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A b strac t

COMPUTER SIMULATION STUDY OF 

THE CONDUCTION PROPERTIES OF 

CONDUCTING POLYMER FIBER FILMS.

by

C handralekha S . B arve 

A dviser: P ro fesso r Micha Tomkiewicz

We employ Com puter Simulation tech n iq u es to  s tu d y  th e  e ffec t of mor- 

pohlogy on th e  conductiv ity  p ro p e rtie s  of polymer fib e r films. A Random 

Network Model is in troduced  w here a  model fib rous film is re p re se n te d  

by  an equ ivalen t e lectrica l network-. The re su ltin g  complex random  

netw ork  problem  is solved to  determ ine th e  impedence of th e  system  fo r 

various freq u en c ies . We have analyzed th e  resp o n se  of th e  system  to 

see how various p ro cesses of conduction, and s tru c tu ra l fac to rs , con­

tr ib u te  to  th e  e lectrica l p ro p e rtie s  of th e  system . For heavily  doped 

films, th e  low and  the  h igh  frequency  behav iour of the  impedence can 

be re p re se n te d  by  passive  ne tw orks; w hereas, in m id-frequency  ran g e  

the  system  shows C onstan t Phase Angle (CPA) behav iou r. The CPA 

slope P is found to be re la ted  to th e  frac ta l dimension D by  a simple 

rela tion  3 = D - l .  Both P an d  D change linearly  w ith the  frac tional vo l­
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ume occupied by  the  f ib e rs . For ligh tly  doped films, u s in g  Monte Carlo 

sim ulation of K ivelson 's hopping model (Ki82), th e  conductiv ity  of a 

single f ib e r  is determ ined. T he Random N etw ork Model is th en  utilized  

to  calculate the  conductiv ity  of the  film. T he dc conductiv ity  is  d e te r ­

mined fo r various m orphologies of the  film, and  a re la tionsh ip  betw een 

th e  dc conductiv ity  of a f ib e r  and th a t of th e  film is e stab lish ed . The 

complex conductiv ity  o(w) is calculated in  th e  freq u en cy  ran g e  1 Hz to 

1 MHz fo r various tem p era tu re s . The re s u lts  a re  com pared w ith e x p e ri­

m ental da ta .
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INTRODUCTION.

A fte r th e  b ir th  of quantum  m echanics, o u r u n d e rs ta n d in g  of the  solid 

s ta te , especially  th e  c ry s ta llin e  so lids, grew  v e ry  ra p id ly . T he theo ry  

of th e 'e le c tr ic a l conductiv ity  of m etals was p a rtic u la rly  successfu l. The 

concept of phonon helped u s in com prehending e lastic , therm al, and  

e lectron ic  p ro p e rtie s  of the  so lids. The band  th eo ry  has neatly  c lassi­

fied  m aterials in to  in su la to rs , metals and  sem iconductors. Sem iconduc­

to r  p h y sic s , due to its  su ccessfu l applications in fab rica tin g  electronic 

devices has revolu tionized  th e  w orld. The n a tu ra l consequence of th is  

revo lu tion  is the  in te re s t  in  s tu d y in g  and  sy n th esiz in g  new m aterials, 

w ith specific mechanical and  e lec trica l p ro p e rtie s , th a t  can be tailo red  

in  accordance w ith th e  dem ands of millions of app lica tions.

T he s tu d y  of charge  tra n s p o r t  in th ese  m aterials is of fundam ental 

in te re s t;  b o th , from th e  po in t of view of basic  p h y sic s  and fo r its  

applications in electron ic  dev ices. On the  one h an d , th e  analysis of the  

t ra n s p o r t  phenomena th row s lig h t on the  e lectron ic  in te rac tio n s in the  

m aterial, on band  s tru c tu re  e tc . On th e  o th e r  h an d , m odern e lec tro n ­

ics , which depends heavily  on the  soph istica ted  know ledge of many 

a sp ec ts  of charge  t ra n s p o r t  in th e  sem iconductors, seems to have 

ceaselessly  grow ing influence on human ac tiv itie s .
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C harge tr a n s p o r t  is in  genera l a d ifficu lt problem ; from b o th , a 

m athem atical and physica l po in t of view. In  fa c t, th e  in teg ro d iffe ren tia l 

Boltzmann equation  th a t  d e sc rib e s  th e  problem , does not o ffe r analy tical 

solutions excep t fo r a  v e ry  few special c ases . In  m ost m ateria ls , th e  

e lectron ic  t ra n s p o r t  is contro lled  by  various m icroscopic physica l p ro ­

cesses , whose re la tiv e  im portance is not know n. For some physica l s y s ­

tem s, u n d e r special conditions, it is possib le  to form ulate m icroscopic 

models fo r charge  tr a n s p o r t ;  b u t the  analy tical so lu tions b ased  on such 

models a re  generally  v e ry  complex. With th e  a d v en t of la rg e  com puters 

w ith fa s t p ro ce sso rs , com puter sim ulation may well be th e  only feasible 

approach  to deal w ith th is  problem .

C onducting o rgan ic  polym ers have been  in v es tig a ted  ex tensive ly  in 

the  p re se n t decade, because  of th e ir  wide spectrum  of app lica tions. The 

polymer fib e r  films have been used  in fab rica tin g  lig h t w eight re c h a rg e ­

able b a tte r ie s , so lar cells, photoelectrochem ical cells e tc . In  th is  w ork, 

we have applied com puter sim ulation tech n iq u es to  s tu d y  th e  polymer 

fib e r film s; p a rtic u la rly , th e  conduction mechanism and  th e  e ffec t of 

m orphology of the  film on ch arg e  tra n s p o r t .

C hap te r 1 p re s e n ts  an overview  of conducting  o rgan ic  polym ers. In 

C hap ter 2 we d escrib e  theo re tica l models th a t  have been  developed in 

o rd e r  to u n d e rs ta n d  th e  conduction mechanism in  pqlym er fib e r  films. 

C hap ter 3 in tro d u ces o u r com puter sim ulation model. T he re s u lts  of ou r
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calculations fo r lig h tly  doped and heav ily  doped system s have been  p r e ­

sen ted  in  C hap ter 4 along w ith some d iscu ssio n . Finally we make some 

concluding rem arks.
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C h ap te r 1. 

CONDUCTING ORGANIC POLYMERS.

Polyenes consist of a  carbon  backbone form ed by  C-C sigma bonds and

pi bonds. T h ree  out of th e  fo u r valence e lec trons of a carbon  atom a re  
2

in sp  hyb rid ized  o rb ita ls . T he lin ear combination of th e  2s o rb ita l w ith

th e  two in -p lane  2p o rb ita ls  p roduces th re e  o b onds. Two of th e  o

bonds a re  links in the  backbone chain , while th e  th ird  forms a bond

w ith some side g roup  [for exam ple H in (CH) ] .  T he rem aining valence
X

e lectron  forms a tt bond in which charge  d en sity  is p e rp en d icu la r to the  

plane of the  molecule. T he o bonds form low ly ing  completely filled 

b an d s , w hereas th e  it bond g ives r ise  to  a half filled  b an d . Hence if 

th e re  is neglig ib ly  small d is to rtio n  of th e  carbon chain , th e  system  

should behave like a metal.

The electron ic  s tru c tu re  of polyenes has been a su b jec t of in te re s t  

fo r many y e a rs . In  an e a r lie r  theo re tica l s tu d y  b ased  on th e  Huckel 

th eo ry  of molecular o rb ita ls , J .  E. L en n ard -Jo n es (Le37) concluded 

th a t ,  in th e  limit of in fin ite  chain le n g th , C-C bonds in  polyene ten d  to 

a constan t len g th  of 1.38 A.  T his was la te r  su p p o rte d  b y  Coul- 

son(C o38). But the  agreem ent betw een th is  and  th e  experim ental 

obse rva tions was not sa tis fa c to ry . In  optical s tu d ies  of long po lyenes, it  

was found th a t th e  freq u en cy  of maximum ab so rp tio n , f i r s t  decreases
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w ith increasing  chain  len g th  as expec ted  from free  e lec tron  o r m olecular 

o rb ita l th eo ry ; how ever it  th en  sa tu ra te s  a t abou t 2 eV. T his su g g e s ts  

th a t the  system  of long polyenes is a sem iconductor w ith a band  gap of 

2 eV.

H iggins and  Salem ca rr ied  ou t an  analysis w ith a well defined  model, 

and  found th a t th e  uniform  in fin ite  chain is u nstab le  w ith re sp e c t to 

bond a lte rn a tio n . For an  in fin ite  polyene th e  stab le  configuration  is one 

of unequal bond le n g th s . T h is is no th ing  b u t a res ta tem en t of th e  one 

dimensional Peierls in s tab ility  (Pe55) fo r a special case . A d isto rtion  of 

the  chain in which ev e ry  molecule moves a little  b it, so th a t the  la ttice  

constan t becomes twice th a t  of the  u n d is to rte d  chain , leads to a small 

band gap a t the  ferm i e n e rg y .

Ovchinnikov e t a l. (Ov78) have a rg u ed  th a t the  electron ic  gap in 

long chain polyenes is  due to co rre la tions in po lyenes, w ith Peierls 

e ffect p lay ing  no im portant ro le . T h ere  is no general agreem ent on th is  

p o in t.

In th e  con tex t of th e  above d iscussion , polyacetylene (CH) , theX

sim plest conjugated polym er, is of special in te re s t .  In  1974, Ito , Shi- 

rakaw a, and  Ikeda (It74) succeeded in obtain ing  flexible s ilv ery  films of 

(CH) . In te re s t  in th is  sem iconducting polym er has been stim ulated by  

the  successfu l dem onstration  of doping , w ith th e  associated  con tro l of 

e lectrical p ro p ertie s  over a wide ran g e . Chiang e t al. (Ch77) have
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shown th a t ,  th e  e lec trica l conductiv ity  o£ (CH) films can be v a ried
X

over 12 o rd e rs  of m agnitude from th a t of an  in su la to r th ro u g h  sem icon­

d u c to r to  a m etal. Since th e n , th e  v a rio u s physica l, chemical, and  

s tru c tu ra l  p ro p e rtie s  of polyacety lene have been  s tu d ied  ex ten siv e ly . In  

th e  following sections of th is  c h ap te r  we summarize th ese  p ro p e r tie s .

1 .1  Physical S tru c tu re  Of Polyacety lene.

Polyacetylene (CH) is th e  sim plest lin e a r  conjugated  polym er. I t  isX

ideally  a p lan a r compound composed of a  succession  of CH u n its  joined 

by  a lte rn a tin g  single and  double bonds. I t  e x is ts  in  two isom eric forms 

C is-Poly acety lene  and  T rans-P o lyacety lene  as shown in F igure  (1 .1 ) . 

The Cis and  T ran s  con ten t of polyacety lene a re  s tro n g ly  dep en d en t on 

th e  polym erization tem p era tu re . For exam ple, if th e  p rep a ra tio n  of 

polyacety lene is c a rried  ou t a t room tem p era tu re , th e  film has a p p ro x i­

m ately 60% Cis and  40% T ra n s . By h ea tin g , Cis isom er may be conven­

ien tly  converted  to  th e  therm odynam ically more stab le  T ra n s  isom er. 

T his is known as C is-T ran s isom erization.

E lectron m icrograph of Polyacetylene film [F igure  (1 .2 )]  shows a

fleece of random ly o rien ted  f ib e rs  w ith d iam eters of abou t 200 A and

indefin ite  len g th . The bulk  d en sity  of (CH) film ob tained  from w eight
X

3
and  physical volume ran g es  from 0 .3  to  0 .6  gm/cm ; w hereas its  flo ta-

3
tion d en sity  is 1.15 gm/cm . T h is ind ica tes th a t  only one fo u rth  to  one



TRANS A

Molecular S tru c tu re  of Cis and  T ra n s  isom ers of Polyacetyl-
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Fig. 1.2 E lectron M icrograph Of Polyacetylene film [a fte r  re f] 
(M o82)].



9

half of th e  film volume is occupied by  th e  f ib e rs . P a rtia l o rien ta tion  of 

th e  polyacety lene f ib e rs  can be achieved by  s tre tc h  alignm ent of th e  

films w ith combined m echanical and  therm al trea tm en t. S tre tc h  o rien ted  

polyacety lene films exh ib it considerab le  e lectrica l and  optical a n is tro p y .

1.2 B and S tru c tu re  Of Polyacetylene.

The ir-system  tra n s fe r  in te g ra l fo r polyacetylene can  be deduced  from 

th eo re tica l and  spectroscop ic  s tu d ies  as | t |  =* 2 -2 .5  eV. T h is implies a 

la rg e  overall bandw idth  W| ~ 8-10 eV. However, th e  tra n s v e rse  b a n d ­

w idth due to in te rch a in  coupling is much le ss . T he n e a re s t ne ighbour 

in te rch a in  spacing  of 4.39 A implies the  tra n sv e rse  bandw idth  W± ~ 0 .1  

eV. Hence the  polyacety lene system  may be re g a rd e d  as quasi-one- 

dim ensional. We consider a model fo r T rans-P o lyacety lene  in  which ir 

e lec trons a re  tre a te d  in a t ig h t b ind ing  approxim ation, and  a e lec trons 

a re  assum ed to  move adiabatically  w ith th e  nuclei.

thLet u ^  be a configuration  coordinate  fo r displacem ent of th e  n CH 

g roup  along th e  m olecular sym m etry ax is as shown in F igu re  (1 .3 a ) . u n

= 0 fo r th e  undim erized chain . T he Hamiltonian is

** ^ns  ̂ *n+l ,n  C n + l , s  ° n , s  + ll ,C’ ^

* £n  iK  ' - V i '  V 2 * £n 1M ***> ^

w here to  f i r s t  o rd e r  in th e  u 's ,
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Fig. 1.3 P erfec tly  dim erized T rans-P o lyacety lene  (a f te r  re f . Su79).
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[a fte r r e f .  (Su79)J.
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t  = t -  a (u  - u  ) .  (1*2)n + l ,n  0 v n+1 n '  '  '

M is th e  mass of th e  CH u n it, K is th e  sp rin g  co n stan t fo r th e  a e n e r ­

gy when expanded  to  second o rd e r  abou t th e  equilibrium  undim erized

system s, and  c (cn s ) c re a te s  (ann ih ila tes) a  n e lec tron  of sp in  s on 

tilth e  n  CH g ro u p . T he band  s tru c tu re  of th e  perfe 'c t in fin ite  dim er- 

ized T rans-P o lyacety lene  is shown in  F igure  (1 .4 ) . In  th is  p e rfe c t 

s t ru c tu re , the  d isp lacem ents a re  of th e  form

un0= 1 ^  V  V ' V

w here ± co rresp o n d s to th e  two possible d eg en era te  s tru c tu re s  A and  B 

as shown in F igu res (1 .3a) and  (1 .3b ) re sp ec tiv e ly . T he tr a n s fe r  

in teg ra ls  fo r the  p e rfe c t chain a re

tg - t j  "single" bond

‘„U ,„  = ^  < 1 4 >

*0+ *1 "double" bond.

The overall bandw idth  is 4t^ ~ 8-10 eV. T he e n e rg y  gap E^ = 4t^ 

depends on th e  m agnitude of th e  d is to rtio n  of the  chain . For example if 

Eg = 1.4 eV, th e  value of1 u^ which minimizes th e  g round  s ta te  e n e rg y  

is Uq = 0.042 A . T he g ro u n d  s ta te  en e rg y  as a function  of th e  d is ­

placem ent of th e  CH g roup  is shown in F igure  (1 .4 ) . I t is d eg en era te  

w ith re sp e c t to  two dim erized s tru c tu re s  of a lte rn a tin g  single and  

double bonds, A and  B, as shown in F igure  (1 .3 ) .
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In  th e  above d iscussion , th e  band  calculations a re  done fo r  a one 

dim ensional tran s-p o ly ace ty len e  chain . T he in te rch a in  coupling is 

expec ted  to give a tra n s v e rse  bandw id th  of th e  o rd e r  of a few te n th s  of 

an  eV. In  c o n tra s t w ith th e  tra n s  s t ru c tu re ,  th e  cis s t ru c tu re  has an 

even  bandgap  fo r uniform  b o n d s. T h is su g g e s ts  th a t  th e  e n e rg y  gap of 

th e  cis s tru c tu re  is g re a te r  th an  th a t of th e  tra n s  s tru c tu re .

1 .3  Solitons In  Polyacety lene.

As we have seen  in th e  p rev ious section , in tran s-p o ly ace ty len e , 

g round  s ta te  e n e rg y  is deg en e ra te  w ith re sp e c t to  two dim erized s t r u c ­

tu re s  A and B (F igu res (1 .3 ) , (1 .4 ) ) .  Hence one ex p ec ts  excita tions to 

e x is t in  the  form of a topological soliton, o r moving domain wall, sep a ­

ra tin g  th e  A and B dom ains. T his has been s tu d ied  theo re tica lly  by  Su, 

S ch rie ffe r and  H eeger (Su79), and  by  Rice (R i79). In  th is  section we 

b riefly  describe  th e ir  w ork.

C onsider a situation  w here th e  A phase  and  B phase  coexist in  a 

chain w ith a domain wall o r  a soliton se p a ra tin g  th e  two phases as 

shown in F igure  (1 .5 a ) . T he soliton is a t r e s t  a t th e  o rig in  n  = 0. As 

one moves to th e  fa r  r ig h t  ( le f t) , th e  displacem ent p a tte rn  red u ces  to 

th a t of the  A phase  (B p h a se ) . T he displacem ents in a segm ent of N 

CH g roups located sym m etrically abou t n  = 0 v a ry , b u t, th ey  a re  

m atched onto p e rfe c t A and  B phases on e ith e r  s ides. T he g round  s ta te
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e n e rg y  is th en  calcu lated  fo r any  se t of d isplacem ents in  th e  se g ­

m ent. T he system  en e rg y  E(fc) can be determ ined by  defin ing  th e  s ta g -  

g e rd  o rd e r  param eter

tf> = ( - l ) n  u  , (1 .5 )n '  n

and  by  choosing th e  tr ia l function  as

= Uq tan h (n /H ). (1 .6 )

E ( I )  as a function  of w idth  of th e  wall Z, is shown in  F igure  (1 .5b ) fo r
\

4t^ = 1 .0 , 1 .4 , and  2 .0  eV. T he minimum occurs a t 1 ~ 7 fo r 4t^ = 1.4

eV (fo r 4 tj=  2 .0  eV, 1 ~ 5 and  fo r 4t^ = 1 .0  eV, 1 ~ 9 ). The en e rg y  to

crea te  the  soliton a t r e s t  is E ~ 0 .4  eV fo r E = 1 . 4  eV. T he effective
s g

mass of the  soliton is M = 6m w here m is the  e lectron  m ass.s e . e

The electron ic  s tru c tu re  of th e  soliton shows a single sh a rp  s ta te  

a t th e  c en te r  of th e  gap , contain ing  one e lec tron  fo r n e u tra l k in k . T h is 

localized s ta te  is sp in  unp a ired  b u t th e  d is to rte d  valence band  still has 

sp in  0. Hence th e  n e u tra l soliton has sp in  i .

The relevance of solitons in th e  case of doped (CH) can be seen  as

follows. The en e rg y  fo r c reation  of a soliton Eg m ust be com pared w ith

the  e n e rg y  fo r free in g  an e lec tron  (o r hole) A. For E^ = 1.4 eV, Eg =

0 .4  eV < A = 0 .7  eV th e re fo re , soliton doping is favoured  in (CH) .X

For each donor o r accep to r, which tra n s fe rs  an e lec tron  o r a hole to



16

the  chain , one ch arg ed  soliton is form ed. The ch arg ed  solitons have 

sp in  zero and hence , no sp in  resonance  and  C urie-law  suscep tib ility  is 

associated  w ith th e  charge  c a r r ie r s ,  as is experim entally  o b se rv ed .

1.4 E lectrical T ra n sp o r t  P ro p e rtie s .

As we have seen  in p rev ious sec tions, all conjugated  o rganic  polym ers, 

in th e ir  p u re  s ta te , a re  b e s t  describ ed  as e lec trica l in su la to rs . T he 

romm tem pera tu re  conduciv itty  of undoped Cis is C is-Polyacetylene 

abou t 10 ^ ft * cm * and  i t  in c reases  to 10 ^ ft * cm * on isom erization 

to T rans-P o lyacety lene . T h is conductiv ity , how ever, is a ttr ib u ta b le  to 

defects  and  im purities in th e  polym er. When p u re  polyacetylene is 

doped w ith a donor o r an  accep to r, th e  e lectrica l conductiv ity  increases 

dram atically over many o rd e rs  of m agnitude. I t th en  sa tu ra te s  a t h ig h er 

dopant levels above approxim ately  1 %. T he typ ica l behav iou r of the  

conductiv ity  as a function  of dopan t concentra tion  (y) is shown in  F ig­

u re  (1 .6 ) . The general fe a tu re s  ap p ea r to be th e  same fo r various 

do p an ts , b u t th ey  d iffe r in sa tu ra tio n  values and c ritica l concen tra tions 

above which conductiv ity  depends weakly on y . T he tra n s p o r t  s tu d ies  

indicate  a change in  behav iou r a t a  c ritica l concen tra tion  y  which may 

be ch arac te rized  as a sem iconductor to  m etal tran s itio n .

A g rea t deal of e ffo rt has been  devoted  to th e  u n d e rs tan d in g  of 

e lectrica l t ra n s p o r t  in conducting  polym ers. A qualita tive  model (Fr85)
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Fig. 1.6 E lectrical conductiv ity  (room tem p era tu re ) as a function  of 
dopant concen tra tion  (a f te r  r e f .  Ch77).
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fo r conduction su g g e s ts  th a t ,  th e re  a re  a t  le a s t th re e  p ro cesses  con­

tr ib u tin g  to th e  conductiv ity  : (i) In te rch a in  tra n s p o r t  (ii) In trach a in  

tra n s p o r t  (iii) In te rf ib e r  t ra n s p o r t .  T h u s , th e  conductiv ity  is  d e te r ­

mined bo th  b y  m icroscopic ( in te rch a in , in trach a in ) and  m acroscopic 

( in te rf ib e r)  p ro cesses . S ince, th e  re la tiv e  im portance of th ese  p ro cess -
X

es is in fluenced  by dopant concen tra tions, it  is v e ry  d ifficu lt to  develop 

a un ique  q u an tita tiv e  model. V arious a u th o rs  have proposed  d iffe ren t 

models w herein  a tten tio n  is focussed  on a p a rtic u la r  fea tu re  of th e  con­

duction  p ro ce ss . T he Miller A braham s model (MiGO) of hopping  t r a n s ­

p o rt of e lec trons betw een localized s ite s , w hich is valid  fo r ligh tly  

doped sem iconductors, has been applied  to  po lyacety lene b y  Summerfield 

e t al (S u85 ). On the  o th e r  hand , Kivelson (Ki82) has developed a v a r i­

able ran g e  hopping model, in which i t  is assum ed th a t ,  th e  conduction 

tak es  place v ia hopping of charge  from ch arg ed  solitons to  n e u tra l soli- 

to n s . T he la rg e  values of conductiv ity  a t  h igh  dopant concen tra tions 

su g g e s t th a t ,  in th is  case , the  f ib e rs  become essen tia lly  metallic and  

only the  in te rf ib e r  re s is tan c e  is re lev an t fo r th e  overall conductiv ity  

(Eh8 6 ) . Sheng (Sh80) has proposed  a model fo r d iso rd e red  m aterials 

w ith la rg e  conducting  reg io n s sep ara ted  b y  small in su la tin g  b a r r ie r s ;  in 

w hich, th e  conduction tak e s  place via fluc tuation  induced  tu nne ling  of 

e lec trons betw een th e  conducting  reg io n s . T h is has been applied  to 

heavily  doped Polyacetylene (Pa80, P h 8 0 ). Tomkiewicz e t al (T 08 I) 

have developed a model in w hich it  is assum ed th a t  th e  doping is h igh ly
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inhomogenous and  dopan ts form metallic is lan d s . In  th is  model, the  

sem iconductor-m etal tra n s itio n  is re la te d  to  a th re sh o ld  fo r  percolation  

betw een th ese  is lan d s . We will d escribe  some of th ese  models in some 

deta il in th e  n ex t c h a p te r .

1 .5  O ther C onducting  Polym ers.

B esides Polyacety lene, polym ers which can be made h igh ly  conducting  

by  doping, a re  P o lypy rro le , P o ly th iophene, and  Polyphenylene and  its  

d e riv a tiv e s . T he m olecular bu ild ing  u n its  of th ese  polym ers a re  e ith e r  

th e  six  membered pheny lene  r in g s  o r th e  five-m em bered h e te ro  r in g s  

which a re  linked  to g e th e r  b y  ^ 2^2 Sro u P anc* an  ® atom in th e  case of 

polyphenlyne v iny lene and  polyphenylene su lph ide .

