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We consider the problem of bound states when the spin of the impurity atom is unity. In that case,
the ‘‘parquet’ equation for the state amplitude ') degenerates into a ‘‘chain.”’ As a result we get
for a number of quantities - the amplitudes themselves, the critical temperature, the specific heat,
and magnetic characteristics - solutions without unknown constants. This makes it possible to
analyze the temperature dependence of the main properties.

IN a previous pa.perm we showed that in the case when
there are magnetic impurity atoms in a non-magnetic
metal and when the sign of the exchange interaction be-
tween the conduction electrons and the impurity spins
is antiferromagnetic, bound states of the conduction
electrons and the impurity spin may occur. This is a
collective effect and the state formed is much closer to
a Cooper pair ina superconductor than to anormal bound
state such as an atom. We obtained int*J a “‘parquet’’
type of equation for the state amplitude and it is diffi-
cult to solve this equation completely. The equation was
solved with logarithmic accuracy and the amplitude was
determined with an unknown constant factor. Since the
factor in principle could be equal to zero, the problem
could not be considered to be finally solved.

It was already noted in('J that the amplitude A(w)
as a function of the energy w increases with decreas-
ing w when the impurity spin S = /., decreases when
S = 3/2, and is constant when S = 1. The case S=1 is
thus a distinct one and the problem arises whether the
‘‘parquet’ here would not turn into a simple chain as
in the superconductivity case. In fact, in the latter case
A = const when w < wp (Debye frequency). We show
in the following that this is indeed the case for S = 1.
As a result the equations simplify and one can solve
them completely. One can also find the thermodynamic
and magnetic properties of such systems.

The results are partially the same as those obtained
by Nagaoka.t?®) As we noted already in[*), Nagaoka’s
method has no rigorous foundation and is clearly not
applicable for S # 1. In his method the case S =1 is
not at all a special one. The results obtained by him
are therefore also for S =1 open to doubt. We shall
show below that most of Nagaoka’s results are incor-
rect.

1. CALCULATION METHOD. SINGULARITY OF
SCATTERING AMPLITUDE

We showed in the Appendix to (1] that in the case
S =1 one can use a calculation technique based upon
the substitution

Si = ag* Spp ap (1)
without introducing an energy A > T for each pseudo-

particle corresponding to the operator ag. This is a
very valuable circumstance. The Green function of a
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free pseudoparticle has the form

Gy = — Sp T (ap(v) ag* (V) =TS Gpp (o) expl— ion (1 — 1)},

"‘)n

Gop(wn) =1/ i0n, ©n=aT(2n+1). (2)

The trace is here taken over all states including the
‘‘unphysical’’ ones. We use here the fact that the op-
erators ag and afB occur only in the combinations (1),
which give zero when acting upon unphysical states, in
all physical quantities. The only thing which one must
do here is to introduce a normalizing factor.

We assume that we average a physical quantity A
which is a time-ordered product of components of the
spin of the given atom. We have (see(*), Sec. 12)

:4 = Spl)hys {e>”/T'fi}/Spp1ws {e~.7f,/T}.

The trace must here be taken only over physical states
but by virtue of the property (1) of the operators
mentioned above we may assume that in the numerator
it is taken over all states. In the denominator it is no
longer possible to change to a trace over all states.
However, in order to get rid of the unconnected dia-
grams in the evaluation of 4 (seel*)), it is necessary
that the trace is taken over a complete set of states.
Because of this we can evaluate 4 by the usual rules
but afterwards divide the average obtained by the ratio

Q= Spphys {e~*/T}/Sp {e~#IT},
We consider now the average
(82 = Sp{e™TS*ySp {77},

where the trace is taken over all states. It is clear that
in the numerator only physical states take part and
actin$ upon them S? gives S(S + 1) = 2. We have

thus*

Sppmis (97”/1‘) <3'2> (3)
Q= Tgpmy Tz
Thus
A =AY/0, )

where {.4) and S?) which occur in Q are evaluated
by the usual rules of the diagram technique. When

R ”]f we substitute (!) we can verify that when S = 1, the quantity
S? =N(3 — N), where N = zﬁagaﬁ.
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there are no bound states we get
! oonz £ (5)
—_ — 22
Q=1 7 sech o7

i.e., Q =¥ when guH < T and Q — 1 when guH
2> T. We give the evaluation of Q when there are
bound states in the Appendix.

