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hslnu'l The nature o f e lectron ic states in disordered and doped TT conjugalcd polym ers is iiivestipated Hy means ol a diiect d iago iia lira lion  
^iiluK (LaiiL/os a lgo iith in ) and use o f Continued Fractions Representation (CF’R) we study, w ith in the S u -Schiie ller-H eeger (S S H ) model, m im eiically  

lIIclIs ol site and bond-type m odel im purities and solilons igeom etiica l delects m polyacet>lene) on the electionic strucinie of / / ( / / / i  polyacct>lene  
iij ()nl\ihiopheiie We find that lor energy eigenvalues equal to the m ip u iity  lc \e ls , electroiiic stales aie localized Also loi each solilon. there exists 
I h.i1i / c(I electronic slate w hich  is silualed al the m idgap O ur results show' (due to I ’e iie ls -d is to ilio n ) that even m critical conceiitiaiion ( -  IO ‘"/») ol 
,!iJ,iiii ilistiibulion ol solilons, the bandpap w ill not be closed

Minds D iso id e ied  polym ers, num eiica l study, lo ia lize d  electronic stales

' \ (SNos. 71 IS  O x . 7 1 .2 ^  A n , 72  KO L e

. liitnKkicdon

)iiiim: ilic  past two decades, mucb efloiT bas been devoted to 
uiidcislandmvz of ;r-conjugalcd polymers ll-T). iMom 

ili\steal point o( view, mosi inlcresl bas been on Ibc siruclural, 
icaioniL and conduclion properties. Among various types of 
iKmers, poly-acetyicne (PA), especially //Y//Ls-polyacctylcne, 
iilI polyihiopbene (P'F) have drawn mucb attention of the 
^waidiers. Fhis has been due to the fact that while being the 
impicsi 7T -coniugatcd polymers, they also have considerable 
"̂initial applications as alternative conductors. For example 

'iM̂^̂ ''Mbiliiy of the mctal-insulalor transition and the capability 
I Ivconiing a very conductive material like copper |71 has been 
liL unsnn for ihe cxperimcnial and theoretical investigations 

ilic pltysical properties of PA in comparison to the other 
polymers. There arc many articles concerning the study 

LMouiul and excited stales of these quasi-onc dimensional 
v̂Mcins |7-| 3]. At present, however, some of the most interesting 

unlive research areas arc the study of the effects of disorder 
iinpuniics upon n  -electrons' behaviour, laiticc-rclaxation 
on ilic increasing of conductivity. The factor that directly

^ '̂ocsponding Author
'̂ '̂PiriMieni of Physics, Dainghan Uuivcrstiy of Science, Duinghan,

Iran

affects the conductivity of this system has been found to be the 
appearance of the locah/.cd electronic stales due to the presence 
of impurities and dcfccis. In this paper wc present a detailed 
numerical study of this aspect ol the problem by means of direct 
d iagonali/alion [141 and use of Continued-Fractions 
Representation (CFR). and thus wc invcsligalc the effects ol 
model impurities (silo and bond-type) and solilons (gcomcirical 
dcfccis in PA structure) on ;r-electrons wave lunctions. The 
paper is organi/.ed as lollows ■

In Section 2, wc introduce the model Hamiltonian and ihcn 
describe the mclhod (or calculaiion of Ihe dcnsily ol siaics 
(DOS) of K -electrons. In Section 3, the effects of the impurities 
and dcfccis on the electronic siiucime aie presented. In general, 
wc find that (i) Site and bond-type model impurities produce 
localized electronic stales in bandgap (mlragap stales) and 
beyond the energy bands (ullraband stales). In addition, there 
may be other localized electronic slates which are situated at 
the center of the gap and arc produced hy the presence of one 
or several solilons. (ii) For low concentration of impurities the 
polymeric chain preserves its main periodic characteristics and 
one IS able to use the CFR scheme just as one does for a regular

chain In Section 4, the magnitude of the wave functions, |v^|', 
for some typical samples is calculated. Wc find that the wave
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functions arc well locali/ccl around silc and bond-lype impurities 
for the slates at the upper edge of each band but they have 
semilocalized behaviour for energy values at the lower edge ol 
the same band. Finally, Section 5 gives a summary and the 
conclusions.

2. The model Hamiltonian and description of the method

There arc many conjugated polymers with similarities and 
differences in their structural, electronic and conduction 
properties. Compared to the others, however, tra n s V \ (and also 
PT) has a very simple geometrical structure and may become 
highly conductive. Thus, (he investigations of its physical 
properties has been the center of attention for the last decade.

