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A recent  random f i e l d  approximation t o  t h e  h a l f - f i l l e d  
band Hubbard model is discussed.  At ten t ion  is focused 
on t h e  magnetic polarons occurr ing i n  t h i s  p i c t u r e  
which wi th in  the  s t a t i c  approximation lead  t o  bound 
states i n  the  Hubbard gap. It  is argued t h a t  it is 
favorable  f o r  t h e  h a l f - f i l l e d  system t o  i n i t i a l l y  
accommodate added charges through t h e  formation of 
such so l i t on - l ike  d e f e c t s  which when t h e  s ta t ic  
approximat ion is relaxed propagate along t h e  chain. 

I. INTRODUCTION 

I n  reduced dimensional and/or narrow banded s o l i d s  t h e  
e f f e c t s  of  e lec t ron-e lec t ron  o r  electron-phonon i n t e r -  
a c t i o n s  a r e  usua l ly  enhanced leading t o  t h e  p o s s i b i l i t y  of 
such i n t e r e s t i n g  phenomena a s  nonmetal-metal " t r ans i t i ons"  
as a func t ion  of temperature, antiferromagnetism and 
charge dens i ty  waves. 

d e t a i l  t h e  ground and s o l i t o n  exc i ted  s t a t e s  of a ha l f -  
f i l l e d  band one-dimensional (1-D) Pe ier l s - type  model as 
w e l l  as t h e  e f f e c t s  on t h i s  system assoc ia ted  wi th  l i g h t  
doping. Su, Schr i e f f e r  and Heeger (SSH) appl ied  t h e  re- 
s u l t s  of t h e i r  s t u d i e s  t o  trans-(CH)* and it was shown t h a t  
a number of t h e  model p red ic t ions  were cons i s t en t  wi th  
experiment. Included i n  t h i s  experimental support  is ( i )  
t h e  observat ion of t o  t r a n s  4somerization induced f r e e  
r a d i c a l s  which are highly mobile and ( i i )  a decrease  i n  
t h e  CurSe-law con t r ibu t ion  t o  t h e  s p i n  s u s c e p t i b i l i t y  wi th  
doping. 

Coulomb i n t e r a c t i o n s  between e l e c t r o n s  i n  t h e  model band 

Recently Su, Schr i e f f e r  and Heegerl have s tudied  i n  

I n  t h e  work of SSH t h e r e  is no e x p l i c i t  i nc lus ion  of 
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308 C. T. WHITE 

which i s  evidently a co r rec t  s t a r t i n g  assumption f o r  - trans-(CH)x. 
Exp l i c i t l y ,  t h e  model we w i l l  treat is described by t h e  
Hubbard Hamiltonian 

Here we w i l l  consider a complementary problem. 

H = C coniu + C '  Vijaiuaju + + y i + n i + ,  
io i j  Q 

where t h e  sites { i )  form a 1-D chain and t h e  number of 
e lec t rons  per sJte is taken t o  be one (ha l f - f i l l ed  band). 
The opera tors  aio and a 
ann ih i l a t ion  opera tors  fgr an e l ec t ron  of sp in  u i n  t h e  
Wannier state centered a t  the  si te i; I i0. 
terms enter ing  the  right-hand-side of Eq. 1 desc r ibe  a 
tight-binding band where f o r  s impl i c i ty  V 
as V f o r  i , j  neares t  neighbors and zero o a e r w i s e .  
term includes electron-electron r epu l s ive  in t e rac t ions  be- 
tween opposite sp in  e l ec t rons  i n  t h e  same Wannier state. 
Note i n  (1) i n t e rac t ions  such as U n n ( i # j )  e t c .  a r e  
neglected, an approximation which &h*'bJgome less 
s a t i s f a c t o r y  with increasing V. Also, i n  wr i t ing  (1) no 
d i s t o r t i v e  terms were included. 