We shall now show similarly to Sec. 33 of[4] that at
some temperature there arises a singularity in one of
the vertex parts. We consider the case H = 0. We note
first of all that as the Hamiltonian contains the total
spin of the system one can classify the states accord-
ing to the total spin of the electron plus impurity. When
I1=5+Y% wehave ¢S =8, and when I =S — > we get
08 = —(S + 1). We consider two basic singular dia-
grams in the vertex part (Fig. 1). The diagram of Fig.
1b contains the factor olokSksi=g(S +1) + ¢S. In the
state I =S - Y this factor vanishes when S = 1. As to
the diagram of Fig. la it contains a factor S(S +1)

— 08 and does not vanish. Because of this we can to
logarithmic accuracy restrict ourselves when evaluat-
ing the vertex part to summing the chain of Fig. 2 in-
stead of the ‘‘parquet’’ (seel®).

We are, however, interested in the problem whether
it is possible to evaluate the vertex part more ac-
curately. For this purpose we investigate what happens
when we make the ‘‘nucleus’’ more complicated in the
chain of Fig. 2. The first correction consists in the
substitution illustrated in Fig. 3a but as the diagram of
Fig. 1 vanishes exactly, the first correction to the
‘“‘nucleus’’ does not contribute. The next order are the
diagrams of Figs. 3b, ¢, d. Giving not a simple, but a
lengthy estimate we show merely that then we must add
to aJ/N a quantity of order ( aJ/N)* (where
a = pem/27°, J is the exchange interaction constant, and
N the density of atoms in the basic metal). The correc-
tions which may be of interest to us are ( aJ/N)?
In(ep/w),... The situation is similar for higher
order and ‘‘non-parquet’’ diagrams. For example, the
diagram of Fig. 3e adds to oJ/N a quantity of order
(ad/N)* In(ep/w). Thus, even in the case when we
wish to find the pole with non-logarithmic accuracy it
is sufficient for us, for S = 1, to sum the chain of Fig.
2 with a simple nucleus.

Putting the total frequency at the ends equal to zero

we get for each link
A

1
—Ta g— = —2Ta D) \dt-——
® —SA o —io— g w>0 —SA Z+§2
A
_ Eﬁ _ 2yA
= —q §th2T : aln———ﬂT .

where y = eC = 1.78, A ~ eF. Summing the whole chain,
we get
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J (6)

2vA
Loy = —ZW/[1+2——aln T}

If J <0, this expression becomes infinite when

T_2YA {_ N }
=T T I s

This shows, unconditionally, the possibility to form
bound states for S =1 and makes it very probable that
the same is the case when S # 1.

(D

2. AMPLITUDE OF THE BOUND STATE

As inft] , we introduce basic functions, but here they
refer to the temperature-dependent technique:

Goqr = — <T(¢°‘(I)'ll]a.+(x ))> Fc:li = <T(¢°¢+(x)aﬂn+(1—/))>v
Gogr, am = — (T (ads (1) amp' (V) ), FSﬂ = (T (Ya(z)apat (1)),
Dogr = — (T('lpa(x)'lpa’(xl)) s F( = (T(ibu+(-75)aﬁn (T/))>v

J
Deber = (T (ha* () ot (2'))), - Ay = —- e S F& (xat, vn),

@

I & oize
Dppr, nm = — <T(anﬂ T)amp (T ))), Aop = T\?U;/asﬁﬁﬁpwﬁ’(rnt rat),

7 (8)
D wm = T (ang™ (V) arp (7)), Adp = Wcm Sgip Fogh (1T, 1a7) ,

)

I & i
o) 1)), Agh= i Go'a S';B'F‘(Z')B' (rnt, Pat).

Fap = (T (Ya(x)apn (v
The averaging for the operators a is taken over a
complete set of states. Expressions such as (8) were
in[*] defined only to first order in Ag;% However, in
our case this definition is complete because of the de-
generacy of the ‘“‘parquet.”” The ‘‘zero’’ Green func-
tions have the form (right from the start we shall take
the magnetic field into account, M is the magnetic
quantum number)

GO(o, )=

1

io 4+ pHo,— ¢’ io + ngHM )
The interaction Hamiltonian, described in terms of

A 1is equal to

)
Gum =

Hint = Fint, 1 + Hint, 2,

%int, 1= 2 {Ag%’lpoc(rn)aﬁn + Agg IPaJr(l'n)aBn"L

RO e A® (10)
B Yo (Tn) 2nt — Aap ot (rn) apnl,

J : i i
Hint,o = — N le:oﬂ‘(lrﬂ)asn+ agn Por(rn) Oaar Spp-.