To present a correct theoretical model it becomes necessary 
to understand the structural and electronic characteristics of 
K -con jugated polymers. As pointed above, PA has a very simple 
structure so that each monomer only contains carbon and 
hydrogen atoms. All of the polymer atoms lie in one plane and 
the carbon atoms arc SP^ hybridized. 'Phe SP~ hybridized carbon 
atom has two types of bond, the three o  -bonds in the plane of 
the polymer and tiie n  -bond perpendicular to this plane. In 
molecules witluW^- hybridized carbon atoms, it is often sufficient 
to take only the ;r-electrons into account to calculate the 
electronic properties. This is due to the fact that the a  -bonds 
forms completly filled bands in considerably lower energies, 
whereas energies at and around the Fermi level coincide with 
the K -electrons and so the n  -bonds lead to the partially filled 
energy band that is responsible for the significant electronic 
properties of PA, The two-fold degeneracy in ground state of 
trans-PA is another important characteristic of this quasi-onc 
dimensional system. Addition of charged dopants, creates 
geometrical defects in the polymer. In PA these defects, as the 
most important excitations, arc 'solitons' 11 ]. The soliton defect 
changes the geometry from one ground-stale into the other and 
the lattice potential energy decreases due to the piesencc of the 
defect, so the .soliton formation energy is quite small. PT, on the 
other hand, is a specific example ol a n  -conjugated polymer in 
which the ground-state degeneracy is weakly lifted and the 
important excitations arc polarons and bipolarons [71.

2.7. The model H am ilton ian  .

The following generalized Hamiltonian is used for description 
of doped PA

^  = ^ssu  + , (1)

where H^ and arc the well-known SSH Hamiltonian f I , 
\ 5 l  the site-type model impurities Hamiltonian and the bond- 
type model impurities Hamiltonian, respectively. For the SSH 
Hamiltonian we have

Ussil =  “ X l ' o  ~  "'r+l )] (I 'I X  » + 11 + 1« + 1 X  n I)

Mai,

(2)

in which the first term is the n  -bond electronic energy, 
the nearest-neighbour transfer integral of an undimen/cd eh 
a  the electron-phonon coupling constant and I n > is  ̂
vector of n  -bond on the n-th carbon atom. The reference enc7 
is chosen such that the carbon onsite energy is zero. The .sccun 
term in cq. (2) approximates the effect of a  -electrons usmu 
stiffness constant K  which is determined both by the dircu lor, 
ion interactions and by the a  -electron interactions M ||| 
mass of a (CH) unit, the displacement of the n-ih carbon aio, 
from its equilibrium position and P  ̂is the momentum coniu.̂ v 
to The spin and e-e  interaction are ignored and the pauHil 
boundary conditions is applied. Tliroughout this papci |„r
bandgap = 1.4 eV, we shall use the parameters ol R̂ i

So. a = 4 . \ e V / A .  K  =  2 \ e V / A - . l ^ , = 2 5 e V  ri,,,
correspond to a equilibrium dimerization amplitude op. 

The H^ Hamiltonian is given by

in which the local potential ± . corresponds to the aiLcpio
type (for sign +) or the donor-type (for sign -) impuniy. ni /m 
site. The bond-type impurity Hamiltonian is given by

Hi, =  ^  V,[]( |/;/ > < -t-1| + 1/;/ + I >< /n| )

where is the bond-type impurity strength acts on ihch

between sites m and /// + I . V,[] < 0 (vj' > 0) leads to iniLi;, 
slates (ultraband slates).

Tbe above discussion may be extended to build the iikk! 
Hamiltonian for PT. For this purpo.se and also to model il 
explicity lifting of the ground state degeneracy, one can addil 
following lemi to SSH Hamiltonian [ 16J

4 / /  =  4 . , 5 ^ ( - l ) " ( | / i x «  + l| +  |H + l > < / t | ) ,  I

in which A,, «  modulates the onc-clcclron poicniial ihcK'l 
giving rise to a one-clcclron energy gap in the absence i 
lattice distortion [7].

2.2 D escription o f  the method :
To study the impurity stales, solitons and their cflccis on / 
electrons wave functions, we present our method for i' 
calculation of these effects on the electronic structure, 
the lattice to be homogeneously dimerized, i.e., neglect ol 
lattice relaxation due to the electron-phonon inicraciK 
(following Ref. [17]), the advanced and retarded icmpcraiu 
double-time Green functions are written

C lO )  = ±/0(Tf)({ci„(/),a;„(O)}).
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o l s o  = ; n +0. (7)

In cq. ( 6 ) .  B{ t )  is Heaviside step lunciion, a„(o*) 
inihilaiii’i  (creation) operator of an electron at /i-th site and
i.'ular braket denote the thermodynamic average. The set of 
juations of motion for Green function matrix clement 

i E + iTI) = O L ,((0:f) with £U:f = E T i T ]  can be written as

81

“ ^/i^ ^nnt ~~ ^nm ^n-\.m^n-\jn f I

ThroLighoul this study, L \  and are onsite energy (is 
10 he zero) and ncarcsi-ncighbour transfer integral, 

spcciivcly. Our task is to evaluate the diagonal Green function 
 ̂ the imaginary part of which gives the local density of 

ijics p„(W:).) ■ Considering only the retarded Green function 
;; 1(1)^) = G „„ with (o^ = a ) . then p„(o)) is given as

p j ( 0) = — lim Im {C„„(«)} ; a) = £  + i r]. (9)
7T /r-»0

} i)!Invving Ref. [ 18], the diagonal matrix element 
;iii be represented as

w -E „  - r , ;  - r ; ( 10)

)\hiic the scir-cncrgics are given by Continued-Fractions

r : Si 1.;i

r :  -  - -

C O - £

/i-fl, m+2 
(0 - £

( I I )

a basis for comparison (uniform chain) then for the
Continued-Fractions (11) will have a period 2 and can be written

r :  ^
c o - r :

r !  =
( o - r . . ( 12)

For perfectly d im eri/ed  FA with and

2z\ = 8a//^ , oriL'oblains ± 4 ( - l)"  in which (with

£■„ = 0) -  \ AcV  is magnitude of ihc bandgap. Solving eqs.

