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Anisotropic s-d Exchange loteraction 

Normal State I 

Seitaro Matayosbi* aD.d Asao Yara* 

Summar1 

In this paper we have dealt with aD anisotropic s-d exchange interaction and 
calculated pbysical quantities such as specific heat and resistivity usin. the 
Hamann's approximation, 

Since partial breakdown of the rotational symmetry arise.s in this system. we have 
introduced a special type of T -opcratioa for matrices and utilized it to construct 
equatioDs of the t's matrices which appear in the oDc-particle Grecn's fUnction. 

I, Introduction 

The phenomena of the resistance minimum in some metals and alloys has been a 
puzzling problem in the theory of metals for a long time. 

The first theoretical explanation has been given by kondo,1l who has considered the 

spin flip scattering of conduction electrons using sod exchange modell ) as the origin 

of the resistance minimum, He has calculated the lire time of conduction electrons 

due to tbis anomalous scattering in the second Born approximation, and has sbown 

that there appears tbe "singular" term proportional to In T. Combining this singular 

term with the usual term due to the scattering by phonons, he has succeeded to 

explain the occurrence of the resistance minimum at a certain temperature. It is to 

be noted that this occurs only when tbe eltcbange coupling between tbe "localized spin" 

of the paramagnetic impurity and the spin density of conduction electrons is antiferro

magnetic, While we have believed for a long time that the ordinary penurbational 

theory could have accounted for ail effects of interest, but the appearance of such a 

singular term bas meant that the perturbational treatment of this anomalous scattering 
problem becomes very doubtfull at sufficiently low temperatures. 

There have been a number of attempts to treat the sod exchange model by 

nonperturbative methods, 
SuhlS) has used the Chew-Low method4) in calculating the scattering l-matrix of 

conduction electrons by the paramagnetic impurity, His result is similar to that of 
Abrikosov51 and Doniachl ), who have calculated the self-energy of conduction electrons 
by using the technique of the Feynman diagram4) and summed up the most "divergent 

terms",&lIl so Subl's result shows the instability; that is, the breakdown of the analyti· 

cal property of the t-matrix at low temperatures. 

Later, Suhi and Wongll have succeeded to remove this instability and to obtain the 

t-matrix which is analytic even at low tmeperatures, 

Nagaoka 8) has developed a special decoupling scheme for double lime Green's 
functions.g) As a result of the decoupling procedure, he has obtained the complex 

closed sets of equations and proceeded by further approximations to solve these 
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equations, His result has been shown to be similar to that of Suhl, AbrikosQv, and 
Doniach at high temperatu res but to give the finite value for the life time of 
conduction electrons at low temperatures, especially at, OOK. An improvement of 
the calculations have been achieved by Hamann,lD) 

He has shown that all the informations contained in Nagaoka's equations can be 
ex.actly obtained from the solution of a nonlinear integral equation for the t-matrix 
which appear in the one-particle Green's function, derived a si mpler integral equation 
than the original one by retaining only those parts of the integral operators which 
give rise to Fermi surface anomalies of the Kondo type, and solved it approximately 
to obtain physical quantities. This simplified equation has been studied exactly by 
Bloomfield and Hamann lO) using special mathematical techniques in the theory of 
"singular integral equations," 1!) Zittartz and Muller-Hartmannltl have, recently. solved 
exactly the original non·linear integral equalion derived by Hamann, which is equi· 
valent to solving the Nagaoka equation, and given physical quantities, 

This Green's function method has been shown to be equivalent to the SuM's 
method, mentioned above, by Schotte,m and Zillartz,Ul respectively, 

Giving "reasonable" physical quantities, if we utilize the exact solutions in calculations, 
nonperturbative theories for the sod exchange system seem to be successful, 

Now we must refer to the ground state of this system. 
Yoshida1S) and his coworkersUl have investigated the ground state of the system by tbe 
variational method and obtained a possibility forming a singlet ground state for 5"" t, 
as Cooper pairsl1) in superconductors. Kondoll) has used the different method and got 
the similar result. This singlet ground state had been conjectured by Anderson.1I> 

If Ihis is true, the susceptibility x multiplied by absolute temperature T should 
vanish at T "" Q. 