Par t ia l  j u s t i f i c a t i o n  f o r  neglec t ing  t h e  d i s t o r t i v e  
(reconstructing) i n t e rac t ions  i n  favor of t h e  Coulomb 
in t e rac t ions  as in  t h e  Hubbard model o r  vice-versa as i n  
t h e  SSH model can be provided within t h e  context of a 
Peierls-Hubbard model which e x p l i c i t l y  takes  i n t o  account 
both e f f e c t s .  Indeed $or t h i s  model assuming a ha l f -  
f i l l e d  band Mertsching 
l i k e  approach tha t  it is not favorable f o r  a composite 
antiferromagnetic-Peierls d i s to r t ed  state t o  e x i s t  except 
f o r  t h e  spec ia l  case where t h e  pure Peierls state and pure 
antiferromagnetic state are degenerate i n  energy. Hence, i n  
view of these  r e s u l t s  it i s  reasonable depending on what 
regime one is operating i n  t o  e x p l i c i t l y  neglec t  e i t h e r  t h e  
d i s t o r t i v e  o r  Hubbard terms. These terms can be thought of 
as being taken in to  account imp l i c i t l y ,  however, through a 
renormalization of t h e  electron-electron o r  electron-phonon 
couplings respectively.  

The Hubbard Hamiltonian providee a prototype model f o r  
studying the  e f f e c t s  of electron-electron in t e rac t ions  i n  
narrow banded systems and of course is not r e s t r i c t e d  t o  
1-D. 
physical  system3 such as impurity bands % c r y s t a l l i n e  
semiconductors, transtt ion-metal  oxides, and c e r t a i n  
charge-transfer-salts .  

In t h e  next sec t ion  we review a recen t ly  developed 
static, binary-alloy, random-field approximation scheme f o r  

are t h e  usual c rea t ion  and 

The f i r s t  two 

w i l l  be taken 
The last 

has shown by using a mean-field 

As such it has been applied t o  a wide range of 
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SOLITON-LIKE DOPING OF THE HALF-FILLED HUBBARD CHAIN 309 

t r e a t i n g  t h e  h a l f - f i l l e d  Hubbard model which inc ludes  s e l f -  
c o n s i s t e n t l y  t h e  p o s s i b i l i t y  of magnetic order ing.  W e  t hen  
show i n  Sec t ion  I11 that it  is favorable  f o r  t h e  h a l f - f i l l e d  
1-D system t o  accommodate an a d d i t i o n a l  charge through t h e  
formation of a so l i t on - l ike  r-phase kink formed by improper- 
l y  jo in ing  two semi- inf in i te  an t i fe r romagnet ic  chains .  
F i n a l l y  i n  Sec t ion  I V  w e  relate t h e  r e s u l t s  of t hese  s t u d i e s  
t o  a 1-D recons t ruc t ion  model where t h e  electron-phonon 
coupling appears  i n  t h e  diagonal  p a r t  of t h e  e f f e c t i v e  
Hamiltonian. 

11. APPROXIMATION AND RESULTS FOR THE HALF-FILLED CASE 

Random Binary Alloy Approximation 

I n  t h e  se l f - cons i s t en t  random binary a l l o y  approximation 
t h e  motion of a a-spin e l e c t r o n  in  t h e  h a l f - f i l l e d  band 
Hubbard model i s  descr ibed by t h e  e f f e c t i v e  Hamiltonian 

9,12 

where t h e  p o t e n t i a l s  {& 1 are taken as random v a r i a b l e s  
obeying t h e  b inary  (A-Bf'alloy p robab i l i t y  dens i ty  

The quan t i ty  1-( is determined se l f - cons i s t en t ly  from t h e  
equat ion 0 

where t h e  ba r  denotes  a quantum mechanical average and t h e  
symbol < > 

a b l e s  {E 1 w?th t h e  except ion of & and & which are 
he ld  f ix43  a t  U(1-PO)/2 and U(lWo)f$ r e spec t ive ly .  The 
quan t i ty  
l o c a l  moment. 
motivated wi th in  t auss i an  random f i e l d s  formation of 

Furthermore, a t  zero temperature i t  is  the  Hubbard model. 
exac t  i n  both t h e  atomic (V-tO) and metallic (U/V+O) l i m i t s  
of t h e  model and hence i n t e r p o l a t e s  between t h e s e  two limits. 

ind ica t e s  a n  average over  t h e  random va r i -  
i=)J 

i+ 

I1-( [ can  be i n t e r p r e t e d  as t h e  magnitude of a 
0 Tge binary-al loy approximation has  been 
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310 C. T. WHITE 