(12) for r ,7 , the following form will be resulted for G„„(co) :

f7„„(w) = ± ' (13)

III which /3(co) = - r ;  - t l y  - 4 r ;  r" j . With t] 0 , / r ,

lor Cl) = E  the dominalor in eq. (13) is real and nonzero within 

the regions (/+ + / “ )<  , but it is imaginary for

G “ C < ^  C ). Il lollows that the density of states

p„( E ) , IS finite in latter region and is given as

E
(14)

The CFR of the one-particle Green functions has already 
l̂ ccn widely used for tight-binding electrons [ 18, 19] and different 
'̂ 'iciIkuIs have been applied to obtain a suitable convergence. It 
>lHuild he noted that, however, most studies have been aimed 

gelling the electronic band structure of non-translationally 
|"ivariani systems. Here, one usually starts from the local 

the atom and using approximate methods to obtain 
convergence by termination of the Continued-Fractions [ 18|. 
iHlvaniages of the CFR become clear when treating the k  - 

^̂’njugaicd polymeric chain, as the periodic nonunifonii systems 
‘̂il*emating bond). In the case of perfectly dimerized, these chains 

l̂ onds as ... leading to exact values for the
‘̂ ntinucd-Fractions(l I). If = r_ with period 1 is defined as

It is clear that p ,,( /t) vanishes in the former region.

Calculating p, ^ {E) ,  one can find the expected electronic 
structure of PA (or FT) in which valance and conduction bands 
separated by a gap ol width 2^^ (for furlhcr details Ref. [18| is 
recommended). It is straightforward lo extend this analysis to 
higher periods of 2 and there are no principal difficulties in 
proceeding the analytic calculations of p,^(E)  for larger periixls, 
except that they become more cumbersome 12()|.

The energy eigenvalues spectrum (/:] , and the 
corresponding electronic wave functions [y/ ] , are calculated 
using a direct diagonalization procedure based on the l.anczos 
algorithm [ 14|. This diagonali/ation method is known to be very 
efficient for large matrices. We applied this method to the 
Hamiltonian (2) with the periodic boundary conditions and the 
resulting energy spectrum was used to calculate the electronic 
DOS. The results of the numerical calculations for the DOS of a 
perfectly dimen/cd FA (FT) chain is presented in Figure 1.

3. The elTects of the impurities and solitons on the electronic 
structure

Although in general, the CFR is not applied to disordered 
systems containing a random distribution ol impurities, our 
results show .so far as the concentration of dopants is taken lo 
be small (<  10% in a long chain), the system under consideration 
preserves the homogeneously geometrical periodicity and one 
can extend the use of CFR together with the recursion method
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(its main advantage is its high numerical stability) in case oi  
such irregular systems. A complete Ibrinalism and discussion 
of the method may be found in Ref. |2I |. We u.scd this method

structure. Our calculations confirm the above statcmcrus v\ 
arc discussed in detail below.

which

-5 - 2 - 1 0  1 
Energy (ev)

FifCiirc 1. The electron ic D O S  lo r a typical chain w ith  N = 20 0 0  atoms 
(a) IS lot PA and (b ) is foi P T  The le ll band is valance band and the right 
IS the conduction  band H aiu lgap  2.1,, -  I 4i*V  lo r  PA and 2 (J „ - fA ^ )
« l 7 5 f V  fo r PT IS clear

for calculation of the DOS, and we found that \'or trans-PA chains 
containing dopants in which the Hamiltonian (with nearest- 
neighbour interactions) has a tridiagonal representation, the 
Continued-Fractions for seir-cncrgics F,f became quickly 
convergent and m comparison to the results of Section (2), these 
new results indicate, no principal changes. Similar applications 
of this procedure may be found in the lilcrature, for example wc 
refer to the well-known papers of Turchi e ta l [20], Haydock 7̂ 
a l [22], and Wicssmann and Cohan |23].

3.1 Sitc\ In te rs titia l and bond-type im purities :
It is well-known that the ground-state of the Hamiltonian (2) 
with one-electron per site {i.e., in the half-filled band problem), 
is dimeri/ed and a bandgap 2 A q i s  opened al the Fermi level 
separating the states of the filled valance band from those of 
the empty conduction band. Adding one or several impurities 
of cither type (intcrstiiial-typc or site and bond-type impurity) 
and the creation of solilons markedly affect the electronic

The experimental measurements 124-26] indicate ihai t), 
enhancement of impurity concentration of either typo 
’pristine’ samples of PA. cause to increase the conduciiviiy Th 
for high doping concentrations (~ 10%), contrary U) 
conventional semiconductors the metal-insulator transnn),, 
occur in thc.se materials and even the 'best' samples heeo,yj, 
metalic with a nonzero conductivity at zero temperature |'>7 
Throughout this study, ihe maximum percentage of ihc inipuuucv 
and solilons is taken to be 8% and 10%, rc.spectivdy.

