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  A  simple  variational  description is given on  the nature  ef overlapping  Kendo  cloucls,

which  compensate  the  Iocalized f-spins in the  Kondo  Euttice. It is shown  explicitly  that  the

f-electrons participate  in forming  a  
"large

 Fermi  surface",  although  they  nre  strictly  local-

ized, The  resulting  correlated  Fermi 1{quid, i.e., heavy I'ermiens, is examined  with  the

variational  Monte  Carlo method  ancl  is compared  with  the  Gutzwiller approximation.  The

relation  to the periodic Anclerson model  is also  discus$ed in this connection.

                          gl. Introduction

   Notwithstanding much  efforts  over  more  than  10 years, physics  of  heavy fermions

is still far from well  understood.i)"3)  Ex'perimentally, in addition  to supereon-

ductivity magnetic  properties  of  heavy fermions appear  to be extremely  cemplicated

and  chailenging,  Furthermore  it is often  a  matter  of  controversy  in what  situation

the f-electrons participate in forming  the  Fermi  surface  (i.e., 
"small"

 vs  
"]arge"

 Fermi
surface),  Theoretically, the basic problerrL to be clarified  is the nature  of  the elec-

tronic state  under  the strong  electron  correlation  and  weak  hybridizati'on.

   It is widely  accepted  that the simplest  Hamiltonian  to study  the heavy  fermion
physics  is the periodic Anderson model  (PAM):

     U=  Z  Ekcld  cko+  eiX  nS･cr +  UfX nf,t n;･･
        kff J'a  j

           1

        
+'

 v/zJ' ],.( 
Ueeik'"ck'aLcr

 
+h･c),

 (1･1)

inrhere  n{/cr=Ltdfia  and  L  is the total nuinber  of  sites. The  four terms describe a

nondegenerate  conduction  band, f-electron level, the  Coulomb  repulsion  on  the

f-orbital and  the mixing  between the conduction  electron  and  f wave  functions,

respectively.

   In the iirnit of  nearly  integral valence  nf  
->

 1, which  is realizecl  under  the condition
of  a  deep qf, a  large l:lf and  a  small  IiA, the PAM  can  be replaced  by the Kondo  lattice
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model  (KLM) witb  tbe antiferromagnetic  exchange  coupling  f:

     ff=F,. ekcAcrcka+  Sl :I]S,ec;o- tiov.c,o-f, (1b2)

where  the magnitude  of  S, is equal  to 112 and  the ti' are  Pauli matrices.  c,cr==L-i'2

2keih'"ichd is the annihilatioll  operator  o'f the conduction-e]ectron  at the J'-th site,

The  KLM  should  also  be an  appropria'te  Hamiltonian  for low-energy physics. As
shown  in the Appendix, the PAM  (1･1) generalry  produces  in its effective  IIamiltonian

the second-order  shift in energy  and  some  additional  intersite terms. However  for

thc sake  of  simplicity  we  ignore those terms  in this paper  and  concentrate  ourselves

to (l-2), The  role  of  the second-order  energy  shift will  be discussed in S 5.

   
'1"he

 purpose of  this paper is threefold, First, we  wish  to show  explicitly  with  a

simple  variationa]  approach  tha't the spin-compensated  Fermi-liquid state,  in sN'hich

the localized f-spins are  compensated  collcctivcly  with  ox,erlapping  conduction-

electron  clouds,  ]eads to a  
"large"

 Fermi  surface.  This problem  is naturally  related

to the question  of  the saturation  of  the spin-compensation,  which  was  raised  by
Nozieres.4) Secovad, "re  wish  to examine  the  nature  of  the spin-compensated  state  by

using  the varia'Lionat  rv{oniL'e Carlo (KtTrvlC) method.  In a previous  papcr5) we  applied

the (}utzwiller approximat'  ion, wni ich vLril] be reexamined  in this paper  by comparing

with  the VIN'IC results,  Third, we  wish  to discuss the reason  vLrhy the commonly  used

variational  theory fer the PAIVI is unst.able  against  the ferromagnetic state,  relating

to it the present theory  on  the KLM.

   This paper  is organized  as  
'f'ol]oNKrs.

 Some  forms  of  variationai  wave  functions

are  proposed  and  examined  in the next  section.  Then, the Gutzwiller approximation

which  was  app]ied  in Ref. 5) is briefly reviewed  in g3. In g4 the  nature  of  the

spin-compensated  Fermi-liquid state  is studied  with  the VMC  method  and  compared

with  the GutzvLriller approximatien.  Supplementary･ discussions are  given  in the last
sectlon.

g 2. Vfi.rimtliarenU wave  feenetEons

   The  most  natural  way  of  eonstructing  a variational  wave  function for the  KLM

is to follow the singlet  wave  fuiiction i"or the ground  state  of  the sin.crle-ion Kondo

problem6)  and  form  a  singlet  cloud  around  each  f-spin. The. forrn o'f those  overlap-

pin.u clouds  is then  optimized  variationally  by  properly  taking  into account  the

nonorthogonali't.y  o//' the clouds.