We have implied that ¢ and a occurring in one of the
#int,. are not paired in Ag’ - The Hamiltonian #jn¢ ,

characterizes scattering effects and does not play an
important role in thermodynamics. This will be dis-
cussed in Sec. 3. However, even in those cases when
it is important (e.g., for the electrical conductivity) we
shall to begin with consider the affects arising from
Hint,, because it is there possible to sum completely
all corrections.

Thus, taking only met , into account, we get an
equation for G (cf.[*):

Gaa(r, ¥, 0) = Gor (r — ¥/, )

+ 3 Gl (r —ra, 0)[A%s G, (—0) Ay

3) 0)
- Aa.ﬁ (géﬁ;(“’)Aag[h] (Toz o’ (I‘n, ' B (J))



1194

+ N Gad, (r— 14, 0) (AT G (— 0) A,
n
(11)

— Acls 958, (0) ALB D (v, ¥, ).
First of all we consider what restrictions are im-
posed upon the choice of A. It follows from (8) that

@ (12)

@) w* (&)
Aaﬁ = - AaB

Aaﬁ = Aaﬁ )
Moreover, only those Ayg which correspond to the
formation or destruction of a bound state w1tl(1 total spin
Y are non-vanishing. For A% these are Alj-,

ap
1
ALao, A% 1, and A% .. Correspondmgly we have

(3). A() (3) (3) €
for AO!B' Az ATy 8% and AB )2 o« We noted

already in{!! that there is in this problem symmetry
between el(ictrons amg holes. It is therefore natural to
assume A, =CiA[}, A = CeAl) | and similarly
for the other components; C,, Cz,...are here phase
factors.

We now choose C,, Cz, . in such a way that in Eq.
(11) the coefficient of D vanishes, i.e.,

A 8 (— o)A+ AR G (— ) A,

— A9 92 (0)AY, — AD 9O (0)a%,,
1

iw + ugH
— (AR A+ AR AY) 0] — =0,

1 3) @ )
= —{M/z)iA( et = Ay Aieg] =

and similarly for the (=%, ¥%,) coeff1c1ent.
We make the following choice:

A=A =A% = A9, —s,
(13)

[t)) 3 1) 3)
Avp = A(l/)o =AY o ==— Ay == 0.

For this choice the coefficient of D* vanishes indeed.
We shall see below that Eq. (13) also satisfies the
equation for A.
Equation (11) now becomes the equation for the in-
teraction of an electron with a point impurity. The
Born amplitude corresponds to

U(o) =A% 968, (— o) Ach, — ADs G5 (0) A% ]

= 2{8/i0 + 8:/ (iv + guHo,)].

We have used here Eqgs. (9) and (13). The total scatter-
ing amplitude is equal to

(19

V(o)=U(0) +U(0) §Glo)adz+ 05) [ § Go)att [+
Assuming that |G d¢ = —ita sign w, we find

_ U(w)
V) = T irasign oU (o)’ o

The complete Green function has the form
G = [io + pHo, — t — Q7 N:V(w)]! (16)
(with allowance for the normalization 1/ Q). From this
it is clear that, indeed,
a S G{w)dE = — inasign o.

The Green function which has one end at an impurity
starts with the usual G but at its end can interact an
arbitrary number of times with the impurity. One sees
easily that this gives

A. A. ABRIKOSOV

(1m

In particular, if both ends of G coincide at one and the
same impurity, we have

Gi(0,0,0)=

G' = G[1 4 inasign oU(w) ]

— ina sign o
Tt sign o0/ (a) (18)
The function F® with coordinates in one impurity

atom is equal to

»2 - ina sign o @ O
8 (0,9, 0) [1 — inasign oU(— u)):'m,Aa'ﬂ'gs'ﬂ' (19)
From Eq. (18) we find for A‘;b
AR = = TZF‘” (0,0, 0) + — va ZF_V,O 0,0,0),
(20)

A_‘?o——VZT ZF.‘/f’ (0,0, ).