Another important poinl is that in the presence of impuriiiĉ  
the localized electronic stales occur in the lorhidden cnertv 
regions, i .e . ,  in ihc bandgap (intragap states) as well as bevimi 
the electronic structure, i.e., below ihc bottom ol ihc valaim 
band and above the top of the conduction band (ultrabaiK 
states). The singic-impurily problem has already been sUhJil\ 
widely by dilTerenl methods [7.28,29|. Thus in ihis scciion. 
present our results on the effects of random dislnbuiion 
impurities of cither type on the electronic structure and in ilh 
next .section wc will discuss the localization of electronic siak 
and show that the localized electronic stales Occur al the cnco; 
eigenvalues equal to the impurity levels '

Our studies started with considering a perfectly ilmicn/ci 
lattice, where wc investigated the clTccts of distoilions duL i, 
introducing ol impurities, on Ihe electronic structure ol sv̂ un 
In order to discuss the effects of a random distribution ni sia 
type im purities, wc added the Hamiltonian (3). i t
I I  = > m > V ' < m \.o SSI I Hamiltonian in which the \ 

arc independent variables that, with a rinilc concentiaiion d 
0.08 in our samples), randomly occupy the laiticc mU' 
V,u <0(1/,,', >0) corresponds to impuiity of donor (acccpi 'i 

type. In general, the enhancement of the IF,,'I causes the mcKMs 
of the magnitude of the wave function al impurity silcs Hi 
details of our investigations of the cl feci of various kinds. 
impuiitics arc di.scussed below :

(i) F,,', < 0  (donor-type impurity) produces !oc;ili/i 
electronic states at the bottom of the conduction band (iniui': 
states) as well as the bottom of the valance band (ulirab.n 
states). For deeper impurity potential, i.e., larger IV'',,'I. 
intragap energy slates arc extended towards the midgap 
while those al the bottom of valance band approach to vci 
large negative energy values (Figure 2(a)).

(ii) For F,,', > 0  (acceptor-type impurity) the similar bchavm
is observed, i .e . ,  wc obtain the strongly localized stales ai il 
lop of conduction band and weaker localized slates at the top 
valance band (Figure 2(b)).

(iii) Wc also investigate another impurity distribution in whi' 
the impurities settle in the interstitial regions. Such impurd' 
modify the electronic onsite energy on both ends of the boi 
by the same amount, so wc simulate this type of model inipun
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js a disiribulion of paircd-silcs randomly placed on ihc chain. 
In comparison to the site-type model impurity, we find that the 
e icciron ic  structure undergoes only a few modirications. Figure 
2(c) s h o w s  this situation. Introducing these type of impurities 
,nio the sample of Figure I, the results for C = 0.08 and 
IV/'|=:0.4/,, arc plotcd in Figure 2. The study of these figures 
show that, as expected, the site-type impurities destroy the 
iniiinsic clcclron-holc symmetry of the SSH Hamiltonian [1]. 
riicicibrc with this type of impurities the electronic structure

Energy (ov)

Energy (ev)

(the handgap and the edges of band) to be changed 
nonsymmctrically. On the other hand, however, a random 
distribution of bond-type impurities does not affect the 
symmetry.

The addition of the Hamiltonian (4), i .e.,
Nj, = ^ + I > < ///|) to SSH Hamiltonian
induces states due to bond-lype impurities. These localized 
slates always occur in pairs, symmetrically located with respect 
to midgap (E = 0). For > 0  always produces a pair of 
ultrahand states If I h c  sign of is chosen such that 
strengthens a weak bond or weakens a strong bond, then a pair 
of intragap slates is produced. Figure 3 shows this situation for 
C = 0.08 of bond-type impurities with IV,(jl= 0.2 h, -

Energy (ev)

1 0

0 8 -

0 6 -
co
S

0 4 -

0 2

(b)

\

■ V y y
_ l— *__ I— .. L   L.00

- 5 - 4  -3 -2 -1 0 1 2 3 4 5

Energy (ev)
F igure 3. The OOS o f fn/n.s-l^A chain with hond*lypc impurities The 
concentration o f im pu iity  is C -  0 OK with \v|^\=02l̂ ) (a) is shown
intragap and (b) ultruhand states

3.2 Sol I tons :
The solilons in PA that can propagate freely, arc domain walls

H bu™ 2. T h e  D O S  o f  c h a in  w u h  . . .e - .y p e  unpun,ies T he T !  ‘l i m c r i / . a t i o n  a  p h a s e

->"cen,ra„on o f  im purity  ,s C  = 0 .08  (n. .s  for v ;  = -0 .4 r„  (donor), (b) “ o) O th e r  W ith  ( - « „ ) .  We a r c  i n l c i e s l e d  in  t h o s e

''  V,;; =  +0.4,„ (acccp io r)  and  (c ) i.s for im purities  o f  in ,e rs ,.„ a l- ,y p e  p r o p e r t i e s  o f  t h e  s o l i i o n s  t h a t  d e p e n d  o n  s y m m e l r i c s  o l
the same parameters in (a). the Hamiltonian (2). For a long chain, a soliton corresponds to a
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p h o n o n  f ie ld  c o n f ig u ra t io n  th a t a p p ro a c h e s  the phase ( - f  Mq) fo r  

