IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

An Anderson impurity in conjugated polymers. Il. Single-soliton solutions by the unrestricted

Hartree-Fock approximation

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1991 J. Phys.: Condens. Matter 3 4857
(http://iopscience.iop.org/0953-8984/3/26/008)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.147
The article was downloaded on 11/05/2010 at 12:18

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/3/26
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matter 3 (1991) 4857—4868. Printed in the UK

An Anderson impurity in conjugated polymers: II.
Single-soliton solutions by the unrestricted
Hartree—Fock approximation
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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 (>C=0),a
dopant or an atomic side group in conjugated polymers, an Anderson impurity model is
introduced in the Su-Schrieffer-Heeger (ssi) model, The case where the local level of the
impurity has negative enerpy is considered. The Coulomb interaction term is treated 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 positively charged when two effective 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
levels are deep enough, the soliton is nearly neutral, If one of them is high in the conduction
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,
This contrast is due (at I/ = 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 impurity is present in conjugated polymers, electroniclevels change drastically
around the impurity. We have been studying the effects of three types of impuritiesina
series of publications [1-10]. The first one is the bond-type impurity [1, 2], 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 {1, 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 to 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)
{10]. The Anderson impurity takes into account the cases where interactions between a
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polymer chain and an additional localized Jevel 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 (>C=0) 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
[11] have independently proposed the use of the Anderson model (with no Coulomb
interactions) to describe a carbonyl (>C=0) defect. The x bond between the carbon
and the oxygen is modelled by the mixing interaction. We also note that Férner eraf [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 eifects 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. 1t 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 ievel 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 2 local level, namely E,, of the
atom X is deep enough, the pristine configuration in figure 1(a) would change into
configurations in figures 1(5)-(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 1(b) and {d) are the cases where the Coulomb force is weak, while it is
sufficiently stronginfigures 1{c) and {e). Infigure 1(b), twoelectrons occupy the localized
level and sr-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 1(c). The soliton’s mid-gap level is singly occupied
and a spin soliton is present. Electronic level structures are different between figures
1(b) and (c). Crossover between the two cases may be described as a phase transition in
a mean-field approximation {13]. A similar crossover may also occur when electron
number changes. The case where electron number increases by unity is shown in figures
1(d)and(e). Infigure }(d), aspinsolitonis pinned at the atom X. It might be transformed
into a negatively charged soliton {figure 1(¢)) 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 Couiomb interaction strength.

The Anderson impurity in metals was thoroughly investigated. It is now 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 renormalize physicat properties. Differently
from the Anderson impurity in metals, the Fermi energy lies in the wide Peierls gap in
the present system. 1t 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 t. Schematic structures of an Anderson impurity in conjugated polymers, Electronic
leve] structures are also shown. In (@), a pristine configuration with the nearly dimerized
chain is shown. An Anderson impurity is denoted by the atom ‘X, In (b) and (¢), the cases
with half-filled electrons are shown. In (d) and (e), the cases where an electron is added are
depicted. The two effective levels £, and E, + U are deep in the valence band in (b} and (d).
One of them, Eq + U, is in the conduction band in (¢} 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 URF.

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]. Polymer chains with odd sites are
to be numerically diagonalized. First, electron number is taken to be half-filled (case
A). Secondly, itisincreased by unity (case B). Change of electronic structures, discussed
in association with figure 1, is quantitatively investigated. In case A, the soliton is
positively charged when two effective levels, E5 and E; + 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, the soliton gradually becomes a neutral (spin) soliton
where one of the effective levels, E, + U, is in the conduction band. The d level of the
impurity is nearly singly occupied. In case B, change of the electronic Jevels 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. Mode! and numerical method

We consider the following model:

H=H55H+HA. (2.1)
The first term is the Su—Schrieffer-Heeger (ssu) Hamiltonian [14]
Hsgn = — 2 1to — ot s, - U )] (Ch+1,5Cns + HC) + KX (Mnsy = up)? (2.2)

where 1, is the nearest-neighbour hopping integral of the undimerized chain, « is the
electron~-phonon coupling strength due to the modulation of the hopping integral, u, is
the displacement of the #nth CH unit, ¢, , is an annihilation operator of an electron at the
nth site with spins (s = 1 or | ) and K is the force constant between adjacent units.
The second term is the Anderson impurity [13] localized at the /th site