Substituting here (19), (13), and (12), assuming Ag; to

be real and introducing the definition

P inta sign o [ _2 Oy \]"
= N T Z io — gpH 1+ 2imassign w(\ iw + iw— guH ! ’
_d ina sign © [ L /o 6,2 ""’
B= —NT Z—iw 1+2Lna51gnm\ im+—im+ng)_
© (21)
we get
do = —Y2.48, b = .48, — Y2Bb. (22)
Putting the determinant equal to zero we have
A+ 2B) =1. (23)

Writing equations similar to (20) for the other com-
ponents of A:;;g or for Agb one can verify that the as-
sumed form of solution (13) satisfies the equations.
Equation (23) determines 6, and 6, apart from the
sign. According to (22) only one sign is arbitrary. In
the case H =0 we shall have A =B =, 6, = —61/\/2
and for J < 0 we have

4na | ' T 2 (24)

~® + 3:rw61

3. BASIC THERMODYNAMIC CHARACTERISTICS

We first of all consider &, for H = 0. We get for
8, =0 from Eq. (24) the critical temperature
L5 S S
T“‘Te"p{ 21 )
This expression is the same as (7). On the other hand,

assuming T — 0, we change from a sum to an integral
and find

3nad2(0) = Aexp {—N/2a|7|}. (25)
It follows from (25) that
Smabd(0)= T = 1% (26)
2y ¢ 1,13

We can write Eq. (24) in the form of an integral,
using the tanh function to go from imaginary to real w.
This gives

_i, SAmth(m/2T) do—1,

2“,N POy

(27)

where R denotes 3maéi.
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We can write Eq. (24) also in another form. Adding
and subtracting from the sum over w its value at
= (gt

R =0, we get
2nT > ‘P(%) !

where ¢(x) is the logarlthmlc derivative of the gamma-
function. Near Tg, i.e., for small R, we find from
this

(28)

R=127(Tc—T) —0.2(Tc—T)2/T.. (29)

It is convenient to use Eq. (27) near T =0. From
it we find for T < T¢
n2T? 3mATs
6R(0) ' 40R%(0)’

where R(0) is given by Eq. (26).

Nagaoka [?J found the results (7) and (25) to (30) for
arbitrary S. However, as we noted already earlier, his
method is open to doubt. The derivation given here
validates these results only for S = 1.

Let us now find the critical field. To do this we use

R=R(0)—

(30)

Egs. (21) and (23). For 6, = 6, = 0 we get from (21)
FJ ®
Ad=2ma| 2|72 In——
IN, m>0m2-|—-(guHc) , ' [
i _i i_iguHc _1 /1 iguH, \
+“’(2> 2 "’(2 2n7 ) 7N\ T o ]

(31)
J 1 1 J T
B=2na|— TZ~=—+(1 ==
725 =5+el 5l w7
Substitution into (23) gives the field He. As T — 0 the

sum in (31) can be replaced by an integral and we get

A=a I |ln andl.” (32)

From (23) we have

alrelln—g—l%?=[1+allvilln;—°}q.

Then, as T — 0, the quantity guHg — A as follows

~ AT (33)
guHCNA[1—< 2 a? ]—H lnT-) -!
When, on the other hand, T — T, clearly He — 0.
Then
A =B —2xa [i,I (gnH.)2T, Zi
5o | T guHc
B 2a| I 5o (£ \

Substituting this into (23) we find

guH, =~ a[3t(3) Te(Te — T)]'. (34)

Hence, the H¢(T) curve does not at all resemble the
curve of the critical field of a superconductor.

We now find the thermodynamic potential. We put
H = 0. Taking the derivative with respect to the inter-
action constant, we have
00 __ Hw) (35)

a(J/N) (J/NQv

The normalization 1/Q gives the change from the com-
plete to the physical average. The potential  is
normalized to unit volume.