Recently, Zittartz!O) have examined, using nonperturbative exact solution, the 
susceptibility and obtained the unfavorable result that x, which should certainly be 

either positive or zero, is negative at T=O for S= t. 
This fault seems to resu lt from either the Nagaoka's decoupling scheme, or the 

model with a sing le impurity spin. 
This question ought to be answered, but it is extremely difficult. 
Having interests of Ihis problems, the authors would like to propose an anisotropic 

model: i. e., 
u j S= )" O"zSz + p. ( u + s _ + u _ S.), 

instead of the usual isotropic interaction: i. e., 
J uS= J{crzSz + t (u . S_ + O'_ S+)} , 

where 

. [ , 
J = ~ o 0 I 2~ 0 

o 2. 

and ). and p. are assumed to be real and independent from each other. 
The reason for proposition of the anisotropic interaction model is that, for p. ""0, 

we can obtain a solution without an approximation, and for p. ~O, we will be able 
to hope to discuss the Nagaoka's decoupling scheme. 
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In this paper, riut we will d isscuss the anisotropic exchange model in Hamann's 
treatment, and then give observable quantities except susceptibility, 

Since in our system the rotat ional symmetry breaks down part ly, we will employ a 
ma trix form of Green's functions rat her than the usua l forml) used for t he normal 
states. 

2. Formulation 

The starting point for the following calculations is the anisotropic sod exchange 
Hamiltonian 

H = :tt,(1' E l ClUCI 

- :t,,4' I (Cl, C l', - cll Ct'd ),Sz + cl; Cr I I'S_ +C:I Ct'; I'S. } • (2-1) 

where E II is the free electron energy measured relative to the chemical potential. 

and C
t
"u and C. a creates and annihilates conduction electrons with momentum k and 

spin (T. respect ively. 
), and JA- are tbe coupling constants, per an electron. of the anisotropic exchange 

interaction between conduction electrons and an impuri ty spin 8 (8= t ) . 
We introduce the Green's functions in matrix forms 

GU' ( Z ) = r<CIo'IC:">Z. 
o < C _III 

o 
(2-2) 

t ... (Z ) = [
<C" SZ IC:,,>z 0 ) 

o <C~ . I Sz IC_.' I>z 
(2- 3) 

.nd 

Au' (Z ) = [ 
<:C-" 5_1 C,~, >, 0 I 

o -<(C:t 8 _ 1 C _It' I > Z 
(2-4) 

wherc < A I 8 >10)" denotes the n·tb Fourier coefficient of the tempera ture dependent 

Green's function') of two operators A and B, i. e" 

-<T A<T~T ') > (2-5) 

with O, .,. ,.,.',p and 

h' 2n+1 
"'n"'" p • (2- 6) 

The braket <BA> is tbe usual statistical average of opCrators BA and T is the 
time ordering operator.41 The tbermal averages a re related to tbe a rccn's functions. 
This relation is given by the general expression 
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where II is positivc and infinitesimal. 
We will follow Nagaoka's treatments I) for the constructions of equations of the 

Green's functions as closely as possiblc, especially for the decoupling scheme of the 
-Green's functions higher in order than the three Green's functions introduced above, 

The closed epu8tions or these Green's functions are 

fl. (Z)(;,..- (Z) + X 1:1 tw( Z ) + II- I l Aw (Z) = II U', 

n~ (Z) f'Iol' ( z ) +A. 1:t AlIo' (Z)+ Ni. 'It Gw (Z) =O, 

'where Z is a complex energy, and 

ond 

/I, ( Z) ~ (Z(;<' 

AIo = : - PI, 
, , . 
M. =-.-+ ""'" 