Hy=Eq 2 did, + V2 (dic,, +cld) + Udyd,dld, (2.3)

where d, is an annihilation operator of a localized glectron at the atom X, E, is its atomic
level, V is the mixing mairix element between the localized level and the a-electron
orbital at the /th site of the polymer chain and Uis the on-site Coulomb repulsion strength
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 UNHF for the Coulomb interaction at the atom X. The
Coulomb term in (2.3) is transformed as follows:

didd\d, >{dydyyd\d, +dhd(did) - did }dd,) (2:4)
We define charge and spin order parameters as

n={dhd)+{d\d) (2.5)
and

m={d%d)-{d\d) (2.6)

respectively. Then, equation (2.3) is transformed into

Hjy = 24Eq + Hn + (sgns)m|Ukd}d, + V2 (d]eys + cld,) — ¥ = mHU  (2.7)

where
1 it s=1
-1 if s=|\.
In the uBF, wavefunctions are calculated by the Schrodinger equation:

Ex.s‘px.s(n) = —(ID - ayn—l)mx.:(n - 1) - (fD - a’yn)(pk.s(n + 1) + Van,!‘prc,s(d)
(

sgnsz{

2.8)
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and
Exs@Prs(d) = [Eq +(n + (sgns)m)U]e, . (d) + Vo, . (). 2.9

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

2a + 2o r
Yo =~ _I'(_E Prsn+ I)QOKJ(") + ﬁz E @ s+ L@ (m). (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 [8~10].

3. Numerical results

Numerical results are reported for the parameters o = 4.1 eV A1 K=21eV A 2and
to=2.5eV with N = 51. These give A = 2a%/7Kt; = 0.20. We particularly take V =
0.5t5. The quantities £4 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 —1.0f, < E; <0 and 0 < U =< 2.0r;. We specially consider the case E; <0 for
simplicity. This case was shown in figure 1. Results for the case E4 > 0 can be obtained
by performing charge conjugation transformation.

31.N.=N+1

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
NT = Nl = 26.

We show typical solutions when the d level is deep and in the valence band: £y =
—0.61;. When the Coulomb strength {/is not too strong, the two effective levels, £, and
Ey+ U, are located in the valence band. The situation was shown in figure 1(b). We
present a typical solution for U = 0.2t,. Figure 2(a) shows the smoothed bond variable
Vo= (—1)*(¥n — ¥»+1)/2. A pinnedsolitonis found around the impurity atn = 25. Figure
2(b) shows the smoothed charge density, g, =ZX,((c}_; cpoi )+ 2e) sCns) +
(e} +1,5Cne1.5)/4, together with the d-electron number » by the vertical line. The d level
is filled up with about two electrons. The z-electron system has reduced electron density
(excesshole density) around the impurity. Then, the solitonis positively charged. Figure
2(c) is the spin density distribution, &, =Z,(sgns)((c}-; . Cno1.s} + 2ch ;Cpst +
{cl41.5€n+1.5))/4. There is no spin density. Energy levels are degenerate with respect to
spin s. This is because the Fermi energy lies between occupied and unoccupied levels of
the m-electron system. It would be energetically favourable to make m zero.

On the other hand, if one of the effective levels, £y + U, is so large that it is in the
conduction band, the electronic structure is different. Figure 3 shows a solution for U =
1.8¢,. Asshown in figures 3(&) and (c), the order parameters, n and 1, 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 1{c) by the
point at the atom X. The n-electronic system has almost uniform charge distribution
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Figure 2. Dimerization pattern {2), electron den-
sity {b) and spin density (¢) in the 555 model with
an Anderson impurity at 2 = 23. In (&), electron
number nat the d level is also shown by the vertical
line. In (c), number of spin m at the d Jevel
is presented by the vertical line, Parameters are