If (in (10)) we take only #int,, into account, we get
from (35)

CASE
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T = T2 TR0.0,00) T3 0, (0,0,00) oS
36
——TZF"’(OOm,) T 3 F&.(0,0, w2) 0ayaSas,. (36)

Q o

Using the definition of A | Eq. (19) for F® and a
similar formula for F*® we find

2 _ gl 1o bbb aseNe AN,
017/N| 3 /NAZ o+R /N 3aall/Ni
(37
We have used here Eq. (24), the value Q = ¥, (see
Appendix), and the relation 8, = =6,/V 2.
We write Eq. (24) in the form -
2a|7/N|fz(R) = 1. (38)
From (37) and (38) we have
W/N|
—y— (_ 1\ 4RN: Ol (By) (39)
Q== SD “\T7/N] ) 3na 3:: SO oR; R

where o is the value of © for J = 0. This formula
can be appreciably simplified if we change from  to
the energy E = Q — TaQ/9T. For this purpose we
write (24) symbolically in the form

1 2yA
—— 40
Sali/N] + Z ( ) (40)
Substituting into (39) we find that Q — Qp has the form
8N; < n a,R"Ht
Q—Qy= nz PR T
Hence we get
_ 8y 0 R\ /[{ n
E—Ev=—— Tzaz( )E},” 7)o

Differentiating (40) with respect to the temperature we
find

E — Ey = —(8N,/3n)R.

(41)

Nagaoka[®7 found a similar formula, but with a coeffi-
cient 2/7 instead of 8/3w.

Using Egs. (29) and (30)
values of Q:

we can get the asymptotic

a3re
’13]:3(0)’ r<Te
— Ty (42)
T,—T<T,

8 4at?
— 50— T’W —

Q—Q,
Ny

=~ (r.— AT
— 0,54 7 —0.12

c ¢

2 )

From (41) or (42) we can find the asymptotic values of
the specific heat:

T /
C—C ——Ni[ 16 -
0 3 T 36\

¢

V] =

rr, (43)

c

C— Cy= N[ 1.08 4+ 0,34 | r-r<z.

The specific heat has thus for T << T, a correction
proportional to Nj and linear in the temperature. As
to order of magnitude, (C - Co)/Co ~ cep/T where
¢ is the atomic concentration. Because of the factor
€p/ T this quantity may turn out to be large. In the
vicinity of T, we get a jump in the specific heat. In
actual fact, the expressions obtained are apparently
inapplicable in the immediate vicinity of T, (see
below).

To conclude this section we must dwell upon the
limits of applicability of the expressions obtained. The
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limitation will first of all be connected with the fact
that we took in our calculations only the ‘‘pole’’ part

of the interaction Hamiltonian #jn¢ , into account. The
problem arises of the role of #jpt .. This part has the
same form as when there is no pairing but, drawing the
diagrams, it is necessary to fit in this time not only the
functions G and ¥, but also the functions F and 2 and
after this it is necessary to subtract the ‘‘normal’’
expression. We shall not go into this estimate in detail.
It turns out that the contribution of these terms is of
order (aJ/N)*>~ (J/€p)? as compared to the terms
evaluated.

The vicinity of T, occupies a special position. An
estimate of the region in which we can expect trouble
can be obtained from the following considerations.
According to section 1 of the present paper, correc-
tions from taking into account diagrams which do not
occur in the chain correspond to a relative change in
the interaction constant aJ/N by the amount

J 7 (7
o(ax)[(ap) ~ \;\-
This correction may compete with | T, — T | in the
form (6). On this ground, the criterion for the applica-
bility of the theory is thus of the form

=5 1=()
4. MAGNETIC PROPERTIES

The results obtained make it possible to determine
the magnetic moment of the system in any field.
Expressed in terms of Green functions, the moment has
the form

(44)

J
(Myp)= M. +M;=yuT > G(o,r,1)0:+ -A—é—guT DG wm(0) M. (45)
®,0, ®,M
One checks easily, using Eq. (16), that the first term
gives simply the Pauli paramagnetism. To see this we
subtract the analogous expression with G‘°’. The re-
mainder can immediately be integrated over & and this
gives zero. We are interested in the second term and
we shall consider it now.
Taking #jpt,, into account, we get

(46)

Substituting (19) and a similar expression for F® and
using (13) we get

) ) O Wp® @ O
G = Gppr + Ipp, [Aap Fap — Dap,Fap].