6. = p - 2p};t 

(2-8) 

(2 - 9) 

(2-11) 

(2-12) 

(2-13) 

(2-14) 

(2-15) 

(2-16) 

To obtain the formal solutions of these closed set of tbe equations. it is 
-convenient to define I-matrices without spin flip,tO) i. e" 

t. (z) ... ];( r(~ (Z) e - t] (Z)!i;1 (Z), 

A. ( Z) iii ~t Atlo ( Z )e - it (Z ) f1;1 (Z ), 

·Consequently. we have the following: 

Gil ( Z ) Ei 1: d;., (Z ) = 1: ((;/10 ( Z ) 

= n; I( Z ) + F (Z )(X 1:1 ( Z ) + II- tt (Z))£}; I (Z ), 

where 

(2-17) 

(2-18) 

(2-19) 

Now we musl write down the equations satisfied with I-matrices, They are given 
by 
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where 

and 

(1 - , M (Z) F (Z») i, (Z ) +(A (Z ) - ~M (Z) F(Z» i, (Z ) - M (Z). 

(0 ( Z)-' t<Z) F ( Z») i, ( Z)+(1+ P (Z ) - ~ t<Z) F (Z» i, (Z ) - t<Z) . 

A(Z)-',f. ; ' (Z) A,. 

M(Z) =l:dli l (Z) Mr. 

O(Z)- ,,/I;' (Z)O,. 

p (Z)-l:rili1 (Z)Pr. 

(2-21) 

(2-22) 

(2-23) 

(2-24) 

(2-25) 

(2-26) 

(2-Z7) 

Next step is to express the eqs. (2-23)-(2-Zl) in terms of tl and i: , using 

the eq. (2-7) . 
It is easy to express A by the matrices h. Using eqs. (2-2) , (2-7) , (2-12), 

(2-19) and (2-23), we,can write 

A (Z)- ' , /I,'(Z) {~ij. (G (l •• )} - -{-} 

- ~ t (Z ) 

+, ~ {F(i •• ) -F (Z) 
~U· Z iQ) " 

+ • • ~ {F(iWn )- F (Z)'t ( iQ) "I F"l (. )} 
r un Z iw. I " " " n 

where the function t (Z) is given by 

t (Z) _ ij. { ,,(i~, ): : ."(Z)} - - }- ,, (Z) 

the (II _-.!-.-JOO dw -,- ( "" (.) - '" (.) ) 411"1 _ 00 Z"":(I) 

(2-28) 

(2-29) 

To obtain similar expressions for the rest of functions M etc, it is necessary to 
have a little manipulations where we take complex conjugate of the matrices and 
use Tl -operation defined by 

(2-30) 

As the result, we have explicit form s for the rest of functions M etc., as the 
follows: 

(2-31) 
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",, - 2.uk ( Z) 

- 2>.. rI: I F(i lll .. ~ - F ( Z) 
.u un Z llQ n 

- 2#! iJn{ F (illl~~- F (Z) 
Z - lllln (2-32) 

p (Z) - - d (Z) 

- >..2 fJn 

_~ "rI:_ {F(i IQ ,, )- F(Z) 'TI ( ' )' ( ' ) ) 
lI.,...u.. Z illl" It - IIQ" F IW .. , (2-33) 

ond 

(2- 33') 

where we have used the relation; 

(2-34) 

which is easily checked using eqs. (2-11) and (2- 20) , Here, we have assumed that 
the state density P is an even function of a free e lectron energy: P ( E It ) == P ( - E It ) , 

analytic in a neighbourhood of the real axis. and falls off rapidly enough at infinity. 
As pointed out by Takano and Matayoshi,2Il we have also 

1:1 ( Z) == 11 ( Z ) (2- 35) 

,nd 

tz ( Z) =1 2 (Z) (2-36) 

fo' 

(2-37) 