   I,"or N  (total number  oir conduc'tion  electrens)  {.･ L  the simplest  trial wave  function

vv'ould  be

          CL-N)i2  L

     Iep>- gff ck,c,k,II[f2,  c=k-f;,  ttl',llO>, (2thl)
            k t

where  tttd-L-ii22kei'"''ia(fe)cltcr with  the form 
'factor

 a(k)  of  the singlet  cloud.  10>
represents  the vacuum.  In (2[1) a  singlet  cioud  is forined at  each  site  and  then  L･ N

excess  clectr, ons  are  taken  away  froin the top of  the conduction  band., Notice that the

local constraint  that each  site  rnust  be singly  occupied  by one  f-electron is satisfied  in
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(2-1), a(fe)  shouLd  be determined variationally.  We  note  at  this point that the

singlet  clouds  are  not  orthogonal,  i.e.,

     [ cA-.･e-, cfp 2o]+=L-i.Z a(le)l2eik'(r"''`)  
,

                   k

which  is generally  nonzero  for 7'll.

   The  wave  function can  be written  into anether  forrn by  introducing explicitly  a

projection  operator  P  onto  the subspace  in which  each  site is always  occupied  one

f-electron:

     P== II[nf, (1- nl,)A-  nf･,(1 -- nf-,)]. (2t2)
         j

In fact it is easy  to observe  that

     L L L

     Ii[ [fi cny 1, 
--ftL

 c-" t't]lO>;Il[[  c- lt ftt+ cny t'g, fi-]esfhTfin, O>

                              L L

                      =--R-Lp  lll fl (,l -- bv 2bft.) ]:Ifin,fh, Ie> (2･3)
                            crl  m

holds, A i$ an  arbitrary  number  because oii the presence  of  P, Now  we  use  opera-

tors in k-space to rewrite  (2･3) further. Then  (2-3) is reduced  to A'LPgl[ka(,afk'cr

+a(k)*cXo) O>. Here fXlr is the Fourier transform  of  f}". Subst/ituting this into (2o1),
we  find finally

          n (rv+L),12

     leer>-pl[[ n  [Afilr+a(k)*ci.]lo>, (2e4)
           Ok

where  the product  in fe is taken  over  the lowest (N-l-L)12 states.  A  constant  factor

irrelevant to calculating  expectation  values  has been dropped  in (2o4). Thus  we  have
shown  that (2･1) is equivalent  to (2s4), w]nich  is in essence  a  (lzatswiller-P?zv'ected

mixed-band  wave  function.

   Instead of  (2･1) one  could  start  from a  different form, in which  first N･-L

electrons  fi11 the conduction  band  from  the bo'ttorn and  then  a hole is trapped around

each  f-spin to form a  singlet  :

          L  (L+N)t2

     1{P->--g[fl, c-i,+f2,  cN,,] II c:,cX,io>.  (2-s)
          l k

IIere again  the form factor of  the hole is introduced as  cA'icr---L-'i2:keih''ia(k)chff.

Actually (2'5) is the same.wave  function as  we  studied  in our  previous  paper.5) A

procedure,  which  led us  froin (2e1) to (2a4), allows  us  to rewrite  (2 rp5). In fact, noting

that

     L L

     ll [f 2, cny t, -- fI, cA'i, ]= il-Ll'fi  IE [/l +f12r Lr io-]
      i at

                    =A-LP  I'I I'I [A '+ a(k)fi'acto]  (2o6)
                          ak

holds, (2･5) can  be rewritten  as
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           -
 <.N +L)i'2

     Iew>-Pff fi l2cXd+a(fe)f:h]O>, (2-7)
            cf ii

which  is exactly  the  same  as  (2o4), if a  replacement  a(k).[a(k)"]-i  is made.  A

cons'tant  fnctor irrelevant tt･ o  later discussions has been taken  off  in (2e7). Since the

optimum  form  of  cJ(k)  is determined variationally  in both £ ases,  (2o4) and  (2e7) are

equivalent.