The e lec trica l conductiv ity  of th ese  polym ers in th e  undoped  s ta te  is

low (10 to 10 ^  fl * cm V  Upon doping , th e  conductiv ity  can be

3 - Ira ised  by  many o rd e rs  of m agnitude to values betw een 1 and 10 fl 

cm *. Because of th e  com plexity in th e  chemical s tru c tu re  of th ese  

m aterials, th ey  a re  not s tu d ied  as ex tensive ly  as po lyacety lene . Since 

in many re sp e c ts  th e ir  p ro p e rtie s  a re  sim ilar to  po lyacety lene, th e  con­

cep ts  developed fo r poly acety lene  may hopefully  be generalized  to  acco­

modate th is  w ider class of polym ers.
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C h ap te r 2.

ELECTRONIC CONDUCTION IN POLYMERS:

THEORETICAL TOOLS.

2 .1  H opping of e lec trons betw een lo ca lized -sta te s .

In  doped sem iconductors, a t  su ffic ien tly  low tem p era tu re s , th e  num ber 

of free  c a rr ie rs  is  small, and  th e  conduction  mechanism is dom inated by  

charge  t ra n s p o r t  in im purity  s ta te s . When th e  im purity  concen tra tion  is 

h igh , the  im purity  s ta te s  overlap  form ing an im purity  band  and  the  

conduction tak es place in th is  b an d . At low concen tra tion , how ever, 

band ing  does no t occur and  conduction tak es  place by  hopping of e lec­

tro n s  from occupied to unoccupied localized donor s ta te s  (Mo56).

Miller and  Abraham s (Mi60) have developed a model fo r th e  hopping 

p rocess and have shown th a t th is  may be re p re se n te d  by  an e lectrica l 

ne tw ork . T he spa tia l locations of th e  nodes of th is  netw ork  a re  a t  the  

random ly d is tr ib u te d  im purity  s ite s , and  th e  value of ind iv idual node to 

node conductance depends in  genera l on th e  site  separa tion  and  th e  site  

en e rg ie s . We d escribe  th e ir  model b rie fly .

C onsider a sem iconductor w ith Nj^ donors and  N ^ accep to rs , N ^ > 

N ^ . At low tem p era tu res  accep to rs  will com pensate of th e  donors, 

and  th e re  will be N ^ ionized donors, N ^ ionized accep to rs  and  N ^ - N ^
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e lec trons in  rem aining donor s ta te s . If one of th e  donor e lec­

tro n s  is close to  one of th e  donor vacan t s ite s , i t  can hop to  th is  

s ite . T his t ra n s fe r  is accom panied by  emission o r ab so rp tion  of a pho- 

non in o rd e r  to conserve  e n e rg y . In  absence of an e lectric  field  the  

charge  tra n s fe r  is random  an d  n e t c u rre n t  is  zero . The e lec tric  field  

in troduces an average  g rad ie n t in th e  donor s ta te  en erg y  along the  

field d irec tion . T his in c reases  th e  tra n s fe r  ra te  to sites of lower field 

en e rg y  and hence a n e t c u rre n t  flows in the  field  d irec tion .

C onsider a simple model system  consisting  of equ ivalen t s ite s , each 

of which can be e ith e r  unoccupied  o r occupied b y  a single e lec tron . 

The average  tran s itio n  ra te  fo r an  e lectron  from site  i to site  j is given 

by

r. .°  = < n .(l-n .)Y  >. (2 .1 )ij 1 j ij

Here n. a re  th e  occupation p robab ilities , 2f is  th e  in trin s ic  tran s itio n  

ra te  from site  i to site  j;  th e  an g u la r b rac k e ts  denote an average  over

time. In therm al equilibrium , th e  occupation p robab ilities fo r d iffe ren t

s ites  a re  s ta tis tica lly  in d ep en d en t, hence <n. n.> = <n^> <nj>> and

<nj> = [1 + ex p C E ./k T )]"1, (2 .2 )

w here en erg y  is m easured from the  Fermi level. Since we a re  con­

sid e rin g  a tunneling  p ro cess , th e  dependence of Y.̂  on R ^ , th e  d is ­

tance betw een th e  sites i and  j m ust be exponentia l. T he en e rg y  d ep en ­
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dence is le ss  obvious b u t , w hen kT  is small com pared to  |E .-E^| and  

when |E .-E j| is sm aller th an  o r of th e  o rd e r  of Debye e n e rg y , one can 

w rite

Y.. = Yq exp[-2«R ij-(E j -Ei ) /k T ]  fo r E] > Ej,

= Yq exp [-2aR .j ] fo r  Ê  S Ei> (2 .3 )

w here Ŷ  is  a constan t th a t depends upon th e  e lectron  phonon coupling

s tre n g th . can then  be sim plified to (Am71)

T..0 = Yq exp  [-2aRy - ( |E .| +1Ej | +1Ej[-Ej | ) /2 k T ] . (2 .4 )

In the  p resen ce  of weak e x te rn a l e lec tric  field th e  site  en erg ies  a re

modified as E. •* E. + eE .R .. T he in tr in s ic  tran s itio n  ra te  Y.. can now be i l l  ij

w ritten  as

Y ..( t )  = Y_ ex p [-2 o R ..-(E .-E .+ e^ .R ..) /k T ] fo r E. > E.,ij 0 ij j i i j ' j i '

= Yq exp [-2oR .p  fo r Ê  £ E.. (2 .5 )

The modified occupation num ber n .(E ) can be e x p re ssed  in  term s of th e

changes 6y. in the  chemical po ten tia l a t various sites :

n. ( t )  = [1 + e x p { (E .-6 y .) /k T ) ] '1 . (2 .6 )

By re ta in in g  only the f i r s t  o rd e r  term s in the  e lec tric  fie ld , th e  a v e r ­

age n e t flow from site  i to site  j can be w ritten  as

r ^ - i y E )  = [l/k T ]leE .R ..+ 6 y .-6 y j ] r  ° .  (2 .7 )
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The fac to r in  the  second p a re n th e s is  of equation  (2 .7 ) is th e  to ta l 

po ten tia l d ifference  betw een s ite s  i & j . Hence the  q u a n tity

Gy = [eV kT ] Ty0 (2.8)

can be recognized  as the  conductance betw een two s ite s .

The overall e lec trica l conductiv ity  can th en  be calculated  b y  re d u c ­

ing the  e lectrica l netw ork  problem  to a percolation  problem . The con­

d u c tiv ity  o is given by

o = Gc /R c . (2 .9 )

Rc has dimension of len g th , and  it d epends on some typ ica l len g th  scale 

of the  netw ork . Gc is th e  c ritic a l percolation  conductance. I t  is 

defined as the  la rg e s t conductance such  th a t  th e  su b se t of netw ork  w ith 

Gy > Gc still con tains a connected  netw ork  which spans th e  en tire  s y s ­

tem. Since th e  analysis involved in calculations of Gc and  Rq is com­

plex ; th ey  a re  generally  determ ined by  Monte Carlo Simulation T ech ­

n iques .

2 .2  E lectron Hopping in  a  Soliton B and.

As we have seen  in section  1 .3 , th e  elem entary  excita tions in T ra n s -  

Polyacetylene a re  in th e  form of topological solitons [F igure  (1 .5 ) ] .  In 

undoped polyacetylene th e re  is a  small num ber of n e u tra l so litons. Upon
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doping, charge  is tra n s fe re d  from dopant to po lyacety lene chain , e ith e r  

by  changing  p re -e x is tin g  n e u tra l solitons in to  ch a rg ed  solitons o r by  

c rea tin g  new charged  so litons. T his ch arg ed  soliton form ation is fa v ­

ou red  in (C H )^ over free in g  an e lec tron  from th e  dopan t.

Since th e  solitons a re  topological excita tions of th e  polym er chain , 

th e  free  solitons can d iffuse  along th e  chain , how ever, th ey  cannot hop 

betw een chains. T h e ir motion is th u s  h igh ly  one dim ensional. T he n e u ­

tra l  solitons a re  mobile, w hereas th e  ch arg ed  so litons, which a re  form ed 

by  tra n s fe r  of charge  betw een dopan t atom an d  th e  polym er chain , a re  

bound to  the  ionized dopant atom w ith b ind ing  e n e rg y  ~ 0 .3  eV. At 

h igh  tem p era tu res  some of th e  charged  solitons become fre e , and  th en  

th e  charge  t r a n s p o r t  is p resum ably  dom inated b y  ch a rg ed  soliton d iffu ­

sion. At low tem p era tu res , how ever, th e re  a re  no t m any free  charged  

solitons available. Kivelson (Ki82) has explained  th e  conduction a t such  

tem p era tu re s , and  low doping  leve ls , in  term s of phonon a ss is te d  h op ­

p ing  of charge  from ch arg ed  solitons to  n e u tra l so litons.

C onsider a negative ly  ch a rg ed  soliton bound  to a positive ly  ch arg ed  

im purity  on one of the  chains [F igure  (2 .1 ) ] .  If a n e u tra l soliton on a 

n earb y  chain has an im purity  atom in i ts  v ic in ity  th en  phonon a ss is te d  

hopping of an e lectron  from th e  charged  soliton to th e  n e u tra l soliton is 

energetica lly  favoured  as com pared to lib e ra tin g  th e  ch arg ed  soliton 

from th e  im purity . To determ ine th e  n e t conductiv ity  of a fib e r u sin g
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Fig. 2 .1  Schematic re p re se n ta tio n  of soliton conduction .
a) F ree-so liton  conduction  in w hich a bound ch arg ed  soliton 
is therm ally  lib e ra te d .
b ) E lectron hopp ing  betw een soliton bound s ta te s .
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th is  model, th e  m ethod o£ th e  la s t  section is followed. C onsider a  simple

model system  consisting  of charged  and n e u tra l so litons. In  therm al

t h .  t h .equilibrium , th e  average  tran s itio n  ra te  from th e  i soliton to  th e  j

soliton is given by

ry (0)  = vy  n ( 0 ) ( l - n (0 )) ,  (2 .10)

thw here v„ is th e  tran s itio n  ra te  from charged  soliton a t th e  i soliton 

site  to n e u tra l soliton a t th e  j**1 soliton s ite , n ^  is th e  frac tion  of sol­

itons which a re  ch arg ed , and  ( 1 - n ^ )  is the  frac tion  of solitons which 

a re  n e u tra l and have an im purity  atom n e a rb y . (For fu tu re  conven­

ience we have abso rbed  th e  fac to r 1/N , which re flec ts  th e  p robab ility  

th a t the  n e u tra l soliton is n e a r  an im purity  atom, in th e  exp ress ion  

( 1 - n ^ ) .  On th e  o ther, h an d , Kivelson has ab so rbed  it in th e  e x p re s ­

sion fo r tran s itio n  r a t e ) .

To determ ine v.^, Kivelson has solved the  two soliton problem  w ithin 

the  B orn-O ppenheim er approxim ation. He has shown th a t th e  tran s itio n  

ra te  can be e x p re ssed  as a p ro d u c t of two fac to rs ; one depend ing  upon- 

th e  spa tia l separa tion  R„ betw een two solitons i and  j, and  th e  o th e r 

one depending  upon the  e lec tron  phonon coupling.

Vj. = Y(T) e x p { -2 [(R |)/ 5 | ) 2 + ( R j / S J 2]*}, (2.11)

w here Rp is th e  component of Rj. along th e  chain and R± is th e  compo­

n en t p e rp en d icu la r to th e  chain . and  a re  th e  in chain  and  ou t of
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chain e lec tron  decay len g th s  re sp ec tiv e ly . To fu r th e r  calculate the  

ch a rac te ris tic  freq u en cy  2f(T) ap p ea rin g  in  equation  (2 .1 1 ), it  is n eces­

sa ry  to c o n s tru c t a th re e  dimensional m icroscopic model of po lyacety l­

ene. Su, S h rie ffe r and  H eeger's  model as d iscussed  in  section  1.3 is 

p u re ly  one dim ensional. K ivelson h as augm ented th is  model by  co n sid e r­

ing  in te rch a in  in te rac tio n s as a p e rtu rb a tio n  over the  th re e  dimensional 

ham iltonian. He th en  evaluates the  e lec tro n  phonon coupling func tion , in 

term s of which Y(T) becomes,

3f(T) = (500 eV /fi) [T /300 K ]10. (2.12)

U sing E q .(2 .1 1 ) and  Eq. (2 .12) » ? . j ^  can be w ritten  as

= (500 eV /h) [T/300 K ]10 n (0 ) ( l - n (0 ))

x e x p { -2 [ (R ||/£ ij) 2 + (R j/S j.)2]* ) . (2.13)

In analogy w ith th e  la s t section , in th e  p resence  of a weak ex te rn a l 

e lectric  field , the  n e t flow from site  i to site  j is given by

^ ( E J - r .^ E )  = [1 /kT ] [eE .R .j +6v.-6]ij ] r  ( 0 ) . (2.14)

(See A ppendix A fo r d e ta ils .)  The fac to r in the  second p a re n th es is  of 

the  above equation  is the  po ten tia l d ifference  betw een s ites  i and  j , so 

the  q u an tity

Gy = [e2/k T ] T ^ i 0 ) , (2.15)
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can be iden tified  as th e  conductance betw een s ite s  i and  j. Kivelson 

has ob tained  analy tical form ula fo r th e  overall e lec trica l conductiv ity  by  

u s in g  th e  m ethod of B u tch e r e t  al (B u77). He found

o = (Ae2/k T )  n (0) ( l - n (0 ) ) Y(T) (C/RQ2) exp  (-2BRQ/S ) , (2.16)

w here A=0.45, B=1.39, R^ is  th e  typ ical separa tion  betw een im purities, 

and  £ is the  th re e  dim ensionally averaged  electron ic  decay len g th .

2 .3  F lu c tua tion -Induced  T unneling  C onduction.

As we have seen  in section  2 .1 , in am orphous sem iconductors, a t low 

tem p era tu res  and a t low doping  leve ls , the  conduction mechanism can be 

exp la ined  by th e  hopping  tra n s p o r t  of e lec trons betw een localized s ite s . 

However, some d iso rd e red  m ateria ls, such  as co n d u c to r-in su la to r com­

posites and heavily  doped am orphous o r o rganic sem iconductors, a re  

ch arac te rized  by  la rge  conducting  reg ions sep a ra ted  by  th in  in su la ting  

b a r r ie r s .  For th ese  system s th e  e lec trica l conduction is dom inated by  

e lec tron  t ra n s fe r  betw een la rg e  conducting  segm ents r a th e r  th an  by 

hopping betw een localized s ite s . Sheng (Sh80) has in troduced  a novel 

m echanism, fluc tua tion -induced  tu n n e lin g , in o rd e r  to  explain  such 

e lectron  tra n s fe rs  acro ss  in su la tin g  gaps in  th e  conducting  pathw ays. 

We now describe  th is  mechanism b rie fly .



29

The conduction e lec trons in  the  above m entioned d iso rd e red  m ateri­

als a re  delocalized and free  to  move over d is tan ces v e ry  la rg e  as com­

p a re d  to atomic dim ensions. T hese  e lec trons ten d  to tu n n e l betw een the  

conducting  reg ions a t the  p o in ts  of th e ir  c losest app roach . T he tu n n e l 

junctions a re  usually  small in size and  a re  th e re fo re  p rone  to  therm ally 

ac tiv a ted  voltage fluc tuations acro ss  th e  junction . The tun n elin g  p ro b ­

ab ility  is  a ffected  by  th ese  fluc tuations since th ey  m odulate th e  p o ten ­

tia l b a rr ie r .  The fluc tuations in troduce  ch a rac te ris tic  tem pera tu re  

dependence to the  norm ally tem p era tu re  in d ep en d en t tu nne ling  conduc­

tiv ity .

To determ ine the  co nductiv ity , Sheng has considered  a single tu n n el 

junction  in th e  p resence  of applied  e lec tric  field and  th e  therm al 

f lu c tu a tin g  field E ^ . Since it  is equally  p robable  th a t  E,p is in th e  

same d irection  as E ^ , o r opposite to it;  th e  n e t c u rre n t  d en sity  in the  

app lied  field d irec tion , fo r E^, > E ^ , is given by

H ere a p a rtia l conductiv ity  can be defined  as

2(E ) = limE _ (AJ/Ea ) = dj(E T )/d E  (2.18)
A

T he fluc tuation -induced  tu n n elin g  conductiv ity  can th en  be ob tained  by  

therm al av erag ing  Z(E^,),

41 = M  i ( ET +EA } '  ! • (2.17)

(2.19)
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Fig. 2.2 a) T unneling  junction  betw een two conducting  segm ents.
b) rep re sen ta tio n  of a junction  as a paralle l p la te  capacito r.
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w here P(E^,) is  th e  fluc tuation  p robab ility  fu n c tio n . To determ ine 

P(E ,p), Sheng has approxim ated  the  tu n n e l junction  [F igure  (2 .2 a)] by  

a para lle l p la te  capacito r w ith a rea  A and  sep ara tio n  w as shown in  F ig­

u re  (2 .2 b ) . R /2 deno tes th e  re s is tan ce  connecting  to  th e  r e s t  of con­

duc tin g  segm ents. U sing th is  p ic tu re  of th e  junc tion , and  b y  app ly ing  

th e  eq u ip a rtitio n  theorem  assum ing th e  capacito r as a system  w ith one 

deg ree  of freedom , P(E,p) can be estim ated as ,

P(E t ) = (4a/nkT )*  e x p [-a E T 2/ k T ] . (2 .20)

H ere a  = wA/8n is a  m easure of th e  volume of a  junction .

To find  th e  field d ep en d en t tunneling  c u r re n t  j(E ^ )  Sheng h as u sed  

an image force co rrec ted  re c ta n g u la r  po ten tia l b a r r ie r  to re p re se n t  the  

th in  in su la ting  gap betw een conducting  segm ents. T he image force c o r­

rec tion  makes th e  po ten tia l smoothly v a ry in g , and  th u s  rem oves u n p h y ­

sical in fin ite  fields implied by  a re c ta n g u la r  b a r r ie r .  I t  allows one to 

s tu d y  a v a rie ty  of b a rr ie r  sh ap es , from n ea rly  re c ta n g u la r  to nearly  

p a rab o lic . For th is  po ten tia l he determ ines th e  b a r r ie r  transm ission  

fac to r, and  th en  calculates j(E^,) fo r low tem p era tu re s . By u sin g  th is  

ex p ress io n  in E q .(2 .1 9 ) , alongw ith E q .(2 .2 0 ) , th e  conductiv ity  can be 

sim plified to

»!«2 *
o = o q exp [ - T X(E /T  + $(E ,X )/T 0) ] ,  (2.21)
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w here o0 is a co n stan t. T 0> T x, and  X a re  m icroscopic tunneling  ju n c-
*

tion p a ram eters . E is th e  red u ced  e lec tric  field .

A d iso rd e red  m aterial con tains a  la rg e  num ber of tu n n e l ju n c tio n s. 

The voltage fluc tuations v a ry  from one junction  to a n o th e r. The 

behav iou r of each junction  can be e x p re ssd  in term s of junction  param ­

e te rs  T 0, T x. T h ere fo re , a s fa r  as conductiv ity  is concerned , the  d is ­

o rd e red  m aterial may be re g a rd e d  as a random  re s is to r  netw ork  in  

which th e  re s is to rs  re p re se n t th e  tu n n el junctions w ith d is tr ib u tio n s  in 

the  values of T 0, and  T x. T he nodes of th e  netw ork  a re  th e  conducting  

pathw ays connecting the  d iffe ren t ju n c tio n s. Sheng has determ ined  the  

conductiv ity  of such  a netw ork  by  app ly ing  effective  medium th eo ry  

(k i7 9 ).

2 .4  E ffective Medium T h eo ry  an d  R esis to r N etw orks.

In  p rev ious sections, we have describ ed  various theo re tica l models 

which have been applied  to  a  v a rie ty  of sem iconductors in o rd e r  to  

u n d e rs ta n d  th e  conduction m echanism. To determ ine th e  conductiv ity  of 

a physical sample u s in g  th ese  m odels, one has to employ th e  m ethods of 

E ffective Medium T heory  (EMT) o r to  solve th e  problem  by  red u c in g  it  

to a random  re s is to r  ne tw ork . Let u s  f i r s t  illu s tra te  the  m ethod of EMT 

by  app ly ing  it  to a polym er fib e r film.
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C onsider the  film to  be a composite medium of polym er and  a ir  w ith 

conductiv ities o x and o2 re sp ec tiv e ly . The conductiv ity  of polym er a x 

can be determ ined by  u s in g  a specific model fo r conduction (fo r example 

K ivelson 's model.-). O ur objective is to  calculate a , an effective  con­

d u c tiv ity  of th e  en tire  com posite. We begin  (Se85) by  considering  a 

small spherica l g ra in  inside  th e  m aterial, and  t r e a t  th a t  g ra in  as if i t  is 

em bedded in a homogenous e ffective  medium, of conductiv ity  oe> to  be 

com puted se lf-co n sis ten tly . Let th e  field  and  c u rre n t  d en sity  fa r  from 

the cen tra l g ra in  be E 0 and  J 0 = oeE 0. We can th e re fo re  calculate th e  

fields and  c u rre n t  d en sity  w ith in  th e  g ra in  to  be

Ein = l3oe / ( o i+2oe )1 E ° (2 ,22)

J . = o. E, (2 .23)m  i in v 7

w here o. is e ith e r  o x o r o2. T he self consistency  fo r com puting 

comes from th e  assum ption th a t

<J. > = o <E. >. (2.24)in e in '  7

Assum ing th a t  th e  composite is  made up  of the  frac tio n  f of com ponent 1 

and (1-f) of component 2, we can su b s titu te  E quations (2 .22) and  

(2.23) in to  E q .(2 .2 4 ) to  y ield ,

f [ ( o a-oe ) / ( a l+2oe )] + ( l - f ) [ ( o 2-ae ) / ( o 2+2oe )] = 0 .  (2.25)
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Since conductiv ity  of a ir  o^  is  zero , E q .(2 .2 5 ) can be sim plified to 

obtain

o0 = [ (3 f - l) /2 ]  o x (2.26)

T his gives the  percolation  th re sh o ld  f = 1 /3 .

A lthough EMT has p ro v ed  to  be a u se fu l approxim ation fo r dealing

with system s abou t which we have v e ry  little  s tru c tu ra l  inform ation, the

th eo ry  fails when a p e rco la ting  system  approaches th e  percolation

th resh o ld . EMT p re d ic ts  a  much h ig h e r c ritica l concen tra tion  th a n  is
✓

observed  experim entally  o r by  num erical sim ulation (K i73). The source 

of th is  d isc repancy  can be tra c e d  to  th e  num ber of sim plifying assum p­

tions th a t have been  made in  a rr iv in g  a t th is  r e s u l t .  T he spherica l 

g ra in  shape is h a rd ly  com patible w ith th e  geom etry of th e  fib rous film. 

With an elongated  g ra in  shape  it is possib le  to  lower th e  percolation 

th re sh o ld . The EMT is essen tia lly  a m acroscopic approach  to th e  s tu d y  

of inhomogeneous media, a s  a re s u lt ,  a tten tio n  is paid  n e ith e r  to the  

s tru c tu ra l  details of th e  medium nor to th e  u n d erly in g  m icroscopic p ro ­

c esses .

An a lte rn a tiv e  app roach  to  th is  problem  is to  sim ulate th e  physical 

system  by  a percolation  model. Percolation models a re  composed of s ite s , 

and of bonds betw een s ite s . T he rela tion  to the  physical model is made 

by  iden tify ing  th e  s ite s  w ith th e  sou rces of in te rac tio n s , and  th e  bonds



35

w ith in te rac tio n s of some minimum s tre n g th  o r g re a te r . T his is the  

app roach  we have tak en  to  determ ine th e  conductiv ity  p ro p e rtie s  of 

polym er fib e r films. T his enab les u s  to co n sid er th e  m icroscopic as well 

as th e  m acroscopic p ro cesses  of conduction , th e re b y  allowing u s to 

s tu d y  the  e ffec ts  of th e  m orphology of th e  film on its  conductiv ity .
■v

T he details of o u r com puter sim ulation model a re  given in th e  n ex t 

c h a p te r .
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C h ap te r 3.

A COMPUTER SIMULATION MODEL.

3.1  S earch  fo r  an  a lte rn a tiv e .

In the  p rev io u s c h ap te r  we have seen  a num ber of th eo re tia l models fo r 

th e  conduction mechanisms in d iso rd e red  sem iconductors. T hese models 

p rov ide u s w ith considerab le  in s ig h t in to  th e  physica l p ro cesses  of con­

duction ; how ever, in  o rd e r  to  keep  th e  trea tm en t m anageable, each 

model focusses a tten tio n  on a p a rtic u la r  a sp ec t of th e  conduction p ro ­

c ess . T h is limits th e ir  ran g e  of v a lid ity .

T he Miller Abraham s model (Section 2 .1 ) and  K ivelson 's model (Sec­

tion 2 .2 ) a re  ap p ro p ria te  fo r th e  d e sc rip tio n  of conduction p ro cesses  a t 

low tem p era tu re s  and  low im purity  co n cen tra tio n s. T hese  models have 

been applied  to  lig h tly  doped polym er f ib e r  film s, and  in  th is  case, 

th ey  d esc rib e  th e  in tra f ib e r  conduction mechanism. T he conductiv ity  

calculations based  on th ese  models determ ine th e  conductiv ity  of a s in ­

gle f ib e r . As we have seen  in  section  1 .3 , polym er f ib e r  films have 

ch a rac te ris tic  m orphology. T hey  contain  random ly o rien ted  f ib e rs  which 

occupy only one fo u rth  to one half of th e  film 's volume. T his su g g e s ts  

th a t ,  in o rd e r  to compare th e  th eo re tica l conductiv ity  w ith the  e x p e ri­

m ental co nductiv ity , one m ust inco rpo ra te  in te rf ib e r  p ro cesses along
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w ith in tra f ib e r  p ro cesses  an d  th u s  take  in to  consideration  th e  m orpholo­

gy of th e  film. T h is a sp ec t of th e  conductiv ity  calculation seems to 

have been overlooked so fa r .