.nd 

1 foo /J IQ P (IQ) 
~ (Z )=g(Z) = -- dIQ th - - - - -2 _ 00 2 Z - w. (2-38) 

From eqs. (2-21) . (2-22) , (2-28), and from (2-31) through (2- 38) except 
(2-34), we can obtain the explicit closed sets in terms of t l and t2. dropping out 
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the symbol "1\" and T. operator (since tTl = - t j, for j= l, 2). , 
To derive the closed sets in terms of t l and t: , we have used the TJ ·operator, but 

not the ro tat ional symmetry re lat ions such as < C;, C." > =<C; I c .. ' I >. etc .. which . ., 
had been used in many works. Therefore. it ought to be stressed that our a pproaches 
are of great significance especially in treating a system without the rotational 
symmetry; for examp le. systems with a finil external field. 

Attentions are paid to the relations in the system withou t fie lds; 

for j = l and 2, (2-39) 

which are easily checked in the c losed sets in terms of t l a nd I: . a nd were pointed 
out by Zittartz a nd Muller·Hartmann.!!) 

Now, we write down the desired forms of the closed sets in terms of tl and 11; 

and 

where 

"d 

A (Z ) t 1(Z) + 8 (Z) I f (Z ) =C(Z ) (2-40) 

B (Z) t,(Z) + il. (Z) t, (Z) ~ C (Z) , (2--41) 

(2- 42) 

..1! ' {F(i W, ) F(Z) , ' } 
8 ( Z)=- 4- P (Z)+ pog ( Z) +~ l'-a n Z jo)n F( I Wn ) tl ( IQlII ) 

+ «,~ {CF(iW, ), -F(Z»), t ( ' ) } 
,.... un Z l ain 2 I Wn , 

i\ (Z) - - 'IF' (Z)+2~. (Z ) 

2 ~ {CP(iw, ) -F (Z))' ( ' ) } + ~ po 0" Z i w" I) I W" 

+ 2p.! an{ P(i~" )i ~= (Z) F ( i w,, ) 11 (i o)n) } 

_ ~I p eZ ) g: n ( F Ci W
Z
" ) iQl~( Z ) II ( i 0),, ) } • 

F (iw,, ) F (Z ) } 
Z . I, (i w lI ) , ,W, 

(2--<3) 

(2-44) 

(2- 45) 

(2-46) 
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_" (F( " 'o)-F(Z) 0 0 } 

C (Z)= - 2- F (Z)+ >..3 n Z - l w" h ( IW n ) 

+2 ~ { F(iw. )-F (Z ) ( ( 0 )} 
pun Z iW n I I Wn • (2-41) 

Our closed sets are clea rly equivalent to the eq. (20) in t he rer. (12) fo r >.. = p. = 
J/2N 

The summation in the function A, etc., can be expressed in the usual way as a 
contour in tegral bent over to the real axis. Thi s gives 

A(Z) = l - ~2 P (Z) 

-~ F (Z ) J oo d w 
4'1l'1 _ 00 

hll w 
( - { __ 2_ (fR ( ul) - F ( Z))t ~(ul) 
Z- w 

_(Fa ( w )- F (Z») t2 ( w ) }, 

B (Z ) 
# ' 

- - - ,- p (Z)+ p.g (Z) 

_C F
a 

( w ) - FeZ»)' t: (w) }. 

A(Z) = 1 _ ~2 P (Z)+ Xg (Z ) 

),.2 00 PO) 
+4 '1l'iJ d(a)th 2 {CFR ( W ) -F (Z)JfR(w ) t ~(w) 

.00 Z - w 

(2-48) 

(2-49) 

00 IIw 
-~F(Z )J d w t h T { CfR Cul ) -F(Z )Jt ~ ( w ) -CF· (ul) - F(Z» ) ! ~ (Z ) } 

4'1l'1 _ 00 Z - ul 

(2-50) 
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.nd 

-(F"' (w)-F(Z»)! It (w) } 

00 hP w 
+~J dwl -2-{CfR{W) - F (Z))F~{w) tf(W) 