   An  iinportant point is that  our  vnriatienai  wave  function ((2e4) or  (2th7,)) is

essentially  a  Gutzwiller-projected mixed-band  wave  fuBction, in which  the lower
mixed-band  is filled up  to (IV1L)12. The  locai constraint  shows  up  only  in the  form

o.f P. Let us  recall  in this connection  that a  similttr  wave  f'unction has been used  in
thc varjational  theoi'y for t.he (vTf'.oo PAM.7}  In the Iatter case  .i' is defined as  f'
==  Igi[1-nf', nA],  where  only  the doubly occupied  states  of  f-electrons are  projected

out.

   Let us  turii te the case  N->L.  An  nnalogy  to IVs.:.L suggests  us  to construct  a

variational  wave  f'unction for this case  as

          (N L)i2  L

     Ieff>- Il cE[,ck'i',]I[[f1', cNi',. 
-f1,

 c'ii't]1O>. (2b8)
            h i

An  introduction of  P  enables  us  
'to

 express  (2e8) in a  
'form

 si"milar  to (2o4)
           A <N-L)IZ

     IY>T=-PII IIE [-a(k)'fVb+RcA'tij･IE[aALo-+a(k')"c'//'･.-]10>. (2e9)
            o'k  hJ

T, he factor IIIe[f2, c- 2, --ft', cN 'i,'l in (2e8) has been  trans'formed  into the fi11ed lower

mixed-band  l:lk･[Af}Po･+a(kt)"c'L'･o-l, while  the  extra  A,'-L e]ectrons  ]IES"-")･'2cZ,cX, go

into the bottom of  the upper-mixed  band as  rednX" L)'Z[-a(fe)"fXb+Ack'cr].

   The  representation  in terms  of  the Gutzwiller-projected mixed-band  is useful  in

many  respects.  First, i

tarted from a  superposition

of  local Kondo  singlets.  This  is due to the ferrnionic nat'ure  of  Kondo  clouds.  Third,

it prov{des  us  with  a link to the variationul  theory  for the PAM,  The  last point will

be diseussed further in S 5.

   In the following sections  "re  focus our  discussions on  the case  AiSL,  for which

(2=5) (or equivaiently  (2e7)) is used  as  a  variational  wav'e  funetion.

g 3, (iYmutzwfillem approxiyvkatfioem

   The  next  task  is to evaluate  the avcrage  of  U  for our  variational  wave  function

(2-5) (or (2'7)):

     <ff> =:.:. 
-<
 ,W,,f. Si-,llg

"

 
>-
 . (3ei)

Actually this was  already  carried  out  in a  previous  paper  within  the Gutzwiller

upproxirnation.5)  llere we  sumTnarize  the main  resull/s  of  Ref. 5) without  goin.u into

mathematical  details. gn centrast  to IY{ef. 5) w･e present  rather  a  complementary
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intuitive derivation.

   Briefly speaking,  the  Gutzwi]ler approxinaationii}'i2)'i5)-'i7}  is a  statistjcal  treatment

of  the average,  in which  the local constraint  for each  sit.e to be eccupied  always  by one

f-electron is relaxed  and  is satisfied  only  in a  statistical  sense.  For  conveniencce  we

include explicitly  the f-electron energy  qtZjan/:･cr in (2o1).
   The  mixed-band  representation  of  the wave.  function (2o7) is useful  to  understand

the essence  of  the Gutzwiller approximation,  First, the mixed-band  form immediate-

ly suggests  that  the  portion  of  conduction-electron  part  and  f-electron part in the

ground  state  should  be

                A2

     <Ch'dCnd>= A2+a(k)2, (3･2)

     <L'dLo> ="  1] \ A2 1(.k()1)2 ･ (3"3)

in the Gutzwiller approximation,  The  arbitrary  pararneter  A, 'which  is the same  as

e-pt/2 in our  previGus  paper,5) is Iixed so  as  t'o fulfi11 the requirement

     1--- :il<)IX.,{iff>---itlJ-2, A, f(.k()Z),. (3-4)

Having  (3･Z) and  (3e3), we  obtain  the sum  o'f one-electron  energies  as

     <;. elt cAa ckdt  6f ?.i}. n"･d> =2:II]  
(q'A

 i+E2)2"( Z()k-), (3･s)

where  :kEk=e is used  to define the origin  of  our  energy  scale.

   As for the exchange  energ.y  we  take up  a transverse term  in (1･2)

     <S,+･ ci  c.,,>=<f,r,  L･,c;･, c,･,>=  
･-

 <f;, c,,  (i,.t[>,>.  (3･6)

This quantity  can  be repiaced,  within  the Gutzwiller approxin}ation,  by ;a product  of

two  indopenclent averages  for t and  e spins  over  the zamp7izl'ected mixed-band,  which

has to be however  multiplied  by  a  correction  factor 2 due to the Hocal constraint:

     
-2E\A,A+.ff-fethe]2.

