N + 2 

In this subsection, we present numerical results for systems where electron number 
increases by unity from that in section 3.1. We take N ;  = 27 and N J  = 26. Typical 
solutions are presented for Ed = -0.6to Figure S shows the case Ed + U < -Ao. We 
specially take U = 0.2t0. A soliton is weakly pinned around the impurity at n = 25, as 
shown in figure S(a). Figure S(b) shows that the d level is nearly doubly filled and the 
distribution of n electrons is almost uniform. Figure S(c) shows that there is excess spin 
density around n = 25. So, the soliton is a spin soliton. This was shown in figure l(d). 
Two points at the atom X represent the d electrons, the number of which is about two. 
Incontrast tofigure2, theorderparametermisfiniteandenergylevelsarenotdegenerate 
with respect to spins. The reason might be that the Fermi energy is located at the singly 
occupied mid-gap level if M = 0. Thus, it is energetically favourable to make m finite. 

Figure 9 shows a typical solution for the case Ed + U > A,. We take U = l.St,. In 
figure 9(a), the soliton is weakly pinned by the impurity at n = 25. The soliton width is 
larger than that in figure S(a). Figure 9(b) shows thecharge distribution. Filling of the d 
level is almost one. Excess n electrons cluster aound the impurity. Figure 9(c) is the spin 
density. There is a localized spin at the d level. The system of n electrons has almost no 
spin. Then, the soliton is a negatively charged one. As discussed in I, the effective site- 
type strength is positive. Thus, the pinning force of solitons is strongest for a positive 
soliton. It is weakest for a negative soliton. This explains well the variation of the soliton 
width. 

Figure 10 shows the change of the energy level structure as a function of U with ,Ed = 
-0.6t0 fixed. The Fermi energy is denoted by the broken curve. The thin line shows 
Ed + U. When 0 < U < 0.30r0, there are two levels in the gap. Each of them is not 
degenerate with respect to spin. The lower level is occupied and the upper one is 
unoccupied. They are associatedwith the spin soliton. When 0.30t0 < U < 0.S4tO, there 
are threelevelsin thegap. They are mixedlevelsoriginatingfrom the twomid-gaplevels 
and the upper effective level Ed + U. Finally, if U > O.S3t,, both levels in the gap are 
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Figure 8. Dimerization pattern (U ) ,  electron den- 
sity (b) and spin density (c)  in the SSH model with 
an Anderson impurity at n = 25. I n  (b). electron 
numbern atthed levelisalsoshown by the vertical 
line. In (c). number of spin m at the d level 
i s  presented by the vertical line. Parameters are 
V=0.51,,  Ed=-0.6to, U=0.21,,, N = 5 1  and 
N. = 53. 

-0.5 
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Figure 9. Dimerization pattern (a), electron den- 
sity ( b )  and spin density (c) in the SSH model with 
an Anderson impurity at n = 25. In (b), electron 
numbern at tt.edlevel is alsoshown by the vertical 
line. In (c). number of spin m at the d level 
is presented by the vertical line, Parameters are 
V =  0.5h Ed = -0.6t,,, U =  l.Slo, N = 51 and 
N .  = 53. 

occupied. They are the mid-gap levels of the negative soliton. It should be noted that 
the two boundaries, U = 0.30t0 and 0.84t0, are well explained by the relations Ed + U = 
?A,. When the upper effective level Ed + U is in the Peierls gap, there are three mixed 
levels. On the other hand, when it is in the valence or conduction band, there are two 
levels. 

We summarize the variation of electronic structure in the Ed versus U plane as a 
phase diagram. It is shown in figure 11. The full curves are boundaries where the number 
of levels in the gap changes. The broken lines indicate the relations Ed + U = ?Ao. The 
symbols S and N mean that there are spin and negative solitons, respectively. The region 
M indicates that energy levels are complicated mixed ones. The positions of the two full 
curves agree well with the two broken lines. It is noted that m does not vanish over all 
the space except along the line U = 0. 

Variations of n and m are shown as a function of U in figure 12. We take Ed = 
-0.6t,. The two quantities vary almost linearly when Uis small. They increase weakly 
or decrease weakly when Uis larger. The curve of n is similar to that in figure 6. 

4. Summary and discussion 
We have discussed how the Coulomb repulsion at the d site affects one-electron level 
structures when a soliton is present around the impurity. Vie case where the local level 
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Figure IO. Electronic level structure around the Peierls gap as a Function of U. Parameters 
are V = 0.5:,, Ed = -0.6:". N = 51 and N, = 53. The Fermi level is denoted by the broken 
curve. The thin line is the effective level E, + U. 