Figure 3. Dimetrization pattern (a}, electron den-
sity (&) and spin density {¢} in the 555 model with
an Anderson impurity at n = 25. in (&), clectron
number r at the dlevelis alsoshown by the vertical
line. In (¢), number of spin m at the d level
is presented by the vertical line. Parameters are
V =0.5t, E;=—-0.6ry, U=1.8, N=35I and

V=0.5Ig, Ed = "0.6{0, U= O.Z.fn., N=5] and

N, =352, 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 1(c). Soliton width is larger in
figure 3(a) 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 E, (= —0.6¢,) kept constant. The Fermi energy is denoted by the broken curve,
The thin curve indicates £y + U/, For U < 1.0t;, the energies of the levels increase as U
increases. The levels are doubly degenerate. The unoccupied level in the gap is the mid-
gap level of the positive soliton. When U > 1.0¢, eachlevel splits into two undegenerate
levels due to the phase transition. For 1.0¢; < U = 1. 11, the energy levels in the gap
would be complicated mixed levels of the soliton’s mid-gap state and the d level of the
atom X, This would easily be suspected if we remind ourselves of the fact that the positive
gradient of energy levels as a function of U is very close to that of the thin curve at
U= 1.0¢5. When U = 1.1z, 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 snmmarized in a phase diagram in figure 5.
The quantities U and E, are taken as variables. The thick curve is the boundary of the
phase transition betweenm = Gand m+ 0. The character of localized levels also changes.
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Figure 4, Electronic level structure around the Figure 5. Phase diagram of electronjc levels in the
Peierls gap as a function of U. Parameters are Peierlsgap. Parametersare V = 0.5¢,, N = 51 and
V = 0.5, Eg= —0.6tp, N=51and N, = 52. The N, = 52. The symbols P and 8 indicate that there
Fermi level is denoted by the broken curve, The are positive and spin solitons, respectively. The
thin line is the effective level £y + U, symbols M, (j = 1, 2) mean that levels are mixed

ones of the impurity level and the mid-gap state.
M, is for m # 0 while M, is for m = 0. The heavy
full curve is the boundary of the second-order
phase transition. The broken line shows the
relation £, + U= Ay,

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, 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 scliton. When
the d level is deep enough (£, < —0.281,), the local moment is present in the region M.
When Ey > —0.28¢;, the moment appears for larger L/ than in the region M. The symbols
M, and M, indicate this difference. The broken line shows the relation Ey + U = A,
When E, is deep enough (E, < —0.6¢y), the two boundaries among the regions P, M,
and S are nearly parallel to the broken line.

Figure 6 shows variations of # and mr as 2 function of U with E4 = —0.6t;. 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.

Figure 7 shows the boundary between the phases m = 0 and m # Ointhe E4/ U versus
U~! plane. The curve has a maximum near Ey/U = —0.5. This is due to the electron-
hole symmetry of the mean-field Hamiltonian when E, == —3U. 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 z'/U = 0.393, where T’ = V?2/24, is the broadening of
the d ievel, obtained from equation (3.7) in 1. 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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Figure 6. Variation of order parameters mand n Figure7. Phase boundary between the iwo phases
as a function of U. Parameters are V= 0.5¢, with m =0 and m # 0 in the E,/U versus #,/U
Ey=—0.660, N=5land N, = 52, plane.
3.2.N,=N+2

In this subsection, we present pumerical results for systems where electron number
increases by unity from that in section 3.1. We take N, =27 and N, = 26. Typical
solutions are presented for E4 = —0.6¢). Figure 8 shows the case Ey+ U< —A, We
specially take U = 0.2¢,. A soliton is weakly pinned around the impurity at n = 25, as
shown in figure 8(a). Figure 8(b) shows that the d level is nearly doubly filled and the
distribution of z electrons is almost uniform. Figure 8(c) shows that there is excess spin
density around n = 25. So, the soliton is a spin soliton. This was shown in figure 1(d).
Two points at the atom X represent the d electrons, the number of which is about two.
Incontrasttofigure 2, the order parametermis finite and energy levels are not degenerate
with respect to spin 5. 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 £, + U > Ay We take U= 1.8¢;. In
figure 9(a), the soliton is weakly pinned by the impurity at n = 25. The soliton width is
larger than that in figure 8(a). Figure 9(b) shows the charge distribution. Filling of the d
levelis almost one. Excess & electrons cluster aound the impurity. Figure 9(c) is the spin
density. There is a localized spin at the d level. The system of « 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. Itis weakest for a negative soliton. This explains well the variation of the soliton
width.