 (3.7)

The  reason  for the factor 2 is the following.iS) In the unprejected  wave  function there

are  4 possibilities for the f-eiectron at  each  site:  vacant  state,  t -spin, J -spin and

double occupancy,  among  which  vacant  and  doubly occupied  states  are  nonmagnetic

so  that  they  do net  contribute  to the exchange  energy.  On  the other  hand, singly

occupied  t - and  l -states survive  after  an  appiication  of  the projection  operator  P.

Therefore the factor 2 is needed  in order  to take into account  P  in a statistical  way,]8)

   Using (3･7) and  the isotropy of  the exchange  interaction, we  obtain  for the
average  of  the exchange  energy

     S--,z,..<s,nc]ff tititir c.･>  =:-=-- 
-
 3ft[IIJ\, 

-A-,-t/+g-
 £e%), ]2, (3-s)

The  complete  expression  for the tot/al energy  is then
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<7.1>

 ='Z  "\zt(k)[cf-  Ek]-3f  " ['1';':l,]v! za (k)[I T' zt (k)]]2 , (3eg)

where  zt(h)=a(k)2flA2+a(k)2]  and  the constraint  (3･4) is to be satisfied.

   The optimum  from of  a(k)  ean  be determined by imposing, together with  (3e4),
a<If>10a(k)=O. The  result  is5'

     a(k)=-E-,-.E,;l;,f util-e,)z+(a,1)2i
 (3"1O)

where

     a=3ft\A2  f. (.fe()k)i'T (3-11)

      ,,=,,-. .i.\[cf  
Ek+ i,(:2),).(a.,(S.i-i-i,ia.(k)A2, (, ,,)

     A'= 1.:l m2."f.(,k,'?£)212 (3"13)

The  form  C3olO) is essentia]ly  wha't  one  expects  from  an  
"effective

 hybridization

Ansatz", in whieh  if is the 
[`effective

 f-ievel" and  axl is the 
"effective

 hybridization".

We  will  not  go  further into the consequences  of  the Gutzwiller approximation  here,

since  it, was  described in details in Kef. 5) and  we  shall  come  back  to this problem  in

the  next  section.

S4g Avargae'fiozaafi MozateCarlesaudiv   e

   The  Gutzwiller approxjmation  is based {)n a  statistical  treatment  to quantum
mechanical  rnatrix  elements,  which  definitely nccds  a  check  by  a  different method.

For this reason  we  now  apply  the variational  Monte  Carlo (VMC) method9)]ie)  to the

trial wave  function (247).
   1ff]he VMC  method20}'2i)  is an  appx'"oach  of  evaluating  direct]y quantum  mechanical

averages  by  the  Monte  Carlo procedure  without  introducing uncontrolled  approxima-

tions, which  may  violate  the vnriational  principle. The  VMC  method  is particularly
suited  for taking  into account  the local c(mstraint  of  our  problem  that the number  of

f-electrons at  each  site should  be str. ictly 1. This is an  evident  merit  of  this approach

over  other  theories and  is in contrast  to the Gutzwiller approximation.

   Since the  anaiysis  of  a(fe)  in g3 led to the form  of  (3n10), we  employ  it and  take

E-f and  V=cy2!2 as  variational  parameters:

     a(fe)==z-e-; rm ,, +  ,7t/i2111iiiiii,i' 
,,),

 
+4
 t7i'･ (4-i)

T' he additional  factor A in the nominator  of  (3･10) is ornitted,  sincc  it is irre]evant as

far as  we  work  ulways  in the subspace  where  efich  site is occupied  by onc  f-electron.
Sn f,act, within  this subspace  A is an  arbitrary  eonstant,  as  the derivation of･ (2"7)

NII-Electronic  
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showed.  We  note  again  that (4･1) is the sarne  form  as  that appearing  in a  similar

variational  study  of  the PAM.")

   AIthough the formulation and  the method  are  general, we  restrlct  our  applica-

tions to a  one-dirriensional  niodel  for simplicity:  eh=  
--2g

 cos  (At). Actually the var-

iational Monte  Carlo method  for the present  case  is similar  to that for the PAM,  since

the wave  function (2"7) has a  form  of  mixed-bands.  The  onl}/ difference lies in' the

projection operator  P=nj[ni-',(1-n{,1)+n/f･,(ILnf･,)]. The commonly  used  var-

iational wave  function for the L{f-oo PAM7}"i2) has the same  form  as  (2-7), but P  is

replaced  by  IXj[1-nf,,n{,.･ ], Therefore the VMC  inethod,  vLrhich  vv'as  used  previousl/y
for the PAM,  can  be easily  extended  to the KLM.  In the preser]t work  the

configuration  is changed  in two  types of  t'rials: One is a  move  of  a  randomly  chosen

conduction-electron  to one  of  the nei.crhborin//r  sites  and  the other  is a  simultaneous

spin-fiip of  an  f-electron and  a conduction-electron  on  the same  s',ite. These  trials are