Magnetic Ordering 

t h e  binary a l l o y  approximation I n  a series of papers 
was generalized t o  include se l f -cons is ten t ly  t h e  possib- 
i l i t y  of magnetic ordering. This was achieved by in t ro -  
ducing a parameter P giving t h e  p robab i l i t y  gf f ind ing  an 
A-type si te which has t h e  po ten t i a l s  (Ei+, Ei+) given t h a t  
a neares t  ne ighborpg  si te is  of B-type, i.e. exh ib i t s  t h e  
p o t e n t i a l s  (ci4, E ) . The quant i ty  P r ep resen t s  a s h o r t  
range order parame& and is determined s e l f  -cons is ten t ly  
by requiring that t h e  e f f e c t i v e  free-energy be a minimum 
with respec t  t o  its va r i a t ions .  This way of introducing 
magnetic ordering is equivalent t o  a nearesfaneighbor 
I s ing  coupling. Indeed i n  1-D it was shown t h a t  t h e  
condition (aF/aP) 

8-11 

= 0 is equivalent t o  defining an I s i n g  
J a s  PO 

0 

(5) 1 
= p F e l / a P )  , 

1-’0 
JO 

where F 
sequentfy generalized t o  higher dimensions. 

I n  order t o  implement t h e  approximation scheme de- 
scribed above, one must have a way of ca l cu la t ing  both t h e  
t o t a l l y  and p a r t i a l l y  averaged dens i ty  of states of a random 
binary a l l o y  exhib i t ing  shor t i range  co r re l a t ions .  
no problem i n  1-D w re exact as w e l l  as accura te  approxi- 
mate schemes ex is t .  

is given i n s y f .  10 and t h i s  r e s u l t  w a s  sub- 

This poses 

Ps 
Ground S t a t e  Proper t ies  

For the ha l f - f i l l ed  band 1-D case it can be shown t h a t  i n  
the  ground state P = 1. 
s i te  j is express ib le  as l.~ 
moments hi} arrange themshves antiperromagnetically . 
When P = 1 t h e  present scheme reduces t o  a mean-field-like 
approximat ion with per fec t  magnetic ordering provided 
1-1, # 0. Furthermore t h e  self-consistency condition ( 4 )  be- 
comes equivalent t o  determining po by requi r ing  [aE(p;P=l) / 
ap] The 

energy E(p) is obtained as a function of v by taking E4 = 
U(1-1.1)/2 etc. I f  more than one s t a t iona ry  point of E(p) is  
found one should p ick  t h e  one corresponding t o  the  lowest 
energy. 

symmetric around p = 0 and exh ib i t s  two minima a t  ll = 
*Po # 0. 
correspond t o  the  two stable antiferromagnetic arrangements 

Thus, t h e  e f f e c t i v e  moment a t  t h e  
= (-1)’p and t h e  set of 

- 0, where E is t h e  t o t a l  energy of t h e  system. 
v=vo A 

For P = 1 and U # 0 it is e a s i l y  seen t h a t  E(p;P=l) is  

These two minima are degenerate i n  energy and 
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SOLITON-LIKE DOPING OF THE HALF-FILLED HUBBARD CHAIN 31 I 

t h a t  can be drawn. 
transformed t o  t h e  o ther  by s h i f t i n g  it one s i te  along t h e  
chain. Also no te  t h a t  t h e  ex is tence  of t h i s  double 
minimum behavior in  E(p;P=l) f o r  any U/V depends on t h e  
1-D nature  of t h e  system. Ip5higher dimensional a l t e r n a t e  
l a t t i ce  systems t h e r e  exists a Uc>O such t h a t  when 
U<U 
a t  fi = 0. 
antiferromagnetic ground state is not  always favored. 

varioyg quan t i t i e s  of i n t e r e s t  can be ca lcu la ted  explic- 
i t l y .  Results,  within t h e  static approximation, f o r  t h e  
magnitude of t h e  e f f e c t i v e  l o c a l  moment, Po, and t h e  ground 
s ta te  energy, EG, are shown i n  Figs. 1 and 2 respec t ive ly .  

Note t h a t  one p a t t e r n  can be simply 

t h e r e  is only a s i n g l e  minimum in  E(p;P=l) occurring 
Hence in higher dimensions, un l ike  1-D, t h e  

h e  t o  t h e  per fec t  pe r iod ic i ty  of t h e  ground state 

.30 t 
I 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 - u/2v 

FIGURE 1 
coupling J v s  U / 2 V  (dashed l i n e )  i n  t h e  s t a t i c  approxi- 
mation. 
modified by dynamical processes, (b) Magnitude of t h e  zero 
temperature moment vs.  U/2V i n  t h e  s ta t ic  approximation. 