S heng 's model h as  been  employed to d escrib e  conduction mechanism 

in heavily  doped films a t low tem p era tu res  (Sh80). H ere th e  f ib e rs  a re  

assum ed to be metallic and  and th e  deta ils  of in tra f ib e r  p ro cesses  a re  

not considered . The in te r f ib e r  conduction p rocess is a ttr ib u te d  to th e  

fluctuation -induced  tu n n e lin g  of e lec trons betw een two f ib e rs . For po ly ­

mer fib e r films the  d iffe re n t geom etries of th e  junctions have been  ta k ­

en care of by  choosing ap p ro p ria te  param eters fo r th e  po ten tia l b a r r ie r  

re p re se n tin g  th e  junction . However, th is  s till is fa r  from tak in g  all th e  

deta ils of m orphology in to  account.

In the  p re se n t w ork we have developed a com puter sim ulated 

Random Network Model which enables us to  s tu d y  the e lec trica l conduc­

tion in a polym er fib e r film, pay ing  a tten tio n  sim ultaneously to  in te r f i­

b e r  and  in tra f ib e r  conduction  p ro cesses . T h is model mimics th e  physical 

film and allows us to  e x tra c t  th e  e ffect of morphology of th e  film on its  

co n d u c tiv ity .

The model film consists  of random ly o rien ted  s tra ig h t lines which 

re p re se n t f ib e rs . T he conduction along a single fiber is  due to  in tra f i­

b e r  p ro cesses , w hereas, th e  in te rf ib e r  p ro cesses contro l th e  conduction 

betw een two f ib e rs  a t th e ir  in te rsec tio n . We use  the equ iva len t e le c tr i­
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cal netw ork  to re p re se n t th ese  p ro cesses . O ur objective is  to  ob tain  th e  

n e t m acroscopic conductiv ity  of a film. With a  de ta iled  knowledge of 

the  m orphology of the  film we se t ou t to  co rre la te  th e  conductiv ity  w ith 

th e  m orphology. The conductiv ity  of th e  film is freq u en cy  d ep ed en t. 

We calculate the  complex conductiv ity  in th e  freq u en cy  ran g e  of 1 Hz to 

10 MHz.

3 .2  Random N etw ork Model.

s
We consider o u r system  as a u n it sq u a re  w ith th ick n ess  equal to  th e  

diam eter of a f ib e r . The f ib e rs  a re  re p re se n te d  by  random ly g en era ted  

s tra ig h t lines. The s tra ig h t  lines can be g en era ted  in  e ith e r  of two 

ways : (i) by  g en era tin g  coord inates of two end  po in ts u sin g  a random  

num ber g en era to r, o r (ii) b y  g en era tin g  one end  po in t and  slope u sing  

a random  num ber g e n era to r and  len g th  using  a G aussian d is tr ib u tio n , 

w ith some mean len g th  and  v a rian ce . O ur re s u lts  a re  in d ep en d en t of th e  

p rocedu re  u sed  fo r the  genera tion  of th e  s tra ig h t  lines . Assum ing th e  

diam eter of each fib e r to be 250 A , a num ber of f ib e rs  a re  g en era ted  

un til th e  d esired  volume frac tion  is ach ieved . Sim ultaneously th e  po in ts 

of in te rsec tio n  a re  determ ined . An in te rsec tio n  po in t betw een two fib e rs  

re p re se n ts  poin t of c losest app roach , o r  junction , betw een them . T he 

in te rf ib e r  conduction p ro cess  is sim ulated b y  in tro d u c in g  an  R -C  p a ra l­

lel combination a t th e  po in t of in te rsec tio n ; h en ce fo rth  re fe r re d  to  as
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in te rsec tio n  im pedence. For lig h tly  doped system s, th e  conductiv ity  

along a fib e r can be determ ined  u sin g  any  one of th e  hopping  m odels. 

In  o u r w ork, we have u sed  th e  Monte Carlo Simulation of K ivelson 's 

variab le  ran g e  hopping  model, fo r reaso n s th a t  will be d iscu ssed  in th e  

n ex t section . For heavily  doped system s, th e  f ib e rs  a re  assum ed to  be 

ohmic w ith conductiv ities in th e  metallic regim e. T he lower and the  

u p p e r edge of th e  film a re  assum ed to  be equ ipo ten tia l lines .

A fter hav ing  g en era ted  all th e  f ib e rs  and  hav ing  determ ined  all the  

po in ts of in te rsec tio n , a check is made to  see which f ib e rs  can take  

p a r t  in th e  conduction p ro cess  on th e  basis of th e  following c rite r ia . A 

fib e r can co n trib u te  to conductiv ity  if i t  h as: (i) one en d -p o in t on th e

lower edge and the  o th e r  on the  u p p e r edge of th e  film, o r (ii) a t  leas t 

one en d -p o in t on e ith e r  of th e  edges and a t  le a s t one in te rsec tio n  

po in t, o r (iii) a t lea s t two in te rsec tio n  p o in ts . [T hese conditions by  no 

means g u a ran tee  p a rtic ipa tion  of th e  f ib e r  in  conduction . ] .  Only such  

fib e rs  a re  considered  in th e  following algorithm . Each f ib e r  is trac ed  

from its  s ta r tin g  poin t to  its  end  po in t, and  only th e  po rtion  of the  

fib e r  which tak es p a r t  in th e  conduction p ro cess  is  k e p t. T h is is simi­

la r  to th e  backbone u sed  in  percolation  c lu s te rs . Node num bers a re  

assigned  a t each in te rsec tio n  po in t. T he u p p e r  and  th e  lower edge a re  

assigned  th e  node num bers 1 and  2 re sp ec tiv e ly . Each in te rsec tio n  

point g ives r ise  to a p a ir  of nodes betw een which th e  in te rsec tio n  impe­

dence is in tro d u ced . An impedence p ropo rtiona l to  th e  len g th  is in tro ­
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duced  betw een nodes ly ing  on th e  same f ib e r . T his p ro ced u re  is th en  

c a rr ied  ou t fo r all f ib e rs . T h is  g en era te s  an  e lec trica l ne tw ork .

To illu s tra te  th is  algorithm  le t u s  consider a typ ical system  of five 

f ib e rs  as shown in F igure  (3 .1  a ) .  F irs t  each fib e r is checked to  see if 

it tak es  p a r t  in the  conduction p ro ce ss . Since F iber III does no t sa tis fy  

any  of the  above m entioned c r ite r ia , i t  does no t p a rtic ip a te  in th e  con­

duction . I t is no t considered  in fu r th e r  d iscussion . All o th e r  f ib e rs  

sa tis fy  a t lea s t one of th e  c r ite r ia  and  hence a re  analysed  as follows. 

F iber I : Since it  s ta r ts  from th e  u p p e r ed g e , th a t end  po in t is 

a ssigned  node num ber 1. I ts  in te rsec tio n s  w ith F iber II and  F iber IV 

a re  assign ed  node num bers 3 and  4 re sp ec tiv e ly . T he im pedences Z 13

and  Z 3lt a re  in troduced  betw een nodes 1 and  3, and  nodes 3 and  4

resp ec tiv e ly ; th e  values of th e  im pedences being  p roportiona l to  the  

len g th  of the  fib e r betw een them . T he po rtion  of F iber I beyond node

num ber 4 is ignored  because  it does no t co n trib u te  to  conduction .

F iber II : I ts  s ta r tin g  po in t is node num ber 1. I ts  in te rsec tio n s  w ith 

F iber I and  F iber IV a re  ass ig n ed  node num bers 5 and  6 re sp ec tiv e ly . 

An in te rsec tio n  impedence is in troduced  betw een th e  nodes 3 and  5. 

T he im pedences, p roportiona l to  le n g th s , a re  in troduced  betw een the  

nodes ly ing  on F iber II , sim ilar to F iber I. The po rtion  of F iber II 

beyond node 6 is ig no red . F iber IV : T he po rtion  of th is  f ib e r  from 

its  s ta r tin g  poin t to its  f i r s t  in te rsec tio n  po in t is ig n o red . Node num ­

b e rs  7 and 8 a re  assigned  to  th e  po in ts of in te rsec tio n . The in te rse c -
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Fig. 3.1 A typ ical system  of f ib e rs  w ith its  equ ivalen t netw ork .



tion impedence is in tro d u ced  betw een nodes 6 an d  7. An impedence p ro ­

portional to len g th  is  in tro d u ced  betw een 7 and  8. T he ta il po rtion  of 

the  f ib e r  is again ig n o red . T he same p ro ced u re  is adop ted  fo r F iber 

V. I ts  endpoin t lies on th e  lower edge w hich is  a ss ig n ed  node num ber 

2. T he equ ivalen t e lec trica l re p re se n ta tio n  of th is  system  is shown in  

F igu re  (3 .1  b ) .

Once th e  e lec trica l netw ork  has been  defined , th e  conductiv ity  

m atrix  G is c o n stru c ted . The com puter se ts  up  th e  K irchoff’s law eq u a ­

tions :

G V = I (3 .1)

w here m atrix  G deno tes a  conductance m atrix , m atrix  V re p re se n ts  

voltage a t each node and m atrix  I re p re s e n ts  th e  in p u t c u r re n t .  Due 

to the  fac t th a t th e  model includes reac tiv e  c irc u it e lem ents, th e  q u an ­

titie s  G ,V , I  a re  complex. Hence the  re su ltin g  equations may be r e p re ­

sen ted  as

w here su b sc r ip ts  r  and  i denote rea l and  im aginary p a r ts .  A known 

c u rre n t is sen t a t th e  lower edge and  th e  u p p e r  edge is g rounded . The 

equations a re  th en  solved fo r th e  vo ltages a t  all th e  nodes. T he impe­

dence is th en  determ ined b y  d iv id ing  th e  voltage a t th e  lower edge b y  

th e  n e t c u rre n t .
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A num ber of techn iques ex is ts  fo r th e  solution of th is  c lass of 

problem s. A widely used  m ethod fo r solving sim ultaneous equations in  

Random R esis to r N etw orks is the  G auss Seidel ite ra tio n  p ro ced u re  w ith 

ov er-re lax a tio n  (We75). T h is is a v e ry  economical m ethod, in bo th  e x e ­

cution time and  sto rage  space . A serious draw back of th is  techn ique  is 

the  re la tiv e ly  s t r ic t  requ irem en ts th a t it  p laces on th e  coefficient m atrix  

in o rd e r  fo r convergence to  be ach ieved , namely th a t the  m atrix  be 

e ith e r  diagonally dom inant, o r  a t lea s t positive  defin ite  (C a69). For 

K irchoff's law problem s w ith p u re ly  re s is tiv e  com ponents, diagonal dom­

inance is a s su re d , since th e  diagonal elem ents of th e  conductance m atrix  

a re  simply the  sum of th e  off diagonal elem ents. In  o u r problem , w ith 

complex im pedances, we find  th a t a t  frequencies fo r which th e  imagi­

n a ry  conductance approaches the  same o rd e r  of m agnitude as th e  rea l 

conductance, th e  Gauss Seidel p ro ced u re  does not converge . T h is is 

due to the  form of th e  E quations (3 .2) ,  w here th e re  a re  many additional 

off diagonal elem ents due to  the  G. va lues. When these  im aginary com­

ponen ts a re  la rg e , th e  m atrix  is no longer diagonally dom inant, and  

becomes indefin ite . For all of ou r com putations, we have u sed  a G aus­

sian elimination ro u tin e , which tak es  advan tage  of bo th  th e  sp a rsen ess  

and th e  sym m etry of th e  G coefficient m atrix  (K i79). Only th e  nonzero 

elem ents in  th e  u p p e r half trian g le  of the  m atrix  a re  s to re d , and  an 

e ffic ien t p ivo ting  s tra te g y  is chosen to  minimize nonzero m atrix  fill d u r ­

ing th e  p ivo ting  and  to  minimize the  num ber of m ultiplications req u ire d



44

in the  solution. In  p rac tic e , th e  techn ique is approxim ately  an o rd e r  of 

m agnitude more expensive  to u se  th an  G auss-Seidel in  bo th  speed  and  

sto rage  req u irem en ts . The advan tage  of u sin g  th e  G aussian elim ination 

techn ique is th a t a solution is g u a ran teed  fo r all b u t th e  m ost ill- 

conditioned problem . We found th a t  it  was n ecessa ry  to  solve th e  e q u a ­

tions in double p rec ision . R ecursive  co rrec tions w ere n ecessa ry  e sp e ­

cially a t h ig h e r freq u en c ie s . T he accu racy  of th e  calculations is  checked 

in two w ays : th e  p e rcen tag e  change in th e  n e t impedence in  successive  

ite ra tio n s and the  pe rcen tag e  d ifference  betw een th e  n e t c u rre n t  coming 

in and going out of th e  system .

The final s tep  in th e  model is to choose a minimum size of th e  film 

th a t p rov ides some deg ree  of s ta tis tica l significance b u t is s till w ithin  

reasonable  limits of available com puter tim e. If th e  Random N etw ork 

Model is a tru e  s ta tis tic a l model th en  th e  calculation should no t be se n ­

sitive  to th e  size of the  film. T h u s th e  minimum size is chosen b y  so lv ­

ing th e  problem  on increasing ly  la rg e  sizes u n til th e  answ er converges 

to a fixed  value . T he re s u lts  of th is  s tu d y  a re  p re se n te d  in F igu re  

(3 .2) .  I t  shows the  impedence d a ta  fo r th e  film sizes L /d  ran g in g  from 

60 to 160, w here L is edge len g th  of th e  film, and d is i ts  th ic k n ess . 

L /d  = 80 is used  in almost all of th e  calcu lations. For th is  size, th e  

num ber of f ib e rs  n ecessa ry  to fill th e  film to  a volume frac tion  of 0 .3  is 

about 50. T hese give r ise  to  num ber of ncdes N ~ 600. For a system  of 

600 nodes, th e re  a re  approxim ately  1200 equations to  be solved.
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Fig. 3.

Frequency = 10 Hz

I.

Z i /Z i  (3 p )

40 80 120 160

L /d

Real and  im aginary im pedences fo r d iffe ren t sizes of film, 
com pared w ith those  fo r a film of size L /d  = 120. L is the  
len g th  of th e  film, and d is i t ’s th ick n ess .
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3.3  Com puter Simulation of a Single F ib e r.

In  th e  p rev ious section we describ ed  o u r random  netw ork  model. T his 

model is general in its  scope and  can be app lied  to  any  fib rous film. 

T he focus is on th e  m orphology and  its  e ffec t on th e  conductiv ity  of 

the  film. I t is essen tia lly  a m acroscopic model; no a tten tio n  is paid  to  

the  m icroscopic details of conduction inside a f ib e r . The values of the  

in te rf ib e r  and  the  in tra f ib e r  conductiv ities a re  th e  in p u t param eters of 

th is  model.

In  th e  p re se n t section o u r sim ulation of th e  m icroscopic conduction 

p ro cess  inside a fib e r is p re se n te d . We co ncen tra te  on th e  conduction 

in lig h tly  doped T rans-P o ly  acety lene . As we have s ta te d  in  C hap ter 1, 

Polyacetylene has a simple chemical s t ru c tu re , and  metallic conductiv ity  

can be achieved in th is  m aterial w ith ap p ro p ria te  doping . Because of 

its  sim plicity, it has been s tu d ied  ex ten siv e ly  over th e  la s t  few y e a rs . 

D espite the  enorm ous amount of experim ental d a ta  and  a num ber of 

th eo re tica l investiga tions, th e re  a re  still many open q u estio n s; especial­

ly  those  concerning  the  sem iconductor-m etal tran s itio n  and th e  deta ils  of 

e lec trica l tra n s p o rt  and m agnetic su scep tib ility . T hese problem s a re  

due p a r tly  to experim ental d ifficu lties , lead ing  often  to  conflicting 

re s u lts ,  and  p a rtly  to the  lack  of an  estab lish ed  theo re tica l fram ework 

w ith w hich to in te rp re t  the  d a ta .
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The lead ing  th eo ry  fo r m icroscopic p ro cess  of conduction in  T ra n s -  

Polyacetylene is K ivelson 's variab le  ran g e  hopping  model (Section 2 .2 ) . 

I t  is based  on the  soliton model of T rans-po lyace ty lene  as developed b y  

Su, S ch rie ffe r, and  H eeger (Section 1 .4 ) . Solitons a re  topological ex c i­

ta tions of a polym er chain . T he ch arg ed  solitons a re  sp in less; hence 

th ey  co n trib u te  to  conductiv ity  b u t no t to  sp in  su scep tib ility . T he n e u ­

t ra l  solitons a re  ch arg e less  b u t c a r ry  sp in  i ;  hence th ey  co n trib u te  to  

sp in  su scep tib ility  b u t no t to conductiv ity . T h is separa tion  of e lec tric  

and  m agnetic p ro p e rtie s  is one of th e  in te re s tin g  fe a tu re s  of solitons in  

polyene chains and  it  has been  su p p o rted  by  various experim en ts. T he 

most d irec t experim ental ev idence comes from th e  fa ilu re  to  see a 

decrease  in sp in  su scep tib ility , accom panying a g re a t decrease  in dc 

conductiv ity , when A sF5-doped  T rans-P o lyacety lene  is com pensated w ith 

NH3 (Go79) . Also, no increase  in sp in  su scep tib ility , accom panying a 

la rge  increase  in dc conductiv ity , is o b se rv ed  w hen p ris tin e  T ra n s -  

Polyacetylene is lig h tly  doped w ith A sFs (We79). T hese experim ents 

indicate  th a t th e  p rin c ip a l charge  c a r r ie rs  in these  system s a re  sp in - 

le ss . The ch arg ed  solitons a re  the  p e rfe c t cand idates fo r these  ch arg ed  

c a r r ie r s ;  and  hence we believe th a t any  model fo r conduction in  th ese  

system s should inco rpo ra te  th e  soliton p ic tu re . T h is led u s to  iemploy 

K ivelson 's variab le  ran g e  hopping model fo r th e  descrip tion  of th e  

in tra f ib e r  conduction .
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K ivelson 's model has been describ ed  in  some deta il in Section 2 .2 ;

h e re  we will summarize i t  b rie fly . In  the  soliton model (S u80), th e

sem iconducting p ro p e rtie s  of undoped  (CH) a re  a ttr ib u te d  to  commen-X

su ra te  Peierls d is to rtio n . For tran s-p o ly ace ty len e  th e  two ph ases of 

dim erization a re  d eg en era te  in  e n e rg y  and  a soliton is  the  b o u nd ry  

betw een the  two p h ases . T he en e rg y  level associated  w ith a soliton is 

a t m idgap. When th is  level is s ing ly  occupied th e  soliton is n e u tra l 

w ith sp in  i  and when it  is  doubly occupied th e  soliton is charged  and 

sp in less . At h igh  tem p era tu re s , th e  ch arg ed  solitons a re  fre e , and  the  

conduction can be explained  in  term s of th e ir  d iffusion . However, a t 

low tem p era tu re s , th ey  a re  bound to  th e  im purities. Kivelson explains 

the  conduction a t low tem p era tu re s  and  low doping levels in term s of 

phonon a ss is te d  hopping of charge  from  ch arg ed  solitons to  n e u tra l sol­

itons. An ex p ress io n  fo r th e  hopping ra te  betw een sites i and  j

is given by

ry (0) = n (0 ) ( l - n (0 ) ) 2f(T) exp  { - 2 [ ( i y S , | ) 2 + ( R j / S J 2]*} .  (3 .3 )

In th is  equation  n ^  is th e  frac tio n  of solitons th a t  a re  charged  and 

( 1 - n ^ )  is th e  frac tion  of solitons th a t  a re  n e u tra l and  have an im puri­

ty  atom n e a rb y . is th e  v ec to r d istance  from site  i to  site  j .  R|| is

the  component of R^ along the  chain and  R± is the  component p e rp e n ­

d icu lar to the  chain . and  a re  th e  in -cha in  and  ou t-o f-ch a in  e lec­

tro n  decay len g th s  re sp ec tiv e ly . Y(T) is a freq u en cy  defined  by

y(T) = (500 eV /h ) [T /300K ]1” . (3 .4 )
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U sing th ese  ex p ress io n s th e  hopping  model can be converted  in to  an  

equ iva len t e lec trica l ne tw ork . T he conductance betw een s ite s  i and  j is 

g iven  by

GIj = [ e * r „ ( 0 , /kT  ] .  (3.5)

For time dependen t fie ld s , th is  m ethod can be generalized  following 

Miller a n d  Abraham s (Mi60) (See A ppendix A ) . T h is am ounts to  con­

nec ting  a capacitance betw een site  j and  g ro u n d , w here is given 

by

Cj = [ e 2/k T  ] n (0 ) ( l - n (0 )) .  (3 .6 )

T he conduction mechanism d escrib ed  above is sim ulated as follows: A 

fib e r is assum ed to be cy lind rica l in shape w ith a ra d iu s  of 125 A and 

len g th  of 4000 A.  Polymer chains a re  re p re se n te d  by  s tra ig h t  lines p a r ­

allel to  th e  cy linder ax is ex ten d in g  over th e  e n tire  len g th  of th e  f ib e r . 

Radial d istances and azim uthal ang les of th e  chains a re  determ ined 

u sin g  a random  num ber g e n e ra to r . N eu tra l solitons a re  re p re se n te d  by  

random ly chosen po in ts on random ly chosen chain s. T he im purity  atoms 

a re  d is tr ib u te d  random ly th ro u g h o u t th e  f ib e r . I t  is assum ed th a t  a 

ch arg ed  soliton is formed w henever an im purity  atom comes su ffic ien tly  

close to a chain (w ithin 2 A ) . T h is determ ines th e  positions of charged  

so litons. The num ber of carbon  atoms in a  f ib e r  and  th e  num ber of 

carbon  atoms in a chain fixes th e  num ber of ch a in s. T he d en sity  of
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n e u tra l solitons in lig h tly  doped samples can be deduced  from su scep ti-

-4b ility  da ta  and  is of th e  o rd e r  of 3x10 p e r  carbon  atom (Wi79). The 

im purity  concen tra tion  determ ines th e  num ber of im purity  atoms.

For each ch arg ed  soliton all n e u tra l solitons a re  considered , and  

betw een th e  ch arg ed  soliton and each n e u tra l soliton is calcu lated  u sin g  

equation  (3 .5 ) . Only the  la rg e s t n  conductances o rig ina ting  from each 

charged  soliton a re  k ep t (Pi74); the  bulk  of th e  c u rre n t  flows th ro u g h  

th ese  conductances. T he sm aller G ^ 's make a neglig ible con tribu tion  to

th e  conductiv ity  of th e  f ib e r . I t  was seen  th a t the  conductiv ity  is

independen t of n fo r  n>8. In  o u r calculations we choose n=12. The 

u p p e r  end  of th e  f ib e r  is  g rounded . A capacitance [as given in 

E q .(4 )]  is in tro d u ced  betw een each soliton site  j and  g round . T his 

p ro ced u re  defines an e lec trica l netw ork  which sim ulates th e  conductiv ity  

p ro p e rtie s  of a f ib e r.

Once th e  e lectrica l netw ork  has been defined , th e  conductiv ity  

m atrix  G is c o n s tru c ted . T he K irchoff’s law equations a re  se t up  in

exac t analogy w ith th e  p rev ious section . A known c u rre n t is sen t a t

the  lower end  of the  f ib e r . The equations a re  solved fo r th e  voltages 

a t all th e  s ite s . T he impedence is th en  determ ined by  d iv id ing  the  

voltage a t the  lower end  b y  the  n e t c u rre n t en te rin g  th e  system . H av­

ing calculated th is , and  know ing th e  geom etry of the  f ib e r , th e  conduc­

tiv ity  of a f ib e r can be calcu lated . Notice th a t G^ and  depend on the
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tem pera tu re  and the  concen tra tions of th e  n e u tra l and  th e  ch arg ed  soli­

to n s. T his dependence has been made exp lic it in E quations (3 .4 ) ,

(3 .5 ) , and  (3 .6 ) . As a re s u l t  we can calculate th e  conductiv ity  of a

fib e r fo r various freq u en c ies  as well as fo r va rious tem p era tu res  and

co n cen tra tio n s .

We use the  conductiv ity  of a f ib e r  as calcu lated  u sin g  th is  model, 

along w ith specific assum ptions abou t in te r f ib e r  couplings, in th e  R an­

dom N etwork Model d e sc rib ed  in th e  p rev ious section  to  calculate th e  

conductiv ity  of a film [At low tem p era tu res  and  low im purity  co n cen tra ­

tions] . We have s tu d ied  th e  tem pera tu re  and  concen tra tion  dependence

of a film over a ran g e  of tem p era tu res  (100 to 300 K) and  over a  ran g e

-4 -3of concen tra tions (3x10 to  6x10 ) .  We p re s e n t th e  re s u lts  of ou r

com putations, and  some re le v en t d iscussion , in  th e  n e x t c h ap te r .
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C h ap te r 4.