-
 O.5

H O.6

-
 O.7

   D8
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Fig. 1. The  conduction-banc{  energy  pcr  site  EVtL  and  thc'. exchange  energy  pc,r site  E:･itLl/. for the
  sem{cenducting  case  n=.bv{/L=1.  if is chosen  to bc  O, The  }vfente Carlo calculation  was  carried

  out  on  Ar '-L-30. An  ax,crage  over  50C}O pt'IC steps  is plotted;  by  clividing into 5 1OOO-MCS  samples

  the inaximurn  and  rnirtiT-uni  are  shown  with  errer  bars. The  arrow  un  the  right  vertical  axis

  indicates the  value  of  E,.!'tL for TVt-- ,x).  The  rt'sults  of the Gutzwitler approxirnal.ion,  (4.Z) and
  (4'3), are  shown  xvith  the  broke" iines.
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-
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xxxxxx
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N

EftL

x

  Fig. 2 The  variational  ener.cry  for vz 
--1

 as  a  function of  Z!t. The broken line represents  the  energy

     for the  cul]ection  of  local singlet$. The  solid  line connectin.a  solid  circles  represents  the  VMC

     result,  while  the Gutzwiller approximation  is shewn  with  the  solid  line.

either  accepted  as  a  new  configuration  or  rejected  according  to the standard  Monte

Carlo procedure.ZO,2D
   Let us  start  from  examining  the  semiconducting  case  with  N=L.  For  this case

6nyf in (4el) can  be fixed nt  the band  center,  E-f=O,  because of  the electren-hole

symmetry;  therefore  V  is the sole  variat.ional  parumeter  that controls  the form  factor

of  the Kondo  cloud.  Figure 1 shows  i:he average  of  the conduction-band  and

exchange  energies  in (1e2), which  was  carried  out  over  the variational  wave  function

(2 -7). In addition  to N==iL;=30 presented  in Fig, 1, we  have  examined  a lqrger systern
with  IV=L=58  to check  the size  dependence; within  the statisticai  accuracy  no

significant  difference has been found betvvecn the two  cases.  The  decoupling of

conduction  electron  and  f bands, i.e,, Y--> O, is the most  favorable for the  conduction-

band  energy.  0n  the other  hand  a  larger V  leads to a  more  localized Kondo  cloud,

for Nsihich  the exchange  energy  is gained  more  effectively.  The  balance of  these two

energies  determines the minimum  of  the variational  energy  Eg as  a  function of  .11t,

which  is presented  in Fig. 2.

   It is interesting to cornpare  the VMC  results  with  the Gutzwiller approximation,

For  the latter case  one  can  analytically  evaluate  the average  of  the conduction-band

and  exchange  energies  in (3e9), taking  the one-dimensional  model  eh=-2tcosk.  The

NII-Electronic  
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result  is as  fol]ows:

     
.g9tt.>.=L4.[,iTii7'i77JiE+(vlt)E(fe)-v.iSttk.-{,.ItLm,:s,K(fe)], (4'2)

     
<f2>--3[-ii-kf,i-f),

 }K(k)]2, (,.,)

where  K(fe) and  E(fe) are  the cornplete  elliptic  integral of  the flrst and  second  kinds,

respectively  and  fe=11VilFi/iM7)-i is the modulus.  Those  expressions  of the Gutzwil-
ier approximation  are  compared  in Fig. 1 wit/h  the VMC  results,  which  are  supposed

te be exact  wlthin  the variational  wave  function and  the statistical  errors.  Inciden-

tally (4o2) and  (4e3) give  the minimum  of  the total energy  with  respect  to Vlt at

     f-. 2rr 1

     
-7-3

 kK(k)･ 
(.4 -4)

which  reduces  to t71t=':Vlie'2r`'"'f for the- weak  coupling.  iimit.