<n, 00 -Z-- -. 
-(F"' (aI) - F (Z» P' (w) Ii (W) } 

-cpa (w)-F (Z) )1; ( w) }, 

J
oo /3w 

C (Z)= ~F(Z)+ 4~ dw th- 2- {CPR ( W)-F(Z»)tf ( W) 
4 "I _ 00 Z - I&l 

-(Fa ( w) - P (Z» li (w ) } 

2 Joo /3w + 41t~ dw th 2 {CP (w)-F(Z»)t~(w) 
_00 z - III 

a, Hamann's Approximation 

(2-51) 

(2-52) 

(2-53) 

According 10 Hamann '5 discussions,10) we can obtain the functions A, etc" in the 
simpler form and define them on the real axis u) as follows: 

ARI (w+i8) Si A (w) 

=1 + . JD _".,/3 c-.' -_ 17l' >.. IA- d'1 th 2 

2 - D ~w=':, "+"; , 
ti ('1), (3-1) 
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.nd 

2i 11" p2 J d 9 th-fii-- I; (9), 

2 w 9+i8 

A(w)=1+-"- p 2 + >..g\( (w)-.....!....!.._' _ d. • ' • J 
2 2 

/3. 
Ih- -2 - ,a (9) 
--~, 
w-1J+I'} 

2'2 /39 ' ~ {39 ... ~Lfd 'I th 2 td ( 'I ) -~~Jd 'I th-z-- \ 4 ('I), 2 - - -- , 2 _ __ I 
1I> - '1+i8 1I>-1J+i8 

, j ' 'h /3. 
C(w) =-~ >..--;- d1J _ 2 _ t;(1J) 

4 w-1J+i8 

, 2 /3. 
- 111" Pfd Ih 1° C(w)=--2- ~--Z- • __ 2_-.--_'1 ('1/) 

UI - '1/ +18 

'J Ih {31J - - 2- d. __ 2_,_ '; ('1), 
UI - '1/ -r18 

(:<-2) 

(:<-3) 

(3--4) 

(:<-5) 

(:<-6) 

where we PUI >.. and P instead of >.. P and p p, respect ive ly, P denoting the 

state density at the Fermi energyw = 0, 
Tile essential approximation in the Hamann's treatments la) is 

D /3 w _-I-J d 1J th 2 
2 _D w '7±i8 

(:<-7) 

which includes exactly the most divergent terms pointed out by Abrikosov~) at least <0, 
and has an error of only a few percents. 

Consequently, we can establish the simultaneous non· linear differential equations 
from eqs. (2--40), (2-41), and from (3-1) through (3-6); namely 
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n- 2 
• n- 2 • (1 +-4- ",2 +n- 2 '" P,""'2 )"'1'1 + (-4-",2 + p,x+ n- 2 '" p, "11'1 +27l'2 ",2 ""'2) ""'2 

A. = --4-- '" "/'2 , (3-8) 

(3-9) 

and 

.",.j (0) = 0 for j =1,2, (3-10) 

where, for conveniece, we put as follows; 

X =gR (w), (3-11) 

"",. =_l_.-Jd thJ
21] t

a 
(1]) 

J 2 7l'1 1] • j 
w - 1] +18 

for j = 1 , 2 , (3-12) 

and 

• 0","] 
""'j=ax for j=1,2. (3-13) 

The eqs (3-8), (3-9), and (3-10) can be solved easily to give the formal 

solutions; 

2 '" + 7l'2",2 "'" =----x, 
2 4 (3-14) 

and 

+7l'2(",2+2p,2)"'1","2+7l'2",,",,,,,,:=- ~ x (3-15) 

or, eliminating ""'1 , from eqs (3-14) and (3-15), we have 

3 2 
ao "', 2 + at "'"2 + a2 ","2 + as = 0 , (3-16) 

and 

(3-16') 

where 
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ao = 2" ( ( ). 2 - Jl- Z )Jl- z + ~r, ( A 3 JI-~ ( A - Jl- ) _ 2.\.JI- ·l ( '\' - Jl- »). (3- 17) 