4 h  U /  to 

Figure 11. Phase diagram of electronic levels in 
thePeierlsgap. Parameters are V = 0.5t0, N = 51 
and N, = 52. The symbols N and S indicate that 
there are negative and spin solitons. respectively. 
The symbol M means that levels are mixed ones 
of the impurity level and the mid-gap state. The 
broken lines show the relations E, + U = *Ao. 

Figure 1.2. Variation of order parameters m and 
n as a function of U. Parameters are V = O.5:,, 
Ea = -0.6r0, N = 51 and N, = 53. 

at thedsitehasnegativeenergyhasbeenconsidered.TheCou1ombterm hasbeentreated 
by t h e ~ ~ ~ [ 1 3 ] .  Polymerchainswithoddsiteshave beennumericallydiagonalized. First, 
electron number has been taken to be half-filled (case A). Secondly, it is increased by 
unity (case B). In case A, the soliton is positively charged when two effective levels. Ed 
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and Ed + U ,  are deep in the valence band. The d site is almost full. The mid-gap state of 
the soliton is nearly empty. As the Coulomb strength intensifies, mixing between the 
localized level of the impurity and the mid-gap level becomes stronger. Finally, the 
soliton becomes a neutral (spin) soliton when one of the effective levels, Ed + U ,  is in 
the conduction band. The d level of the impurity is nearly singly occupied. In case B, 
the change of the level structures can be understood from that of case A by adding one 
electron. When the two effective levels are deep enough, the soliton is nearly neutral. 
If one of them is high in the conduction band, the soliton is nearly negatively charged. 
As the charge of the soliton goes from positive, through neutral, finally to negative, the 
width of the soliton extends. This is due to weakening of the pinning force. 

When the Coulomb force is weak, there is no local moment for case A. It is present 
for case B. Thiscontrast arises because (at U = 0) the Fermi level islocated in the Peierls 
gap for case A, while it is just at the singly occupied level in case B. In case A, when the 
Coulomb strength intensifies, there occurs the second-order phase transition. The local 
moment appears for the larger U phase. The phase boundary in the Ed/U versus r,/U 
plane is similar to that of the Anderson impurity in metals. It has a peak when Ed = 
-RI, as seen in figure 7 .  This is due to the electron-hole symmetry [13]. When Ed is 
shallow, the phase boundary separates one of the mixed states and the spin soliton state. 
If Ed is deep, the boundary separates the positive soliton state and the other of the mixed 
states. This is clearly seen in figure 5. In case B, the transition from the positive soliton 
state, through the mixed state, to the negative soliton state is due to change of the 
position of the effective levels at the d site. The two boundaries in figure 11 coincide well 
with the relations Ed + U = *Aw 

In view of the fertile change of electronic structures, it should be useful to remark 
on relations to realistic defect states. When the impurity is a carbonyl (>bo)  defect, 
then electron of the carbon at the defect forms a n bond with the oxygen atom. There 
is a double bond between the carbon and the oxygen. This bond has been represented 
by the mixing interaction in our model. The localized d level should be nearly singly 
occupied. One effective level, Ed, must be in the valence band: Ed < -Ao. The other 
level, Ed + U, is in the conduction band: Ed + U > A w  The number of n electrons of 
the carbon adjacent to the impurity is about unity. This electron is located at the defect 
that connects the two undegenerate ground states of the polymer chain. Thus, a neutral 
soliton is pinned at the impurity. This situation has been depicted in figure l(c). This 
case corresponds to the local carbonyl state. In our mean-field result, localized spins are 
present at the soliton and the d site. Two states with respect to the two spins mix with 
each other to form a n bond between the carbon and the oxygen. The total spin is 
zero. This coincides with experiments: the carbonyl defect (>C==O) has no total spin. 
However, we cannot identify each spin experimentally. This may reveal the limitation 
of the mean-field theory. Large fluctuations neglected in the mean-field treatment may 
generate the singlet confinement of the two localized spins, as the recent numerical 
diagonalization study ofthe finite tight-binding system with Anderson impurity indicates 
[15]. Then, we would not be able to identify two spins at T = 0. This should be checked 
in future work. 

When the defect is a dopant, electrons of the dopant make a full shell. The d level of 
our model is nearly full when the dopant is an acceptor. It is almost empty when the 
dopant is a donor. The two cases may be modelled by the parameters U = 0 and 
lEdl % A,,.ThishasbeeninvestigatedinI. Wehaveshown that theimpurityisequivalent 
to the effective site-type impurity. The positive site-type impurity corresponds to an 
acceptor, while the negative one corresponds to a donor. 
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Finally, when the defect is an atomic side group, there may be many cases. Our data 
by thegeneral treatment might correspond to varioussituations. It seems that our model 
is too simple to describe real defect states. However, we believe that variation of one- 
electron level structures are simulated well by the present calculations. 
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