   It is clear  from Fig. 1 that the Gutzwiller approximation  everestimates  the

exchange  energy  and  underestimates  the conduction-band  energy.  Because of  an

approximate  cancellation  between  the two  the resultlng  total energy  shown  in Fig. 2

is not  so  much  different from  the VMC  result..  Let us  rernernber  that we  took  a

one-dimensional  model  for simplicity.  According  to our  experience  on  the Hubbard

modeli9}'22}'23)  the  difference between the Gutzwiller approximation  and  the VMC  is the

largest in one  dimension and  diminjshes rapidly  as  the dimension increases. "[e

expect  it to be true also  in the KLM,

   Let us  turn to a  metall{c  case.  The VMC  calculation  has been extended  by
taking  n:'=:"AilL[= 314･ as  a typical case,  In this case  we  have  2 variational  parameters
E-f and  V, Instead of  a  complete  search  for t/he energy  mini.mum  with  respect  to 2

parameters, we  are  rather  guided by the the Gutzwiller approximation5)  showing  that

for the weak  coupling  regime  the  optimal  Eruf does not  deviate so  much  from  the  value,

for which  the mixed-band  can  accomodate  exactly  one  f-electron per site  in the limit

of  V-.O.  Therefore  we  fix e-f at  this value  for sirnplicity,  leaving  more  complete

analysis  for a  future study.  The  results  for the conduction-electron  energy  and

exchange  energy,  vLrhich  correspond  to Fig. 1, are  shown  in Ftg. 3. An  evident  feature

of  Fig. 3 is that Ex"L  is reduced  compared  "rith Fig. 1 because of  less conduction
electrons  per spjn  availabie  for the compensation.  Otherwise the results  are  similar

to the previous one  for nL:.1.

   We  now  look into some  physical  quan'tities of  interest. [n connection  with  the

cencept  of  heavy  fermions the momentum  distribution function n(fe)  is the most

important quantity. Figure 4 shows  n(fe) t'or n==314,  which  is chosen  as  a typical

metallic  case.  As  already  pointed out  in Ref. 5), the two  major  features of  interest

are  the jump at  the 
"large"

 Fermi  surface  and  agradual  char}ge  around  the  
`Csmall"

Fermi  surface.  This feature of  n(fe)  can  be in'terpreted as  folic)ws. The  mixed-band

form  o'f the  wave  function telts us  that the states  below the "srriall"
 Fermi  surface  are

conduction-electron-like,  while  the states  between  the 
"large"

 and  
"smalli'

 Fermi
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Fig. 3. The  conduction-l]tmcl  energy  per site  Ec,i'i?/. and  the exchaTige  e"ergy  I)er site  E=i7L for a

  metallic  case  n=-=-A･7L-31'･t,  ENfi't is taken  as  
-O.7630.

 The  Monte  Carlo calculation  was  carried

  out  ori  Ai-30 and  L'-40. An  average  ever  5000 "･{C steps  is plottecl; b]J divi'ding inte 5 leOe-)'ICS

  sainplcs  the rnaxi!num  and  ininiinum  are  shown  with  error  bars. The  arrow  en  tl]e right  vertica]

  ax{s  indicates the value  of  EriithL for Vit -, ,,,,,,

surfaces  are  mainly  f-like, 1'he /iump. at  kF is small,  suggesting  that conduction

electrons  are  strongly  cerrelated  and  heavy, The  vanishing  contributic)n  t'o n(k)

above  kF is a  direct consequence  of  the approximate  nature  of  the variationul  wave

functien (2b7) so  that it should  not  be taken  seriously,  Needless te say,  n(k)  does not

show  any  jump in the seiniconducting  casc  with  n==1.

   "･ie now  turn  to intersite spin  correlatioiis  < S.ipt " Siu> and  their Fouricr transforms:

S"v(q)='2' x,,,4<si,esf.>eicr"(ri-rn , (4"5)

where  u and  y represent  either  c or  f. The  isotropy o'f the spin  correlation,  i,e.,

<Sj･"oSi'.> :=-=-2<Stt,a  
-･
 Sfv>, is satisfied  statistically･  in the VMC  method.  This was  used  to

checl<  the reliability  of  our  pe'fonte Carlo calculation.

   An  example  of  S. p.(q)  for ?z,'rl and  314 is presented  in Fig. 5. In thecase  n=1  the
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n=3i'4.  The  bruken  ]ine

other  words  the f-electrons participate in the  
"Fermi

 surface"  notwithstanding  their

complete  localization in the Kondo  Hamil･tonian. This is a  result,  of  the phase  shift

o'f conduction  electrons  caused  by ?ocalized spins.  The nature  of  this ground  state

has been examined  with  the Gutzwiller approximation  and  the variationai  Monte
Carl'o (VrVIC) method.  The  results  show  that  heavy  electrons  are  forrned as  a

consequencce  of  overlapping  sin.crlet clouds,

   Let us  discuss the reiation  1)ctvLTecn the variational  theory  for the KLiVI and  that

for the PAM.  As  already  pointed  out  in g2, our  variational  wave  function has u

close  similarity,  in its form, to the cornmonly  used  variational  wave  function for the