RESULTS AND DISCUSSION.

4.1 L ightly  Doped Polyacety lene.

In  section  3 .3  of the  la s t c h a p te r , we have seen  a com puter simlulation 

of a single f ib e r based  on K ivelson 's variab le  ran g e  hopping  model. U ti­

lizing th is  sim ulation model we calculate th e  complex conductiv ity  of a 

f ib e r . I t  is th en  used  as an  in p u t param eter in o u r Random Network 

Model, in o rd e r  to determ ine th e  conductiv ity  of lig h tly  doped T ran s-  

Polyacetylene film. In th is  section we d iscu ss  th e  re s u lts  of o u r calcu­

lations and  compare them w ith th e  available experim ental da ta  on T ran s-  

Polyacetylene .

T he exp ression  fo r th e  hopping ra te  (Eq. 3 .3 ) is w ritte n  in  term s 

of th e  in -cha in  and  th e  o u t-o f-ch a in  e lec tron  decay len g th s  (£|| and  £jl) 

and  freq u en cy  y (T ). Y(T) has a pow er m dependence on tem pera tu re  as 

given in Eq. (3 .4 ) . 5 y, 5j. ant* m a re  ad ju stab le  p aram eters of th e  hop­

ping  model fo r th e  conductiv ity  of a f ib e r . T he Random Network Model 

in tro d u ces two additional pa ram eters : th e  frac tiona l volume occupied

by  f ib e rs  v , and  the  in te rsec tio n  im pedence. By v a ry in g  th ese  param e­

te rs  we can sim ulate various physical conditions in the  film. V ariations 

in th e  values of th e  in te rsec tio n  im pedence, and  th e  impedence of a
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f ib e r , co rrespond  to  d iffe re n t im purity  concen tra tions and  tem p era tu re s . 

Also, by  choosing a p p ro p ria te  re la tiv e  m agnitude fo r these  im pedences, 

we can con tro l the  re la tiv e  im portance of the  in te r f ib e r  and  th e  in tra f i­

b e r  p ro cesses . I t  is u n d ers to o d  th a t  a t  low doping levels th e  m icro­

scopic ( in tra f ib e r)  p ro cesses  dominate th e  n e t conductiv ity  of th e  film, 

while a t h igh  doping levels th e  f ib e rs  become essen tia lly  m etallic, and  

the  in te rf ib e r  p ro cesses  limit th e  n e t conductiv ity . We will d iscu ss the  

la t te r  case in the  n ex t section .

In ligh tly  doped sam ples the  in te rsec tio n  im pedence p rov ides h igh  

conductiv ity  p a th  fo r c u r re n t  acro ss  two f ib e rs . T he re s u lts  a re  in se n ­

sitive  to  th e  values of It and  C of th e  in te rsec tio n  im pedence, as long 

as the  in te rsec tio n  im pedence is small as com pared to  impedence of th e

fib e r . For all o u r calculations we have used  R = 1 0 ^  ohms and  C = 5 x 

-1310 F p e r  a rea  of in te rse c tio n .

Kivelson has chosen  th e  following values fo r th e  param eters  of th e  

hopping model (Ki82)

5 1| = 8.54 A,  = 2 .3  A,  m = 10. (4 .1 )

F igu res (4 .1 ) and  (4 .2 ) show th e  re s u lts  of o a r  calculations u sin g  these  

p aram eters , fo r frac tiona l volume v=0.3 . F igu re  (4 .1 ) shows th e  dc 

conductiv ity  as a function  of concen tra tion  to g e th e r  w ith K ivelson 's 

re s u lts  and the  m easured  conductiv ities fo r various concen tra tions of
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Im purity C o n c e n tr a t io n ,  %

Fig. 4 .1  Dc conductiv ity  as a function  of concen tra tion . Solid line 
shows th e  re s u lts  of o u r calculations, th e  b roken  one r e p ­
re s e n ts  K ivelson 's r e s u lts ,  and  th e  d a ta  po in ts a re  the  
experim ental re s u lts  of AsFj. and  B r doped sam ples.
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A sF5 and B r. As com pared to  K ivelson 's calculations o u r re s u lts  a re  

somewhat sm aller. K ivelson has overestim ated  th e  conductiv ity  because 

of two rea so n s . F irs t , he has no t tak en  in to  account th e  fib ro u s n a tu re  

of th e  film, hence in h is calculations the  conductiv ity  of th e  film is th e  

same as th e  conductiv ity  of a f ib e r . In  add ition , Kivelson assum es 100% 

charge  t r a n s fe r .  In  h is case each dopant atom gives r ise  to  a  charged

soliton; how ever, in o u r calculation, only those  dopan t atoms which a re

w ithin  a ce rta in  d istance  from a polym er chain  give r ise  to  a ch arg ed

soliton. One ex p ec ts , in  g enera l, le ss  th an  one charge  to  be t r a n s ­

fe rre d  p e r  dopant atom. T he d isagreem ent betw een o u r calculations and 

the  expeim ental conductiv ities may be due to a v a rie ty  of causes such  

as th e  d iso rd ered  topology of the  ac tual polyacety lene, th e  e lec tron  - 

e lec tron  in te rac tio n s o r th e  incomplete charge  t r a n s fe r .  A lthough th e  

charge  tra n s fe r  p rocess is  more rea lis tic  in o u r model, it  does not 

account fo r all the  u n ce rta in tie s  associated  w ith various do p an ts . In  B r 

doped sam ples, fo r in s tan ce , some B r may be p re s e n t in  the  form of 

B r2 o r B r3 molecules, red u c in g  su b s tan tia lly  th e  doping effic iency . 

Due to th e  sca rc ity  of experim ental d a ta , th e  com parison h e re  is  te n ta ­

tive  a t b e s t, and  it  is d ifficu lt to make defin itive  sta tem ents abou t th e  

re la tive  m erits of d iffe ren t models on th a t b asis .

The re la tion  of the  dc conductiv ity  of a film to  its  m orphology can 

be seen as follows. In  the  lig h t doping reg io n , th e  in te rsec tio n  impe­

dence is small as compared to th a t of th e  f ib e r , and  hence the  c u rre n t
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takes th e  sh o rte s t p a th  acro ss  th e  film. T h ere fo re , as fa r  a s e lec trica l 

conduction is concerned , th e  film is equ iva len t to  a  num ber of such  

p a th s  in para lle l to each o th e r . T his equivalence is  illu s tra te d  schem ati­

cally in F igure  (4 .7 b ) . T he re s is tan ce  of th e  film is re la te d  to  th a t  of 

the  f ib e r  by

Rr>. = R .U/N , film pa th  ’

w here N = L /p  is th e  num ber of para lle l p a th s  and  L is th e  to ta l len g th  

of the  f ib e rs  and p is th e  average  p a th  len g th  ac ro ss  th e  film. In 

term s of conductiv ities, th is  re la tion  becomes

*/ ( 0 film Afilm^ = p /(N  ° fib e r  ^ i b e r 5,

w here SL is the  len g th  of th e  film, and  a and  A re p re s e n t  th e  conduc­

tiv itie s  and a reas  of th e  c ro ss  section  of th e  film and  th e  f ib e r . S u b ­

s titu tin g  fo r N and sim plifying, we get

“film = “fib e r  v - <4 2 >

w here v is the  frac tiona l volume occupied b y  th e  f ib e rs . In  o u r random  

netw ork  model, the  f ib e rs  a re  re p re se n te d  b y  s tra ig h t lin es. T h is gives 

the  average  p a th  len g th  to  be £/cos8, w here 0 is th e  av erag e  angle 

made by  th e  fib e rs  w ith th e  d irec tion  of c u rre n t  flow. In  th is  case th e  

fac to r (fc/p) in E q .(4 .2 )  is rep laced  by  cos8 and  we g e t,

“film = “fib e r  (co s!e > v ' <4 3 >
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Fig. 4 .2  The ra tio  of th e  conductiv ity  of th e  film to  th a t of the  
fib e r  as a function  of cos20 fo r v a rio u s volume frac tio n s . 
The in s e r t  of th e  fig u re  shows effective  volume frac tion  as 
a function  of volume frac tio n .
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Figure  (4 .2 ) shows the  ra tio  of th e  conductiv ity  of th e  film to  th a t  of 

th e  f ib e r  p lo tted  as a function  of cos20 fo r d iffe ren t volume frac tio n s . 

I t  shows the  lin ear re la tio n sh ip  as expec ted  from E q .(4 .3 ) .  T he slopes, 

how ever, a re  somewhat sm aller th an  the  actual volume frac tio n  of th e  

film. T his is because only th e  backbone of the  perco lation  c lu s te r  tak e s  

p a r t  in th e  conduction p ro ce ss . When th e  "effective" volume frac tio n  of 

th e  backbone is calcu lated , it  is in excellen t agreem ent w ith th e  slope. 

T he in se r t  in F igure  (4 .2 ) shows th e  to ta l volume frac tio n  of th e  p e rc o ­

lation c lu s te r  as a function  of th e  volume frac tion  of th e  film.

The freq u en cy  and  th e  tem pera tu re  dependence of the  conductiv ity  

of polyacetylene has been m easured  experim entally  b y  E pste in  e t al 

(E p81). The a u th o rs  have com pared the  re su lts  of T rans-P o lyacety lene  

w ith those of C is-Poly ace ty lene . T hey  found th a t in C is-(C H ) , o is 

freq u en cy  dependen t even  a t 100 H z .o ^  decreases rap id ly  w ith 

decreasing  tem pera tu re  while o changes v e ry  slowly w ith tem p era tu re .
AC

T his behav iour of o ( f ,T )  is  v e ry  sim ilar to th a t o bse rved  in a b road  

c lass of d iso rd e red  sem iconductors and  in su la to rs . T he e lec trica l 

t ra n s p o r t  in C is-Polyacetylene can th e re fo re  be unders tood  in  term s of 

M iller-Abraham s hopping model. For T rans-P o lyace ty lene , how ever, a 

la rg e , v e ry  s tro n g ly  tem p era tu re  dependen t o is o b se rv ed . T his
AC

behav iou r is inconsis ten t w ith th e  u sua l hopping  models fo r o&c b u t 

E pstein  e t al found it to  be  in good agreem ent w ith K ivelson 's model of 

phonon a ss is te d  hopping  of e lec trons betw een solitons.
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Fig. 4 .3  T he rea l p a r t  of th e  conductiv ity  p lo tted  ag a in st freq u en cy  
fo r various tem p era tu re s . Solid lines show th e  re s u lts  of 
o u r calculations and data  po in ts a re  th e  experim ental 
re s u lts  of E pstein  e t al (E p81).
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The experim ental re s u l ts  of th e  rea l p a r t  of th e  conductiv ity  as a 

function  of freq u en cy , fo r  va rious tem p era tu re s , a re  shown in F igure 

(4 .3 ) , along w ith th e  r e s u lts  of o u r calcu lations. At h igh  tem pera tu res
g

0^  is independen t of freq u e n cy  up to  10 Hz. As T  is decreased , 

decreases rap id ly , and  a freq u e n cy  dependen t component is revealed . 

To analyze th ese  r e s u lts  in  term s of K ivelson 's model, E pstein  e t  al 

have used  the  following p a ram eters  :

$11 = 10 A,  Cjl = 2 .5  A m = 14.7 (4 .4 )

which a re  somewhat d iffe re n t from th e  ones chosen by  Kivelson

19 3[E q .(4 .1 )J . T hey assum e th e  dopant concen tra tion  as 1.3x10 /cm  ,

-4and  the  concen tra tion  of n e u tra l  solitons as 5x10 p e r  C atom. Using 

these  param eters we have calculated  th e  ac conductiv ity  fo r various 

tem pera tu res and  o v e r th e  freq u en cy  ran g e  of 1 Hz to 1 MHz. O ur 

re su lts  a re  in excellen t agreem ent w ith th e  experim ental w ork of E pstein  

e t al as can be seen  from F igu re  (4 .3 ) .

Summerfield e t al (Su85) have also m easured th e  complex conductiv i­

ty  of undoped T rans-P o lyace ty lene  samples a t tem p era tu res  in the  ran g e  

of 78 °K to 200 °K, and  fo r freq u en c ies  in th e  ran g e  of 13 Hz to  50 KHz. 

T hey  have analyzed th e ir  d a ta  in term s of th e  ra te  equations of Miller

and  Abraham s (Mi60). T he s tro n g  tem pera tu re  dependence of o isac

explained  by  adop ting  an e n e rg y  dependen t model as in  th e  case of d is ­

o rd e red  sem iconductors and  in su la to rs . T hey  have claimed th a t the
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Fig. 4. 4 T em peratu re  dependence of the  ra tio  of th e  rea l p a r t  of
4

th e  conductiv ity  to  th e  im aginary p a r t  a t 10 Hz. Solid 
line re p re s e n ts  re s u lts  of o u r calcu lations, b roken  one 
shows th e  re s u lts  of theo re tica l work of Summerfield e t al 
(Su85), and  data  po in ts re p re se n t th e ir  experim ental 
w ork.
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en erg y  dependen t hopping model p rov ides a b e tte r  account fo r th e  

m easured  conductiv ity  of (CH) , th a n  K ivelson 's en e rg y  in d ep en d en t 

model. T he model th a t th ey  have p roposed  makes less  use  of specific 

p ro p e rtie s  of so litons. The concept of soliton is u sed  to  d escribe  th e  

site  en e rg y  d is tr ib u tio n . However, b y  re - in te rp re tin g  th e  d en sity  of 

s ta te s , one can equally  well use  th e ir  re s u lts  to  imply non-solitonic le v ­

els in th e  gap .

F igure (4 .4 ) shows o u r p lo t of log(oT. / c T) w here o_, and  oT a re  th eit  1 i t  1

rea l and th e  im aginary p a r ts  of th e  conductiv ity  re sp ec tiv e ly , a t  f r e ­

quency  f=10 KHz, fo r various tem p era tu re s . On the  same g rap h  we 

have shown th e  experim ental re s u lts  of Summerfield e t a l, along w ith

th e ir  theo re tica l r e s u lts ,  fo r com parison. Since we have w orked e s se n ­

tially  in th e  fram ework of Kivelson model, ou r model is en e rg y  in d ep en ­

d en t in c o n tra s t w ith Summerfield e t .  a l. As can be seen  from Fig. (4 .4 ) 

the  agreem ent is reasonab le , especially  since th e re  a re  no free  param e­

te r s  in th ese  calcu lations. T he param eters u sed  h ere  a re  th e  ones fixed  

by  E pstein  e t .  a l. [Eq. (4 .4 )]  by  f itt in g  th e ir  d a ta  of tem p era tu re  and  

frequency  dependence of th e  rea l p a r t  of th e  conductiv ity .

4 .2  B ehaviour of th e  E qu ivalen t E lectrical N etw ork.

In th is  section we consider th e  genera l resp o n se  of th e  model e lec trica l 

netw ork . T he aim of th is  d iscussion  is to b e tte r  u n d e rs ta n d  th e  com­
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plex  model e lec tric  c irc u it, and  th e  voltage and  c u rre n t d is tr ib u tio n s  

u n d e r  d iffe ren t conditions. I t  is  m ost u se fu l to  beg in  o u r d iscussion  

w ith a case w here th e  f ib e rs  a re  ohmic, and  th e  re s is tan c e  of a  f ib e r  is 

le ss  th an  th e  re s is tan ce  in  th e  in te rsec tio n  im pedence. Such a choice is 

a p p ro p ria te  fo r heavily  doped polyacety lene films because in  such  films 

th e  f ib e rs  a re  n early  m etallic. We have th e re fo re  chosen th e  conductiv ­

ity  of f ib e rs  in th e  m etallic reg io n . T he in te rsec tio n  impedence is r e p ­

re sen te d  by  an R-C p ara lle l com bination. In  experim ental s tu d ies  of dc 

conductiv ity  of heavily  doped tran s-p o ly ace ty len e  i t  is  o b se rv ed  th a t  

th e  in te rsec tio n  impedence is a t lea s t an o rd e r  of m agnitude la rg e r  th an

the  re s is tan ce  of a f ib e r  (P a80 ). A fib e r  w ith a typ ica l len g th  of a
3

micron has re s is tan c e  = 10 ft. We have th e re fo re  chosen th e  re s is tan c e
4

in  the  in te rsec tio n  im pedence to be 5 x 10 ft. The value of capacitance

in the  in te rsec tio n  im pedence is ob tained  from th e  o b se rv ed  behav iour

of m eta l-in su la to r com posites. T he ac conductiv ity  of such  composites
2

s ta r ts  showing a freq u en cy  dependence a t  freq u en cy  = 10 Hz. T his 

su g g e s ts  th a t th e  capacitive reac tan ce  a t  th is  freq u en cy  is of th e  o rd e r
-7

of th e  re s is tan ce  in the  in te rse c tio n  im pedence. T his g ives C = 10 F. 

T hese  values of th e  in p u t pa ram ete rs  a re  collected in th e  F ig. (4 .5 ) .

F igure  (4 .6 ) is a ty p ica l re s u lt  fo r th e  Random N etw ork Model a t 

volume frac tion  v=0.3, ob tained  u sin g  th e  in p u t param eters of F igure

(4 .5 ) . I t  shows th e  complex im pedence of th e  system  as a function  of 

freq u e n cy , fo r frequencies  in  th e  ran g e  of 1 Hz to  10 MHz. We ca tego r-
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4 .6  A typ ica l freq u en cy  resp o n se  fo r frac tiona l volume v=0.3. 
T he e r ro r  b a rs  show th e  va ria tion  w ith random  num ber 
seed .
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ize th is  behav iour as be ing  composed of th re e  regim es : At low f r e ­

quency  (f < 30 Hz) one can observe  a  slope 1 behav iou r on the  log-log 

plot of the  im aginary p a r t  of th e  im pedence, w hereas a t h igh  freq u en cy  

(f > 105 Hz) slope -1 dependence is o b se rv ed . T he m id-frequency  

reg ion  is a tran s itio n  reg ion  and  we shall d iscu ss  th e  behav iour of th e  

film in  th is  reg ion , in  so m e 'd e ta il, in th e  n e x t section . The low f r e ­

quency  resp o n se  is the  same as th a t of an R-C  para lle l fcircuit ; w here ­

a s , th e  h igh  freq u en cy  resp o n se  resem bles th a t of an R-C  se ries  c ir ­

cu it. T hese  equ iva len t R -C  c irc u its  a re  shown in F igure  (4 .6 ) along 

with th e  freq u en cy  re sp o n se . T he capacitance in the  low freq u en cy  

equ ivalen t c irc u it, C ^ , is h ig h e r in  value th an  th a t  in the  h igh  f r e ­

quency equ ivalen t c irc u it, C ^ .  T h is genera l behav iou r was found in 

calculating  th e  impedence of a porous e lectrode  immersed in an e lec tro ­

ly te  (Kr84) and  in th e  im pedence of a B ruggem an 's effective  medium 

dielectricum  (B a86).

In o rd e r  to u n d e rs ta n d  th is  behav iou r we calculated  the  c u rre n t  

d is tr ib u tio n s  a t various freq u en cies  by  calcu lating  c u rre n t  flow th ro u g h  

each b ran ch  of th e  ne tw ork . T h is was done b y  u sin g  th e  node vo ltages 

ob tained  by  solving K irchoff's  law eq u atio n s , and  th e  im pedences 

betw een th e  nodes. I t was o b se rv ed  th a t a t low frequencies  the  c u rre n t  

flows th ro u g h  the  fib e rs  as fa r  as possib le , c ro ss in g  over to an o th e r 

f ib e r only w hen it is n e ce ssa ry  fo r perco lation . At h igh  frequencies 

th e  c u rre n t was observed  to  follow th e  sh o r te s t  p a th s  acro ss  th e  film,
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a)

b)

Fig. 4 .7  The c u rre n t  flow in a typ ica l system .
a) At low freq u en cy ,
b) At h igh  freq u en cy .
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no m atter how many in te rsec tio n s  i t  had  to c ro ss . T his c u rre n t  flow 

p a tte rn  is u n d e rs tan d ab le  on physica l g ro u n d s. At low freq u e n cy , the  

in te rsec tio n  impedence is m uch h ig h e r  th an  th e  re s is tan c e  of th e  f ib e r . 

As a re s u lt ,  the  netw ork  consists  of a num ber of para lle l p a th s , each 

contain ing  as few in te rsec tio n  im pedences as possib le . T h is is illu s tra te d  

fo r a typ ica l system  in F igu re  (4 .7  a ) .  In  c o n tra s t, a t h igh  freq u en cy , 

capacitive reac tan ce  and  hence th e  in te rsec tio n  im pedence becomes 

sm aller than  the  re s is tan c e  of th e  f ib e r . T he c u r re n t  can c ro ss  ov e r to 

an o th e r f ib e r  th ro u g h  an in te rsec tio n  v e ry  easily . T his p roduces p a ra l­

lel p a th s  each hav ing  num ber of capacitances in se rie s . T h is is illu s­

tra te d  fo r a typ ical system  in F igure  (4 .7  b ) . T hese d iffe ren t c u rre n t  

d is tr ib u tio n s  n e a r th e  low freq u en cy  and  th e  h igh  freq u en cy  ends lead 

to  d iffe ren t va lues of capacitances (C ^ , In th e  equ iva len t c irc u its .

We confirm ed these  observa tions by  in c reas in g  th e  re s is tiv ity  of 

f ib e rs  and s tu d y in g  how th e  value of low freq u en cy  capacitance 

changes. F igu re  (4 .8 ) shows th a t  app roaches as th e  re s is tiv ity  

of f ib e r  (R^) is in c reased . The h igh  freq u en cy  capacitance how­

e v e r , rem ains co n stan t. T h is is expec ted  fo r th e  following reaso n . 

With increase  in th e  f ib e r  re s is ta n c e , even  a t low freq u en cy  th e  in te r ­

section impedence becomes sm aller th an  th e  re s is tan c e  of th e  f ib e r  and 

hence , a t h igh  values of th e  f ib e r  re s is ta n c e , th e  low freq u en cy  

resp o n se  resem bles th e  h igh  freq u en cy  re sp o n se . (T he increase  in  th e  

re s is tiv ity  of f ib e r  can be view ed as th e  decrease  in th e  dopan t concen-
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R e s i s t i v i t y  o f  F ib e r  ft c m

LEGEND: □  C ../C  A C, J C  It n t

Fig. 4 .8  T he low and the  h igh  freq u en cy  capacitances as a function 
of re s is tiv ity  of f ib e r .
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tra tio n . F igure  (4 .8 ) th en  re p re se n ts  the  tran s itio n  from heav ily  doped 

system  to lig h tly  doped sy s te m ).

To explore the  re la tionsh ip  of C^, an d  w ith the  m orphology of 

th e  film, we calculated  and  fo r d iffe ren t values of frac tiona l

volume v . As can be seen  from F igu res (4 .9  a) and  (4 .9  b ) ,  v a r ­

ies linearly  w ith the  sq u are  of th e  frac tiona l volume v , w hereas 

v a ries  linearly  w ith v . As we have d iscu ssed  e a rlie r , a t  low fre q u e n ­

cy , th e  c u rre n t  flows th ro u g h  th e  fib e rs  as fa r  as possib le , c ro ssing  

over a t an in te rsec tio n  point only if it  is  n ecessa ry  fo r  perco lation . 

Since a single f ib e r  connecting  th e  lower edge of the  film to  th e  u p p e r 

edge has a v e ry  small p robab ility  of occu rence , th e  m ajority of th e  c u r ­

re n t  p asses th ro u g h  th e  p a th s  hav ing  only one in te rsec tio n  po in t. The 

impedence of such  a p a th  is  se rie s  combination of th e  in te rsec tio n  impe­

dence and  re s is tan ce  of the  f ib e r . The n e t impedence of th e  system  can 

th e re fo re  be estim ated as th e  av erag e  im pedence of a p a th  d iv ided  by 

th e  num ber of such  para lle l p a th s . Hence ~ w here C is the

capacitance in the  in te rsec tio n  im pedence, and  is th e  num ber of 

para lle l p a th s . T he num ber of para lle l p a th s  in creases lin early  w ith th e  

num ber of in te rsec tio n  p o in ts . T he num ber of in te rsec tio n  p o in ts , in 

tu rn ,  in creases linearly  w ith th e  sq u are  of the  num ber of f ib e rs  p r e s ­

e n t, and  hence w ith th e  sq u a re  of th e  frac tiona l volume v . T herefo re

« v 2. At h igh  freq u en cy , th e  capacitive reac tan ce , and  hence the  

in te rsec tio n  impedence becomes sm aller th a n  th e  re s is tan c e  of a f ib e r,
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frac tional volume.
b) The h igh  freq u en cy  capacitance as a function  of f ra c ­
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and  the  c u rre n t tak es s h o r te s t  p a th  from th e  lower edge to  th e  u p p e r

edge, no m atter how many in te rsec tio n  po in ts  it  h as  to  c ro ss . The

impedence of such  a p a th  is th e  re s is tan ce  of a f ib e r  in  se ries  w ith a

num ber of capacitances. T h ere fo re  th e  n e t im pedence of th e  system  is

approxim ately the  av erag e  impedence of a p a th  d iv ided  b y  th e  num ber

of such  p a th s . ~ (Ng/M)xC , w here C is th e  capacitance in  the

in te rsec tio n  im pedence, M is th e  average  num ber of in te rsec tio n  po in ts

in a p a th , and  N is the  num ber of p a th s . N /M in c reases  linearly  w ith s s

the  num ber of f ib e rs  p re s e n t in th e  system  and  th e re fo re  w ith th e  f ra c ­

tional volume v . Hence C, „ <* v .h f

4 .3  CPA behav iour and  F rac ta l N atu re  of th e  film.

