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W e h a v e  s tu d ie d  an  infinitely  n a r r o w  b a n d  v e rs ió n  o f  th e  A n d e r s o n  H a m i l to n ia n .  
I n c lu d in g  a C o u lo m b  re p u ls ió n  b e tw e en  loca l ized  a n d  b a n d  s ta te s  in  th e  m e a n  field 
a p p r o x im a t io n ,  w e h a v e  b een  ab le  to  desc r ib e  m e ta l - in s u l a to r  p h a s e  t r a n s i t io n s  a n d  
d if feren t p ro p e r t ie s  c h a ra c te r i s t ic  o f  in te rm e d ía te  v a len c e  in b o th  phases .  T h e se  inc lude :  
n o n - in te g e r  o c c u p a t io n ,  specific hea t,  s a tu r a t i n g  s ta t ic  m a g n e t ic  su cc ep t ib i l i ty  a n d  
d y n a m ic a l  p ro p e r t ie s  such  as M ó s s b a u e r  sp e c t ra  a n d  sp in  flip n e u t r ó n  spec tra .  W e 
d iscuss  for w h a t  r a n g e  o f  va lúes  o f  the  p a r a m e te r s  so m e  resu lts  c a n  be  re p r o d u c e d  by a 
n a r r o w  b a n d  ve rs ió n  o f  th e  K o n d o  H a m il to n ia n .

Introduction

T h e re  has  b een  a c o n s id e ra b le  a m o u n t  o f  th eo re t ic a l  
effort in th e  p a s t  few y ea rs  d e v o te d  to  th e  u n d e r -  
s t a n d in g  o f  i n te rm e d ía te  va len ce  sy s tem s  [1 ] .  M o s t  o f  
th e  th e o re t i c a l  m o d e ls  co n s id e re d  in th e  l i te ra tu re  
c o n ta in  tw o  m o r e  o r  less rea l is t ic  c o r r e la te d  ionic  
c o n f ig u ra t io n s  h y b r id iz e d  to  a set o f  u n c o r r e la te d  
c o n d u c t io n - l ik e  sta tes.  T h e  co m p lex i ty  o f  th e  p ro b -  
lem  h a s  forced re s ea rc h e rs  in  th is  a re a  to  m a k e  
s im pl ify ing  a s s u m p t io n s  in  o rd e r  to  k e ep  th e  m a th e -  
m a t ic s  o f  th e  m o d e l s  t rac tab le .
M o r e  recen t ly ,  th e r e  h av e  b ee n  efforts  to  t r e a t  th e  full 
periodic  A n d e r s o n  M o d e l  w ith in  th e  H a r t r e e - F o c k  
a p p r o x i m a t io n  [2 ] .  T h e  im p o r t a n c e  o f  th is  a p p r o a c h  
lies o n  th e  fact th a t  it a l low s to  d esc r ib e  in te rs i te  
c o r r e la t io n s  a n d  re s to res  th e  p e r io d ic i ty  to  th e  e igen- 
s ta te s  o f  th e  sys tem . T h is  gives so m e  in s igh t in to  
th o s e  p ro p e r t ie s  o f  h o m o g e n e o u s  in te rm e d ia te  v a ­
lence  c o m p o u n d s  w h ich  d e p e n d  o n  in te rs i te  in te rac -  
tions. T h e  p rice  o n e  has  to  pay  for th is  is th e  neglec t 
o f  all in t ra -s i te  co r re la t io ns .
In  th is  p a p e r  we h av e  a d o p te d  th e  c o m p le m e n ta ry  
p o in t  o f  view, i.e. we re d u c e d  th e  p ro b le m  to  t h a t  o f

* C om isión  N acion a l de Energía A tóm ica
** U niversidad N acion a l de C uyo. C om isión  N acion a l de Energía  
A tóm ica

a n  a g g re g a te  o f  in d e p e n d e n t  sites, w h e re  in t r a - a to m ic  
c o r r e la t io n s  a n d  h y b r id iz a t io n  c a n  b e  t r e a te d  exactly .  
E q u iv a le n t ly  we h av e  a s s u m e d  th e  c o n d u c t io n - l ik e  
s ta te s  to  c o r r e s p o n d  to  ex tre m e ly  heavy  e lec trons . 
T h is  l im i ted  p o in t  o f  view w h ich  ca n  on ly  be u sed  as 
a  m e a n s  for a  q u a l i ta t iv e  u n d e r s ta n d in g  o f  th e  p r o p e r ­
ties o f  in te rm e d ia te  v a lenc e  sy s tem s  has  the  fu r th e r  
d is a d v a n ta g e  th a t  o n e  c a n n o t  c a lc ú la te  t r a n s p o r t  
p ro p e r t ie s .  T h e r m o d y n a m ic  p ro p e r t ie s  re la ted  to  th e  
loca l ized  sta tes ,  ho w ev er ,  c a n  be  c a lc u la te d  w i th  no  
fu r th e r  s im pl if ica tions .  It is po ss ib le  to  d e te r m in e  the  
p h a s e  d ia g r a m  for v a len c e  t r a n s i t io n s ,  a n d  a lso  dif­
ferent p hy s ica l  p ro p e r t ie s  o f  th e  “ m e ta l l i c ” a n d  ” in- 
su l a t i n g ” p h a se s * :  specific h ea t ,  m a g n e t ic  suscep tib i l -  
ities (s ta t ic  a n d  d y n a m ic )  a n d  M ó s s b a u e r  r e sp o n se  
func t ions .  F o r  so m e  reg io n s  o f  th e  p h a s e  d ia g r a m ,  th e  
m a g n e t ic  su scep tib i l i t ies  a re  s im i la r  to  th o se  ex pec ted  
from  a n  s — d H a m i l to n i a n  w i th  a n t i f e r ro m a g n e t ic  
co up lin g ,  th e  w ide  b a n d  v e rs ió n  o f  w h ich  h a s  been  
s tu d ied  by K o n d o  [3] .
In Sect.  II we set u p  th e  m o d e l  H a m i i to n ia n .  It b e a rs

* W e have chosen  to refer to  th e highest va lence phase as “ m eta l­
lic” and to the low est valence on e as “ in su la tin g”, as is the case in 
Sm S. H ow ever, the m od el can be app lied  a lso  to  m etal-m etal 
phase transitions as in Ce for exam ple.
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s o m e  re s e m b la n c e  w ith  th e  m o d e l s  p ro p o s e d  by 
d e C h a t e l  e t  al. [4 ]  a n d  by G h a t a k  [5 ]  b u t  it is 
d if fe ren t in  t h a t  it c o n ta in s  th e  full s p e c t ru m  o f  s ta te s  
id en t if iab le  in  v a len c e  f lu c tua t io ns .  In  Sect.  I I I  we 
c a lc ú la te  th e  p h a s e  d ia g r a m  for  v a lenc e  t r a n s i t io n s  
a n d  a n a ly z e  th e  effects o f  m ix in g ;  a m o n g  o thers ,  
q u e n c h in g  o f  th e  sp in  e n t r o p y  a t  in te rm e d ía te  v a ­
lence. In  Sect. IV  w e c a lc ú la te  th e  d if feren t p hys ica l  
p ro p e r t ie s .  A n  an a ly s is  o f  th e  r eg ió n  o f  va l id i ty  o f  th e  
K o n d o  H a m i l to n i a n  is inc lu ded .