1

2\

o
g =_*<1 2miasign © —-
u iw + gl + 2miasign o i )
b o T’
X b T T
[1+21la51gnw\ . + toF nell > )
Gora(H) = G (—H), (47
. 1 2niade? 8% 8,2 \ -1_1
G L 4 __{[1 2miasi (— - )
0= 4 v + 2nia sign © o + ‘ot pgl /|

L. / 8¢ [\ -
+[1+2nzasngnm\T’)+———~i(')_”gH )1 [ -

Substituting (45) we get

2igulV;
— L°0M T 2 (0 4 2nade?) {[o (0 — iguH)
©>0

+ 2na8e® (0 — igwdl) + 2nadlo] ™t — [0 (0 + iguH)
+ 2nad? (0 + iguH) + 2nadlo]-1}.

M; =

(48)
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Bearing in mind that Q also depends on H it is clear
that this is a very complicated expression. We con-
sider limiting cases.

In the case T =0 we can in Eq. (18) replace the sum
by an integral

T ?—»% Sdm.

If uH < 7ab® the corrections to 6 are of order
(pgH/7ab6?)? and can be neglected, i.e., the values of
65 and 65 are taken for H = 0. It is not possible to
expand immediately in terms of H in (48) as the ex-
pressions inside the square brackets have a pole at the
points w ~ iugH and the path around these poles gives
the main contribution to the moment. Integrating and
limiting ourselves all the time to terms of zeroth and
first order and also taking into account that for this
case Q = 7s; (see the Appendix), we get

(49)

3 8N;(gu)2H 9nad,? 1
M; = 7Nigll+ 21,2 < endl + )

The other interesting limiting case is that of a weak
field guH << T. We can then expand in (48) in terms of
guH and we can again take for 6 its value for zero
field. The normalization is in that case always equal
to ¥ Hence we get

_ 16Ni(gp)?H (@ + 7ad’)*
M= —4 TE‘OQ)Z((.) + 3nade?)?’ (50)
As T — T, the quantity 6, — 0 and we get
__ 2 Ni(gu)*H
M= 37 (51)

As T — 0 we must note that the summation in (48)
goes over w ~ T. We can thus assume that w < 7ad%.
We get then

2 Ni(gp)*H

27 T

; (52)
It is interesting that when bound complexes are formed
the Curie law is retained although the coefficient turns
out to be nine times less. Such a conclusion was quali-
tatively obtained in (63,

Nagaoka (3] also obtained a Curie law at low temper-
ature but with an incorrect coefficient (%, instead of
%27 for S =1). We must also note that at T = T the
moment smoothly reaches its normal value without any
correction whatever to the Kondo effect. Using the
technique discussed here one can check that above the
critical temperature the moment is expressed by Eq.
(51) with small corrections of order J/ €.

It is very complicated to find the complete tempera-
ture dependence of the magnetic susceptibility in ex-
plicit form. However, one can obtain an interpolation
formula. Using the fact that the main role in (50) is in
all cases played by w = 7T we replace in the brackets
in the sum w by 7T. As a result we get

M 2Ni(gw)? /T +R/3\2
MR T er ( aT+R )
Knowing the function R(T), we can find x(T).
We must, however, bear in mind that we have here
considered only the case S =1 and that for other cases
the situation may be different. We must bear this in
mind when we speak about comparing the results with
experimental data.

(53)
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5. THE PROBLEM OF THE ELECTRICAL
RESISTIVITY

Nagaoka [?] found an expression for the electrical
resistivity at low temperatures. A similar expression
can also be obtained using the Green function (16).
However, all the same, the expression obtained in (2]
gives, apparently, only qualitatively the behavior of the
resistivity. The point is that it is obtained without
taking into account the ‘‘non-pole’’ part #int,, of the
interaction which in this case plays an essential role.
This is clear from the fact that the ‘‘pole’’ part of the
scattering probability Im NiVR(w), where VR igs the
retarded analogue of (15), vanishes at T = T¢ while the
part connected with #int,2 has clearly the same order
of magnitude as Im NjVR(w) for T =0.

The complete temperature dependence of the re-
sistivity can be described as follows. Above T¢ the
resistivity p increases because of the Kondo effect
when the temperature decreases and is expressed by
the formula obtained int™ . In the vicinity of T¢ this
formula no longer applies as the difference
1-2{J/N|aln(A/T¢) which occurs in the denomina-
tor is of order |J/N |« and the next orders of magni-
tude must be taken into account.