N —> - »  an d  the phase ( -  fo r  N —» -H »  * and a lso  m in im iz e s  

th e  to ta l e n e rg y  [ I ]. In  th e  p res en c e  o f  a s o lilo n  th e  to ta l n u m b e r  
o f  e le c tro n s  o r  s la tes  in  th e  f i l le d  v a la n c e  b a n d  in  the v ic in i ty  o f  
th e  s o li lo n  d e c re a s e s  b y  o n e -h a l f  |7 ] ,  so th at i f  o n e  c a lc u la te s  
the e n e rg y  to c re a te  a s o lilo n  in a la rg e  b u l r in ilc  c h a in , a d if f ic u lty  
arises . T o  o v e rc o m e  th is  p ro b le m  an d  lo  m a k e  sure that the to ta l 
n u m b e r  o f  sta les in th e  v a la n c e  b and  is an in te g e r, it is su gges ted

Energy (ev)

Energy (ev)

th a t f o l lo w in g  th e  c re a t io n  o f  a  s o lito n , an  a n tis o lito n  lo 
c re a te d , lo o  [ 1 1. A c c o r d in g ly ,  th e re  is a  v a la n c e  b a n d  deplchof^ 
o f  o n e  sta te . O u r  re s u lts  s h o w  th is  e le c tro n ic  sta te is produced 

at lo p  o f  v a la n c e  b a n d  at £  *  - 0 . 3 3  e V  . A s  d iscussed  beinre 
fro m  the e le c tro n -h o le  s y m m e try  o f  ilie  S S H  H a m ilto n ia n  it follov^,, 
th a t o n e  s ta te  is a ls o  m is s in g  f ro m  th e  c o n d u c tio n  band. This 
e le c tro n ic  s la te  is p ro d u c e d  a t th e  b o tto m  o f  c o n d u c tio n  hiUHi 
a t E  «  + 0 .3 3  e V  . T h e  p e a k s  n u m b e re d  I an d  2  in F ig u re  4(a) 
s h o w  th is  s itu a t io n . A n y  in c re a s e  in  th e  n u m b e r  o f  sohions is 
d ire c tly  p ro p o rtio n a l to  the  n u m b e r  o f  these s y m m e tr ic a lly  pancd 
sta les . T h u s , the  s o lito n s  in  u n d o p e d  p o ly a c e ty ic n e  siruciurc 
arc  d ire c t ly  re s p o n s ib le  fo r  n a ir o w in g  o f  the b a n d g a p . Wc (md 
th a t for o n e  s o li lo n , the  b a n d g a p  is lo w e re d  a b o u t 0.1 e V  Dui 
in v e s tig a t io n s  su g g es t th at e v e n  i f  th e  in c re a s e  o f  conceniiaim n  
o f  s o lito n s , w ith  a ra n d o m  d is t r ib u t io n ,  a p p ro a c h e s  the c h ik m I 
a m o u n t (~  10% )  the  b a n d g a p  w i l l  n o t c lo s e . In  g e n e ra l, due lo 
P c ic r is  -  d is to r t io n , th e  s y s te m  re m a in s  in s u la tin g  fo r all doping 
le v e ls  In  o rd e r  lo  o b s e rv e  h o w  th e  b a n g a p  is suppressed, one 
n e e d s  to  c o n s id e r  th r e e -d im e n s io n a l  ( 3 D )  e f fe c ts . Addmo 
in te rc h a in  in te ra c lio n s  in 3 D - p o ly m e r ic  sysici|ns leads lo the 
g a p les s  s la te  [1 3 1 . A s  th e  in te rc h a in  in te ra c t io n  is turned im 
th e  b a n d g a p  is r e d u c e d  a n d  c lo s e d  at a c e r ta in  c i i ik ; i ]  
c o n c e n tra t io n  o f  s o lito n s .

In  the p e r fe c t ly  d im e r iz e d  / / y ///.v-P A ,  th e  d isp lace in en ls  ol 
the c a rb o n  a to m s  arc  d e s c r ib e d  b y  =  (-1  Y'n^y In  the preseiiLL 
o f  s o lito n s  th ese  d is p la c e m e n ts  a rc  d e te rm in e d  such dial in 
m in im i /c  the to ta l e n e rg y  an d  lo  g iv e  the  o p t im u m  shape loi ilu 
s o lito n  A c c o r d in g ly ,  the d is p la c e m e n ts  o f  th e  carbon  atoms 
arc  m o d e le d  as 130, 3 1)

it„ = ( - l ) " « o ] ^ t a n h
i n - m ) ( t

(15)

Energy (ev)

F ig u re  4. The electronic structure of nans-PA in ihe presence of soliions 
(a) is for one soliion. The peak.s I and 2 arc discussed in the text (b) is for 
three soliions (c) shows ihc localized electronic slntc al midgap.