II. T he M odel

T h e  m o d e l  H a m i l to n i a n  t h a t  w e set is th e  s im p les t  
o n e  t h a t  still c o n ta in s  th e  e ssen tia l  fea tu res  o f  in- 
t e r m e d i a t e  v a len c e  sys tem s. As w e shall see, in  sp i te  
o f  its s im p l ic i ty  it will a l lo w  us to  d e sc r ib e :  m e ta l-  
i n s u la to r  t r a n s i t io n s  b e tw e e n  in te rm e d ía te  va lenc e  
p h a se ,  s ta t ic  a n d  d y n a m ic  m a g n e t ic  suscep tib i l i t ies ,  
specific  h e a ts  a n d  q u e n c h in g  o f  sp in  e n tro p y .
O u r  m o d e l  sy s te m  cons is ts  of:
1) A set o f  s ta te s  r e p re se n t in g  th e  “ c o n d u c t io n  b a n d ” 
o f  e n e rg y  ek a n d  w ith  c r e a t io n  a n d  a n n ih i l a t io n  o p e r-  
a to r s  c¿a, cka w h e re  o =  ±  in d ica te s  th e  spin.
2) A set o f  “ lo c a l iz ed  s t a t e s ” w ith  a  C o u lo m b  re ­
p u l s ió n  b e tw e e n  e lec t ro n s  o f  o p p o s i t e  sp in . T h ese  
s ta te s  h a v e  s ing le  p a r t ic le  e n e rg y  E 0, c re a t io n  a n d  
a n n ih i l a t io n  o p e r a t o r s  b ¿ ,  ba.
3) A n  effective re p u ls ió n ,  b e tw e e n  loca l ized  a n d  c o n ­
d u c t i o n  e le c t ro n s  a t  th e  s a m e  site. T h e  m o s t  o b v io u s  
o r ig in  for  th is  re p u l s ió n  is c o u lo m b ia n  as  p o in t e d  o u t  
by F a l i c o v  a n d  K im b a l l  [ 6 ],  b u t  in  p r in c ip ie  th e re  
m ig h t  b e  o th e r  c o n t r ib u t io n s  o f  e las tic  o r ig in  [7 ] ,  
T h is  te r m  will b e  t r e a te d  in  th e  H a r t r e e - F o c k  ap- 
p r o x i m a t io n  f ro m  th e  o u ts e t* .
4) A m ix in g  te r m  w h ich  h y b r id ize s  “ lo c a l iz e d ” a n d  
“ b a n d ” s ta tes ,  a n d ,  as w e shal l  see, is e ssen tia l  for th e  
K o n d o - l i k e  b e h a v io u r  o f  th e  m e ta l l ic  p h a s e  p ro p e r t ie s  
as  well as fo r  th e  n o n - in te g e r  o c c u p a t io n  o f  the  
lo ca l iz e d  s ta tes .  T h e  H a m i l to n i a n  re a d s

/ /  =  / / ; +  / / 2  +  / Í 3 - I - / / 4  ( 1 )

w h e re

= X h a Ck a Ck a  =  X T i j Ci o Cj ,  (2)
k(j ij

is th e  H a m i l to n i a n  o f  th e  c o n d u c t io n  b an d .

* As it will be seen later, we w ill consider an approach in w hich  
th e H am ilton ian  gets separated in sing le  site H am iltonians. Clear- 
ly, the in-site C ou lom b  repulsions U  and G can be treated exactly  
in this case  and no coop erative effects can be expected . H ow ever, 
w e w ill carry on  using the H artee-F ock  app roxim ation  in t í  as a 
m eans o f s im ulating m ore realistic approaches to the problem  
because our aim  here is not to  evalúate  the role that the different 
in teractions play in producing the phase change, but rather to  
¡Ilústrate the way in w hich correlation  (as produced by U)  and  
hyb rid ization  m odify the phase diagram .

H e re  cja =  ~ - ^ - 2  X  e 'k R ' cko’ w h e re  N  is th e  n u m b e r  o f  
k

la t t ice  sites a n d  R y th e  c o o r d í n a t e  o f  th e  / h la t t ice  
po in t .

« 2  =  l k  b t b Ja+ ^ b ¡ abja b t&bj&\ (3,
j a  J

d esc r ib es  th e  lo ca l ized  s ta tes .  U  is th e  in t r a  a to m ic  
C o u lo m b  repu ls ión .

h 3 =  g  X «/>,>,„><•„<■„ * < c h c j n y b ; n b ^
ja a '

- < b ¡ a.bja.'>(c¡acJO»  (4)

d e sc r ib es  th e  lo c a l iz e d - to -b a n d  r e p u l s ió n  te r m  in th e  
H a r t r e e - F o c k  a p p r o x im a t io n .  < . . . )  in d ic a te s  a  the r -  
m a l  average .

HA =  Y , n b ¡ ' C ja +  c¿abja) (5)
.1 o

c o r r e s p o n d s  to  th e  h y b r id iz a t io n  te rm ,  w h ich  for 
s im plic i ty  w as  t a k e n  to  m ix  lo c a l iz e d  a n d  e x te n d e d  
s ta te s  a t  th e  sa m e  site.
As p o in t e d  o u t  by  G o n g a lv e s  d a  S i lva  a n d  F a l ico v  
[ 8 ]  th e  a p p r o x i m a t io n  o f  t a k in g  a  c o n d u c t i o n  b a n d  
o f  z e ro  w id th  d o es  n o t  affect th e  m e ta l - in s u l a to r  
t r a n s i t io n  p re d ic te d  by th e  H a m i l to n i a n  (1) w ith in  
th e  H a r t r e e - F o c k  s c h e m e  [9 ] ,  In  w h a t  fo l low s we 
shall m a k e  th is  a p p r o x i m a t io n  i.e., F.kiI =  E 0 for all k's. 
T h is  will leave us w ith  a n  exac t ly  s o lv a b le  m od e l .  As 
we shall see b e lo w  th is  m o d e l  H a m i l t o n i a n  stil l re- 
ta in s  th e  K o n d o - l ik e  a n d  in t e r m e d ía t e  v a len c e  cha r-  
ac te r is t ic s  o f  rea l systems.
D r o p p in g  th e  n o w  i r re le v a n t  s i te  su b sc r ip t ,  th e  m o d e l  
H a m i l to n i a n  re d u ces  to