(a) Magnitude of t h e  zero-temperature magnetic 

TRe s o l i d  l i n e  r ep resen t s  the same quant i ty  
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312 C. T. WHITE 

- EXACT 
PRESENT APPR. ....... "_ t 

O L  I 1 1 I I 1 1 1 1  I I I 1  , , , , ,  
.2 .5 1 2 5 10 

u12v 

FIGURE 2 
f i l l e d  1-D Hubbard model. 
Ref. 17 .  

Ground state energy per  e l e c t r o n  f o r  t h e  ha l f -  
The exac t  r e s u l t s  according t o  

As U/V + fi, + 1 whi le  as U/V 3 0, Po + 0. 
of Go with  decreasing U/V is due t o  a motional narrowing 
e f f e c t .  
wi th  t h e  fermi- level  l y ing  a t  t h e  cen te r  of t h i s  gap. 

-AR/2m as T -+ 0 where Aft  r ep resen t s  t h e  change i n  energy 
of t h e  system when m l o c a l  moments are turned over. 
p lo t - J  
i n f i n i e e  an t i fe r romagnet ic  chains .  
which is  t h e  standard result_ from 2nd order  pe r tu rba t ion  
theory. As U/V + 0, J + 0 in an exponent ia l  way. I n  
order  f o r  J t o  be w e l f  def ined it is necessary t h a t  -J 
given by Aft92m be independent of m. 
s tud ied  i n  d e t a i l  by Economou and Mihas 
t r e a t e d  here. Su f f i ce  it t o  say that when t h e  s ta t ic  
approximation is relaxed as descr ibed below t h i s  condi t ion ,  
a l though not  exac t ly ,  is approximately obeyed. 

This reduct ion  

The dens i ty  of states (DOS) e x h i b i t s  a gap, E <=No>, G 

One can show t h a t  Jo defined by Eq. ( 5 )  approaches 

W e  
i n  Fig. la obtained by improperly jo in ing  two syi- 

As U/V + 00 ,  Jo + -V /U, 

Thfg ques t ion  has geen 
and w i l l  no t  be  

F i n i t e  Temperatures 

The f i n i t e  temperature behavior of t h e  h a l f - f i l l e d  band 1-D 
Hubbard model wi th in  t h e  present  scheme is complicated and 
w i l l  not be ex tens ive ly  discussed.  Rather w e  summarize 
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SOLITON-LIKE DOPING O F  THE HALF-FILLED HUBBARD CHAIN 313 

some of t h e  r e s u l t s  pe r t inen t  t o  our present  development 
and refer t h e  reader  t o  Ref. 10  f o r  f u r t h e r  d e t a i l s .  

one and approaches .5 f o r  high $T/V (s is Boltzmann's 
cons tan t ) .  
i n  t h e  ground state is d is rupted  by occas iona l  de fec t s .  
lowest ly ing  i n  energy of t hese  d e f e c t s  r e s u l t s  from t h e  
improper jo in ing  of two semi-inf i n i t e  a n t i f  erromagnetic 
chains .  The next lowest de fec t  is formed by simply changing 
po + -p 
and unogcupied bound states i n  t h e  Hubbafjd gap and t h e  
r e s u l t i n g  complex e n t i t y  has  been termed 
polaron ( M P ) .  
mentioned d e f e c t s  correspond t o  the  IT and   IT kinks  
r e spec t ive ly ,  Note, as we shall see below, t h e  e l e c t r o n i c  
s t r u c t u r e  of t h e  IT-kink defec t  he re  is very d i f f e r e n t  from 
t h a t  of t h e  corresponding de fec t  discussed by SSH. 

MP levels i n  t h e  gap inc reases  and t h e  bound states broaden 
i n t o  impuri ty  bands which eventua l ly  merge wi th  t h e  main 
subbands. Simultaneously, w i l l  decrease and t h i s  to- 
ge ther  w i th  t h e  decrease i n  p can l ead  t o  a metal-nonmetal 
t r a n s i t i o n  (not a phase t r a n s i t i o n )  depending on t h e  va lue  

A t  any f i n i t e  temperature, T, P is no longer  equal t o  

For very low %T/V t e p e r f e c t  magnetic order  
The 

a t  one site, etc. Such d e f e c t s  produce occupied 

a magnetic 
I n  t h e  phase-kink language t h e  two afore-  

With increas ing  T(decreasing P) t h e  concent ra t ion  of 

of u/v. 