w 'hcrc 2^ = 1 , w ith  a = 1.22 A ( la t t ic e  c o n s ta n t), is the widili 
o f a  s o lilo n . (n ia )  is ih e  lo c a t io n  o f  the c e n te r  o l / ; /  the st)liionnii 
(he c h a in . In  o u r  m o d e l,  the /// v a r ia b le s  a re  g e n e ra te d  such i Ikh 
the d o m a in  w a lls  d o  n o t o v e r la p . F o r  v a lu e s  o f  th e  paramcicis 

Of, K, tif) a n d  ij ,  th e  s o l i lo n  f o r m a t io n  e n e r g y  at rest is 

E  =  0 .6 ^ 0  I S i n c e  th e  c h e m ic a l p o te n tia l is m id g ap  lot ihs 
u n d o p e d  s a m p le , th is  s h o w s  a s o lito n  is less c o s tly  lo  crcaic 
than  an  e le c tro n  (h o le ) .  It  is fo r  th is  re a s o n  th a t solitons iiic  

s p o n ta n e o u s ly  g e n e ra te d  w h e n  c h a rg e d  d o p a n ts  are injccicd 
in to  th e  s a m p le  [ 7 | .  F ig u re  4 ( a )  s h o w s  o n e  s o lilo n  at the ccnicr 

o f  the c h a in  an d  F ig u re  4 ( b )  s h o w s  th re e  .solitons w ith  cenicrs 

s y m m e tr ic a lly  p la c e d  w ith  re s p e c t lo  th e  c c n ic r  o f  a chain  with 
N  =  2 0 0 1  a to m s , r e s p e c t iv e ly . W h e n  a s o lito n  is crcaietl j 
lo c a liz e d  e le c tro n ic  s la te  is p ro d u c e d  a t th e  m id g a p . In  la d  ii 
a c o m b in a tio n  o f  the s y m m e try  s la tes  I an d  2 . F ig u re  4 (c )  shows 

th is  s ta le  ( fo r  m o re  c la r i ty  th e  in ira g a p  s ta les  F  an d  G  arc not 
s h o w n ). T h e  p re s e n c e  o f  th e  in ira g a p  s la tes  F  and  G  is obvious 

B ec au s e  w h e n  a  s o lito n  is c re a te d  ( in  o u r  m o d e l at site m  =  1001) 
on a d im e r iz a t io n  p h ase  ( +  o r  -  « q) ,  th e  s in g le -b o n d s  (weak) 
an d  th e  d o u b le -b o n d s  (s tro n g )  a re  in te rc h a n g e d  w ith  each olhci 
(F ig u re  5 ) .  N o w , c o m p a re d  w ith  th e  re s u lts  o f  S ubsec tion  3.1
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l-'ipurc 5 - The scheme of a solilon in FA, the solunn changes the 
ihmerr/alion from one ground-state to the other, / e . the single and 
joiihle-bonds ore interchanged. The length of the solilon has been reduced 
lor clarity

Energy (ev)

th is s itu a tio n  c o rre sp o n d s  to  the ease o f  b o n d -ty p e  im p u r ity  
w h ic h  leads to  m tra g a p  states. In  o u r m o d e l, the cen ters  o f  the  
s o lilo n s  arc p la ce d  at f ix e d  d is tan c es  fro m  ea ch  o th e r and  fro m  
the c h a in  ends. T h e  d is tr ib u tio n  o f  s o lito n s  re m a in  s y m m e tr ic ,  
w ith  respec t to the c e n te r o f  c h a in , u p  to  c e rta in  c o n c e n tra tio n  
and b e y o n d  that w e  h a v e  a ra n d o m  d is tr ib u tio n  (o r  the s o lilo n s . 
T o  en sure  that the In s t  and  the last b o n d  o ( the ca rb o n  c h a in  
re m a in s  a d o u b le  b o n d , w e  h a ve  p la c e d  an e v e n  (cx ld ) n u m b e r  
o f  s o lilo n s  on ch a in s  w ith  an e v e n  (o d d )  n u m b e r o f  c a rb o n  
ato m s.

In  ihe p resence o f  s o lito n s , the g ro u n d -s la te  o l t r a n s -P A  is 
a s o lilo n  la ttic e ' w ith  the ce n te rs  o f  s o lilo n s  a p p ro x im a te ly  
e q u a lly  spaced  a lo n g  the c h a in  13 1 ). W h e n  the e le c tro n ic  stales  
assoc ia ted  w ith  the s o lilo n s  o v e i lap , a s o lilo n  ban d  is fo rm e d  in 
the b a n d g ap  o f  the u n d o p e d  p o ly m e r. T h e  s o lilo n  band is f il le d  
o r e m p tie d  d e p e n d in g  on Ih e  typ e  o f  d o p in g  (d o n o r or accep to r). 
In c re a s in g  the n u m b e r o f  .solitons b y  d o p in g  w il l  w id e n  the 
s o lilo n  band  and thus red u ces  the b a n d g a p  o f  P A . F ig u re  6 
sh ow s the e ll'ec i o l d i i fe r e n l c o n c e n tra tio n s  o f  the .solilons on  
Ihe e le c tro n ic  s iru c lu rc  o f  a c h a in  w ith  N  =  2()(K ) atom s. F ig u re  
6 (c )  su gges ted  that e v e n  in c r i l ic a l c o n c e n tra tio n  (~  lO ^ /r) w ith  
ra n d o m  d is tr ib u tio n  o f  s o lilo n s , the b a n d g a p  is not c losed .