As can be seen from F igure  (4 .6 ) , in  m id -frequency  reg ion , th e  f r e ­

quency  response  of the  system  can no t be re p re se n te d  b y  simple p a s ­

sive c irc u it. In  th is  regim e th e  rea l and  th e  im aginary p a r ts  of the  

impedence a re  observed  to  obey th e  following re la tio n sh ip s :

Z = R + A/wP R s

(4 .5 )

Zj = B/wP

w here R , A, B, 5 a re  co n s tan ts  independen t of f req u e n cy , and  0 £ & s

£ 1 .0 . In the  lite ra tu re  th is  frac tional freq u en cy  scaling  has been
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Fig. 4 .10 CPA behav iour in m id-frequency  ran g e .
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Fig. 4.11 V anishing of CPA behav iou r fo r la rge  values of f ib e r  r e s is ­
tance .
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r e fe r re d  to  as a C onstan t Phase Angle (CPA) (Bo76), C onstan t Phase 

Element (CPE) (B r84), o r  F ractional Power F requency  D ependence 

(FPFD) (S c74). Such behav iou r has been  o bserved  in  experim ental 

s tu d ies  of po lycrysta lline  m aterials (Ly80, Co82). We will h e re a f te r  re fe r  

to th is  as CPA behav iou r; th e  co n stan t phase angle re fe rs  to  th e  fac t 

th a t  bo th  the  rea l and  th e  im aginary p a r ts  scale w ith th e  same expo­

n e n t.

F igure  (4.10) shows th e  log-log plot of (Z ^-R  ) and  ZT v e rsu s  f re -
XV S  1

quency . The CPA slope 3 in th is  fig u re  is  0 .69. We in v es tig a ted  the  

re la tionsh ip  betw een the  CPA behav iour and th e  in p u t param eters by  

changing  the  re s is tan ce  of f ib e r . As rem arked e a r lie r , fo r la rg e  values 

of fib e r re s is tan c e  th e  low freq u en cy  response  resem bles th e  h igh  f r e ­

quency  response  and one ex p ec ts  no tran s itio n  reg ion , and  hence no 

CPA behav iour. Sure  enough th e  CPA behav iour van ishes fo r la rge  

values of the  re s is tan ce  of a fib e r as shown in F igu re  (4 .1 1 ). When the  

system  does show CPA behav iou r, it  is observed  th a t  th e  CPA slope is 

independen t of th e  values of th e  in p u t pa ram ete rs . However, it  

depends upon the  m orphology of th e  film. We have calcu lated  the  CPA 

slope fo r d iffe ren t values of the  frac tional volume v . F igure  (4.12) 

shows th e  re la tionsh ip  betw een the  two to be

v = 1 - ap, (4 .6 )
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w here a is close to 1; a=1.06. R ecent s tu d ies  have shown th a t  the  CPA 

behav iour a r ise s  a s  a  n a tu ra l consequence of f ra c ta l s t ru c tu re . Liu 

(Li85) has c o n s tru c ted  a model o f the  e lec tro d e-e lec tro ly te  in te rface  out 

of a "textbook" frac ta l s t ru c tu re  - th e  C antor b a r . He assum es th a t  th e  

in te rface  is ideally polarizable and  th a t  each  "prong" in  th e  b a r  can be 

re p re se n te d  by  a se ries  R -C  elem ent th a t scales w ith th e  "prong" w idth * 

[F igure  (4 .1 3 )] . By solving fo r the  to ta l impedence of th is  equ ivalen t 

c irc u it, he ob tains a CPA b ehav iou r. T he exponen t P th a t  he m easures 

is re la ted  to the  frac ta l dimension D of the  b a r  by  P = 1-D.

To explore th e  frac ta l n a tu re  of o u r system , we have u sed  the  

sandbox m ethod, which co n sis ts  of c o n stru c tin g  sq u a re s  of increasing  

len g th s  and m easuring  th e ir  co n ten ts . For o u r Random N etw ork Model 

film, the  num ber of in te rsec tio n  po in ts inside a sq u a re  is a  good m eas­

u re  of perco lating  c lu s te r  w ithin i t .  F igure  (4.14) shows a log-log plot 

of th e  num ber of in te rsec tio n  po in ts p lo tted  ag a in st th e  size of the  

sq u a re , fo r frac tional volume v=0.3. T h is behav iour can be e x p re ssed  

as :

N « LsD , (4 .7 )

w here N is th e  num ber of in te rsec tio n  po in ts , L is th e  len g th  of a sides

of th e  sq u a re , and D is th e  frac ta l dim ension. For v=0.3 , we found 

D=1.69 as in F igure  (4 .1 4 ). To s tu d y  th e  re la tionsh ip  of th e  frac ta l 

dimension D w ith th e  CPA slope P, we have determ ined  th e  frac ta l
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s

HH> HH> HH>HH>
cM

HH>HH>HH>

HH>

HH>

Fig. 4.13 L iu s  C antor b a r  model of rough  e lectrode and its  eq u iv a - 
len t c ircu it [a f te r  re f .  (L i85)].
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Fig. 4.15 F racta l dimension as a function  of frac tional volume.



81

dimension fo r d iffe re n t frac tiona l volum es, following th e  same m ethod. 

As can be seen  from  F igu re  (4 .1 5 ), P, D, and  v  a re  re la ted  by

P = bD - 1 = 1 - a v , (4 .8 )

w here b is close to  1; b=1.03. The CPA behav iour in  th e  mid-

freq u en cy  ra n g e , and  its  re la tion  to  m orphology, can be u n d ers to o d  in  

term s of the  p en e tra tio n  of th e  ac signal in th e  film. At low fre q u e n ­

c ies, th e  c u rre n t  flows th ro u g h  a fib e r as fa r  as possible avoiding

in te rsec tio n s  (since th e  in te rsec tio n  impedence is la rg e  a t low fre q u e n ­

cies) . At h igh  freq u en c ies  th e  in te rsec tio n  impedence is small and  th e  

c u rre n t  follows the  sh o r te s t  p a th s  acro ss  th e  film. In  th e  m id-frequency  

reg ion  th e  in te rsec tio n  im pedence becomes com parable w ith th e  r e s is ­

tance of the  f ib e rs . As a re s u lt  th e  am ount of c u r re n t  th a t  c ro sse s  over 

to an o th e r f ib e r a t an in te rse c tio n , and  th e  am ount th a t  con tinues to  

flow along th e  same f ib e r , depends upon th e  exac t re s is tan c es  of the  

segm ents of f ib e rs  and  hence on th e  ex ac t positions of th e  p o in ts  of 

in te rsec tio n . The im pedence of the  film th u s  depends upon th e  deta ils  

of th e  d is tr ib u tio n  of p o in ts  of in te rsec tio n . As no ted  e a rlie r , th e  num ­

b e r  of po in ts of in te rsec tio n  scales w ith a f ra c ta l dim ention and  th is  is 

re flec ted  in th e  freq u en cy  resp o n se  of th e  film as th e  o b se rv ed  CPA 

behav iou r.

T he resp o n se  of th e  model e lectrica l netw ork  d iscussed  so fa r  is fo r 

th e  case w here the  f ib e rs  a re  ohmic, and  th e  re s is tan c e  in th e  in te r  sec ­
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tion  im pedence is h ig h e r th a n  th e  re s is tan c e  of th e  f ib e rs . For heavily  

doped polym er fib e r  film s, th e  f ib e rs  become essen tia lly  m etallic, and  

th e  n e t conductiv ity  is  lim ited b y  th e  in te r f ib e r  conduction p ro cesses . 

Hence th e  r e s u lts  of th is  and  th e  p rev io u s section can be u tilized  to 

u n d e rs ta n d  conduction in th is  case . Since th e  Random N etw ork Model 

is  developed to  d escribe  ac conduction in  th e  system , all th e  in te re s tin g  

re s u lts  have th e ir  o rig in  in  th e  freq u e n cy  re sp o n se . U nfo rtunate ly  no 

experim ental d a ta  is available fo r th e  ac conductiv ity  a t  h igh  doping 

lev e ls , hence we can no t compare th ese  r e s u lts  w ith  experim en ts. T he 

ob se rv ed  dc conductiv ity  can  be ob tained  triv ia lly  from o u r model by  

ad ju s tin g  th e  param eter R in  th e  R -C  para lle l com bination. B ut th is  is 

a m eaningless exerc ise  and  is in su ffic ien t to decide th e  m erits of o u r 

model. Hence we have no t a ttem pted  to  rep ro d u ce  th e  dc conductiv ity  

re s u l ts .  N onetheless, th e  re sp o n se  of th e  model netw ork  is in te re s tin g  

in its  own r ig h t ,  and  sh ed s lig h t on th e  e ffec ts  of m orphology on the  

conductiv ity  of th e  system .
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SUMMARY AND CONCLUSIONS.

The sim ulation p re se n te d  in  th is  w ork involves th re e  s te p s  : F irs t , a

model s tru c tu re  is g en era ted  which mimics the  m orphological fea tu re s  of 

a polym er fib e r  film. Second, th is  model is re p re se n te d  by  an  a p p ro ­

p ria te  equ iva len t e lectrica l netw ork  by considering  d iffe ren t tra n s p o rt  

m echanism s. L ast, u tiliz ing  the  com puter, the  complex e lectrica l netw ork 

problem  is solved to  e x tra c t th e  n e t conductiv ity  of th e  system  and 

th en  it  is analyzed in term s of the  m orphology of the  model film.

The random  netw ork model th a t we have p re se n te d  is an  a ttem pt to 

p o r tra y  a typ ical polym er fib e r  film. The d is tr ib u tio n  of in te rf ib e r  

junc tions, and  th e  frac tiona l volume occupied by th e  fib e rs  a re  the  

major m orphological fe a tu re s  of o u r model which a ffec t o u r re s u lts . A 

re p re se n ta tio n  of fib e rs  as s tra ig h t  lines is a sim plified approxim ation to 

the  in trica te  configura tions of f ib e rs  inside a re a l film. A dditional v a r ­

iations can be considered  to explore  how d iffe ren t p ic tu re s  of th e  geom­

e try  and d iffe ren t c o n stra in ts  would a ffect th e  re s u lts .

T he in te rf ib e r  conduction p rocess is sim ulated by  in tro d u c in g  an 

R-C para lle l combination a t th e  po in ts of in te rsec tio n  of two f ib e rs . For 

ligh tly  doped po lyacety lene , Monte Carlo Simulation is u sed  to determ ine 

th e  conductiv ity  of a single f ib e r; w hereas, fo r heavily  doped system s 

th e  fib e rs  a re  assum ed to be ohmic. The equ ivalen t e lec trica l netw ork is
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th en  c o n stru c ted . T he Random N etw ork Model u se s  no basis  la ttic e , as 

is u sua lly  done fo r th e  ne tw ork  sim ulations. T he nodes of th e  netw ork  

a re  th e  po in ts  of in te rse c tio n , w hich a re  determ ined  by  th e  system  

i ts e lf .

Once th e  netw ork  is s e t  u p , th e  n e t im pedence of th e  system  is 

determ ined fo r various freq u en c ie s  and  fo r d iffe ren t m orphologies. The 

e lec trica l impedence is  v e ry  u se fu l in  analyzing  th e  s tru c tu re  of the  

model film, since it d ep en d s no t only on i t 's  m acroscopic shape and  size 

b u t on i t 's  in te rn a l s t ru c tu re  as well.

The Random N etw ork Model p rov ides us w ith a co n sis ten t way of 

ob se rv in g  the  m acroscopic behav iou r of th e  system  fo r  va rious in p u t 

p aram eters re p re se n tin g  th e  m icroscopic p ro cesses  in  th e  film. For 

iigh tly  doped sam ples we have shown th a t  K ivelson 's model, when a u g ­

m ented by  system atic  considera tions of in te r f ib e r  couplings and  m or­

phology of th e  film, y ields v e ry  good re s u lts .  T he model g ives r e s u lts ,  

a t lea s t a s good in agreem ent w ith experim ents as any  o th e r  model, if 

no t b e tte r .  U nfo rtunate ly  th e  experim ental d a ta  available a t th is  time is 

too scan ty  to a rr iv e  a t any  decisive conclusions.

For heavily  doped sy stem s, th e  f ib e rs  become metallic and  th e  in te r ­

section impedence dom inates th e  n e t im pedence of th e  system . No 

experim ental d a ta  is  available fo r ac conductiv ity  in th is  case and  

hence, we can not com pare o u r r e s u lts  w ith experim en ts. N onetheless
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th e  resp o n se  of th e  system  is in te re s tin g  in  i ts  own r ig h t.  We have 

dem onstra ted  th a t th e  low and  th e  h igh  freq u en cy  behav iou r of the  

system  can be re p re se n te d  by  simple passive  ne tw orks . T he d ifference  

in  th e  values of th e  low and  th e  h igh  freq u en cy  capacitances is  a d irec t 

reflec tion  of th e  fac t th a t  th e  c u rre n t  d is tr ib u tio n s  a re  d iffe ren t a t d if­

fe re n t freq u en c ie s . At m id -frequency  ra n g e , we have found th a t  th e re  

is  a frac tional pow er law re la tionsh ip  betw een impedence and freq u en cy  

w ith an  iden tica l scaling  exponen t fo r bo th  th e  rea l and  the  im aginary 

com ponents (CPA b eh av io u r). We have fu r th e r  shown th a t  th is  exponen t 

(5) is re la ted  to  th e  fra c ta l s t ru c tu re  of o u r model film. T he sand  box 

m ethod is u tilized  to determ ine the  fra c ta l dimension D, and  it  is 

o b se rv ed  th a t  D, 5 and  th e  frac tiona l volume v a re  re la ted  by  a simple 

re la tion  P = b D - l  = l -  av .

F u tu re  Work.

We have re p re se n te d  th e  f ib e rs  by  s tra ig h t  lines in o u r model. I t  will 

be in te re s tin g  to  see how re p re se n ta tio n  by  d iffe ren t sh ap es , fo r exam­

ple random  c u rv e s , a ffec ts  th e  re s u lts  of o u r calculations. One can 

a ttem pt to co n s tru c t th e  model film by  tra c in g  th e  e lectron  m icrograph 

of polym er f ib e r  film and  th en  solve fo r th e  impedence of such  a re a lis ­

tic  s t ru c tu re . O ur model film is frac ta l and  it will be in te re s tin g  to  see 

how d iffe ren t geom etries of th e  system  a ffec t th e  frac ta l n a tu re , and  

th e re b y  th e  e lec trica l re sp o n se , of th e  film.
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For lig h tly  doped po lyacety lene , we have used  a Monte Carlo sim ula­

tion of th e  soliton model to  determ ine th e  conductiv ity  of a  sing le  f ib e r . 

E x tensions of th is  m ethod can be made by  in co rp o ra tin g  so liton-so liton  

in te rac tio n s , o r  by  u sin g  po laron-b ipo laron  models w hich a re  su itab le  

fo r polym ers w ith a n o n -d eg en era te  g ro u n d  s ta te .

New techn iques have been  in tro d u ced  to  calculate th e  im pedences of 

the  netw orks by  u tiliz ing  a t r a n s fe r  m atrix  algorithm  (De83, He84). 

T his m ethod p rov ides a g re a te r  accu racy  as well as g re a te r  effic iency  in 

u tiliz ing  com puter s to rag e . T he m ethod h as a lread y  been app lied  to  2-D 

complex impedence netw orks on a sq u a re  la ttice  (B u86). G eneralization 

of th is  to ne tw orks w ith no n -la ttice  geom etries, such as o u rs , should  be 

an in te re s tin g  ex erc ise .
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A ppendix A.

THE DEFINITION OF 

THE EQUIVALENT ELECTRICAL NETWORK.

In th is  append ix  we g ive, in  some deta il, th e  analy sis  th a t leads to  th e  

defin ition of th e  equ iva len t e lectrica l ne tw ork . In  p a rtic u la r , we p re se n t 

th e  s te p s  th a t  lead u s  to  th e  e x p re ss io n s  fo r conductance betw een two 

nodes [Eqs. (2 .8 ) , (2 .15)] an d , in case of time v a ry in g  vo ltages, th e

capacitance connected  to  each node [E q .(3 .7 ) ] .  We have followed the

work of Miller and  A braham s closely (Mi60).

M iller-Abraham s have defined  th e  av erag e  tran s itio n  ra te  from the  

th  thi site  to th e  j s ite , in absence  of an e x te rn a l e lec tric  field , as (See 

E q .2 .1 )

r i j ° = n i  ( 1 ' n j )  V  ( A - 1 )

w here n. is th e  occupation p ro b ab ility  fo r site  i and  n^ is th a t  fo r site

j . is th e  in trin s ic  ra te  fo r e lec tron  tran s itio n  from site  i to site  j. 

An exp ress ion  fo r th is  r a te ,  in term s of th e  site  separa tion  R and  site  

energ ies E., can be w ritte n  as (See Section 2 .1 )

3f.. = ZQ exp [-2aR ij-(E j -Ei ) /k T ]  fo r E > E^

= ZQ exp[-2aR .j] fo r Ej < Ej, (A .2)

The occupation p robab ility  is  given by
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Hj = [1 + e x p ^ / k T ) ] " 1, (A .3)

For th e  case of isoenerge tic  hopping Ej = = E and  n^ = n^ = n ^ .

The in trin s ic  tran s itio n  ra te  th en  red u ces  to

vy = yQ e x p (-  2oR y). (A .4)

For consistency  w ith K ivelson 's notation  we have rep laced  Jfy by  v^ .

E q .(A .l )  is th e re fo re  w ritte n  in th e  form

r . . (0) = v n (0) (1 - n (0 )) .  (A .5)
ij ij '

When kT  is small as com pared w ith th e  site  e n e rg y , we can approxim ate 

E q .(A .3 )  so th a t

n (0) a e x p [-E /k T ]

and

1 - n '°>  -  1.

In th is  case we can w rite  th e  tran s itio n  ra te  of E q .(A .5 )  as

r . . (0) = v.. ex p [ -E /k T ] . (A .6)

In  th e  p resen ce  of a weak e x te rn a l e lec trica l field  th e  site  en e rg y  

changes: E ■+ E + eE .R .. T he tran s itio n  ra te  can th e re fo re  be w ritten  

as

ry (E) = v.. e x p [- (E  + eE .R . -S y ^ /k T ] , (A .7)
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tilw here 6y. re p re se n ts  th e  change in th e  chemical po ten tia l a t  th e  i 

s ite . T hus fo r th e  n e t tran s itio n  ra te  from  site  i to  site  j ,  we ob tain

r.j(E ) - r^ (E )  = v ^ ex p t-E /k T Jex p f-C eE .R .-fiy p /k T ]

- v ^ e x p I-E /k T lex p l-C eE .R ^ -S p ^ /k T ]. (A .8)

•We now make u se  of th e  rec ip ro c ity  re la tion

v.. = v.., (A .9)ij ]i* '

and  re ta in  term s up to  f i r s t  o rd e r  in th e  weak e lec tric  field  to ob tain

r . . ( t )  - r . . (E) = (1 /k T ) r.j (0) [eE .R y + 6Vi - 5Vj] .  (A .10)

We iden tify

eV.. = eE .R .. + 6y. - 6y. , 
ij ij i J

and

Iy = e [ry (E) - Tj.CE)].

T herefo re  we can w rite  E q .(A .lO ) in th e  form

I.. = G.. V .., (A .11)
0  ij ij v '

w here the  conductance betw een site  i and  site  j is given by

Gj. = (e 2/k T )  r . . ( 0 ) . (A. 12)
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The s teady  s ta te  condition fo r time in d ep en d en t fie lds is  th a t  the  

n e t c u rre n t a rr iv in g  a t any  site  be zero  (K irchhoff's  f i r s t  law ).

Zj I = 0, fo r all j . (A. 13)

T h is equation  can be w ritte n  in  term s of conductances as

Z. G. V.. = 0. (A. 14)
i ij ij

For the  case of time dep en d en t fields th e  s tead y  s ta te  condition m ust be 

modified as

Z. I = e (3 n ./3 t) . (A. 15)

Now, the  occupation p robab ility  n^ in th e  p resen ce  of e x te rn a l field  can 

be w ritten  as

n (E) = [1 + exp{(E  + eE .R . - 5 v .) /k T )]_1. (A. 16)
J J J

T he time deriva tive  of th is  ex p re ss io n  can be easily  evaluated  as

an (E)/at  = -(e /K T ) n ( 1 )  ( l - n .(E ) )  3V./3t, (A .17)
J J J J

w here eV = eE .R . - 6y. defines th e  po ten tia l of site  j w ith re sp e c t to 
J J J

g ro u n d . U sing th is  in E q .(A .1 5 ) we can w rite

Z. G,. V., = Z. I., 
i ij ij i ij

(e 2/k T )  n (0) (1 - n (0 )) [aV j/a t] . (A .18)

T h u s we can iden tify



Cj = - (e 2/k T )  n (0 ) ( l  - n (0 ))

a capacitance connected  betw een site  j and  g ro u n d .