Dynamic Processes  

The s t a t i c  approximation neg lec t s  t h e  t i m e  dependence of t h e  
random p o t e n t i a l ;  however, t h i s  p o t e n t i a l  a c t u a l l y  changes 
i n  t i m e .  
means that t h e  conf igura t ion  of A and B type si tes over  t h e  
l a t t i c e  is  not  f rozen but  changes i n  time so t h a t  an A - s i t e  
becomes a B-type and vice-versa. 
Economou and White such dynamic processes  (DP) can be  
incorporated a pod&%hhi by adding t o  the  se l f - cons i s t en t  
static+random Ham4ltonian a term of t h e  form AH = 
C t u U- where oi is  t h e  usual  P a u l i  matr ix  which changes 

a down l o c a l  moment t o  a t  the  s i t e  i t o  up o r  equiva len t ly  
a B s i t e  t o  a n  A site. This  a d d i t i o n  w i l l  t ransform t h e  
I s i n g  p a r t  of t h e  se l f -cons is ten t  Hamiltonian i n t o  an 
i s o t r o p i c  Heisenberg one, where i n  obta in ing  t h i s  r e s u l t  
t h e  i s o t r o p i c  na tu re  of t h e  Hubbard model has been used 
which r e q u i r e s  that t 

n e t i c  e x c i t a t i o n s  from I s ing - l ike  t o  Heisenberg-like. This  
replacement of  t h e  I s i n g  by t h e  Heisenberg Hamiltonian w i l l  
modify such q u a n t i t i e s  as Jo and t h e  ground state energy 

Within t h e  present  approximate framework t h i s  

A s  pointed o u t  by 

i j  i j  i j 

. Thus t h e  t i m e  dependent 
n a t u r e  of t h e  problemiis l e n t  t o  changing t h e  mag- 
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314 C. T. WHITE 

etc. which were determined se l f - cons i s t en t ly  by employing 
an  Is ing-type p i c tu re .  Furthermore, t h e  p e r f e c t  long- 
range-order of t he  ground state w i l l  now be reduced t o  
short-range-order. The renormalizat ion of Jo, E etc. can 
be app5ofpa te ly  determined us ing  methods descr iged else- 
where. ’ The renormalizat ion of J is most s i g n i f i c a n t  
around U / 2 V  = 1.5 as shown i n  Fig. 1 while  EG, now ca lcu la-  
ted  taking i n t o  account DP as descr ibed above, is found t o  
bel+n exce l l en t  agreement f o r  t h e  exact r e s u l t s  of Lieb and 
Wu f o r  a l l  U/V (see Fig. 2 ) .  The MP appearing f o r  T > 0 
w i l l  no t  be loca l i zed  any more but  r a t h e r  propagate i n  
t h e  system. 
hence charac te r ized  by a t r a n s f e r  matrix element 25. 
w i l l  r e t u r n  t o  t h i s  quest ion below. 

Such propagation arises because of AH and is 
We 

III. SOLITON-LIKE DOPING 

So f a r  wi th in  our  approximate approach we have reviewed some 
of t h e  p rope r t i e s  of t h e  h a l f - f i l l e d  Hubbard chain. I n  
w h a t  follows we consider  wi th in  t h e  present  p i c t u r e  t h e  
e f f e c t s  at  zero T of adding an e l ec t ron  o r  ho le  t o  t h e  
system. For d e f i n i t e n e s s  we treat t h e  case of an added 
e l e c t r o n  not ing  in  passing t h a t  s i m i l a r  r e s u l t s  are 
obtained i n  t h e  case of an added hole. 

L e t  u s  f i r s t  consider  t h e  consequences of an  added 
e l ec t ron  wi th in  the  framework of t h e  s ta t ic  approximation. 
I f  w e  suppose t h a t  P maintains  i ts  h a l f - f i l l e d  va lue  of one 
then t h e  energy required t o  add t h i s  e l e c t r o n  when r e fe r -  
enced t o  t h e  h a l f - f i l l e d  case is simply AE 
where Po i n  terms of U/V is displayed in  Fig. 1 of tRe text 
and given by Eq. 3 of Ref. 10. On t h e  o t h e r  hand one can 
suppose t h a t  t h i s  added e l ec t ron  induces a r-kink so l i t on -  
l i k e  MP. Due t o  t h e  presence of t h i s  r-kink de fec t  t h e  
t o t a l  DOS of t h e  system is changed by an amount ia6pio. 
The quant i ty  5 6p 
Green functionite&ques. In  t h i s  way it is found t h a t  
two states are removed from both t h e  occupied and unoccupied 
Hubbard subbands. Assuming, without l o s s  of g e n e r a l i t y  
t h a t  E 
about ?he cen te r  of t h e  Hubbard gap a t  E -- = * [ (V +X 