~, 2 
al =311' t A '''+4(4).. 3 JI- - ). I JI- ! + ",3( A-Jl- » 

• • +-fsC >.. ( '" ( 'A. - "' ) +2 'A. JI- ' ( 'A. - JI- ) I ) + " 2 ( A! JI- - 4 ",3) ;c 

.' --2- A"" ( A - "' ) x, (3-18) 

A! + Jl- 2 
at = 1 + 2 II' ! + 

). 3 - 2J1-3 
+).X+ 4 

ond 

A( +4).2/1-2 - 2). Jl-3 
,6 

Now, we must check our solut ions in several limiting cases. 

Case A ), = "1 and /1- = 0. 

We have the trivial solutions as follows; 

. nd 

=-~ 
4 

, 
. ' 1 +- 7' 
4 

from eqs. (3- 16) a nd (3- 14). 
Case B. ). = JI-= "f . 

In the same way as in Case A, we obtain 

"'2= 

.nd 

which a re equivalent to the Hamann's solutions. 

(3-19) 

(3- 20) 

(3-21) 

(3-22) 

(3- 23) 

(3- 24) 

Case C. Appr.oximation taking only the most divergent terms which mean the terms 
for the sma llest 11 and t 2 in 

This gives 

" 1 ",. =---~--2-. " 
Jl-X ).p%2 

1 +). % -2",T'iT (3-25) 
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,nd 
_ 1_ ),. x +0. % -2J.!. ! ) %! 

4 1+).x 21<& t lC t 

0'. 
, II- 1 - 2).lC- ( ). 2-2J.!. 2)x t 

t% =+2 =-2 0+).. % 2 1' 2 x 2) 2 

,nd 

(3-26) 

(3-27) 

which correspond to the perturbational results given by Yam aguchi. Fukuhara, and 

MatayoshL23l 
As has been checked above, our solutions include various limiting cases reasonably, 

and therefore informations on physical quantities in general cases could be obtained 
from the solutions for VI and +2 

4. Pbyslcal Quantities 
A. Resistiv ity 

The life time T ( w ) in this system is given by 

1 R 
2T ( al) = CimC)..t l ( UI) + 

R 
1'1 ( UI» ) , , 

and we Find for the resisti vity 

where C is impurity concentration, 
3.0 

Ro = pe2v2 
F 

, nd 

x 0 =g (o) 

The graphs of the eq. (4-1) are shown in Fig. 1 . through Fig. 5. 
B. Ground state energy and specific heat. 

As in the usual way. we have energy of the system; namely. 

o p J fJ"1 ~ ~ 
= Olm d7J'7Jth - 2 - C)' t

l 
(71)+""' 2( 11 )) , 

which is simply calcu lated in the following. 

(4-1) 

(4- 2) 

Expanding cqs (3- 14) and (3- 15) as power series of w for 1 w I :>0 , we can 
obtain 

. ' Cl + - 4- " ) 

(4-3) 
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and 

., 
ro 

., 
10 

I~ 
, ' 
" 

IOOL-~~~ __ ~ __ ~ __ ~~~ __ ~r 
(2 10 B 6 4- 2 0 

Fig. 5. RYs.;II; for "' ~ O.l. 
where R is resistivjty acd x- log (Om 

.' f fJ 1J R ". 2 -2- ).P dTJ'TJth-
2
- t

l
('l)+C l +-2-#' 

= i".,." fd1J' '1 th fJ
Z

1J , 

and as a final result we have as follows: 

". 2 1'1' % 
P ( 2 + - 2 JL 2 ) - - 8- ' #' 

'P · 0---=-0---"----=,,--''--- = ---
D ". 2 ". z ".' 