PAM.  Notice that the KLM  with  the antiferromagnetic  exchange  coupling  Mg.M is
an  effective  Hamiltonian, which  can  be derived from  the PAM  ilPA"f by  the Schrieffer-
vaTolff transformation:i`)

,liki.M  =  e  
i'SraAMe-iS

 
, (5･1)

<Picl.M =:-:- eiS ep}]AM . (5e2)
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(See the Appendix.) Therefore our  variational  vtrave  function for the KLM  eVl(LM
amounts  to taking into account  virtual  processes  by  the factor e-iS  in Wl]AM=e-iS eiicLM.
For  this reason  our  variational  theory  on  the KLM  should  be a better description than

the similar  variational  theory  en  the PAM,

   Our first argument  is based on  energetics.  It is well  known  that in the variational

theory  the (collective singlet)  Fermi  liquid state  of  the PAMI  is unstable  against  a

ferromagnetic ordering  of  the f-spins.2`) 
riY-his

 is main}y  due  to the lack of  a  second-

order  term  in the ground  state  energy  of  the Fermi liquid state,  since  the energy  of  the

ferromagnetic state  contains  such  an  energy  lowering. This weak  point  is remedied

in our  variational  theory  for the KLM  : The  second-order  shift  ts generated  by the

Schrieffer-Wolff transformation as  a constant  term which  is independent of  the

configuration  of  the f-spins, and  is therefore usualiy  omitted  when  writing  down  the

KLM  Hamiltonian, k  should  be, however, 
'taken

 lnto account  when  we  use  our

formalism to rnake  a statement  about  the  ground  state  energy  of  the  Kondo  limit of

the PAM:  From  (A-5) for Uf-  oo  the full expression  is

     HlmM aj  Hlq.M+LQ  rr 
eleSi"O-1-V-

 k---2--, (s.3)
                        k ek-qf

where  ENfO is the  VA:'=:O xralue  of  the effective  f-level (or, equivalently,  the Fermi-

energy  corresponding  to the small  Fermi  surface).  For a  band  Os: ehKW  with  a

constant  density of  states,  and  assuming  a  constant  hybridization VZi  V, the singlet

ground  state  energy  is obtained  as

     tt<l]li}AM>v'L: iJ<HbAM>v--o- 
-Vvv!'ln"eHW.,it7itJ;

 +  ll (<IlrKLM>J 
--<HkLM>J-o),

 (5'4)

where  f is the KLM  exchange  coupling  identified from (A･5). The  second-order  term

is the same  as  that obtained  in Ref. 24) for a  simple  ferromagnetic trial state  for the

PAM;  the present  treatment makes  it clear  that the same  energy  lowering has to
result  for any  arrangement  of  the f-spins and  taken in itself, it does not  signal  a

magnetic  instability. In 'fact, the last term  in (5-4) describes the  additional  Kondo

binding which  acts  to stabilize  a  Fermi-liquid-type state.  We  are,  of  course,  not

claiming  that magnetic  ordering  is thereby  excluded  ; only  that  an  eventual  magnetic

instabi]ity has to arise  from terms higher order  in V  (presumably or  V`/W3). This

conclusion  is well  known  in the Kondo  latt/lce literature, but it is less self-evident  in

the variational  description where  one  has to keep track  also  of  energy  shifts  which  are

common  to all (or at  least a large class  ef) configurations,  and  have  thus 
"no

 direct

physical  rneaning".  Our considerations  were  formulated fo'r the extremely  asyrn-

metric  Anderson  model  but it ls clear  that similnr  results  should  be obtained  in the
large-(L･-Iimit of  the symmetrical  I'AM,  On  the basis of  numerical  simulations,

Blankenbecler et al.25) noticed  that for large e.[f, the  dominating contribution  to the

ground  state  energy  is second-order  in V;our  reasoning  indicates that this need  not

be associated  with  the breakdown  of  the  Fe.rmi-liquid (or effective  hybridized band)

plcture,

   We  can  also  point  out  the  general  similarity  to the case  of  the Hubbard  model  :

As  it was  pointed  out  by Gros, Jc)ynt and  Ri,te,26) a  variatlenal  theory  for the effective
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}{arniltonian in the strong-coupling  limit is superior  to a  similar  variational  theory  for

the original  Hubbard  model  since  in the former, certain  virtual  processes  are  taken

into account  through the canonical  transformation.