The remaining two states a l s o  appear sym8et r ica l ly  around 
midgqp Bug now o u t s i d e  t h e  Hubbard subbands a t  
k[(V +x )4+V]. 
i n  occupation i n  t h e  upper i s o l a t e d  s ta te  i n  t h e  Hubbard 
gap. 
measured with respec t  t o  t h e  h a l f - f i l l e d  case is 

: x = Uc / 2  

can be ca l cu la t ed  e x p l i c i t l y  us@g 

= -U/2, two of t hese  states appear symmetrifailg 
-V] . 

The a d d i t i o n a l  charge in t h e  system r e s u l t s  

For t h i s  case t h e  change in  energy of t h e  system 
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SOLITON-LIKE DOPING O F  THE HALF-FILLED HUBBARD CHAIN 315 

If AE - AE2 A > O  t h e  system w i l l  accommodate t h e  addi- 
t i o n a l  charge through an induced 7-kink MP. 
A vs. U/V is displayed i n  Fig. 3 and we see t h i s  i n e q u a l i t y  
is i n  f a c t  obeyed f o r  a l l  f i n i t e  U/V. 

Within t h e  s ta t ic  approximation t h e  MP level which 
becomes occupied is loca l i zed  i n  t h e  Hubbard gap and 
hence t h e  system would be in su la t ing .  However, as men- 
t ioned  i n  Sec t ion  I1 r e l ax ing  t h e  static approximation al lows 
such MPs t o  propagate. Since t h i s  propagation is descr ibed 
by a hopping matr ix  t 2 5 ,  t h e  e f f e c t i v e  mass of t h i s  quasi- 
p a r t i c l e ,  m*, is such that m* a 1/1 Jol. 
t h e  s ta t ic  approximation a l s o  renormalizes  J so that t h e  
energy requi red  t o  create t h e  7-kink MP is s y i g h t l y  
smaller  than t h a t  obtained from Eq. 6 while  m* w i l l  be 
s l i g h t l y  l a r g e r  than t h a t  found by us ing  J . 
doping of t h e  i so l a t ed  i n f i n i t e  h a l f - f i l l e d  cha in  t o  
i n i t i a l l y  proceed through t h e  formation of 7-kink d e f e c t s  

A p l o t  of 

Note, r e l ax ing  

The above ana lys i s  i n d i c a t e s  t h a t  it % f avorab le  f o r  

0 . 0  5 . 0  10 .0  
U l 2 V  

FIGURE 3 The d i f f e r e n c e  wi th in  t h e  s t a t i c  approximation 
i n  energy between in t roducing  an added charge a t  t h e  edge 
of t he  upper Hubbard band and accommodating t h i s  charge 
by formation of a 7-kink MP. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

2:
50

 2
3 

Fe
br

ua
ry

 2
01

3 



316 C. T. WHITE 

However, i n  an a c t u a l  physical  system t h i s  may not always be 
the  case. This follows because i n  such a system it  is 
expected that the  two minima i n  t h e  E(u) (occurring i n  
t h e  idea l  case  a t  p = +fi ) would probably not be s t r i c t l y  
degenerate due t o  i n t e r c k i n  o r  o the r  ex te rna l  i n t e r a c t i o n s ,  
f i n i t e  length e f f e c t s  e t c .  This l i f t i n g  of t h e  degeneracy 
due t o  cons t r a in t s  would a t  t h e  very least g ive  rise t o  
b a r r i e r s  t o  t h e  formation of IT-kink MPs. Such is  t h e  case  
s ince  f o r  these quas i -par t ic les  t o  be a t  a l l  defined re- 
qui res  f l i pp ing  of f a i r l y  l a r g e  regions of t h e  chain. I n  
t h e  extreme t h e  removal of t h e  degeneracy could p roh ib i t  
dopant induced 'rr-kinks a l toge the r ,  favoring t h e  less 
global ( i n  terms of boundary conditions) 21~-kinks. 