A ppendix  B 

PROGRAM LISTINGS
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*V #V V f V* V» V? «V V* #V #V #V «V «V*V «V #V *V «V <V «V «V V f #V «V *V «V «V «V «V #V «V ̂  )V  #V #V «V <V «V V» #V V? V? #V )V  

* *
* D O C U M E N T A T I O N  *
* *
* *
* COMPUTER SIMULATION MODELS : OUTLINE *
* *
* A : RANDOM NETWORK MODEL. *
* *
* THE PROGRAM IS DIVIDED INTO TWO LOGICAL STEPS: *
*  1) THE PROGRAM RANNET CONSTRUCTS THE MODEL *
* FILM AND REDUCES IT TO EQUIVALENT ELECTRICAL*-
* NETWORK. *
*  2) THE PROGRAM SOLVE SOLVES. THE KIRCHOFF'S LAW *
* EQUATION : *
* ( GR -GI ) ( VR ) ( IR ) *
* ( ) C ) = C ) *
* ( -GI -GR ) ( VI ) ( - I I  ) *
* USING SLMATH SUBROUTINES. THE CONDUCTANCE *
* MATRIX G=GR+JGI IS INPUT FROM RANNET. THE *
* PROGRAM ITERATES TILL THE DESIRED ACCURACY *
* IS ACHIEVED. *
Vf Vf
* *
* B : SINGLE FIBER *
* *
* THE PROGRAM IS DIVIDED INTO TWO STEPS. *
* 1) THE PROGRAM FIBER GENERATES THE CHAIN *
* STRUCTURE INSIDE A FIBER. IT FIXES THE *
* POSITIONS OF CHARGED AND NEUTRAL SOLITONS *
* AND THEN CONSTRUCTS THE EQ. ELECTRICAL *
* NETWORK REPRESENTING THE CHARGE TRANSPORT. *
*  IT GIVES CONDUCTANCE MATRIX AS ITS OUTPUT. *
*  2) THE PROGRAM SOLVE SOLVES THE KIRCHOFF'S *
*  LAW EQUATION AS IN PART A. *
*  *
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<V V? V* V r «V «V «V V» «V V f «V «V V* V* V f #V «V «V V* V f «V «V *V *V «V «V «V VwV #V «V^V «V)V #V «V «V *V #V #V ̂  ^  «v

* *
* P R O G R A M  R A N N E T  *
* ■*
☆ BY *
* *
* CHANDRALEKHA S. BARVE *
v* *v

* VSFORTRAN VERSION STORED ON FILE RANNET *
* USES IMSL RANDOM NUMBER GENERATOR : GGUBS *
* ■*
* ' IT GENERATES THE RANDOM SET OF STRAIGHT *
* LINES, DETERMINES ALL THE POINTS OF *
* INTERSECTIONS, AND THEN CONSTRUCTS THE *
* CONDUCTANCE MATRIX IN THE FORM IN WHICH *
* IBM-SLMATH ROUTINES NEED IT. *
*  *  
V rito V i!r?V sV # iV * * » l» W r* V tV * W M W rtV

$
$ I/ O
$
$ - —3
$
$ 5
$ 6
$ - - - 7
$ 8
$ 9
$
$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$

UNIT NUMBERS ( - - -  ONLY FOR CURRENT CALC.) $
$

- OUTPUT - DISK -  BRANCH CURRENT ALONG $
THE FIBERS. $

- INPUT - DISK -  INPUT PARAMETERS. $
- OUTPUT -  TERM -  REGULAR DOCUMENTATION $
- OUTPUT - DISK -  CURRENT THROUGH INTERSECT.$
- OUTPUT -  DISK -  CONDUCTANCE MATRIX $
- INPUT - DISK -  VOLTAGE MATRIX FOR $

CURRENT CALCULATIONS $
$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$<>$$$$$$

o/ cy at at at at at at at at cy cy at at <v cy cv at at cy cy 0/ cy at cy cv at cy cy at cy cy at cy 0/ cy cy cv at at cy cy cy at 0/ at at cy at cy at cy 0/ 0/ cy at /O A> A» /O rt> /O /O /O /O tO A> rt) /O to ta to /o /O fO /O *0 /O A) tO ta /O A> /O AJ /O /O A) fO /O /© A» to ta A> /b « /O /b /O /o /o A) /© to fO tO

% %
% DATA FILE STRUCTURE (INPUT PARAMETERS : UNIT 5) %
% %
% A, B, DIA, VFRACT : FILM SIZE AND FRACTIONAL %
% VOLUME. %
% DSEED : SEED FOR RANDOM NO. GENERATOR GGUBS. %
% FRE, RHO, RHOIM, RC, CAP : INPUT PARAMETERS FOR %
% EQUIVALENT CIRCUIT %
% COMPONENTS. %
cy <y/o 7afy<ycy<vetfW<ye/cy<yQ/o/afo/ci/cyw(y<ywo/o/(ycy<yo/cy(yo/cyo/cy<ycycya'0/o'afcy<ycv<y<wai/(ycy<yo/ty<ycy<v(y<ycy 
lonmioiQiotoioiomiofa/omiomioiQ/oiQtolommiotolQiQ/omtoiQ/o/otQiQtofaiQmmmio/otomfoiolQtom/Qlato/om

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 
& &
& LIST OF CALLED SUBROUTINES ( - — NOT LISTED HERE ) & 
& &
& CALL GEN(DSSED.NF) &
&................. ...........CALL GGUBS(DSEED,NZ,Z) &
& CALL SET(NF,FLAG) &
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& CALL SORT &
& CALL COND(NF, G, GU, COL, ND) &
& CALL REMOV(G, GU, COL, ND) &
& CALL CONSTR(G, GU, COL, AA, IA, JA, ND) &
& CALL FRACT && &
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

INTEGER COL(3000)
DOUBLE PRECISION DSEED 
REAL IX( 8 0 0 0 ) , IY(8000)
LOGICAL FLAG(200)
DIMENSION X l(2 0 0 ) ,Y 1 (2 0 0 ) ,X 2 (2 0 0 ) ,Y 2 (2 0 0 )
DIMENSION IF IB 1 (8 0 0 0 ) ,IF IB 2 (8 0 0 0 )
DIMENSION A A (30000), J A (3 0 0 0 0 ) , IA (3 0 0 0 ) ,G (3 0 0 0 ,5 ) ,G U (4 ,3 0 0 0 )
C0MM0N/MGSC/X1 , Y1 , X2, Y2, A, B, TLEN
C0MM0N/MC/FLAG
C0MM0N/MGSCI/ IX, IY ,IF IB 1 , IFIB2,NINT 
C0MM0N/ELE/GREAL, GIMG 
DATA P I /3 .1 4 1 5 9 2 6 5 /

FILM SIZE IS A *  B * DIA 
FOR SQUARE FILM A=B
DIA : DIAMETER OF FIBERS IN UNITS OF B 
VFRACT : FRACTIONAL VOL. OCC. BY FIBERS 
VFRACT = PI*(DIA/2)*(DIA/2)*TLEN  
TLEN : TOTAL LENGTH OF FIBERS IN UNITS OF B

READ( 5 ,1 1 1 ) A, B, DIA, VFRACT 
111 FORMAT(F5. 2 ,F 5 . 2 ,E 7 . 2 ,F 5 .3 )

TLEN=4*VFRACT/DIA/DIA/PI

READ( 5 ,222)DSEED 
222 FORMAT(5X,D13.6)

GENERATION OF FIBERS

CALL GEN(DSEED,NF)
WRITE(6, 121)NF,NINT 

121 FORMAT(5X,1 5 ,5 X ,15)

WE ARE INTERESTED IN CONSTRUCTING CONDUCTIVITY MATRIX.
SO USING ROUTINE 'SET' WE WILL DETERMINE WHICH FIBERS 
MAY CONTRIBUTE TO CONDUCTIVITY.

CALL SET(NF,FLAG)

THE ROUTINE SORT SORTS IY IN DESCENDING ORDER FOR 
EACH FIBER.

CALL SORT

THE ROUTINE COND CONSTRUCTS MATRICES G,GU WHICH CONTAIN 
THE INFORMATION ABOUT CONDUCTIVITY BETWEEN NEIGHBOURING
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NODEo , AS WELL AS IT.TELLS US THE NODES WHICH ARE CONNECTED 
THROUGH INTERSECTIONS

CALL COND(NF,G,GU,COL,ND)

THE ROUTINE REMOV TAKES CARE OF ANY POSSIBLE HANGING NODE.

CALL REMOV(G, GU, COL, ND)

TO CONSTRUCT MATRICES A,IA,JA AS NEEDED BY SLMATH.

CALL CONSTR(G, GU, COL, AA, IA, JA, ND)
WRITE(6 ,1 2 2 )ND 

122 F0RMAT(5X,15)

THE ROUTINE FRACT DETERMINES THE NO. OF POINTS OF 
INTERSECTIONS INSIDE THE SANDBOXES OF INCREASING LENGTHS.

CALL FRACT

CALL EXIT 
END

SUBROUTINE GEN(DSEED,NF)

THE ROUTINE GEN GENERATES THE END POINTS OF THE FIBERS 
AND DETERMINES ALL THE POINTS OF INTERSECTIONS.

DIMENSION X l(2 0 0 ) ,Y 1 (2 0 0 ) ,X 2 (2 0 0 ) ,Y 2 (2 0 0 )
DIMENSION IFIB1 ( 8 0 0 0 ) , I F I B 2 (8 0 0 0 ) ,C (2 0 0 ) ,Z (4 )
REAL I X (8 0 0 0 ) , IY (8 0 0 0 ) ,M (2 0 0 ) , IXX,IYY 
DOUBLE PRECISION DSEED 
COMMON/MGSC/X1, Y1, X2, Y2, A, B, TLEN 
COMMON/MGSCI/IX, IY, IFIB1 , IFIB2, NINT 
DATA P I /3 .1 4 1 5 9 2 6 5 /

INITIALIZATIONS 
NINT=0 
NZ=4 
1=0
XLEN=0.0  
SUMMI=0.0  
SUMANG=0.0  
ANGXL=0.0  
NUMM=0 
XLIM=0. 1*A 
YLIM=0. 1*B 

END OF INITIALIZATIONS.

LOOP FOR GENERATION OF FIBERS.

100 1= 1+1
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50 CALL GGUBS(DSEED,NZ,Z)
X1(I)=A*Z(1)
X 2(I)=A*Z(2)

C WE WANT Y2 > Y l.
I F ( Z ( 3 ) . LT.Z(4))THEN 

Y 1(I)=B*Z(3)
Y 2(I)=B*Z(4)

ELSE
Y 1(I)=B*Z(4)
Y 2(I)=B*Z(3)

ENDIF
C TO TAKE CARE OF BOUNDRIES.

IF (X 1(I) .L E .X L IM )X 1(I)= 0 .0  
IF((A -X 1(I)) .L E .X L IM )X 1(I)=A  
IF (X 2(I) .L E .X L IM )X 2(I)=0 .0  
IF((A -X 2(I)) .L E .X L IM )X 2(I)=A  
IF (Y 1(I) .L E .Y L IM )Y 1(I)= 0 .0  
IF ((B -Y 2(I)) .L E .Y L IM )Y 2(I)=B  
IF ((Y 1(I) .E Q .0 .0 ) .A N D .(Y 2(I) .E Q .B ))T H E N  

WRITE(6,111)1  
STOP

ENDIF
111 F0RMAT(2X,'FIBER', 1 4 , '  EXTENDS FROM UPPER TO LOWER EDGE.')

CALCULATION OF LENGTH, SLOPE, AND. Y-INTERCEPT. 
X L = (Y 2 (I ) -Y 1 ( I ) )* (Y 2 ( I ) -Y 1 ( I ) )
XL=(XL+(X2(I) - X I ( I ) ) * ( X 2 ( I ) -X I ( I ) ) ) * * 0 .5  

INFINITE SLOPE AND Y-INTERCEPT IS APPROXIMATED BY 100000  
IF(X1(I).EQ.X2(I))THEN

M (I)=100000  
C (I)=100000  
THETA=0.0  
GO TO 55

ENDIF
M ( I ) = ( Y 2 ( I ) - Y 1 ( I ) ) / ( X 2 ( I ) - X 1 ( I ) )
C (I )= Y 2 (I ) -M (I )* X 2 (I )
THETA=ATAN(ABS(M( I ) ) )

55 SUMANG=SUMANG+THETA
SUMMI=SUMMI+ABS(M( I ) )
NUMM=NUMM+1
XLEN=XLEN+XL
ANGXL=ANGXL+THETA*XL

FINDING OUT INTERSECTION PTS OF NEWLY GENERATED FIBER 
WITH ALL PREVIOUSLY GENERATED ONES.
LOOP TILL THE LAST GENERATED FIBER.

IM1=I-1
DO 200 J=1,IM1 

SAME SLOPE? NO INTERSECTION POINT.
IF(M(I).EQ.M(J))GO TO 200

TWO LINES WITH DIFFERENT SLOPES :
Y=M1X+C1, Y=M2X+C2
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COORDINATE OF INTERSECTION POINT IS GIVEN BY : 
M1X+C1=M2X+C2 
X=(C2-C1)/(M1-M2)
Y=M1X+C1

IX X = (C (J )-C (I)) / (M (I)-M (J))
C TO CHECK IF INT. PT. LIES INSIDE THE FILM.

IF((IXX.GT.A).OR.(IXX.LT.O.O))GO TO 200 
C TO CHECK IF INT. PT. LIES ON THE FIBER I AS WELL AS J .

IF ((A B S (IX X -X 1(I)) .G T .A B S (X 2(I)-X 1(I ))) .0R .(A B S (IX X -X 2(I)) .G T .  
1A B S (X 2 (I )-X 1 (I )) ) )G 0  TO 200

IF( (ABS(IXX-X1(J ) ) . GT. ABS(X2(J ) - X I (J ) ) ) . OR. (ABS(IXX-X2(J ) ) . GT. 
1ABS(X2(J ) - X I (J ) ) ) )G0 TO 200 

I YY=M( I)*IXX+C( I )
C NEW INT. PT. : UPDATING CORRESPONDING ARRAYS.

NINT=NINT+1
IX(NINT)=IXX
IY(NINT)=IYY

C INTERSECTION OF WHICH TWO FIBERS? IFIBK IFIB2
IFIB1(NINT)=J 
IFIB2(NINT)=I 

200 CONTINUE
IF(XLEN.LT.TLEN)GO TO 100 
WRITE( 6 , 11)XLEN 

11 FORMAT(5X,'TOTAL LENGTH OF FIBERS1,F 1 3 .6 )
NF=I
SUMMI=SUMMI/NUMM 
SUMANG=SUMANG/NF 
SUMANG=90. 0 - 1 8 0 . 0*SUMANG/PI 
ANGXL=ANGXL/XLEN
WRITE( 6 , 2 1 ) NINT, NF, NUMM, SUMMI, SUMANG, ANGXL 

21 FORMAT(3(2X,1 5 ) , 'AVERAGE SLOPE ' ,F7 .3 ,2X ,'T H E T A =',E 13. 6 ,E 13 .6 )
RETURN 
END

C

C
SUBROUTINE SET(NF,FLAG)

C
C THE CRITERION TO FIND OUT WHETHER A FIBER CONTRIBUTES TO
C CONDUCTIVITY OR NOT IS AS FOLLOWS. IF FIBER SATISFIES ANY
C ONE OF THE FOLLOWING CONDITION THEN IT MAY CONTRIBUTE.
C
C (1 )  THE FIBER'S Y1.Y2 ARE SUCH THAT Y2=B & Y1=0.
C (2 )  Y2=B & FIBER HAS AT LEAST ONE IMPURITY INTERSECTION.
C (3 )  Y1=0 & FIBER HAS AT LEAST ONE IMPURITY INTERSECTION.
C (4 )  FIBER HAS AT LEAST TWO IMPURITY INTERSECTIONS.
C
C FLAG IS SET TO .TRUE. FOR THE FIBERS WHICH SATISFY EITHER
C OF ABOVE CONDITIONS.
C

DIMENSION X l(2 0 0 ) ,Y 1 (2 0 0 ) ,X 2 (2 0 0 ) ,Y 2 (2 0 0 )
DIMENSION IFIB1 ( 8 0 0 0 ) , IFIB 2(8000)
REAL I X (8 0 0 0 ) , IY(8000)



c

100
c
c

c
c
c

300

301

C

400

401
199
200

C

C

C

C
C

LOGICAL FLAG(2 0 0 ) , COND1 , C0ND2, COND3, COND4 
COMMON/MGSC/X1 ,Y1,X2,Y2,A,B,TLEN  
COMMON/MGSCI/NINT,IX, IY, IFIB 1, IFIB2 

INITIALIZATION OF FLAG TO .FALSE. FOR ALL FIBERS. 
DO 100 1 = 1 ,NF 
FLAG(I)=.FALSE.

CONTINUE

DO 200 1 = 1 ,NF 
CHECKING CONDITION 1 

I F ( (Y 1 (I ) .E Q .0 . 0 ) . AND.(Y2( I ) . EQ. B) )THEN 
COND1=.TRUE.

ELSE
COND1=.FALSE.

ENDIF

CHECKING REMAINING CONDITIONS 

DO 300 J=1,NINT
I F ((I F I B 1 (J ) .E Q .I ) .O R .( I F IB 2 (J ) .E Q .I ) )G 0  TO 301 

CONTINUE 
C0ND2=.FALSE.
C0ND3=.FALSE.
C0ND4=.FALSE.
GO TO 199 

IF(Y2(I).EQ.B)THEN
C0ND2=.TRUE.

ELSE
C0ND2=.FALSE.

ENDIF
IF(Y 1(I).EQ .0.0)TH EN

C0ND3=. TRUE.
ELSE

C0ND3=.FALSE.
ENDIF

J1=J+1
DO 400 K=J1,NINT
I F ( (I F I B l(K ) .E Q .I ) .O R .(I F I B 2 (K ) . EQ.I))G0 TO 401  

CONTINUE 
C0ND4=.FALSE.
GO TO 199 

C0ND4=.TRUE.
FLAG( I )=COND1 . OR. C0ND2. OR. C0ND3. OR. C0ND4 
CONTINUE

RETURN
END

SUBROUTINE SORT 

THE ROUTINE SORT SORTS IY IN DESCENDING ORDER USING



100

C BUBBLE SORT.
C

DIMENSION I F I B 1 (8 0 0 0 ) , IFIB 2(8000)
REAL IX( 8 0 0 0 ) , IY (8000)
COMMON/MGSCI/NINT,IX,IY, IFIB 1, IFIB2

C
NINTM1=NINT-1 
DO 100 I=1,NINTM1 
11=1+1
DO 100 J=II,NINT  
I F ( IY(J ) . GT. IY( I ) )THEN 

TX=IX(I)
TY=IY(I)
IT1=IFIB1(I)
IT2=IFIB2(I)
IX (I )= IX (J )
IY (I )= IY (J )
IF IB 1 (I )= IF IB 1 (J )
IF IB 2 (I )= IF IB 2 (J )
IX(J)=TX 
IY(J)=TY 
IFIB1(J)=IT1  
IFIB2(J)=IT2  

ENDIF 
100 CONTINUE

C
RETURN
END

C

C
SUBROUTINE COND(NF,G,GU,COL,ND)

C
C SUBROTINE TO CONSTRUCT THE CONDUCTANCE MATRIX.
C
C THE ROUTINE TRACES EACH FIBER FROM ITS ENDPOINT (X2,Y2)
C TO ITS OTHER ENDPOINT (X I ,Y l)  AND LABELS THE INTERSECTION
C POINTS BY THE NODE NUMBERS. THE UPPER AND LOWER EDGE HAVE
C ASSIGNED THE NODE NUMBERS 1 AND 2 RESP. THE CONDUCTANCE
C MATRIX IS SPARSE AND HENCE WE STORE ONLY THOSE ELEMENTS
C WHICH CAN BE NON-ZERO.
C
C G (I ,1 )  :
C G (I ,2 )  :
C
C G ( I ,3 )  :
C 
C
C G (I ,4 )  :
C G (I ,5 )  :
C
C GU( 1 , I ) :
C
C G U (2 ,I)  :

DIAGONAL ELEMENT OF REAL CONDUCTANCE MATRIX.
REAL CONDUCTANCE BETWEEN NODE I AND NODE 1+1 
IF THEY LIE ON SAME FIBER.
REAL CONDUCTANCE BETWEEN NODE I AND SOME NODE J 
( J > I ) ,  IF I AND J  REPRESENT THE INTERSECTION OF 
TWO FIBERS. COL(I) HOLDS THE NODE NUMBER J .  
DIAGONAL ELEMENT OF IMAGINARY CONDUCTANCE MATRIX. 
IMAGINARY CONDUCTANCE BET NODE I AND NODE 1+1 
IF THEY LIE ON SAME FIBER.
REAL CONDUCTANCE BETWEEN UPPER EDGE AND NODE I 
IF THE FIBER STARTS FROM UPPER EDGE.
REAL CONDUCTANCE BETWEEN LOWER EDGE AND NODE I
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IF THE FIBER ENDS ON LOWER EDGE.
G U (3,I) AND G U (4 ,I) ARE CORRESPONDING IMAGINARY CONDUCTANCES.

DIMENSION X l(2 0 0 ) ,Y 1 (2 0 0 ) ,X 2 (2 0 0 ) ,Y 2 (2 0 0 ) ,G (3 0 0 0 ,5 )  
DIMENSION I F I B 1 (8 0 0 0 ) , IF IB 2(8000) ,G U (4 ,3000)
INTEGER COL(3000),DUMND 
DIMENSION VR(IOOO),VI(1000)
REAL I X (8 0 0 0 ) , IY (8000),N D X (8000),N D Y (8000),L  

• REAL FRE,CAP,W,ZZ
LOGICAL FLAG( 2 0 0 ) , SWITCH 
C0MM0N/MGSC/X1,Y1,X2,Y2,A,B,TLEN 
COMMON/MC/FLAG
COMMON/MGSCI/NINT, IX ,IY , IFIB 1, IFIB2 
COMMON/ELE/GREAL, GIMG 
DATA P I /3 .1 4 1 5 9 2 6 5 /

INITIALIZATIONS 
NC0ND=0 
TOTCON=0.0  
NIMTW0=2*NINT+2

DO 10 1=3,NIMTWO 
C0L(I)=0  
G U (1 ,I )= 0 .0  
G U (2 ,I )= 0 .0  
GU(3, I ) = 0 .0  
G U (4 ,I )= 0 .0  
G (I , 1 )= 0 .0  
G ( I ,2 )= 0 .0  
G ( I ,3 )= 0 .0  
G ( I ,4 ) = 0 .0  
G ( I ,5 )= 0 .0  

10 CONTINUE

SUML=0.0  
TOTL=0.0  
ANGL=0.0  
NOL=0 
ND=2

FOR CURRENT CALCULATIONS : INPUT IS VOLTAGE MATRIX. 
NODE 1 IS GROUNDED : V R(1)=VI(1)=0

V R(1)=0.0  
V I(1 )= 0 .0

READ( 9 , 1 2 1 ) (V R (I+ 1 ) ,V I(1 + 1 ) ,1 = 1 ,6 0 5 )
121 F0RMAT(4(1X,E15. 8 ) )

C
READ( 5 , 1 ) FRE, RHO, RHOIM, RC, CAP 
WRITE( 6 , 1 ) FRE, RHO, RHOIM, RC, CAP 

1 F0RMAT(5(1X,E13.6))
TE M P=RHO*RHO+RHOIM*RHOIM
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GRHO=RHO/TEMP 
GRHOIM=RHOIM/TEMP 
WRITE(4,2)FRE 

2 F0RMAT(5X,D13.6)
W=2*PI*FRE
ZZ=RC/( 1 . 0+W*W*CAP*CAP*RC*RC)* * 0 .5
GREAL=1. 0/RC
GIMG=W*CAP

C LOOP TILL ALL FIBERS ARE TRACED
DO 100 1 = 1 ,NF 

C CHECK IF FLAG IS .TRUE.
IF(.NOT.FLAG(I))GO TO 100
ND=ND+1
SX=100.0
SY=100.0

C
IF(Y2(I).NE.B)THEN  

I TH FIBER DOES NOT START FROM THE UPPER EDGE, HENCE GO 
TO ITS FIRST INTERSECTION POINT.

DO 200 J=1,NINT 
IF(SX.NE.100.0)GO TO 200

IF(IFIB2(J).EQ.I)THEN  
C INTERSECTION POINT WITH A FIBER WHICH IS TRACED BEFORE.

NDM1=ND-1 
DO 300 K=3,NDM1

IF ( (NDX(K). EQ. IX(J ) ) . AND. (NDY(K). EQ. IY(
I J ) ) )G0 TO 325

300 CONTINUE
GO TO 200

C SET UP AN INTERSECTION IMPEDENCE BETWEEN NODES K AND ND.
325 G(K,3)=-GREAL

COL(K)=ND
LASTIN=J
SX=IX(J)
SY=IY(J)
NDX(ND)=SX
NDY(ND)=SY
J1=J+1
SWITCH=.FALSE.
CUR=((VR(ND)-VR(K))*(VR(ND)-VR(K))+

1(V I(N D )-V I(K ))*(V I(N D )-V I(K )) ) * * 0 .5
CUR=CUR/ZZ
WRITE( 7 , lll)NDX(K),NDY(K),NDX(ND),NDY(ND),CUR 

111 F0RMAT(5(1X,F10.6))
ENDIF

C
IF(IFIB1(J).EQ.I)THEN  

C INTERSECTION POINT WITH A FIBER WHICH IS NOT YET TRACED.
SX=IX(J)
SY=IY(J)
LASTIN=J
NDX(ND)=SX
NDY(ND)=SY
J1=J+1



a 
o 

cj 
o 

n
o

n

103

SWITCH*.FALSE.
ENDIF

C
200 CONTINUE

C
ELSE

C I TH FIBER STARTS FROM UPPER EDGE.
SX=X2( I )
SY=B
NDX(ND)=SX
NDY(ND)=SY
NDX(1)=SX
NDY(1)=SY
J l = l
SWITCH*.TRUE.

C
ENDIF

TO TRACE A FIBER FURTHER TILL OTHER ENDPOINT IS REACHED.

DO 400 K=J1,NINT 
IF(IFIB1(K).EQ.I)THEN  

INTERSECTION POINT WITH A FIBER WHICH IS NOT YET TRACED.

L = ( ( S Y - I Y ( K ) ) * ( S Y - I Y ( K ) ) + ( S X - I X ( K ) ) * ( S X - I X ( K ) ) ) * * o . 5T0TL=T0TL+L
ANGL=ANGL+L*ATAN(ABS( (SY-IY(K)) / (SX-IX(K)) ) )  
IF(L.LT.1.0E-06)THEN  

L=1. 0E-06
ENDIF
IF(SWITCH)THEN 

FIBER STARTS FROM UPPER EDGE : SET UP GU.
GU(1,ND)=-GRH0/L 
GU(3,ND)=-GRH0IM/L 
NC0ND=NC0ND+1 
TOTCON=TOTCON+GU( 1 , ND)
TEMPR=L*RHO
CUR=((VR(ND)-VR(1))*(VR(ND)-VR(1))+(VI(ND)-VI( 1 ) ) *  

1 (VI(N D )-V I( 1 ) ) ) * * 0 . 5
CUR=CUR/TEMPR 
DUMND=1 

ELSE
TAKE CARE OF IMPEDENCE OF A SECTION OF FIBER 
BETWEEN TWO INTERSECTION POINTS.

G(ND,2)=-GRH0/L 
G(ND, 5 )=-GRHOIM/L 
NCOND=NCOND+1 
TOTCON=TOTCON+G(ND,2 )
TEMPR=L*RHO
CUR=((VR(ND)-VRCND+l))*(VR(ND)-VR(ND+1))+

1 (VI(ND)-VI(ND+1))*(VI(ND)-VI(ND+1)) ) * * 0 . 5 
CUR=CUR/TEMPR 
DUMND=ND 
ND=ND+1 

ENDIF
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NDX(ND)=IX(K)
NDY(ND)=IY(K)
SX=IX(K)
SY=IY(K)
SWITCH=.FALSE.
WRITE( 3 , lll)NDX(DUMND),NDY(DUMND),NDX(ND),NDY(ND),CUR 

ENDIF
C

IF(IFIB2(K).EQ.I)THEN  
INTERSECTION POINT WITH A FIBER WHICH IS ALREADY TRACED. 
HENCE FIND OUT CORRESPONDING NODE NUMBER.