   Although  there are'  several  nice  and  encouragin.cr  features in our  variational

theory, we  have  to remember  at  the same  tirrie that the proposed  wave  function is
based on  a  natural  extension  of  the loevest-order Yosida's singlet  wave  function6} to the

Kondo  lattice and  is just the 
"fir,

 st-order"  approximation.  Therefore improvements

of  the wave  function are  needed.  However  we  believe the "large"
 Fermi  surface,

which  shows  up  alreacly  in our  simplest  wave  function, should  remain  as  Iong as  the

ground  state  is a Fermi  liquid. What  has to be supplemented  to the wave  function in

the next  step  is the intersite (antiferromagnetic) correlations,  which  are  definitely

important  In addition,  we  assumed  the Fermi-liquid state  for any  electron  density n
=-ACLL  and  have  not  examined  other  possibilities. For  instance, some  other  state

different from  the Fermi-liquid state  may  be realized  for a  small  n.  Those  interesting

problems  are  left for a 
'future

 study.

   Finally, we  wish to inent'ion  tha"L' as  many  researchers  pointed  out,  the Kondo

lattice Hamiltonian  may  be app}icable  nlso  to the problern  of  high- Tc oxides.  Ifi f･ act

our  local Kondo  singlet  is similar  to the Zhang-Rice singlet.2') The present  werk

demonstrates how  a  formation of  the Fermi-liquid is possibie from  the Zhang-Rice

singlets  with  a  finite density, More  work  is needed  to understand  further the

difference and  similarity  in the heavy  fermion and  high- Z  problems.
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Agegeeitdiix

   Let us  apply  the Schrieffer-Wolff transforinationi`) to IfCIJ'=Eler:

     eiSllk.?-'/See'S  U]"=Ee 
i5'
 ep', (Ae1)

in which  S  is chosen  perturbatively  so  as  to eliminate  the  off-diagonal  term  of  the

rnixing  in (1):

      .1

     
S=

 vrz- ;;,ll.[(Y£
")eik'r'ckfofiani-'-

 
cr

 
+
 g£ 

)eZk'"ck'dJ',

 
ti(1-

 
n{,
 
..･))

 
+h.c.j

 
.
 (A 

e2)

NII-Electronic  



Publication Office, Progress of Theoretical Physics

NII-Electronic Library Service

PublicationOffice,Progress  of  Theoretical  Physics

     Cor7elated Fermi-Liqztid  Snde .Fb7nzed  with  OverlcipfJing' Kvndo  CloztcZs 417

gk') are  given,  up  to the  first order  of  Vh, by  g£
')=-iVA!(Ek-

 ef-  LLe) and

g £
-)='=r

 
rmiliZl(Eh-q;-),

 respectively.  The  resulting  effective  Hamiltonian  ffieiSHe-iS

is then

     Ii -=  ll +[  is, if]+-ll-[ is, [is, ff]]+d･"

      =`'Zekch'ocka  -i- Hli '+' O( V3), (A･3)
        kd

where

     Hli== 2iL ,-,:,,,.[-e,  l EJ/r"'E',-: e-- 
'iz/-]

 itZ vr;ei(hmkO'rJc,t.c.r,. ..L  di.

        +  i 
,X.[-

 S\.lr- gJeih'('j-ri)thfu(1- .,,...)

                
-
 
.,
 { lli!: fL 

eth'(rj-ri)fLtL.n,-.]

        +1             :  VA ILS.ei(k'k'>-rj
          2L  ,ikhx

        × [ E, ! c,. ((Ck' SCk')' (JE}' S]1)+S  (C,l C,e') ' (1 L4' ))

        
-
 
.,- £.- u, ((Ck' SCh')'(n' SL)Trrli" (cA' chr)･(At'fi))]/ +h.c. (A.4)

where  (ch'Scht)=ZadJck'oSoo･chfaf, (.Ei'en)F':titrrfi}Sotrfficrf, (ck'chr)i-:ocicrckfcr, (.fli'.f])
i:di'cr][>d  and  (flL')i:didid. For  qf<e  and  E/F+  Uf>  O ll2 i.s simplified  to

     thz't\  za12[T 
Ei,--hq,

 +  
e,-e-

 u'I

        
'-
 21 

'jkk,
 I4t l"}i}ei(h-k')'r'[ 

E.
 l: cf-L Ek .-"tt- tt'] Sj"(c"t dchr)+h.c. (A.s)

In the first term  the conduction-electron  number  operator  was  replaced  by the Fermi
distribution function fA. This term  of  the r.h.s. is just the  second-order  energy  shjft,

which  is always  negative,  The  second  terrn is the antiferrornagnetic  exchange

coupling,  which  contains  in general intersite terms; hewever the intersite contribu-
tions vanish  when
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