H  =  x [ e c ;  +  E K  ba +  y  b ;  ba
a L •“

■b« b a + V(c¿ ba + ba 4. c„) j — G n u ’ (6 )

w h e re  e =  e0 +  G n \  E  =  E 0 + Gn,  n' =  X ' ( ^ f ba}  a n d
» =  X < C O -

a
W e will s tu d y  th e  t h e r m o d y n a m ic  p ro p e r t ie s  o f  this  
m o d e l  H a m i l to n i a n  w ith in  th e  c a n o n ic a l  e n se m b le  a n d  
in th e  case  in w h ich  th e re  a r e  tw o  p a r t ic le s  p e r  site, 
w h ic h  c o r r e s p o n d s  to  th e  m o s t  in te re s t in g  p h ys ica l  
s i tu a t io n .  T h e  p a r a m e te r s  will be  c h o s e n  s u c h  th a t  
L ' - > x  w hile  E + U  r e m a in s  finite a n d  o f  th e  o r d e r  o f  
s. T h e  re a so n  for th is  ch o ice  lies in th e  fact t h a t  it will 
a l lo w  us to  go  fro m  a n  in s u la t in g  p h a s e  w h e re  the  
loca l ized  s ta te s  a r e  d o u b ly  o c c u p ie d  a n d  th u s  a re  
n o n -m a g n e t ic ,  to  a  m e ta l l ic  p h a s e  in w h ich  th e re  is
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a p p ro x im a te ly  o n e  e le c t ró n  in  th e  lo ca l ized  State a n d  Table l  

o n e  in  th e  “ b a n d ” .
T h is  s i tu a t io n  is s im i la r  to  th a t  fo u n d  in  th e  Sm 
c h a lcog en id es .  A n o th e r  po ss ib il i ty  w h ich  a l lo w s  us to  
go  from  a n  em p ty  loca l ized  s ta te  to  a  singly  o ccu p ie d  
h igh ly  c o r r e la te d  loca l ized  s ta te ,  as in th e  case  in C e 
c o m p o u n d s  is to  t a k e  a n d  E~~e.
T h e  r e le v a n t  basis  s ta te s  a re  th u s  th e  fo l low ing  six:

\\y =  btb¡\0)

|2> = — bf —C| b¡ )|0>
V 2

|3> =  c + f t f | 0 >

\4}  =  ^ ( c ¡ b ¡  + c ^ b l ) \ 0 )
V 2

\5} =  c¡b¡\oy

|6> =  c f c + | 0 >  (7)

w h ic h  d ia g o n a l iz e  th e  n u m b e r  o f  loca l ized  a n d  b a n d  
e lec t ro n s  a n d  s im u l ta n e o u s ly  th e  to ta l  spin.
S ta te  |1> c o r r e s p o n d s  to  d o u b le  o c c u p a n c y  o f  th e  
lo ca l ized  s ta te ,  a n d  to  ze ro  to ta l  sp in ;  s ta te  | 2 > is a  
s ing le t  (S' =  0) c o r r e s p o n d in g  to  o n e  e lec t ró n  in  each  
s ta te .  S ta te  |3>, |4> a n d  |5> fo rm  a  sp in  t r ip le t  ( S = l )  
a n d  a lso  c o r r e s p o n d  to  o n e  e lec t ró n  in eac h  state. 
S ta te  |6 > desc r ib es  d o u b le  o c c u p a n c y  o f  th e  “ b a n d ” . 
O u r  cho ice  o f  p a ra m e te r s  ( L / - » x ,  E + U - ^ e) a l low s 
us to  p ro je c t  s ta te  | 6 > o u t  o f  th e  s u b s p a c e  o f  in terest .  
O f  th e  r e m a in in g  sta tes ,  th e  h y b r id iz a t io n  te r m  in (6 )

\ 2 E+£_
M>

E+e

I35>I4>J5>

I 2  >

| 2 E + ft-
I 1 >

I I f >
A < 0 A >  0

m e t a l  i n s u l a t o r
Kig. 1. Level schem e for the m etallic  and insulating phases. The 
central part o f  the draw ing corresponds to the level schem e for V 
=  0. State 11 > is above or below  the other quartet according to  
whether á  is negative or positive. T he further sp litting  is due to the 
m ixing V

Eigenstate Spin S E\,  Eigenenergies 
- ( £  +  £)

|1'> =  cos 0 11> +  sin 0 |2> 0 0 [¿l + sign(/|)R]
|2 ') =  cos 9 |2> — sin 0 |1) 0 0 - |[ z l - s ig n ( z l ) « ]
|3 ') =  |3> 1 1 0
|4 ') =  |4> 1 0 0
|5 ') =  j5> 1 - 1 0

K = v A 2 + SV' 2, á  =  e - E - U ;  tgn 0 = — - ^ — —  
k 6 E \  — (£  +  e)

m ixes  | 1 )  a n d  |2 ) .  T h is  m ix in g  is th e  o rig in  o f  the  
n o n - in te g e r  o c c u p a t io n  a n d  o f  th e  n o n -d iv e rg e n c e  o f  
th e  s ta t ic  m a g n e t ic  suscep tib i l i ty  as T —> 0  in the  
m e ta l l ic  phase .
T h e  s t ru c tu r e  o f  th e  ene rgy  levels is d e p ic te d  in  Fig. 1 
b o th  in  th e  in su la t in g  a n d  in  th e  m e ta l l ic  phases .  T h e  
e ig en s ta te s  a n d  e ig enen erg ies  a re  g iven  in  T a b le  1.
As it c a n  b e  seen  from  T a b le  1 th e  g r o u n d  s ta te  is 
g iven  by  |1'> for zl > 0  a n d  by 12 ' )  for A < 0 .  W e  
iden t ify  th e  in su la t in g  p h a s e  as  h a v in g  ¡ 1 ' )  as th e  
g r o u n d  s ta te  a n d  th e  m e ta l l ic  p h a se  as h a v in g  |2 '> as 
th e  g r o u n d  sta te ,  s ince  as F - > 0 , | 1 '> goes  in to  | 1 > a n d  
|2 '> in to  | 2 >.
In th e  m e ta l l ic  p h a s e  ¡2 ') ,  w h ich  is a  singlet, p lays  
th e  ro le  o f  th e  K o n d o  g r o u n d  sta te .  W e  shal l  identify  
¿ ( i ? + z l ) ,  w h ich  is th e  g a p  b e tw een  th e  sing le t  
g r o u n d  s ta te  a n d  th e  t r ip le t ,  w ith  K o n d o ’s J  p a ra m e te r .