As to order of magnitude p(T¢) must be the same
as for resonance scattering, i.e., p ~ cm/ ae®
~ c/e®po, where c is the atomic concentration of the
impurity. When the temperature is lowered the lower
limit of the logarithmic integrals must remain of
order T, as the temperature cut-off is replaced by a
cut-off because of the appearance of 6. On the other
hand, in this region the pole part appears which not too
close to T¢ is of the same order of magnitude. The
temperature dependence of the non-pole part of the
resistivity will for T << T be connected primarily
with the change in 6, i.e., it will have the relative
order (T/ma6%)% The temperature correction from the
pole part has the same form. Hence it follows that for
T << T,

p=p(0)[1 — (T /T.)2], (54)
where p(0) ~ cm/ ae®, q ~ 1. This formula is very
similar to the one obtained when there is only one,
‘‘pole,’’ part but, of course, the numerical values of
the coefficients must be different. This fact must be
borne in mind when comparison is made with experi-
ments.”’

Unfortunately, the advantages enjoyed by the case
S = 1 does not at all manifest itself in calculating the
resistivity as in the non-pole part states with total
spin § = . take part and for those the ‘‘parquet”
equation remains.

The most important result of the present paper is
the fact that in any case for S = 1 bound states indeed
and are energetically advantageous. For other values
of the spin this has, of course, not been shown rigor-
ously, but it is very probable.

2)Preliminary estimates show that the non-pole part for T < T is at
most of order of magnitude (T/T¢)?. Because of this p(0) is for T= 0
given by only the pole part. From (15), (16), and (14) we get p(0) =
16mc/3(ze? py ), where z is the number of electrons per atom of the basic
metal. (Added in proof, November 14, 1967).
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On the other hand, in the work of Suhl and Wong!"
and Maleev [*‘3, who start from the absence of a bound
state, the case S =1 is not at all a special one. One
can conclude from this that the scattering amplitude
without singularities corresponding to the absence of
a bound state can be obtained even in the case where it
surely can exist. From energetic considerations one
must prefer a bound state.

The experimental data on the temperature depend-
ence of the resistivity also favor this. Although both
theories predict at T =0 an approach to a finite value
of the same order of magnitude, in the case of bound
states this approach follows Eq. (54) while if they are
absent the temperature correction is of order
1/1n®* (A/T). Daybell and Steyert’s experiments (¢
agree well with Eq. (54).

APPENDIX

We evaluate the magnitude of the normalization Q
when there are bound states. From Egq. (3), the foot-
note referring to it and the definition (8) we have

Q=15 =1/,XN @3 — )

3 AT o
=T Efgﬁﬂ(w)e“‘“——i[TZ fpiﬂﬂ(w)e""]

¢ ¢ (a1)
1
5 12 3 Dby (00) 3] D, (00),

en 0

5 T2 DG, (1) e D) Fp, () o7 — -
o o

1
2
where 7 — + 0.

We found the function 9 earlier. Similarly we can
determine also the functions @ and 2. To do this it
is necessary to express them in terms of the F as
was done in section 4 for @ and then to use Eq, (19)
for F® and similar formulae for the other F’, It
turns out that all the Zggr vanish. When substituting
into (A1) we take into account the rule for taking sums
with factors elw7 (seel4]):

T 3 9 (0)eior = 2T 3 Re F (o) + */2sign .

o] 00

As a result (see (47) we get (when guH < 7ad?)

) HM ® + nadsd
TS Gorrs (0) €% = 27 i -
%‘, arar (@) m§0 wi4 (ugHM)?: o + 3nad,?
1 . 171 ngliM .
+§-51gn12—2(§1h oT +51gn1:>,

since only w ~ ugH or w ~ T are important.
Substituting these results into (A1) we get

, hgH

T (A2)

3 1
Q=7;+%Lh

When pgH < T, we have Q = %, and also for 6 =0,
while when pgH >> T we shall have Q = %. It thus
turns out that for H = 0 the quantity Q = ¥, for all
temperatures. In the vicinity of the critical tempera-
ture (7ab® << T) we can use Eq. (5).

There remains the limiting case ugH > T, nad®. It
is clear that then 6 is not at all important and Q = 1.
The expression for @ is more complicated in the inter-
mediate regions, in particular when pgH ~ 126> < N
However, in that case most interest centers around the
critical field and this is evaluated without normaliza-
tion (see Sec. 3).
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