In  F ig u re  7 , w e  h a v e  s h o w n  the m a g n itu d e  o f  the w a v e  

fu n c lio n  , as so c ia led  w ith  the lo c a liz e d  e le c tro n ic  stale ai 

the m id g ap  fo ra  typ ica l sam ple w ith  A^= 201 atom s, ' l l ic  loca lized  
sta le is e x p o n e n tia lly  c o n lm e d  a ro u n d  the s o lilo n  to the re g io n  

w ith  the a p p ro x im a te  w id th  ^ . S in c e  in  o u r m o d e l, the ce n te r o f  
the s o lilo n  is p la c e d  on site m  =101  (o d d ) , then by  s y m m e lry , 

\\|/ )̂\~ IS o n ly  non-z.cro  on od d  sites.
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Hgurc 6 . The electronic structure of a /rw/i.v-PA chain in the presence of 
'iiniloinly distributed solitons. In (n) the concentration is C = 0 02, (b) C 
“ OS and (c) C = 0 . 1 The insei shows near the midgap.

Figure 7. The magniludc of the wave funclion, . for ihc localized 
elccironic stale al ihe midgap The inset shows the region with the 

approximate width ^

4. The localized impurity states

T o  stud y the n  -e le c tro n s  b e h a v io u r, w c  c a lc u la te d  n u m e ric a lly  

the m a g n ilu d c  o f  the w a v e  (u n c tio n , |i/Zq | ’  , (o r  those en e rg y  

e ig e n v a lu e s  w h e re  the im p u r ity  le ve ls  occur. W e  a p p ly  the d ire c t  
d ia g o n a liz a lio n  to  the e le c tro n ic  p a rt o f  the H a m ilto n ia n  (2 )  w ith  
the p e r itx lic  b o u n d a ry  co n d itio n s . T l ic  tt -e le c tro n s  are  scattered
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w h e n  e n c o u n te re d  by th e  im p u r it ie s  that act as fo rw a rd  (s ite -  
ty p e  im p u r ity )  o r  b a c k w a rd  (b o n d -ty p e  im p u r ity )  sc a tte rin g  
centers . T h e re fo re  one ex p e c ts  that the a m p litu d e  o f  the w a v e  
fu n c tio n  to  in c reas e  a ro u n d  the im p u rity . In  o th e r w o rd s , th ere  
occurs 'lo c a liza tio n ', w h ic h  m eans that the a m p litu d e  o f  the w a v e  
fu n c tio n  b eco m es v e ry  la rg e  aro u n d  the im p u r ity  in a lim ite d  
re g io n  and d ecays  ra p id ly  o u ts id e  th is reg io n  T h e  lo c a liz a tio n  
m o s tly  occurs e x p o n e n tia lly  (in  the reg im e  o f  strong k x :a li /a t io n ),  

the a s y m p to tic  b e h a v io u r  o f  the m a g n itu d e  o f  the w a v e

ju n c t io n  is g iv e n  as |t/A (r)|" - c  [ 3 2 ] ,  w h e re  ^  is th e

lo c a liz a tio n  le n g th  and |r| is the d is tan c e  fro m  the ce n te r o f  the  
lo c a liz e d  w a v e  O u r  resu lts  sh o w  th a t the w a v e  fu n c tio n s  o f  the  
;r -e le c tro n s  arc lo c a liz e d  at the lo c a tio n  o f  the im p u r ity  le ve ls  

(ac c o rd in g  to  the sign o l im p u rity  p o te n tia l)  and this lo c a liz a tio n  
IS strong  fo r  the e n e rg y  e ig e n v a lu e s  ab o ve  the c o n d u c tio n  band  
(u ltra b a n d  states) and w e a k e r  fo r  the in ira g a p  states. F ig u re  8

show s the m a g n itu d e  o f  the w a v e  (u n c tio n s , |i//y, |" , (co rre sp o n d  

to F ig u re  2 (h ) )  fo r  e n e rg y  e ig e n v a lu e s  at the u p p e r ed ge  o f  a 
ce rta in  s ite -ty p e  im p u r ity  band. T h e  c o n c e n tra tio n  o f  im p u rit ie s

50 100
N

150 200

Figure 8. Magnitude of the wave function. . for a typical sample 
contains ucccplor-iypc impurities with N = 200 atoms C = 0 08 and 

K  = +04 to are chosen (a) is for E = 99 (the top of the valance band) and 
(b) is for E =199 (the lop of the conduction band)

is chosen to be C  =  0 .0 8 ,  an d  the s tre n g th  o f  im p u r ity  poicnin] 

is ch osen  to be =  -hO.4  (a c c e p to r - ty p e ) .  I t  is c lear that lor 
the e ig e n v a lu e  n u m b e r  £  =  199  (a b o v e  the co nduction  hand)

Ihc magnitude of is larger than that for E = 99 (above the
v a la n c e  b a n d ). In  o th e r  w o rd s , th e  fo rm e r  is lo c a lize d  and the 
la tte r  has o n ly  s e m i- lo c a l iz e d  b e h a v io u r .