III. P hase D iagram

In  o rd e r  to  s tu dy  th e  t h e r m o d y n a m ic  p ro p e r t ie s  o f  
th e  m o d e l ,  we n eed  to  e v a lú a te  th e  p a r t i t io n  func t ion .  
T h is  c an  be  easily  d o n e  u s in g  T a b le  1. T h e  co n d i t io n  
n +  n' =  2 c a n  be  used  to  e l im in a te  n .  T h e  re su l t  is

g  ,

Z  = (3 +  e ' + e ~ E2,T)e'
; ( 2  -n)n

W e  ca n  define  a  b a re  g a p  A 0 
so  t h a t  A 0  =  so — E 0 — U  +  G. 
T h e  free ene rgy  is g iven  by

F  =  — T in  Z =  — 2 G n  +  G n 2 

R

( 8 )

th r o u g h  A =  A 0 — 2 G n

- r i n ( 3  +  2 e 2 r cosh
2 T

(9)

M in im iz a t io n  o f  F(n)  w ith  re spec t  to  n a l low s  us to  
c a lc ú la te  th e  e q u i l ib r iu m  v a lu é  o f  n for d ifferent 
va lúes  o f  the  p a ra m e te r s  A 0, G, V  a n d  T.
T h e  e q u a t io n  for n is

n =  1  —-

u R A ■ u Rcosh  ,  +  — s tnh  —  
2 T  R 2 T

3e~ -2 cosh
R

2 T

( 10)
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A /G

0

b
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T /G
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Fig. 2. a N um b er o f con d u ction  electron s n as function  o f  A 0 G, at 
zero tem perature, and for different valúes o f  V  G.  C urve a (V/G =
0.25) corresponds to a first order transition . C urve b (1/ G =  V j G  

=  1 y 8 )  corresponds to a critical transition . C urve c corresponds to  
a supercritical valué o f  V(V,  G = 0 .5 ). b N um b er o f  condu ction  
electrons n as function  o f  tem perature for zl0/G = 1 .4 .  C urve a 
corresponds to a first order transition  (K G  =  0.25) C urves b and c 
correspond to supercritical transition s ( l ' G = 0 .4 ,  0.6). e n  a s a  
function  o f 1 'G for T  =  0 and different valúes o f  zl0/G . Curves 
corrcsp ondin g to d 0¡G w hich are equid istant from A 0/G = l  lie 
sym m etrically  located  w ith respect to  n = l  2. C urves a and a' are 
for á J G  =  — 2 and 4: b and b' correspond to  A 0 G = 0  and 2; c and  
c' to  0.5 and 1.5 and d and d' to  0.9 and 1.1

F ig u re  2 a  sh o w s  th e  b e h a v io u r  o f  n a s  a fu n c t io n  o f  
A J G ,  fo r  T  =  0  a n d  d if feren t va lú es  o f  V/G.  W e  see 
th a t ,  as w as  th e  case  in  Refs. 2 a n d  7, th e  sys tem  
u n d e rg o e s  c o n t in u o u s  o r  d is c o n t in u o u s  v a r ia t io n  o f  n 
as a  f u n c t io n  o f  A 0 . T h is  w o u ld  c o r r e s p o n d  to  the  
v a r i a t i o n  o f  n w ith  p re s su re  in rea l sy s tem s  [7  a. b.
10], T h e  t r a n s i t io n s  a r e  b e tw e e n  in t e rm e d ia t e  v a lence  
s ta te s  even  a t  T  =  0.
F ig u re  2 b  sh o w s  th e  v a r i a t i o n  o f  n w ith  t e m p e ra tu re  
for d if feren t v a lú e s  o f  V/G.  F ig u re  2 c  gives th e  b e ­
h a v io u r  o f  n for d if feren t A 0/G.
T h e  p h a s e  d ia g r a m  is d r a w n  in Fig. 3. It c an  b e  seen 

th a t  th e re  is a  c r i t ica l  v a lu é  o f  V, Vc =  G / - f  8 , for w h ich  
th e  c r i t ica l  t e m p e r a t u r e  v an ish es  so th a t  for la rge r  
va lúes  o f  V  th e re  a re  n o  m o r e  first o rd e r  t r a n s i t io n s  
[2 , 7],
A n  im p o r t a n t  fea tu re  o f  th ese  p h a se  d ia g r a m s  is the  
fact t h a t  for f inite V  th e  s lop e  o f  th e  c u rv e  se p a ra t in g

Fig. 3. Phase diagram  o f m od el system . T he Une separating both  
phases at 7  =  0 lies parallel to  the V  axis; the dot ind icates the  
critical valué o f  V.  bevond w hich there are no  m ore first order  
transitions
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th e  tw o  p h ase s  is in f in i te  a t  T  =  0  a n d  re m a in s  la rge  
for T  < J.  At h ig h e r  te m p e r a tu r e s  th e  cu rv es  b en d  
d o w n  to  a  s lope  a lm o s t  eq u a l  to  th a t  for V  =  0. T h e  
C la u s iu s -C la p e y ro n  fo rm u la  im plies  th u s  t h a t  the  
e n t r o p y  in b o th  p h ases  is a lm o s t  th e  sa m e  a t  low 
te m p e ra tu re s .  L o o k in g  a t  Fig. 1 o n e  c an  see t h a t  th is  
is c o n n e c te d  w ith  the  fact th a t  a  finite V  g ives a 
s ing le t  g r o u n d  s ta te  for b o th  p hases ,  th u s  q u e n c h in g  
th e  sp in  en t ro p y  o f  th e  loca l ized  sp in  ( K o n d o  state).