Figure 10 shows the change of the energy tevel structure as a function of U with E; =
—0.6¢, fixed. The Fermi eneigy is denoted by the broken curve. The thin line shows
Ey+ U. When 0 < U < (.30¢, 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 associated with the spin soliton. When 0.301, < U < .844, there
are three levels in the gap. They are mixed levels originating from the two mid-gap levels
and the upper effective level Eq + U. Finally, if U > 0.84¢,, both levels in the gap are
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Figure 8. Dimerization pattern (a), electron den-
sity () and spin density (¢) in the ssu model with
an Anderson impurity at # = 25. In (b), electron
number n at the d level is also shown by the vertical
line. In (¢), number of spin m at the d level
is presented by the vertical line. Parameters are
V=051, Ed = "0.6!‘0, U= 0.2!(), N=251 and

Figure 9. Dimerization pattern (a), electron den-
sity (£) and spin density (¢) in the ssH model with
an Anderson impurity at n = 235, In (b), electron
number n 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=058 E;=-06t;, U=18t, N=51 and

N, = 53. N, =53,

occupied. They are the mid-gap levels of the negative soliton. It should be noted that
the two boundaries, U = 0.30¢; and 0.84¢,, are well explained by the relations £y + U =
* A, When the upper effective level £, + Uis 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 E; versus U plane as a
phase diagram. It isshown in figure 11. The full curves are boundaries where the number
of levels in the gap changes. The broken lines indicate the relations £y + U = A, 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 ¥ in figure 12. We take E =
—0.6t,. The two quantities vary almost linearly when U/ is small. They increase weakly
or decrease weakly when U is 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. The case where the local level
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Figore 10, Electronic level structure around the Peierls gap as a function of U, Parameters
are V = 0.5t, E; = =0.6t, N = 51 and N, = 53. The Fermi level is denoted by the broken
curve. The thin line is the effective level Ey + U,
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Figure 11. Phase diagram of electronic levels in
the Peierls gap. Parameiers are V = .54, N = 31
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 leve! and the mid-gap state. The
broken lines show the relations Ey + U= = A,
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m
0 n
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Uity

Figure 12. Variation of order parameters m and
n as a function of U Parameters are V = 0.54,,
Eq= —0.60,, N=51and N, = 53.

atthe dsite has negative energy hasbeen considered. The Coulombterm hasbeentreated
by the UHF [13]. Polymer chains with odd sites have been numerically diagonalized. 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, E,
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and E4 + 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 ievel becomes stronger. Finally, the
soliton becomes a neutral (spin) soliton when one of the effective levels, E4 + U, isin
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. This contrast 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 E /U versus tp/U
plane is similar to that of the Anderson impurity in metals. It has a peak when £, =
—3U, as seen in figure 7. This is due to the electron-hole symmetry [13]. When Ey is
shallow, the phase boundary separates one of the mixed states and the spin soliton state.
If £, 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 E4 + U = 2 A,,.

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 (>C=0) defect,
the 7 electron of the carbon at the defect forms a ;r 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, £y, must be in the valence band: Ey < —A,. The other
level, £, + [, is in the conduction band: E4 + U > A, The number of & 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 1(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 & bond between the carbon and the oxygen. The total spin is
zero. This coincides with experiments: the carbonyl defect (>C=0) 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 of the finite tight-binding system with Anderson impurity indicates
[15]. Then, we would not be able to identify two spins at T = (. This should be checked
in future work.

When the defect is a dopant, electrons of the dopant make a fuil shell. The d level of
our model is nearly full when the dopant is an acceptor. 1t is almost empty when the
dopant is a donor. The two cases may be modelled by the parameters I/ =0 and
|E4] ® Ag. Thishas been investigated in I. We have shown that the impurity is equivalent
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 the general treatment might correspond to various situations. 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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