Considerations along t h e  above l i n e s  lead us t o  the  
following q u a l i t a t i v e  p ic ture .  
is such that ( i )  t he  average separa t ion  between dopants is 
d i s t a n t  enough such that each .rr-kink assoc ia ted  w i t h  a 
dopant molecule i n t e r a c t s  only weakly wi th  a neighboring 
dopant induced 7-kink and ( i i )  not so l o w  t h a t  f l i pp ing  t h e  
chain i n  the  region intervening between two dopants c o s t s  
too much energy, then t h e  rr-kink doping/ compensation 
p i c tu re  is applicable.  On t h e  o the r  hand i f  ( i i )  is 
strongly v io la ted  t h e  dopants are expected t o  induce 
2r-kinks i n  cont ras t  t o  r-kinks. S i tua t ions  in t e r -  
mediate between the  IT-  IT extremes can be envisioned. For 
example, t he  system may favor 2rr-kink doping but because 
t h e  degeneracy between t h e  two arrangements is only weakly 
removed t h i s  ZIT-kink could have a reso lvable  i n t e r n a l  
s t r u c t u r e  i n  terms of two IT-kinks. One of t hese  would be 
charged and t h e  o the r  not.  These two kinks would be bound 
together with an i n t e r a c t i o n  energy which could increase  w i t h  
distances.  
i n  some d e t a i l  by White and Brant 
problem i n  trans-(CH)x. 
some of t he  same e f f e c t s  which resist doping induced 
IT-kinks could generate them i n  t h e  undoped material. 

I f  t h e  dopant concentration 

These and r e l a t ed  p o i f p  have been developed 
f o r  t h e  corresponding 

As an a s ide  it is noteworthy t h a t  

I V .  CONCLUDING REMARKS 

Here we  have discussed t h e  ha l f - f i l l ed  1-D Hubbard model 
and the  MP de fec t s  t h a t  can be induced i n  t h i s  system 
through l i g h t  doping. It should be clear from t h e  above 
that these  so l i t on - l ike  de fec t s  are d i s t i n c t l y  d i f f e r e n t  
from those discussed by SSH. On t h e  o the r  hand, wi th in  t h e  
s ta t ic  approximation t h e  present analyses can be r e l a t e d  
t o  a problem involving e l ec t ron -d i s to r t ive  in t e rac t ions .  
More e x p l i c i t l y ,  i f  one considers t h e  h a l f - f i l l e d  band 
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SOLITON-LIKE DOPING OF THE HALF-FILLED HUBBARD CHAIN 317 

Holstein-Anderson type model descr ibed by t h e  Hamiltonian 

H = C (Eo+AXi)niu + c Vijaiuaju + + YcX, 1 2  
i u  i j  0 

2 + cPi / 2 M  
i 

a c l o s e  mathematical analogy can be drawn. 

(7) 

This  model 
a charge-density- wi th in  a mean-field-like approach e x h i b i t s  

wave ground state. In  t h i s  system r-kink e x c i t a t i o n s  can 
occur  which when considered i n  w e l l  separated p a i r s  lead  t o  
an e f f e c t i v e  DOS mathematically similar t o  what we have ob- 
ta ined  f o r  r-kink MPs i n  t h e  s ta t ic  approach t o  t h e  
Hubbard model. The phys ica l  i n t e r p r e t a t i o n  of t hese  re- 
s u l t s  however are of course  d i f f e r e n t  and f u r t h e r  d e t a i l s  
of t h i s  ana lys i s  w i l l  be presented elsewhere. 

The Hamiltonian (7) d i f f e r s  from t h e  Hamiltonian of 
SSH i n  t h a t  it leads  t o  an e f f e c t i v e  e l e c t r o n i c  Hamiltonian 
wi th  t h e  d i s t o r t i o n  terms occurr ing i n  t h e  diagonal  p a r t  
of  t h i s  Hamiltonian as opposed t o  t h e  off-diagonal  pa r t .  
Phys ica l ly  such a model as (7) arises when t h e r e  are 
present  some i n t e r n a l  degrees  of freedom which p r i n c i p a l l y  
l ead  t o  s h i f t s  i n  t h e  s i t e  o r b i t a l s  and not t h e  hopping 
mat r ix  elements, I know of no concre te  example of t h i s  
behavior i n  1-D; however, i n  2-Ds a very good example is 
provided by models t h a t  have been used t o  desc r ibe  t h e  
2x1 recons t ruc t ion  of f r e s h l y  cleaved S i  <111> su r faces .  
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