IV. P hysical Properties

Spec i f ic  He a t

F r o m  th e  free energy ,  Eq. (9), it is easy to  ca lcú la te  
th e  specific heat.  F ig u re  4 a  sh o w s  th e  t e m p e ra tu re  
d e p e n d e n c e  in th e  m e ta l l ic  p h a s e  for d if feren t va lúes 
o f  th e  m ix in g  p a r a m e te r  V. It is seen  th a t  tw o  m ax -  
im a  sh o w  u p  a t  d ifferent t e m p e ra tu re s .
L o o k in g  a t  th e  level sch e m e  in Fig. 1, o ne  c a n  iden- 
tify th e  first m á x i m u m  as d u e  to  th e r m a l  exc i ta t ion  
f ro m  th e  s ing le t  K o n d o  s ta te  to  th e  t r ip le t  sta te .  In 
th e  K o n d o  m o d e l  o n e  w o u ld  a ss o c ia te  th is  first m á x i ­
m u m  to  th e  K o n d o  te m p e r a t u r e  TK. T h e  second  
m á x im u m  w h o se  p o s i t io n  ch a n g e s  o n ly  s l ightly  w ith  
V  is d u e  to  th e  o c c u p a t io n  o f  th e  s ta te  11 ') ,  cor-  
r e s p o n d in g  to  a  g re a te r  d e g ree  o f  loca l iza t ion .
As lo n g  as th e re  is n o  p h a se  t r a n s i t io n ,  th e  specific 
h e a t  in th e  in su la t in g  p h a se  w o u ld  sh o w  a p e a k  at 
t e m p e ra tu re s  o f  th e  o rd e r  o f  A 0, c o r r e s p o n d in g  to  the  
p r o m o t i o n  o f  e lec tron s  fro m  th e  g r o u n d  s ta te  | 2 '> to  
the  o th e r  states.

S ta t ic  M a gn e t i c  Suscept ib i l i ty

T o  e v a lú a te  th e  s ta t ic  m a g n e t ic  suscep tib i l i ty  we 
m u s t  s tu d y  th e  effect o f  a n  ex te rn a l  m a g n e t ic  field on  
th e  H a m i l to n i a n  (6 ). T o  th is  en d  we a s s u m e  th e  
loca l ized  s ta te s  to  h a v e  a  m a g n e t ic  m o m e n t  p,  so  th a t  
th e  energ ies  o f  sp in  u p  a n d  sp in  d o w n  e lec t ro n s  a re  
split by 2 p B .  T h e  b a n d  s ta te s  will be  a s s u m e d  to 
h av e  no  m a g n e t ic  m o m e n t ,  as a m e a n  o f  s im u la t in g  
th e  co n se q u e n c e s  o f  th e  P au li  p r in c ip ie  in a b ro a d  
ban d .
T h e  m a g n e t ic  field te rm  c o u p le s  th e  s ta te s  |2> a n d  
|4>. S ince  in tu r n  th e  s ta te s  j l )  a n d  |2> a re  c o u p led  
by th e  h y b r id iza t io n ,  we h a v e  a th re e  by th ree  m a t r ix  
to  be d iag o n a l iz e d .
A fter  so m e  s t ra ig h t fo rw a rd  a lg eb ra ,  th e  s ta t ic  su sc ep ­
tibil ity  c a n  be  w r i t te n  as

Xo = ü r ) ( 4 - 2 -po,
( 1 1 )

w h ere  the  su m  o v e r  i ru n s  f ro m  1 to  3 a n d  a¡ a n d  Q¡ 
t a k e  o n  th e  valúes

a,  =
1 2 V 2

(.R + A ) 2  

8  R V 2

(R -  V ) 2

Q , =  0

a, =  —

8  R V 2

Q 2 =

n 3 = - m ( 1 2 )

F ig u re  5 a sho w s  th e  b e h a v io u r  o f  y 0 for th e  m e ta l l ic  
phase .  T h e  ze ro  t e m p e r a t u r e  va lúes  o f  th e  m ag n e t ic  
su scep tib i l i ty  a r e  d e te r m in e d  by th e  m ix tu re  ind u ced

0.01 0 . 1 10
In T

Fig. 4. Specific heats o f m odel system  (k B =  1) as 
function o f  tem perature in the “ m etallic" phase  
for A 0/ G =  —0.5. C u rvea  is for V  G =  0 .11, b for 
V/G =  0.13 und c for K /G = 0 .15 . T he sca le  on  the 
T  axis is logarithm ic
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T /G T /G

Fig. 5. a Inverse static  m agn etic susceptib ility  as function o f tem perature, for J o/G  =  0.95 (m etallic  phase). Fu ll line is for V  6  =  0.1, dashed  
line for F  G = 0 .3  and d ot-dashed  line for F /G = 0 .4 . U pper part contain s a p lot o f  the num ber o f  “ co n d u ctio n ” electron s per site for the 
sam e valúes o f V, G. b Inverse static  m agn etic susceptib ility  as function o f  tem perature for J 0/ G =  1.6 (insu lating phase). T he valúes o f \  G 
are the sam e as above. c Inverse static  m agn etic susceptib ility  for A 0 G =  1.2. T he three curves correspond to the sam e three valúes o f  V O as 
above. T he insert for valúes o f n ind icates the existen ce o f a first order transition

by th e  m a g n e t i c  field b e tw e e n  th e  g r o u n d  s ta te  | 2 '> 
a n d  s ta te  |4>. A t te m p e r a tu r e s  h ig h  as c o m p a r e d  to  
th e i r  sp l i t t in g  ( K o n d o  te m p e ra tu re )  we re c o v e r  th e  
C u r ie -W e is s  b e h a v io u r .  F ig u r e  5 b  c o r r e s p o n d s  to  th e  
in s u la t in g  phase .  T h e  z e ro  t e m p e r a t u r e  v a lu é  is a ga in  
d e te r m in e d  by th e  m ix tu r e  in d u c e d  by m a g n e t ic  field 
b e tw e e n  th e  g r o u n d  s ta te  11 ')  a n d  s ta te  |4>. T h is  
m ix tu r e  is m e d ia te d  by s ta te  | 2 >, th u s  for sm all

m ix in g  *he m a t r ix  e lem en ts  go  to  ze ro  a n d

th e  su sce p tib i l i ty  van ishes .  T h e  su scep tib i l i ty  in- 
c reases  w i th  t e m p e r a t u r e  b e c a u se  th e  p ro b a b i l i ty  o f  
h a v in g  on ly  o n e  e le c t ró n  a t  th e  loca l ized  site  in- 
creases.  (See inse t  for va lú es  o f  ir.) F in a l ly ,  Fig. 4 c  
sw eeps  th e  t r a n s i t io n  reg ión .  It  sh o u ld  be  n o t i c e d  th a t  
e v a lu a t io n  o f  y 0 r eq u i re s  us ing  th e  va lú e s  o f  n w h ich  
a re  to  be  d e te r m in e d  from  Eq. (10).