DO 500 JJ=3,ND
IF((NDX(JJ).EQ .IX(K )).AND.(NDY(JJ).EQ.IY(K)))G 0 TO 5

125
500 CONTINUE

GO TO 400

525 L=((SY -IY (K ))*(SY -IY (K ))+(SX -IX (K ))*(SX -IX (K
1 ) ) ) * * 0 .5

TOTL=TOTL+L
ANGL=ANGL+L*ATAN(ABS( (SY-IY(K)) / (SX-IX(K)) ) )
IF (L .L T .1 .0E-06)THEN 

L=1. 0E-06
ENDIF
IF(SWITCH)THEN 

FIBER STARTS ON UPPER EDGE : SET UP GU.
GU(l,ND)=-GRHO/L 
GU(3,ND)=-GRHOIM/L 
NCOND=NCOND+1 
TOTCON=TOTCON+GU( 1 , ND)
TEMPR=L*RHO
CUR=((VR(ND)-VR(1))*(VR(ND)-VR(1))+(VI(ND)-VI( 1 ) ) *  

1 (V I(N D )-V I( 1 ) ) ) * * 0 .5
CUR=CUR/TEMPR

DUMND=1
ELSE

TAKE CARE OF IMPEDENCE OF A SECTION OF FIBER 
BETWEEN TWO INTERSECTION POINTS.

G(ND,2)=-GRHO/L 
G(ND, 5 )=-GRHOIM/L 
NCOND=NCOND+l 
TOTCON=TOTCON+G(ND,2 )
TEMPR=L*RHO
CUR=((VR(ND)-VR(ND+1) ) * (VR(ND)-VR(ND+1))+

1 (VI(ND)-VI(ND+1))*(VI(ND)-VI(ND+1)) ) * * 0 .5  
CUR=CUR/TEMPR 
DUMND=ND 
ND=ND+1 

ENDIF
NDX(ND)=IX(K)
NDY(ND)=IY(K)
SX=IX(K)
SY=IY(K)
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SWITCH=.FALSE.
WRITE(3,lll)NDX(DUMND),NDY(DUMND),NDX(ND),NDY(ND),CUR
G ( J J , 3 )=-GREAL
COL(JJ)=ND
CUR=((VR(ND)-VR(JJ))*(VR(ND)-VR(JJ))+(VI(ND)-VI(JJ)) 

1 * (VI(N D )-V I(J J ) ) ) * * 0 .5  
CUR=CUR/ZZ
WRITE( 7 , lll)NDX(JJ),NDY(JJ),NDX(ND),NDY(ND),CUR  

ENDIF 
400 CONTINUE

ALL INTERSECTION POINTS OF A FIBER ARE CONSIDERED.
CHECK IF ITS OTHER ENDPOINT LIES ON THE LOWER EDGE.

I F (Y 1 (I ) .E Q .0 .0 )G 0  TO 100 
NDX(2)=X1(I)
NDY(2)=0.0
L=(SY *SY +(SX -X 1(I))*(SX -X 1(I)) ) * * 0 .5  
TOTL=TOTL+L
ANGL=ANGL+L*ATAN(ABS(SY/(SX-Xl(I)) ) )
IF(L.LT.1.0E-06)THEN  

L=1. 0E-06
ENDIF
GU(2,ND)=-GRHO/L 
GU(4,ND)=-GRH0IM/L 
NCOND=NCOND+1 
TOTCON=TOTCON+GU( 2 , ND)
TEMPR=L*RHO
CUR=((VR(ND)-VR(2))*(VR(ND)-VR(2))+(VI(ND)-VI( 2 ) ) *

1 (V I(N D )-V I( 2 ) ) )* * 0 .5  
CUR=CUR/TEMPR
WRITE(3,lll)NDX(ND),NDY(ND),NDX(2),NDY(2),CUR

C
100 CONTINUE

C
AVG=TOTCON/NCOND 
WRITE( 6 ,2 2 2 2 ) AVG, NCOND.TOTCON 

2222 FORMAT(5X,'AVERAGE CONDUCTIVITY BET TWO INT-PTS', 1X .E 13.6 ,
1 2 X ,I5 ,2 X ,E 1 3 .6 )

ALSUML=AL0G10( -SUML+24.0254)
ANGL=ANGL*180. 0 / (PI*TOTL)
VOLFRA=9. 817477E-03*TOTL 
WRITE( 6 ,9 9 9 ) VOLFRA, ANGL,N0L 

999 FORMAT( 10X,'EFF.VOL.FRACTION = ' ,E 1 3 .6 ,2 X ,E 1 3 .6 ,2 X ,I 5 )

RETURN
END

C
C * *  * * * * * * * * * * * * *  i V * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' * * * ' * * * * * * * * * * * *

c
SUBROUTINE REMOV(G,GU,COL,ND)

C
DIMENSION G (3 0 0 0 ,5 ) ,G U (4 ,3 0 0 0 )
INTEGER COL(3000)
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C
DO 100 1=3 ,ND
I F ( ( G ( I ,2 ) .E Q .0 .0 ) .A N D .( G ( I ,3 ) .E Q .0 .0 ) .A N D .( G (I - 1 ,2 ) .E Q .0 .0 ) )

1THEN
DO 200 K=3,ND 
IF(COL(K).EQ.I)GO TO 100 

200 CONTINUE
C

IF((G U (1 ,I) .N E .O .O ).O R .(G U (2 ,I) .N E .O .O ))G O  TO 100
C
C
C IF FLOW OF PROGRAM REACHES THIS POINT THEN IT MEANS THAT
C NODE I IS HANGING NODE. HENCE REMOVE IT.
C

ND=ND-1
DO 300 J=I,ND
G (J ,2 )= G (J + 1 ,2 )
G (J ,3 )= G (J + 1 ,3 )
G (J ,5 )= G (J + 1 ,5 )
GU(1,J)=GU(1,J+1)
GU(2,J)=GU(2, J + l )
G U (3 ,J)=G U (3 ,J+ l)
GU( 4 , J)=GU( 4 , J + l )
IF(C0L(J+1).EQ.0)THEN

C0L(J)=C0L(J+1)
ELSE

C0L(J)=C0L(J+1)-1  
ENDIF 

300 CONTINUE
ENDIF 

100 CONTINUE
C

RETURN
END

C ' i

c
SUBROUTINE CONSTR(G, GU, COL, A, IA, JA, ND)

C
DIMENSION G (3 0 0 0 ,5 ) ,G U (4 ,3 0 0 0 ) ,A (3 0 0 0 0 ) , IA (3000) ,JA (30000)  
INTEGER COL(3000)
REAL CAP,FRE,W 
COMMON/ELE/GREAL,GIMG 
DATA P I /3 .1 4 1 5 9 2 6 5 /

C
C CONSTRUCT DIAGONAL ELEMENTS OF CONDUCTANCE MATRIX.
C

DO 100 1 = 3 ,ND
G (I , 1 ) = - G ( I , 2 ) - G ( I ,3 )
G ( I , 4 ) = G ( I , 5 ) + G ( I - l ,5 )
IF(C0L(I-1).NE.I)THEN

G ( I , 1 ) = G ( I , 1 ) - G ( I - 1 , 2 )
ENDIF
IF(COL(I).NE.O)THEN



o
o

o
o

 
o

n
o

n
n

o
o

o
n

o

107

G (I,4)=G(I,4)-G IM G  
ENDIF
DO 200 J = 3 ,I
IF(C 0L(J).N E.I)G 0 TO 200 
G ( I ,1 )= G ( I ,1 ) -G ( J ,3 )
G (I ,4 )= G (I , 4 ) -GIMG 

200 CONTINUE
IF(GU(1,I).NE.0.0)THEN  

G (I , 1 )= G (I , 1 ) -GU(1, I )
G (I ,4 )= G (I ,4 )+ G U (3 ,I )

ENDIF
IF(GU(2,I).NE.0.0)THEN  

G (I ,1 )= G (I ,1 ) -G U (2 ,1 )
G (I ,4 )= G (I ,4 )+ G U (4 ,I )

ENDIF 
100 CONTINUE

CONSTRUCT MATRICES A, IA, JA IN THE FORM NEEDED BY 
SLMATH SUBROUTINES.
AN ARRAY A CONTAINS ONLY THE NON-ZERO ELEMENTS OF CONDUCTANCE 
MATRIX STORED ROWWISE. AN ARRAY JA CONTAINS THE CORRESPONDING 
COLUMN INDICES OF THE NON-ZERO ELEMENTS. AN ARRAY IA INDICATES 
THE END OF THE LAST ROW. A(K), FOR K=IA(I) IS THE FIRST 
NON-ZERO ELEMENT OF THE I-TH ROW OF A, JA(K) BEING THE 
CORRESPONDING COLUMN INDEX.

K=1 
NR=1 
IA( 1 )=1 
A (1 )= 0 .0

UPPER EDGE : NODE 1 : GROUNDED
LOWER EDGE : NODE 2 : GIVES FIRST ROW OF COND. MATRIX

DO 300 1=3,ND 
A (1)= A (1 )-G U (2 ,I )

300 CONTINUE 
JA(1)=1  
N=ND-1
DO 400 1= 3 ,ND
IF (G U (2 ,I ) .E Q .0 .0 )G 0  TO 400  
K=K+1
A(K)=GU(2,I)
JA(K)=I-1  

400 CONTINUE
K=K+1 
A(K)=0.0  
DO 450 1=3 ,ND

A(K)=A(K)+GU(4,I)
450 CONTINUE

JA(K)=N+1 
DO 460 1=3 ,ND

IF(GU(4,I).EQ.O.O)GO TO 460 
K=K+1
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A (K)=-G U(4,I)
JA(K)=I-1+N  

460 CONTINUE 
NR=NR+1 
IA(NR)=K+1 
DO 501 1 = 3 ,ND 
K=K+1
A(K)=G(I,1 )
JA(K)=I-1
I F (G (I ,2 ) .E Q .0 .0 )G 0  TO 497 
K=K+1
A(K)=G(I,2 )
JA(K)=I

497 IF(COL(I).EQ.O)GO TO 498
K=K+1
A(K)=G(I,3 )
JA(K)=C0L(I)-1
IF(G U(4,I).NE.0.0)TH EN

K=K+1
A(K)=-G U(4,I)
JA(K)=N+1

ENDIF
K=K+1
A (K )= -G (I-1 ,5 )
JA(K)=I-2+N
K=K+1
A(K)=G(I,4 )
JA(K)=I-1+N
IF(C O L(I).G T .( 1 + 1 ) )THEN 

K=K+1
A (K )=-G (I,5 )
JA(K)=I+N 
K=K+1 
A(K)=GIMG 
JA(K)=COL(I)-1+N 

ELSE 
K=K+1 
A(K)=GIMG 
JA(K)=C0L(I)-1+N  

ENDIF 
GO TO 500

498 IF(G U(4,I).NE.0.0)TH EN
K=K+1
A(K )=-G U(4,I)
JA(K)=N+1

ENDIF
DO 499 J=3,ND

IF(COL(J).EQ.I)GO TO 600
499 CONTINUE

HERE IT MEANS THAT I TH NODE IS NOT CONNECTED TO ANY 
NODE BY R-C PARALLELL COMBINATION.

K=K+1
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A (K )= -G (I-1 ,5 )
JA(K)=I-2+N  
GO TO 650 

600 K=K+1
A(K)=GIMG 
JA(K)=J-1+N 
I F ( J .L T .( 1 - 1 ) )THEN 

K=K+1
A (K )= -G (I -1 ,5 )
JA(K)=I-2+N

ENDIF 
650 K=K+1

A (K)=G(I,4 )
JA(K)=I-1+N
IF(JA(K).EQ.(2*N))GO TO 500 
K=K+1
A (K )= -G (I,5 )
JA(K)=I+N

500 NR=NR+1
IA(NR)=K+1

501 CONTINUE
C

IAM1=IA(2)-1
DO 510 1 = 1 ,IAMI
IF(JA(I).GT.N)GO TO 510
K=K+1
A (K )=-A (I)
JA(K)=JA(I)+N  

510 CONTINUE
NR=NR+1 
IA(NR)=K+1 
DO 550 1 = 3 ,ND 
K=K+1
A (K )= -G (I ,1 )
JA(K)=I-1+N
I F (G (I , 2 ) .EQ.0 . 0)GO TO 525 
K=K+1
A (K )= -G (I ,2 )
JA(K)=I+N 

525 IF(COL(I).EQ.O)GO TO 535
K=K+1
A (K )= -G (I ,3 )
JA(K)=C0L(I)+N-1  

535 NR=NR+1
IA(NR)=K+1 

550 CONTINUE
C

N2=N*2
800 WRITE(4,111)K,N2
111 FORMAT(20X,I5,5X,I5)

WRITE( 4 , 2 2 2 ) ( A ( I ) ,J A ( I ) , I = 1 ,K )  
222 F0RM AT(3(2X,D15.8,2X,I5))

WRITE( 4 , 3 3 3 ) ( IA( I ) , 1 = 1 ,NR)
333 F0RMAT(12(1X,1 5 ) )
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RETURN
END

C

C
SUBROUTINE FRACT

C
C SUBROUTINE TO DETERMINE WHETHER OUR SYSTEM IS FRACTAL
C

DIMENSION X l(2 0 0 ) ,Y 1 (2 0 0 ) ,X 2 (2 0 0 ) ,Y 2 (2 0 0 )
DIMENSION IFIB 1( 8 0 0 0 ) .IF IB 2 (8000)
REAL IX (8 0 0 0 ) ,IY (8 0 0 0 )
C0MM0N/MGSC/X1,Y1,X2,Y2,A,B,TLEN 
COr.lMON/MGI/IX, IY, IFIB 1, IFIB2,NINT

C
C A1.A2 GIVES US THE SIZE OF THE SANDBOX.
C SQUARE FILM : A = B IS ASSUMED.
C NCOUNT GIVES US NUMBER OF INTERSECTION POINTS LYING
C INSIDE OUR SANDBOX.
C

NCOUNT=0 
D=A/4 0 .0  
A l=A /2 .0-D  
A2=A/2+D

C
50 DO 100 1= 1 ,NINT

IF(C IX (I).L E .A 2).A N D .(IX (I).G E .A l))T H E N
IF C C IY (I).L E .A 2).A N D .(IY (I).G E .A 1)) THEN 

NC0UNT=NC0UNT+1 
ENDIF 

ENDIF 
100 CONTINUE

SL=A2-A1 
ALSL=AL0G10(SL)
ANC0UNT=ALOG10(FLOAT(NCOUNT))
WRITE(4,111)SL,NCOUNT, ALSL, ANCOUNT 

111 F 0R M A T (5X ,F6.3 ,2X ,I5 ,2X ,E 10.4 ,2X ,E 10.4)
NC0UNT=0
A1=A1-D
A2=A2+D
IF(A 1.G E .0.0)G 0 TO 50
RETURN
END
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* P R O G R A M  F I B E R  *
* *
* by *
*  *

*  CHANDRALEKHA S. BARVE *
*v ^

* VSFORTRAN VERSION STORED ON FILE FIBER *
* • USES IMSL RANDOM NUMBER GENERATOR : GGUBS *
*  *

* IT GENERATES THE CHAINS PARALLEL TO Z AXIS'. *
* AND THEN LOCATES THE POSITIONS OF CHARGED *
* AND NEUTRAL SOLITONS ON THESE CHAINS. THE *
* HOPPING OF CHARGE FROM CHARGED SOLITON TO *
* A NEUTRAL SOLITON IS REPRESENTED BY A *
* CONDUCTANCE BETWEEN THE SITES. ALSO EACH *
* SITE IS CONNECTED TO GROUND BY A CAPACITANCE. *
*  CONDUCTANCE MATRIX IS THEN CONSTRUCTED IN THE *
* FORM IN WHICH SLMATH ROUTINES NEED IT. *
* *

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 
$ $
$ I/O  UNIT NUMBERS $
$ $ 
$ 5 -  INPUT - DISK - INPUT PARAMETERS  ̂ $
$ 6 -  OUTPUT -  TERM - REGULAR DOCUMENTATION §
$ 8 - OUTPUT -  DISK - CONDUCTANCE MATRIX $
$ $ 
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$<;$$$$$$$$$$$$$$$$$$$$

cyo/o/o/o/cyo/o/o/<ycycyo/o/o/o/o/o/o/eyo/o/o/oyo/o/o/o/<yo/o/o/oyo/o/cycycyo/o/o/o/o/oyo/cy<y(yo/cyoycyo/cy<y(y /o /o /o to to /o /o to /o fo /o fo /o /o /o A> fo to fo to to to /o /o /o to to /o fo /o to to to /o to fo fo fo /o /o /o /o fo fo /o fo fo fo /o fo fo fo /o fo fo fo

% %

% DATA FILE STRUCTURE (INPUT PARAMETERS : UNIT 5 )  %
0/ cy/o fo

% DSEED : SEED FOR RANDOM NO. GENERATOR GGUBS. %
% A, C : RADIUS AND LENGTH OF FIBER %
% NCHAIN, NNEU, NIMP : NO. OF CHAINS, NEUTRAL %
% SOLITONS & IMPURITY ATOMS. %
% TEMP, CAPCON, M : TEMPERATURE, MULTIPLICATIVE %
% CONST. OF CAP, EXPONENT. %
% FRE : FREQUENCY %
% XYNEAR : DIST. OF IMP. < XYNEAR : CHARGED SOL. %
% ZETPL, ZETPD, GCON : ELECTRON DECAY LENGTHS, %
% MULTIPLICATIVE CONST OF %
% CONDUCTANCE. %
% % o/a/o/o/cya/o/a/cya/cyo/o/cy o/o/o/(vcy o/a/o/o/o/o/o/o/o/o/o/<y 0/0/o/o/o/cy<y o/o/o/cy o/o/cya/cycycy c/cycyo/cy cycy
fotofotofotototofotofofotofotototototofotototototototototofototototototototofototofo/ofofofofofofofofofotofofofo

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& 
St St
& LIST OF CALLED SUBROUTINES ( —  NOT LISTED HERE ) &
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6c &
6c C A L L  C H A I N S ( D S E E D , N C H A I N )  6c
&   C A L L  G G U B S ( D S E E D ,N P ,P )  &
Sc C A L L  G E N N E U ( D S E E D , N N E U , N C H A I N )  6c
Sc C A L L  G E N C H A  ( D S E E D ,N I M P , N F L I M P ,N C H A ,N C H A I N ) 6 c
5c C A L L  C O N D ( N V C H A , N V N E U , N C H A , N E U I M P , N F L I M P )  &
&  C A L L  C O N S T ( N V C H A , N V N E U ,C A P ,W )  &
6c 6c
6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c&6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c6c

DOUBLE PRECISION CALCULATION FOR GREATER ACCURACY 
IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION XCHAIN(3000), YCHAIN(3000)
DIMENSION XNEU(3000), YNEU(3000),ZNEU(3000)
DIMENSION XCHA(6000),YCHA(6000),ZCHA(6000)
DIMENSION XFLIMP(8000), YFLIMP(8000),ZFLIMP(8000) 
DIMENSION XMPNEU(3000),YMPNEU(3000),ZMPNEU(3000) 
DIMENSION G(1 0 0 0 ,1 0 0 0 ) ,GL(2000),GU(2000)
DIMENSION V (2 0 0 0 ) ,V R (2 0 0 0 ) ,V I (2 0 0 0 ) , IDEL(200), JDEL(200) 
INTEGER LP0S(3000),LP0SFL(3000)
DOUBLE PRECISION DSEED,V 
COMMON/CHAIN/XCHAIN, YCHAIN 
COMMON/NEUT/XNEU, YNEU, ZNEU 
COMMON/CHARG/XCHA, YCHA, ZCHA 
COMMON/FLO/XFLIMP, YFLIMP, ZFLIMP, LPOS, LPOSFL 
COMMON/NEAR/XMPNEU, YMPNEU, ZMPNEU 
COMMON/MC/TEMP, FACT 
COMMON/MCC/G,GL,GU 
COMMON/ALL/A,B,C,FR 1
DATA P I/3 .14159265359D 0/

FIRST READ INPUT PARAMETERS.

READ( 5 , 1 ) DSEED
1 F0RMAT(5X,D13.6)

RADIUS OF THE FIBER : A 
LENGTH OF THE FIBER : C

READ(5,2)A,C
2 FORMAT(5X,E13.6,2X,E13.6)

ALL OTHER CONSTANTS IN OUR SYSTEM 

B=2.0D0*PI
READ(5,3)NCHAIN,NNEU,NIMP

3 FORMAT(3(2X,1 5 ) )
READ( 5 , 4 ) TEMP, CAPCON, M

4 FORMAT(2X,D13.6,2X,D13.6,2X,I5)

SUBROUTINE CHAINS GENERATE CHAINS PARALLEL TO Z AXIS.

CALL CHAINS(DSEED,NCHAIN)
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C
C SUBROUTINE GENNEU GENERATES POSITIONS OF ALL NEUTRAL SOLITONS
C

CALL GENNEU(DSEED,NNEU,NCHAIN)
C
C SUBROUTINE GENCHA GENERATES POSITIONS OF ALL CHARGED SOLITONS
C ALONG WITH THE IMPURITIES CORRESPONDING TO THEM.
C

CALL GENCHA(DSEED, NIMP, NFLIMP, NCHA, NCHAIN)
C

FACT=FLOAT(NCHA*NNEU)/FLOAT(NCHA+NNEU)**2 
CAP=CAPCON*FACT*(TEMP/300. ODO)**M 
WRITE( 6 , 2 2 ) CAP 

22 F0RMAT(10X,D13.6 )
NEUIMP=NNEU 
DO 150 1=1,NEUIMP 

XMPNEU( I )=XNEU( I )
YMPNEU( I ) =YNEU( I )
ZMPNEU( I)=ZNEU( I )

150 CONTINUE
C
C SUBROUTINE COND CREATES THE CONDUCTIVITY MATRIX G (I ,J )
C

CALL COND(NVCHA, NVNEU, NCHA, NEUIMP, NFLIMP)
C
C TO CONSTRUCT MATRICES NECESSARY FOR SLMATH
C

READ(5,5)FRE 
5 F0RMAT(5X,D13.6 )

WRITE( 8 , 123)FRE 
123 F0RMAT(5X,D13.6 )

W=2. ODO*PI*FRE
CALL CONST(NVCHA,NVNEU,CAP,W)

C
CALL EXIT 
END

C
C

C SUBROUTINE CHAINS GENERATES NCHAIN NUMBER OF CHAINS
C PARALLEL TO Z AXIS FROM LOWER PLATE TO UPPER PLATE.
C HENCE ONE (X,Y) COORDINATE DEFINES THE CHAIN.
C

SUBROUTINE CHAINS(DSEED,NCHAIN)
C

IMPLICIT REAL*8 (A-H.O-Z)
DIMENSION XCHAIN(3000),YCHAIN(3000)
REAL P (2 )
COMMON/CHAIN/XCHAIN.YCHAIN 
COMMON/ALL/A,B,C

C
NP=2
DO 100 1 = 1 ,NCHAIN

CALL GGUBS(DSEED,NP,P)
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C THE RANDOM NUMBER P ( l )  IS USED FOR RADIUS & P (2 )  FOR THETA.
C

P(1)=P(1)*A
P(2)= P (2)*B
XCHAIN( I )= P ( 1 )*COS(P( 2 ) )
YCHAIN(I)=P(1)*SIN(P(2))

100 CONTINUE
C

RETURN
END

C
C

C
SUBROUTINE GENNEU(DSEED,NNEU,NCHAIN)

C
C GENERATES THE SITES FOR THE NEUTRAL SOLIONS
C ALONG THE CHAINS.
C

IMPLICIT REAL*8 (A-H.O-Z)
DIMENSION XNEU(3000),YNEU(3000),ZNEU(3000)
DIMENSION XCHAIN(3000),YCHAIN(3000)
REAL P (2)
LOGICAL FLAG(3000)
DOUBLE PRECISION DSEED 
COMMON/NEUT/XNEU, YNEU, ZNEU 
COMMON/CHAIN/XCHAIN, YCHAIN 
COMMON/ALL/A,B,C

C
DO 10 1= 1 ,NCHAIN 

FLAG( I ) = . FALSE.
10 CONTINUE

NP=2
DO 100 1 = 1 ,NNEU 

50 CALL GGUBS(DSEED,NP,P)
C
C P ( l )  IS USED TO CHOOSE A CHAIN RANDOMLY & P (2 )  IS
C USED TO FIX Z COORDINATE OF A NEUTRAL SOLITON.
C

K=P(1)*NCHAIN
IF((K.LE.O).OR.(K.GT.NCHAIN))G0 TO 50 
IF(FLAG(K))GO TO 50 
P (2 )= P (2 )* 2 .0 D 0 -0 .5 D 0
I F ( ( P ( 2 ) . LT.O.O DO ).O R.(P(2).G T.1.0D0))G 0 TO 50 
XNEU( I)=XCHAIN(K)
YNEU(I)=YCHAIN(K)
ZNEU(I)=C*P(2)
FLAG(K)=.TRUE.

100 CONTINUE
C

RETURN
END

C
C



SUBROUTINE GENCHA(DSEED, NIMP, NFLIMP, NCHA, NCHAIN)

GENERATES SITES FOR THE CHARGED SOLITONS 
ALONG THE CHAINS.