(1 +-,-).Z) (1 + --2- p 2 ) -8). ,II I 

using eqs. (4- 2), (4-3) ,and (4-4). 

D' 
- 2- ' 

('-') 

('-5) 

Non.analytic part for). and ,II is not contained. in eq. (4-5), and naturally not 
in the ground slate energy either. In addition we get very easi ly 

aAE 
AC~--aT~ 0, ('-6) 



42 Matayoshi· Yara: Anisotropic s-d E~change Interaction Normal State I 

as specific heat. 

6 , Results and DiscusslOlls 

Since the paper published by Kondo, many works have been done experimentally and 
theoretically concerning the thermodynamics and transport properties of metals and 
alloys with sma ll amount of paramagnetic impurities. There have been many works, 
such as the theories by Abrikosov, Doniach, Suhl, Nagaoka and so on, as stated in 
the sect ion I. Their works seem to have succeeded to account for the physical 
quantities, such as the specific healS, etc., in the s·d system. Having known the fault 

of the susceptibility by Zittartz's calculations, however, we must study to remove the 
fault in the sod system. As it is very difficult to treat the usual s·d model in the 
invest igations for the removal of the fault. no one has succeeded in the construction 
of theory, yet, 

To attack this problem fro m another point of view, we have proposed the model, 

i. e" 
0" j S 

instead of the usual isot ropic model; i. e., 
I as 

The reason for the proposition of the new anisotropic model have been stated io the 

section I. 
Since in ou r system the rotatiooal symmetry breaks down partly any more even in 

the normal states, the following statistical relations, for example, do nOI holt, 

<C:, CI' I S_> =2<C:, Cl' I Sl:>,etc., 

which has been utilized by many authors. This makes it difficult to construct a closed 

set of equations of t' s· matrices, 
By introducing matrix type of Green's functions and specia l type of TJ operation for 
matrices, howeve1", we have beautifully gOI over with this difriculty, 
Further merit of our trea tment is tha t it is very suggestive even fo r the case when 
the rOlational symmetry breaks down completely We will apply this treatment to the 
supercond ucting state in ne~t work. 

The results of the ground state energy and specific heal in our ca lcu lat ion do not 

contain a noma lous parts which appear in the Works of Nagaoka, Rnd Bloomfield
Hamann, The anomalous parts for the specific heat have been observed experimentally, 
This failu re, which also appears in Hamann's work, seems to result from the Hamann's 
approximation. The e~act t-solutions, in the B-H treatment,IQ ) for the simpler integral 
equations by Hamann have the temperature-dependent phase fac tor which lacks in the 
Hamann's approximation. This phase facior does give effect to physical quantities 
through differentiation with respect to tempera ture, Therefore, ou r failure for the 

specific heat is naturally anticipated. 
As for the resistivity, since it does not contain the dirferentiation in calculation, 

our result, like Hamann's one. could be considered to be fairly reasonable. 

Our results for the reduced resistivity, computed by using the HITAC 10 mini· 
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computer, a re presented in Fig. 1 through Fig. 5. The graphs are drawn for various 
values of the coupling constants ). and p. For the cases of ). = p., we have 

reasonable results corresponding to those of Hamann's. For ).. oF p., excluding a few 

cases the results have roughly the similar tendencies with those of the cases).. = p.. 

Because of the limit in practicing of computation, some of the resuits. especially for 
).. > 0, p. < O. may not be reliable enough. These results, however. do not change 
monotonously with temperature, but seem to have either minimum or maximum. In 
realistic system impurity spins ordering through cloud of electron spins may arise and 

this might be leading to produce some sort of "effective field". At low temperatures 

this "effective field" might be competitive with temperature in giving effect to 

electron conduction. producing maximum or minimum in resistivity. 

Taking these into consideration, our simple model might have some sort of relation 

with realis tic models, containing many impurity spins. This discussion might be 
questionable, but seems to of interest enough to be investigated further. 
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