Dynamica l  Sp in  Suscept ib i l i ty

T h e  n e u t r ó n  sc a t te r in g  c ro ss  sec t io n  a n d  o th e r  
d y n a m ic a l  m a g n e t ic  p ro p e r t ie s  a re  g iven  in te rm s  o f  
th e  c o r r e la t io n  fu n c t io n  [ 1 1 ]

1 x
F(ca) =  - -  í d í e - ¡" ‘<S + ( 0 ) S - ( t )  +  S - ( 0 ) S ' ( í ) > .  (13)

2 ft _ 30

W h e re  S  refers to  th e  lo ca l ized  spin.
T h e  a v e ra g e  v a lu é  a p p e a r in g  in  (13) c a n  be  explicit ly  
ev a lu a te d  for th is  m o d e l  a n d  we o b ta in ,  a f te r  a s t ra ig h t -  
fo rw a rd  ca lc u la t io n .

• 2  Q
F{ú)) =  P (V)  -  [ á ( w  -  ( £ 3 -  £ , . ) )  +  ó(o) -  (E 5 -  E  v ))]

+  P(2') C° ^  -- [<5(w - ( E 3 -  E 2.)) +  ¿(to -  ( E 5 -  £ r ))]

+  P(3) \ [d( tu- ( £ 4 - E 3)) +  s in2 0  S { ( o - ( £ , , -  £ 3))
+  c o s 2  0ó((o — ( E r  — £ 3 ))]

+  P{ 4) i  [t>( to -  ( £ 5 -  £ J )  +  <5(« — ( £ 3  — £ 4.))]
+  P ( 5 ) l  [<5(oj- ( £ 4 - £ 5)) +  s in 2  0 S{o) — ( E ¡ . - E 5))

+  c o s 2  0 6(o) — ( E r  — £ 5 ))]. (14)

H e re  P(i)  is th e  o c c u p a t io n  p ro b a b i l i ty  for s t a te  | i ) .  
W h e n  n o  ex te rn a l  m a g n e t ic  field is a p p l ie d ,  s ta te s  13 ) ,  
|4>, a n d  |5 )  a re  d e g e n e ra te d  a n d  Eq. (14) c a n  be  
s implified , s ince  £ 3  =  £ 4  =  £ 5  a n d  P(3) =  P{4) =  P(5). 
In th is  s i tu a t io n  th e  n e u t r ó n  s p e c t ru m  will co ns is t  o f  
five p e a k s  lo c a te d  a t  th e  energ ies  in d ic a te d  in th e  first
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Table 2

Poles W eights

OIIo3

i [ P ( 3 )  +  2 P (4 ) +  P (5)]
w J = 4M  +  sign (zl)ií) sin 2 0 P (I')

<x i 2 = j ( A —  sign (4)K ) 5  e o s 2 0 P (2')

- w l 4  s in 2 0 [P (3 ) +  P (5)]

- 0 ) 2 I c o s 2 0 [P (3 )  +  P (5)]

c o lu m n  o f  T a b le  2. T h e i r  w eigh ts  a re  s h o w n  in the  
s e c o n d  co lu m n .
T h e  s c a t te r in g  fun c t io n  F(a>) satisfies th e  s u m  ru le

(15)

It sh o u ld  be  n o te d  th a t  <S 2> a n d  <S 2> a b o v e  a re  
fun c t io n s  o f  te m p e r a tu r e  a n d  o f  th e  p a ra m e te r s  o f  th e  
H a m il to n i a n .
E x p re s s io n  (14) c an  be  seen  to  verify th is  s u m  rule. 
T h e  r ig h t  h a n d  s ide  o f  (15) c an  b e  e v a lu a te d  s t ra ig h t-  
fo rw a rd ly  to  give

<SZ2 > = X P ( / ¿ ) |< V |S » | 2

JÍV
=  {  [ P (  1') s in 2  0 +  P{2') e o s 2  6 + P ( 3) +  P ( 4) +  P ( 5 ) ] .

(16)

In  Fig. 6  we sh ow  th e  p o s i t io n  a n d  w e ig h t  o f  the  
p e a k s  as a  fu n c t io n  o f  te m p e r a tu r e  for th e  in su la t in g  
ph ase .  It  c a n  be  seen  th a t  a t  ze ro  t e m p e r a t u r e  on ly  
o n e  p e a k  rem a in s .  It c o r r e s p o n d s  to  t r a n s i t io n s  be- 
tw e e n  11 ' )  a n d  ¡3> o r  |5>. As th e  t e m p e r a t u r e  is 
ra ised .  th e  in tens i ty  o f  th e  p e a k  falls d o w n  as  a 
c o n se q u e n c e  o f  th e  d e p o p u la t io n  o f  | 1 )  { P (  1') fac to r  
in  th e  weight) . F o r  fu r th e r  inc rea se  in  t e m p e ra tu re  
th e  in ten s i ty  ra ises  ag a in  d u e  to  th e  fact t h a t  th e  
m ix tu r e  inc reases  as th e  g a p  is r e d u c e d  ( fac to r  s in 2  9 
in  th e  weight) . T h e  p e a k  a t  w o = 0  is d u e  to  t r a n ­

s i t ions  b e tw e e n  s ta te s  |4> a n d  |3> o r  |5> a n d  its 
w e igh t  is p r o p o r t io n a l  to  th e  p o p u la t i o n  o f  th e  t r ip ­
let. T h e  o 2 p e a k  c o r r e s p o n d s  to  t r a n s i t io n s  b e tw e en
|3> o r  |5> a n d  |2'>.

M ó ss ba uer  Spec trum

T h e  M ó s s b a u e r  re s p o n se  o f  in t e rm e d ía t e  v a lenc e  sys- 
te m s  h a s  b een  ex tens ive ly  s tu d ie d  b o th  e x p e r im en ta l ly  
[1 2 ]  a n d  theo re t ic a l ly  [13 ] ,  T h e  m o s t  c h a rac te r i s t ic  
fea tu re  o f  th is  s p e c t ru m  seem s to  be  th e  a p p e a ra n c e  
o f  m o t io n a l  n a r r o w in g  effeets. W e  will see p resen tly  
h o w  th is  fact sh o w s  u p  in  o u r  s im p le  m odel .
T o  d esc r ib e  th e  in te ra c t io n  o f  th e  n u c le a r  ex c i ta t io n s  
w ith  th e  in te rm e d ia te  v a len c e  sy s tem  w e a d d  to  the  
H a m i l to n i a n  th e  te rm