A c c o rd in g  to  the a b o v e  d i.scussion, it  is expec ted  that lor

<  0 (d o n o r- ty p e )  the s lates a t the  b o tto m  o f  the conduction 

band  h a v e  s c m i- lo c a l iz e d  b e h a v io u r  an d  at the bottom  o! the 
v a la n c e  b a n d  e x te n d e d . F ig u re  9  sh o w s  the w a v e  (unctinn 
b e h a v io u r  fo r  e ig e n v a lu e s  n u m b e r  £ =  103 , 10 4  (the hottnmoi 

the c o n d u c tio n  b a n d ) fo r  C  =  0 .0 8  an d  =  - 0 . 4

F ig u re  10 sh ow s (he resu lts  o f  b o n d -ty p e  im purities wiK, 
c o n c e n lra t io n  C  =  0 .0 8  a n d  th e  s tre n g th s  o f  the potcniinl 

V,';, = - 0 . 2  l() ( th e  in i r a g a p  s la lc s )  a n d  i i Ik

u llra b a n d  s ta tes ). In  g e n e ra l, w e  fin d  th at the stales at the uppu 
ed ge o f  a c e rta in  b a n d  arc lo c a liz e d  a ro u n d  Ih c in ip u r i l ie s  wlnh 
the s la lc s  at th e  b o tto m  o i the s a m e b a n d  h y ve  only semi 
lo c a liz e d  b e h a v io u r. >

F ig u re  9. Magnitude of ihe wave function, |v/£;|” . ®

contains donor-iypc iinpurilics wiih N = 200 atoms. C = OOM

103 and (b) is lor E =V'JJ = -04r(, are cho.sen. (a) i.s for E 
bottom of the conduction band)
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Summary and conclusions

n this paper- w e  h a v e  in v e s l ig a te d  in  d e la i lc d  ih e  c f lc c is  o f

253

vcral im p u r i l ic s  a n d  a ls o  s o li lu n s  o n  ih c  e le c tro n ic

iiructurc o f  -c o n ju g a te d  p o ly m e r s .  B y  m e a n s  o f  a d ire c t
l a g o n a l i/ a t io n  p r o c e d u re  w e  fo u n d  n u m e r ic a l ly  th e  e n e rg y

r  0 2  ■

t 10. Magnitude of the wave function, . for a typical sample 
^ond-type impunties with N  = 200 atoms In (a) and (b) C = 0 08  

 ̂ " “̂ 2  r,) are chosen, (u) is for E = 99 (the top of the valance band)
I'' tor £ = 102 (the bottom of the conduction band) (c) is for E = 
top of the conduction band) and =  + 02 /n  (correspond to the 
Males)

e i g e n v a lu e  o f  th e  H a m i l t o n i a n  ( 2 ) a n d  c o r r e s p o n d in g  
e ig e n fu n c t io n s . U s in g  th e  C o n t in u e d -F r a c t io n  R e p re s e n ta t io n  
( C F R )  w c  h a v e  c a lc u la te d  th e  d e n s ity  o f  states ( D O S )  fo r  so m e  
n  -c o n ju g a te d  c h a in s  (P A  an d  P T )  in  th e  p re s e n c e  o f  im p u r it ie s  
an d  s o lito n s . W c  c o n c lu d e  th at u s in g  the C F R  fo r  a b o v e  .sam ples  
le ad s  to  a c c e p ta b le  re s u lts . F u r th e rm o re , w c  h a v e  n u m e r ic a lly  
s t u d ie d  th e  n a tu r e  o f  th e  tt - e l e c t r o n  s ta le s  in  t r a n s -  

p o ly a c c ty le n e  w ith  s ite  an d  b o n d -ty p e  m o d e l im p u r it ie s . W c  
f in d  th a t th e  s tro n g ly  lo c a liz e d  s ta les  o c c u r  at the u p p e r  ed g e  o f  
a c e r ta in  b a n d .

T h e  d i e d  o l th e  p re s e n c e  o f  s o lito n s  on  th e  e le c tro n ic  
s tru c tu re  w a s  a lso  s tu d ie d  by  th is  p ro c e d u re . W c  see th a t as a  
re s u lt o f  the e lc c iro n -h o lc  s y m m e try  o f  (he S S H  H a m ilto n ia n ,  
th e  p a i r e d -s la te s  is p r o d u c e d  p e r  s o l i io n  a n d  a lo c a l i z e d  

e le c tro n ic  s la te  o c cu rs  at the  m id g a p . T o  e x te n d  th is  s tu d y  to  
th e  case o f  A n d e rs o n  lo c a l i /a l io n  an d  a lso  th e  in v e s tig a t io n  o f  
c o n d u c t iv ity ,  it is im p o r la n i  to  c o n s id e r  ih r c e -d im c n s io n a l  
s itu a t io n s  w ith  in te rc h a in  in te ra c t io n s . C a lc u la t io n s  in th is  

d ire c t io n  a rc  in  p ro g re s s  and the rc s u lis  w i l l  be p re s e n te d  in  
n e a r  fu tu re .
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