IMPLICIT REAL*8 (A-H.O-Z)
DIMENSION XCHA(6000),YCHA(6000),ZCHA(6000) 
DIMENSION XCHAIN(3000), YCHAIN(3000)
DIMENSION XFLIMP(8000), YFLIMP(8000), ZFLIMP(8000) 
INTEGER LP0S(3000),LP0SFL(3000)
REAL P (3)
DOUBLE PRECISION DSEED 
COMMON/CHARG/XCHA, YCHA, ZCHA 
COMMON/FLO/XFLIMP, YFLIMP, ZFLIMP, LPOS, LPOSFL 
COMMON/CHAIN/XCHAIN, YCHAIN 
COMMON/ALL/A,B,C,FR

READ( 5 , 11)XYNEAR 
FORMAT(5X,D13.6 )

NCHA=0
NFLIMP=0
NP=3
DO 100 1 = 1 ,NIMP 

CALL GGUBS(DSEED,NP,P)
P(3)=P(3)*2.ODO-O.5D0
IF ((P (3).L T .O .O D O ).O R .(P(3).G T .1 .0D 0))G O  TO 50

P ( 1 ) ,P ( 2 ) ,P ( 3 )  REPRESENT X,Y,Z COORDINATE OF AN 
IMPURITY ATOM RESPECTIVELY.

P(3)=C*P(3)
P(1)=A*P(1)
P(2)=B*P(2)
TEMP=P(1)
P (1 )= P (1 )* C 0 S (P (2 ))
P(2)=TEMP*SIN(P(2))
DO 200 J=l,NCHAIN

DIST=(XCHAIN(J)-P(1))*(XCHAIN(J)-P(1))+  
(YCHAIN(J)-P(2)) * (YCHAIN(J)-P( 2 ) )  

DIST=DSQRT(DIST)
IF(DIST. LE. XYNEAR)THEN 

NCHA=NCHA+1 
XCHA(NCHA)=XCHAIN(J)  
YCHA(NCHA)=YCHAIN(J) 
ZCHA(NCHA)=P(3)
GO TO 100

ENDIF
CONTINUE

NFLIMP=NFLIMP+1 
XFLIMP(NFLIMP)=P(1)
YFLIMP(NFLIMP)=P(2 )
ZFLIMP(NFLIMP)=P(3)
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100 CONTINUE
C

RETURN
END

C
C
C-.V-.’f'.V iV 'iV -.V * * * * * * * * * * * * * * * * * * * * * * -.'.'* * * * * * * '.'? * * * * * * * * * * * * * * * * * * * * * !'? * * * * * * * * * * *

C
SUBROUTINE COND(NVCHA, NVNEU, NCHA, NEUIMP, NFLIMP)

C
C IT CONSTRUCTS THE CONDUCTANCE MATRIX, AND TAKES CARE
C OF THE LOWER AND UPPER EDGES OF THE FIBER.
C

IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION G(1000,1000),XCHA(6000),YCHA(6000),ZCHA(6000) 
DIMENSION XMPNEU(3000), YMPNEU(3000),ZMPNEU(3000)
DIMENSION XFLIMPC8000),YFLIMP(8000),ZFLIMP(8000)
INTEGER LP0S(3000),LPOSFL(3000)
INTEGER LU(IOO),LW (100),NL(100),NU(100)
DIMENSION GL(2000),GU(2000)
COMMON/CHARG/XCHA, YCHA, ZCHA 
COMMON/NEAR/XMPNEU, YMPNEU, ZMPNEU 
COMMON/MC/TEMP, FACT
COMMON/FLO/XFLIMP, YFLIMP, ZFLIMP, LPOS, LPOSFL 
COMMON/ALL/A, B, C 
COMMON/ MCC/ G, GL, GU

C
ZLIM=C*0.05

C  F I R S T  T A K E  C A R E  O F  C H A R G E D  S O L I T O N S  L Y I N G  O N  L O W E R  P L A T E .
D O  5 0  1 = 1 , N C H A

I F ( Z C H A ( I ) . L T . Z L I M ) G O  T O  5 1
5 0  C O N T I N U E
5 1  T X = X C H A ( 2 )

T Y = Y C H A ( 2 )
T Z = Z C H A ( 2 )
X C H A ( 2 ) = X C H A ( I ) 
Y C H A ( 2 ) = Y C H A ( I )
Z C H A ( 2 ) = Z C H A ( I )
X C H A ( I ) = T X
Y C H A ( I ) = T Y
Z C H A ( I ) = T Z
I P 1 = I + 1
N L W C = 1
L W ( N L W C ) = 2
J L I M = N C H A
J = I P 1
I F ( J . G T . N C H A ) G O  T O  7 0

6 0  I F ( Z C H A ( J ) . L T . Z L I M ) T H E N
K = N C H A - N L W C + 1

6 1  I F ( K . E Q . J ) G O  T O  6 5
I F ( Z C H A ( K ) , L T . Z L I M ) T H E N  

K = K - 1 •
N L W C = N L W C + 1
L W ( N L W C ) = K + 1
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GO TO 61 
END IF 
TX=XCHA(J)
TY=YCHA(J)
TZ=ZCHA(J)
XCHA(J)=XCHA(K)
YCHA(J)=YCHA(K)
ZCHA(J)=ZCHA(K)
XCHA(K)=TX
YCHA(K)=TY
ZCHA(K)=TZ

65 NLWC=NLWC+1
LW(NLWC)=K 
JLIM=NCHA-NLWC+1 

ENDIF 
J=J+1
IF(J.LE.JLIM)GO TO 60 

TAKE CARE OF CHARGED SOLITONS LYING ON THE UPPER PLATE.

70 DO 80 1 = 1 ,NCHA
IF(ZCHA(I).GT.(C-ZLIM))GO TO 81

80 CONTINUE
81 TX=XCHA(1)

TY=YCHA(1)
TZ=ZCHA(1)
XCHA( 1 ) =XCHA( I )
YCHA(1)=YCHA(I)
ZCHA(1)=ZCHA(I)
XCHA(I)=TX
YCHA(I)=TY
ZCHA(I)=TZ
IP1=I+1
NUPC=1
LU(NUPC)=1
JLIM=NCHA-NLWC+1
J=IP1
IF(J.GT.JLIM)GO TO 99

90 IF ( ZCHA(J).GT.(C-ZLIM))THEN
K=NCHA-NLWC-NUPC+2

91 IF(J.EQ.K)GO TO 95
IF(ZCHA(K).GT.(C-ZLIM))THEN 

K=K-1
NUPC=NUPC+1 
LU(NUPC)=K+1 
GO TO 91 

ENDIF 
TX=XCHA(J)
TY=YCHA(J)
TZ=ZCHA(J)
XCHA(J)=XCHA(K)
YCHA(J)=YCHA(K)
ZCHA(J)=ZCHA(K)
XCHA(K)=TX



YCHA(K)=TY
ZCHA(K)=TZ

NUPC=NUPC+1
LU(NUPC)=K
JLIM=NCHA-NLWC-NUPC+2

ENDIF
J=J+1
IF(J.LE.JLIM)GO TO 90 
WRITE( 6 , 14)NUPC

NVCHA=NCHA-NLWC-NUPC+2 
DO 20 1 = 1 ,NCHA 

G L (I)= 0 . ODO 
GU(1)=0.0D0  

CONTINUE

NOW FIND OUT THE NEUTRAL SOLITONS LYING ON THE LOWER 
AND THE UPPER PLATES.

NLWN=0
J=1
JLIM=NEUIMP 

IF(ZMPNEU(J).LT.ZLIM)THEN 
K=NEUIMP-NLWN 

IF(J.EQ.K)GO TO 450
IF(ZMPNEU(K).LT.ZLIM)THEN 

NLWN=NLWN+1 
NL(NLWN)=K 
K=K-1 
GO TO 420  

ENDIF

TX=XMPNEU(J)
TY=YMPNEU(J)
TZ=ZMPNEU(J)
ITEMP1=LP0S( J)
ITEMP2=LP0SFL(J)
XMPNEU(J)=XMPNEU(K)
YMPNEU(J)=YMPNEU(K)
ZMPNEU(J)=ZMPNEU(K)
LPOS(J)=LPOS(K)
LPOSFL(J)=LPOSFL(K)
XMPNEU(K)=TX 
YMPNEU(K)=TY 
ZMPNEU(K)=TZ 
LPOS(K)=ITEMP1 
LP0SFL(K)=ITEMP2 

NLWN=NLWN+1 
NL(NLWN)=K 
JLIM=NEUIMP-NLWN 

ENDIF 
J=J+1
IF(J.LE.JLIM)GO TO 410
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5 1 0

5 2 0

5 5 0

111
C

10

N U P N = 0
J L I M = N E U I M P - N L W N
J = 1

I F ( Z M P N E U ( J ) . G T . ( C - Z L I M ) ) T H E N  
K = N E U I M P - N L W N - N U P N  

I F ( J . E Q . K ) G 0  T O  5 5 0
I F ( Z M P N E U ( K ) . G T . ( C - Z L I M ) ) T H E N  

N U P N = N U P N + 1  
N U ( N U P N ) = K  
K = K - 1 
G O  T O  5 2 0  

E N D I F

TX=XMPNEU(J)
TY=YMPNEU(J)
TZ=ZMPNEU(J)
ITEMP1=LP0S(J)
ITEMP2=LPOSFL(J)
XMPNEU(J)=XMPNEU(K)
YMPNEU(J)=YMPNEU(K)
ZMPNEU(J)=ZMPNEU(K)
LPOS(J)=LPOS(K)
LPOSFL(J)=LPOSFL(K)
XMPNEU(K)=TX 
YMPNEU(K)=TY 
ZMPNEU(K)=TZ 
LPOS(K)=ITEMP1 
LP0SFL(K)=ITEMP2 

NUPN=NUPN+1 
NU(NUPN)=K
JLIM=NEUIMP-NLWN-NUPN

ENDIF

J=J+1
IF(J.LE.JLIM)GO TO 510

READ ELECTRON'S MEAN FREE PATHS.
ZETPL : ALONG THE CHAIN
ZETPD : PERPENDICULAR TO THE CHAIN

READ( 5 , 1 1 1 ) ZETPL, ZETPD, GCON
F0RMAT(3(2X,D13.6 ) )

DO 10 1 = 1 ,NCHA 
GU(I)=0.0D0  
GL(I)=0.0D0  

DO 10 J=1,NEUIMP 
G (I ,J )= 0 .0 D 0

CONTINUE
DO 100 1 = 1 ,NCHA

DO 200 J=1,NEUIMP
RPL=( ZCHA( I ) - ZMPNEU(J ) ) * ( ZCHA( I ) - ZMPNEU(J ) )
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200
100

C

301
300

12

340

351
C

352

350

41
C

11

375
C

380
C

355

361

R P D = ( X C H A ( I ) - X M P N E U (J ) ) * ( X C H A ( I ) - X M P N E U (J ) ) +  
1 ( Y C H A ( I ) - Y M P N E U (J ) ) * ( Y C H A ( I ) - Y M P N E U (J ) )

T I=2. 00D0*(RPL/ZETPL+RPD/ZETPD)**0. 5D0 
IF(TI.GT.34.0D0)GO TO 200 
TI=DEXP(-TI)
G (I ,J )= T I

CONTINUE
CONTINUE

NB=0
DO 300 1= 1 ,NCHA

DO 301 J=1,NEUIMP
IF (G (I ,J ) .E Q .0 .0 D 0 )G 0  TO 301 
NB=NB+1 

CONTINUE 
CONTINUE

IVGNB=NB/NCHA 
WRITE( 6 , 1 2 ) IVGNB 

FORMAT(10X,15)

TAKE CARE OF HANGING SITES.

NZER0=0
1=3

DO 351 J=1,NEUIMP
IF(G(I,J).NE.O.ODO)GO TO 350 

— CONTINUE
HERE IT MEANS THAT ALL G ( I , J ) ' S  ARE ZERO FOR THIS I 

NZERO=NZERO+1 
NCHA=NCHA-1 
DO 352 K=I,NCHA

DO 352 J=1,NEUIMP 
G(K,J)=G(K+1,J)

CONTINUE
1=1-1

1=1+1
IF(I.LT.(NCHA-NLWC-NUPC+2))G0 TO 340 

WRITE(6,41)NZERO 
FORMAT( 20X, I 5)
WRITE(4,1 1 ) ( ( G ( I , J ) , 1 = 1 0 0 ,1 0 2 ) ,J=1,NEUIMP) 
FORMAT(3(5X,D13.6))

DO 375 I=2,NLWC
LW(I)=LW(I)-NZERO

CONTINUE

DO 380 I=2,NUPC
LU( I)=LU( I ) -NZERO 

CONTINUE

NZNEU=0
1=1

DO 361 J=1,NCHA
IF(G(J,I).NE.O.O)G O TO 360 

CONTINUE



n
o

o
n

 
n 

o 
o

121

362

360

390,

385

125

31

525
500

C

725
700

C

NEUIMP=NEUIMP-1 
NZNEU=NZNEU+1 
DO 362 K=I,NEUIMP 

DO 362 J=1,NCHA 
G(J,K)=G(J,K+1)

CONTINUE
1= 1-1

1= 1+1
IF(I.LT.(NEUIMP-NLWN-NUPN))G0 TO 355 
WRITE( 6 , 4 1 ) NZNEU

DO 390 1= 1 ,NLWN
NL( I ) =NL( I ) -NZNEU 

CONTINUE 
DO 385 1=1 ,NUPN

NU(I)=NU(I)-NZNEU 
CONTINUE

GMAX=G( 1 ,1 )
GMIN=100.0D0 
DO 125 1 = 1 ,NCHA

DO 125 J=1,NEUIMP
I F ( G ( I , J ) . EQ.O.ODO)GO TO 125 
IF(G(I,J).LT.GMIN)THEN  

GMIN=G(I, J)
ENDIF
IF(G(I,J).GT.GMAX)THEN 

GMAX=G(I, J)
ENDIF 

CONTINUE 
WRITE(6,31)GMIN,GMAX 

F0RMATC5X,'GMIN=',D13.6,' GMAX=' ,D 13 .6 )  
GMETAL=GMAX*5. ODO

TAKE CARE OF CONDUCTANCES BETWEEN THE SITES AND THE 
LOWER AND THE UPPER PLATES.

NVNEU=NEUIMP- NLWN- NUPN 
DO 500 1= 2 ,NLWC

DO 525 J=l,NVNEU
IF(G(LW(I),J).EQ.O.ODO)GO TO 525 
G(LW(1), J)=G(LW (1), J)+G(LW (I), J )

CONTINUE
CONTINUE

DO 700 1= 2 ,NUPC
DO 725 J=l,NVNEU

IF(G(LU(I),J).EQ.O.ODO)GO TO 725 
G (LU (1), J )=G (L U (1), J )+ G (L U (I) , J )

CONTINUE
CONTINUE
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WRITE( 6 , 13)NLWC
13 FORMAT(5X,'NLWC=',1 5 )

WRITE( 6 , 14)NUPC
14 FORMAT(5X,'NUPC=',1 5 )

C
DO 900 1=1,NLWN

DO 925 J = 3 , NVCHA
I F (G (J ,N L (I ) ) . EQ.O.ODO)GO TO 925 
G L(J)=G (J,N L(I))

925 CONTINUE
900 CONTINUE

C
DO 980 1=1,NUPN

DO 985 J=3,NVCHA
I F (G (J ,N U (I ) ) . EQ.O.ODO)GO TO 985 
GU(J)=GU(J)+G(J,NU(I))

985 CONTINUE
980 CONTINUE

C
RETURN
END

C

C SUBROUTINE TO CONSTRUCT A,IA,JA NECESSARY TO SOLVE
C GV=I USING SLMATH ROUTINES.
C

SUBROUTINE CONST(NVCHA, NVNEU, CAP, W)
C

IMPLICIT REAL*8 (A-H.O-Z)
DIMENSION G (1 0 0 0 ,1 0 0 0 ) ,A (3 0 0 0 0 ) , J A (3 0 0 0 0 ) , IA (2500)
DIMENSION GL(2000),GU(2000)
DOUBLE PRECISION A 
COMMON/ MCC/ G, GL, GU

C
N=NVNEU+NVCHA-1 
K=0
DO 100 1 = 2 ,NVCHA 

K=K+1 
IA (I-1)=K

C
C GL(J) GIVES US COND BET N0DE2 & NODE J
C

IF (I .N E .2)G 0 TO 150 
DO 125 JJ=3,NVCHA

IF(GL(JJ).EQ.O.ODO)GO TO 125 
K=K+1
A(K)=-GL(JJ)
JA(K)=JJ-1  

125 CONTINUE
C

150 DO 200 J=l,NVNEU
IF(G(I,J).EQ.O.ODO)GO TO 200 
K=K+1
A (K )= -G (I ,J )



JA(K)=NVCHA-1+J 
CONTINUE 

SUM=0. ODO
DO 300 L = IA (I-1 ) ,K  

SUM=SUM+A(L)
CONTINUE

GU(J) GIVES US COND BET N0DE1 & NODE J .

SUM=SUM-GU(I)-GL(I)
A(IA(I-1))=-SUM  
J A ( I A ( I - 1 ) ) = I - 1  
IF (I .E Q .2)G 0 TO 100 
K=K+1
A(K)=-W*CAP
JA(K)=N+I-1

CONTINUE

NT=K

DO 400 J=l,NVNEU 
NT=NT+1
IA(NVCHA-1+J)=NT 
A(NT)=G(1,J)
JA(NT)=NVCHA-1+J 
KM1=K-1 

DO 500 1=1,KM1
IF(JA(I).EQ.(NVCHA-1+J))THEN 

A(NT)=A(NT)-A(I)
ENDIF 

CONTINUE 
NT=NT+1 
A(NT)=-W*CAP 
JA(NT)=JA(NT-1)+N 

CONTINUE

PRINT * , NT,'ABOVE-600 '
DO 600 1 = 1 ,N 

IA(N+I)=NT+1 
JLIM=IA(I+1) -1  
DO 600 J = I A ( I ) , JLIM

IF(JA (J).G T.N ) GO TO 600
NT=NT+1
A(NT)=-A(J)
JA(NT)=JA(J)+N

CONTINUE

N=N*2
IA(N+1)=NT+1 

TO REMOVE ROWS WHICH HAVE ALL ZERO ELEMENTS.

WRITE(8, 111)NT,N
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111 FORMAT(20X,1 5 ,5 X ,15)
WRITE( 8 , 2 2 2 ) ( I A ( I ) ,1 = 1 ,N+1)

222 F0RMAT(12(1X,1 5 ) )
WRITE( 8 , 3 3 3 ) ( A ( I ) , J A ( I ) ,1 = 1 ,NT) 

333 FORMAT(3(2X,D15.8,2X,I5))
C

RETURN
END



125

c ********V «V «V iV «V *V #V Vf «V «V #V *V ‘V «V *V )V#V iV «V #V «V ‘V )V iV ‘V #V *V )V iV «V )V iV #V #V *V )V )V »v *V iV **«* •* »* ** #%

c * f
*

c & P R O G R A M  S O L V E *
c * *
c * BY *
c * *
c
n

*
y.

CHANDRALEKHA S . BARVE *
L»
c VSFORTRAN VERSION STORED ON FILE SOLVE *
c * USES SLMATH ROUTINES : MOOO, MSNO, MBSO *
c * *
c * IT  SOLVES THE KIRCHOFF'S LAW EQUATIONS *
c * ITERATIVELY TILL THE DESIRED ACCURACY *
c Vf IS  ACHEIVED. IT  THEN CALCULATES THE REAL *
c * AND THE IMAGINARY IMPEDENCE OF THE SYSTEM. *
c * *
c
c
c $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $
c $ $
c $ I /O  UNIT NUMBERS $
c $ $
c $ 5 - INPUT -  DISK -  CURRENT $
c $ 6 -  OUTPUT -  TERM - REGULAR DOCUMENTATION $
c $ 8 -  INPUT - DISK -  CONDUCTANCE MATRIX $
c $ 9 -  OUTPUT -  DISK -  VOLTAGE MATRIX $
c $ $
c
n

$ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $
u
c
c

DOUBLE PRECISION CALCULATIONS

IMPLICIT REAL*8 (A-H.O-Z)
DIMENSION JA( 2 5 0 0 0 ) ,A( 2 5 0 0 0 ) , I A (2 5 0 0 ) , IPM (2500), IER(7) 
DIMENSION JB( 1 0 0 0 0 0 0 ) , IB ( 2 5 0 0 ) ,LB(2500)
DIMENSION J U (2 0 0 0 0 0 ) , IU (2 5 0 0 ) , IUP(2500)
DIMENSION IPMI( 2 5 0 0 ) , I P ( 2 5 0 0 ) , IX (2500)
DIMENSION U(2 0 0 0 0 0 ) ,D I (2500)
DIMENSION C (2 5 0 0 ) , Y (2500),C C A L(2500),ER R (2500),R (2500)  
REAL RECUR,IMCUR.VR,VI,EPS 
DOUBLE PRECISION X (2 5 0 0 ) , V(2500)
DATA P I / 3 . 141592654D0/

C
C INITALIZATIONS

IBOT=1000000 
ISW=4

C
C READ INPUT CONDUCTANCE MATRIX : A, IA, JA
C

READ( 8 , 123)FRE 
123 F0RMAT(5X,D13.6)

READ(8,1)NT,N
1 FORMAT(20X,1 5 ,5 X ,15)

R E A D (8 ,2 )(A (I) , J A ( I ) ,1 = 1 ,NT)
2 FORMAT(3(2X,D15.8,2X,I5))
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3
C

44

500

C

C

C

23
C

200
C

C

202

READ( 8 , 3 ) ( I A ( I ) ,1 = 1 ,N+1)
FORMAT(12(1X,I5))

READ( 5 , 44)THETA, CURMAG 
F0RMAT(2(5X,D13. 6 ) )

DO 500 1 = 1 ,N 
C(I)=O.ODO 

CONTINUE 
N2Pl=N/2+l 
ITERMX=50
C( 1 )=CURMAG*DCOS(THETA)
C(N2P1 )= -CURMAG*DSIN(THETA)

CALL MOOO(N, NT, IBOT, IA, JA, IPM, IER, IB, LB, JB)
IB0T=200000
CALL MSNO(N,IBOT,IA,JA,A,IPM,IU,JU,U,DI, IK,IER,IPMI, IUP,X,IX,  

IIP )
CALL MBSO(N,ISW,IPM,IU,JU,U,DI,C,Y,V)

IN NEXT STEPS WE WILL CHECK OUR ANSWERS.ERR(I) WILL GIVE 
US MEASURE OF ERROR.

DO 50 ITER=1, ITERMX 
RECUR=C(1 )
IMCUR=-C(N2P1)
TOTCUR=RECUR*RECUR+IMCUR*IMCUR 
VR=Y(1 )
VI=Y(N2P1)

ZR=(VR*RECUR+VI*IMCUR)/TOTCUR 
ZI=(VI*RECUR-VR*IMCUR)/TOTCUR 
SDEN=ZR*ZR+ZI*ZI 
SR=ZR*FACT/SDEN 
SI=-ZI*FACT/SDEN

W R IT E (6 ,2 3 )F R E ,Z R ,Z I ,S R ,S I  
F0RMAT(5(1X,D13. 6 ) )

DO 100 1 = 1 ,N
CCAL(I)=O.ODO 
IA M = IA (I+ 1)-1  
DO 200 J = I A ( I ) , IAM

C C A L (I )= C C A L (I )+ A (J )* Y (JA (J ) ) 
CONTINUE

11= 1-1  
DO 101 K = 1 ,I1

IAM 2=IA(K+1)-1

DO 201 L = IA (K ) , IAM2
I F ( J A (L ) .N E .I ) G O  TO 201 

CCAL(I)=CCAL(I)+A(L)*Y(K)
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201 CONTINUE
C

101 CONTINUE
C

E R R (I)= C ( I ) -C C A L (I )
C

100 CONTINUE

TO FIND OUT MAXIMUM ERROR

EMAX=ERR(1)
DO 52 1 1 = 2 ,N

IF(ERR(II).GT.EMAX)THEN 
EMAX=ERR(II)

ENDIF 
52 CONTINUE

IF(EM AX.LT.1 . 0E-02)THEN 
WRITE( 6 , 6 6 6 ) ITER,EMAX 
GO TO 55 

ENDIF
666 FORMAT(5X,1ITER=*, 1 5 , 2 X , 1EMAX=1,D 1 5 .6 )

C
CALL M B SO (N ,ISW ,IPM ,IU ,JU ,U ,D I,E R R ,R ,V )

C
DO 51 LL=1,N

Y(LL)=Y(LL)+R(LL)
51 CONTINUE

RMAX=R(1)/Y(1)
DO 54 J J = 2 ,N

IF (R (JJ ) /Y (JJ ) .G T .R M A X )T H E N  
R M A X = R (JJ)/Y (JJ)

ENDIF
54 CONTINUE

IF(A B S(R M A X ).L T .1 .0E -05)G 0  TO 55 
50 CONTINUE
55 W R IT E (6 ,2 3 )F R E ,Z R ,Z I ,S R ,S I

VR=Y( 1 )
VI=Y(N2P1)

C
N2=N/2
WRITE( 9 , 1 2 1 ) ( Y ( I ) , Y ( I + N 2 ) , 1 = 1 ,N2)

121 FORMAT( 4 ( IX ,D 1 5 . 8 ) )
CALL EXIT 
END
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