/ í en =  co1 ( 2  — n ' ) a 4 a +  a>2(rí — l ) a + a (17)

w h e re  a ' (a) is th e  c re a t io n  (a n n ih i la t io n )  o p e r a t o r  for 
th e  n u c le a r  ex c i ta t io ns .  a»! is th e  ene rgy  o f  th e  n u c le ­
a r  e x c i ta t io n  w h e n  th e  e le c t ro n ic  sy s tem  h as  ri =  1  

a n d  a>2 th e  c o r r e s p o n d in g  e n e rg y  for  rí = 2.
T h e  e le c t ro m a g n e t ic  field o f  th e  g a m m a  ray s  co u p le s  
to  th e  n u c le a r  e x c i ta t io n s  th r o u g h  a o r  a n d  th e  
M ó s s b a u e r  s p e c t ru m  is g iven  a c c o rd in g  to  l in ea r  
re s p o n se  th eo ry ,  by

1 *
M  (cü) =  —-  j  d te~

2  7T _ rY
(0 )a( f)  +  a ( 0 )a* (r)> .  (18)

H e re  < . . . )  in c lu d e s  a n  a v e ra g e  o f  the  n u c le a r  v a r i ­
ab les  o v e r  a  c a n o n ic a l  e n se m b le  a n d  s ince  th e  energy  
o f  th e  ex c i ted  s ta te s  lies in  th e  K e V  reg ió n  w e m ay  
a lw ay s  c o n s id e r  (18) to  b e  a n  a v e ra g e  o v e r  th e  n u c le ­
a r  g r o u n d  sta te .  So  (18) c a n  b e  w r i t te n

1 00
M (cü) =  —- | dr<?i<o‘<a(t)a + (0)>.

2  Tí _ —,
(19)

F ig. 6. P osition  o f  the po les and w eights o f the 
dynam ical spin susceptib ility  F(io)  as function  o f  
tem perature. At zero tem perature there is on ly  one  
peak (see text)



44 B. A lasc io  e t a l.: In te rm e d ía te  V alence

T o  e v a lú a te  (19) w e can  o n c e  m o r e  use th e  explicit  
fo rm  o f  th e  e igens ta tes .  W e  m u s t  b e a r  in  m in d  th a t  
th e  s ta te s  t h a t  d ia g o n a l iz e  H  + H en s p a n  tw o  m u -  
tu a l ly  o r t h o g o n a l  sets c h a ra c te r i z e d  by th e  eigen- 
v a lu e s  o f  th e  o p e r a t o r  a + a. F o r  a ^ a  =  0. we hav e  
th e  s a m e  s ta te s  as  we h a d  before .  F o r  « " ' « =  1. we 
h a v e  a new  set o f  s ta te s  o f  th e  sa m e  form, b u t  in 
w h ich  th e  p a r a m e te r  £  h a s  to  be  re p laced  by £  +  co_,  
w h e re  co_ = co 2 — col . T h e  en erg ies  o f  these  new  s ta tes  
a re  sh ifted  by th e  c o n s t a n t  a m o u n t  2 oj¡ — oj2 .
T h e  s p e c t ru m  c a n  b e  w r i t ten  as

M ( « )  =  [P ( 3 )  +  P (4 )  +  P ( 5 ) ] ¿ ( c u  +  Ĉ )

+  P (  1') [ e o s 2  (fl, -  0 o) S Q í l )

+  s in 2 (0 , - í í 0) á  +  ̂ — ^ 2 I ) ]

+  P ( 2') [ s i n 2 (0 , — 0o)S  |®  +  ̂ - í 3 12j  

. I O)
+  eos ( 0 ¡ — 0 0) í> ( co +  — -Í3, ( 20)

T h e  q u a n t i t i e s  0o a n d  0 l c o r r e s p o n d  to  th e  an g le  tí 
de f ined  in T a b le  1, for th e  d if feren t n u c le a r  states. 
T h e  Í2’s a re  g iven  by

Í 2 n = £ ( l .  l ' ) - £ ( 0 ,  1')

Í 3 12 =  £ ( l ,  l ' ) - £ ( 0 , 2 ')

f í 2 1 = £ ( 1 . 2 ' ) - £ ( 0 , 1 ')

í 3 22 =  £ ( 1 , 2 ' ) - £ ( 0 ,  2 ') .

Fig. 7. a Poles and in ten sities o f  the M óssbauer  
response function  M (co) as function  o f  
tem perature in the insu lating  phase. The  

O). +co2
spectrum  is centered around — - —  and the tw o

lim iting frequencies corresp ond to co, and co2 . 
T he scale factor in term s o f  G  is arbitrary. b 
Poles and intensities o f  the M óssbauer response  
function  M  (co) as function o f  V  G, at finite  
tem perature. It is seen that w hen V  G is large

there will be a single p o le  at —1 + 102-
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In  the  E ’s the  first index  c o r r e s p o n d s  to  th e  n u c le a r  
s ta te ;  th e  se co n d  one , 1 ' o r  2 ', c o r r e s p o n d s  to  the  
n o t a t i o n  o f  T a b le  1.
F ig u re  7 a  is a  p lo t  o f  th e  po les  a n d  in tens i t ies  o f  th e  
M o s s b a u e r  r e sp o n se  fun c t io n  versu s  te m p e r a tu r e  for 
th e  in s u la t in g  phase .  It c an  be  seen th a t  a t  z e ro  
t e m p e ra tu re ,  th e r e  is on ly  o n e  pole ,  c o r r e s p o n d in g  to  
a t r a n s i t io n  b e tw e e n  th e  g r o u n d  s ta te s  o f  th e  elec- 
t r o n ic  sy s tem  asso c ia te d  w ith  th e  nu c leu s  b e ing  in its 
g r o u n d  o r  excited  s ta te ,  respectively . T h is  m e a n s  
t r a n s i t io n s  b e tw een  th e  s ta te s  | 1 , 1 ' )  a n d  |0 , 1 ' )  for th e  
in s u la t in g  p h a s e  a n d  b e tw e e n  | 1 , 2 '> a n d  |0 , 2 ' )  for th e  
m e ta l l ic  phase .
As th e  t e m p e r a t u r e  is ra ised  th is  p o le  shifts to w a rd s  
lo w e r  f req uen cy  va lúes  d u e  to  th e  fact th a t  th e  effec- 
t ive  g a p  A h a s  a  s t ro n g e r  t e m p e r a t u r e  d e p e n d e n c e  for 
th e  e le c t ro n ic  c o n f ig u ra t io n s  a s so c ia te d  w ith  th e  n u ­
c le a r  g r o u n d  sta te ,  th a n  for th e  o th e r  case. At the  
s a m e  t im e  th e  c o r r e s p o n d in g  a m p l i tu d e  decreases  
d u e  to  th e  p o p u la t io n  o f  the  ex c i ted  e lec tron ic  
sta tes .
T h e r e  is a n o th e r  pole ,  sy m m etr ic a l ly  loca ted ,  c o r ­
r e s p o n d in g  to  th e  t r a n s i t io n s  b e tw e e n  th e  s ta tes  
1 1 , 2 ' )  a n d  |0 , 2 ' )  w h ich  h a s  a m u c h  sm a l le r  a m p l i tu d e  
d u e  to  th e  B o l t z m a n n  factor.
A th i rd  po le ,  a s so c ia te d  to  a  t r a n s i t io n  b e tw e en  th e  
tw o  sets o f  e le c tro n ic  t r ip le t  sta tes ,  sho w s  u p  a t  a 
c o n s t a n t  frequency ,  ref lec t ing  th e  fact t h a t  th e  en- 
erg ies  o f  these  s ta te s  a re  te m p e r a tu r e  in d e p e n d e n t .  
T h e re  a re  tw o  o th e r  p o les  re la ted  to  t r a n s i t io n s  from  
1 1 , 1 ' )  to  |0 , 2 '> a n d  | 1 , 2 '> to  |0 , 1 ' )  w h ich  h a v e  m u c h  
h ig h e r  energies.  T h e i r  a m p l i tu d e s  a re  ins ign if ican t 
d u e  to  the  sin fac to rs  in Eq. (20).
F ig u re  7 b  sh o w s  the  v a r i a t io n  o f  M(a>) for a  fixed 
t e m p e r a t u r e  as a fun c t io n  o f  V/G.  T h e  th re e  re lev an t  
p e a k s  a re  th e  s a m e  as th o s e  o f  Fig. 7a. It is seen  th a t  
as V/G inc reases  th e  t r a n s i t io n s  b e tw e en  th e  s inglets 
m o v e  to w a rd s  each  o the r .  A t th e  s a m e  t im e  the  
a m p l i t u d e  o f  the  t r a n s i t io n  b e tw e e n  tr ip le ts  te n d s  to  
ze ro .  T h is  b e h a v io u r  re sem b le s  th e  m o t io n a l  n a r ro w -  
ing t h a t  a p p e a r s  in a m o r e  rea l is t ic  m o d e l  as o n e  
inc reases  th e  m ix in g  p a ra m e te r s  [13] .

V. D iscussion

T h e  p re c e d in g  p a r a g r a p h s  sh o w  h o w  m o s t  o f  the  
c h a ra c te r i s t i c  fea tu res  o f  in t e rm e d ía t e  va len ce  sys­
te m s  can  b e  u n d e r s to o d  o n  th e  bas is  o f  a very s im ple  
m od e l .  T h is  m o d e l  sh a res  w ith  rea l sy s tem s  w h a t  we 
believe  a re  th e  essentia l fac tors  th a t  d e te r m in e  th e  
b e h a v io u r  o f  in te rm e d ía te  va len ce  c o m p o u n d s :  h igh- 
ly c o r r e la te d  ion ic  like sta tes .  a n d  h ib r id iz a t io n  
b e tw e e n  th e m  a n d  .s-like u n c o r r e la te d  states.

As we h av e  seen a b o ve ,  th e  m o d e l  c a n  d esc r ib e  p h a se  
t r a n s i t io n s  b e tw een  in te rm e d ía te  v a len c e  phase .  n o n -  
in teg e r  o c c u p a t io n  o f  th e  c o r r e la te d  sta tes ,  s a tu ra t in g  
s ta t ic  m a g n e t ic  suscep tib i l i t ies ,  qu as i -e la s t ic  p eak s  in 
th e  d y n a m ic a l  m a g n e t ic  suscep tib i l i ty  a n d  m o t io n a l  
n a r r o w in g  effects in th e  M o s s b a u e r  spec tra .
It c an  be s h o w n  th a t  th e  m o d e l  p ro p e r t ie s  o f  the  
m e ta l l ic  p h a s e  for \ A \ P V  c a n  be  s im u la te d  by  a 
n a r r o w  b a n d  v e rs ió n  o f  th e  R o n d o  H a m i l to n i a n  H  
=  J S s  (w here  S is th e  loca l ized  sp in  a n d  s th e  “ c o n ­
d u c t io n  b a n d ” spin) iden t ify in g  J  w ith  | ( R  +  zl). 
H o w ev e r .  m a n y  o f  th e  p ro p e r t ie s  o f  th e  m o d e l  a re  
n o t  r e p r o d u c e d  by the  K o n d o  H a m i l to n i a n .  In fact 
n o n e  o f  th e  co n se q u e n c e s  o f  n o n - in te g e r  o c c u p a t io n  
(as for e x a m p le  I s o m e r  shifts a n d  w e a k e n in g  o f  th e  
to ta l  in tens i ty  o f  d y n a m ic a l  suscep tib i l i t ies)  c an  be 
d e sc r ib e d  in th a t  way. T h e  S ch ie ffe r-W olff  t r a n sfo r -  
m a t io n  can  be  ca r r ied  o u t  to  all o rd e r s  in V  for this  
m odel .  T h e  resu lt  sh o w s  c lea r ly  th e  d ifference b e ­
tw een  th e  K o n d o  H a m i l to n i a n  (based  o n  th e  second  
o r d e r  results)  a n d  H a m i l to n i a n  (1) n eed ed  to  d esc r ib e  
i n te rm e d ía te  va lence  systems.
Severa l  im p ro v e m e n ts  a re  necessary  to  a d a p t  the  
m o d e l  to  a m o r e  rea l is t ic  a n d  q u a n t i t a t iv e  p ic tu re  o f  
va lence  f lu c tu a to r s ;  a m o n g  th e m :
i) c o n d u c t io n  e lec t ró n  h o p p in g  b e tw een  different 
sites.
ii) m o r e  rea l is t ic  ion ic  co n f ig u ra t io n s  in c lu d in g  th e  
level schem es  o f  th e  in te rv en in g  4 / s h e l l s .
iii) p h o n o n  v a r iab le s  to  c o r r e la te  la t t ice  v ib r a t io n s  
w ith  e le c t ró n  o c cu p an cy .
In  con c lu s ió n ,  we h o p e  to  h a v e  p ro v e d  th a t  q u a n t u m  
a d m ix tu r e  a n d  h igh ly  c o r r e la te d  ion ic  s ta te s  a re  es­
sen tia l  to  u n d e r s ta n d  m ixed  va len ce  p h e n o m e n a .
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