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THE phenomenon of the increase of the electrical
resistivity with decreasing temperature in non-
magnetic metals with a small admixture of para-
magnetic atoms has long attracted attention. In a
recent paper Kondo 11 showed that if one takes
into account the lowest-order correction to the
Born-approximation expression for the magnetic
scattering of an electron, there appears in the
electrical resistivity.an extra term of relative
order of magnitude (J/cfF)1n (€p/T) where J
is the exchange interaction and €p is the Fermi
energy. If J is negative, i.e., the interaction of
the electron with the impurity is antiferromag-
netic in nature, this leads to an increase of the
resistivity with decreasing T.

The applicability of the Kondo theory is limited
on the low temperature side by the temperature at
which correlations between the spins of the im~-
purity atoms become important, that is, the ferro-
magnetic or antiferromagnetic Curie temperature.
However, the Curie temperature is proportional
to the atomic concentration of the impurities.
Therefore, for sufficiently small impurity con-
centrations we reach the temperature at which.
(J/€F) In (ep/T) becomes larger than unity be-
fore we reach the Curie point. Then the perturba-
tion theory used by Kondo is no longer applicable
and it is necessary to sum the whole series.

The main difficulty is that the appearance of
logarithmic terms is connected with the quantum
nature of the impurity spin operators. This makes
it impossible to use the usual diagram technique,
for it is 1mposs1b1e to express averages of the
form (T (Si;(t{)Sis(ty)...Sin(tn))) in terms of
a sum of products of pair averages of the form

<T(Szi(t1)~512(t2))><T( 13(t3)S,4(t4))> +.

However, this problem has been successfully
solved with the help of a generalization of the
technique originally devised for the case S = 1/'2

by I. E. Dzyaloshinskil and the author. Here we
shall not give the details of this technique; we
just remark that it is based on representing the
impurity spin operator in the form

S(t) = aut(t)Sapap(t),

where Sppg are spin matrices and ay are the op~
erators of a fictitious fermion field. Next we ob-
tain more or less general finite-temperature
techniques for two fermion fields with the interac-
tion Hamiltonian

Hine = —(I/N) 2\ " (7n) Gop¥p () any*Syoians. (1)
n
where N is the atomic density, and ol are the
Pauli matrices. (The interaction is assumed to
have a §~function form.) In the averaging process
supplementary techniques are applied in order to
exclude ‘‘nonphysical’’ states (states with no apg-
fermion, or more than one, in the sum over all
states «).

As a result of the calculations (of which we
omit the details here) we get the following results
for the impurity part of the resistivity:

1. As previously, the resistivity is made up of
two independent terms: one connected with the
usual interaction, the other connected with the ex-
change interaction of the electrons with the mag-
netic impurity atoms.

2. The magnetic part of the resistivity, if we
take into account only the leading logarithmic
terms, has the form
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where J; is the exchange scattering amplitude of
a free electron on an impurity, which is assumed
isotropic [in the Born approximation J; is the
same as J in (1)]; ¢ is the concentration of im-
purities; q ~ 1; and z is the number of electrons
per atom.

3. According to formula (2), for J; > 0 (ferro-
magnetic interaction) pyp decreases with decreas-
ing temperature and tends to zero for T =0. On
the other hand, if J; < 0, then according to Eq.
(2) pMm tends to infinity for T = Ty, where

T, = qer exp (—2er [ 3|71|2). (3)

Actually, more detailed investigation shows that in
this case the scattering amplitude of an electron
on an impurity has a resonance character and
owing to the finite width of the resonance pyp; re-
mains finite. We have not succeeded in obtaining
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an exact expression for ppg in the region of the
maximum; we can only give the order-of-magni-
tude estimate:

OM max ~ PMO(SF/]1)2-

(4)

This means that if magnetic impurities are im-

portant, the magnetic part of the resistivity pm

is comparable in order of magnitude to the non-

magnetic part at the maximum. With further de-
crease in temperature p) tends to zero.

4. The hypothesis that owing to collective ef-
fects a resonance might occur in the scattering of
electrons in the neighborhood of the Fermi surface
has been previously advanced in the literature (a1,
This hypothesis, then, is to some extent confirmed;
however, it has turned out, in contradiction to the
ideas of Korringa and Gerritsen, that the resonance
occurs only as a result of the exchange interaction
of the electrons with impurity atoms and only when
this interaction is of antiferromagnetic sign. The
resonance energy and the temperature Ty (which
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are of the same order of magnitude) do not depend
on the impurity concentration for small concen-
trations.

Details of this calculation will be published
subsequently.

I should like to take this opportunity to express
my gratitude to I. E. Dzyaloshinskii for numerous
discussions.
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IN a paper by E. G. Vekshteln a statement was

made concerning the anomalously strong energy
dependence of relativistic radiative corrections
to the cross section for pair photoproduction in

the limiting case

er=e.=0/2>m 0L=0_=mlo<1

(6. = kp.)

where the momenta Kk, p, and p_ lie in a plane.
In particular it is asserted that

1)

= do® [ do® = Aaw?/nm?, A ~ 1. (2)

However, as will be shown below, this conclu-
sion is in error and in fact
= Ba/n, B~ 1.

The source of this error is the following. Of
the ten diagrams describing the radiative correc-

(3)

tions to photoproduction (diagrams a-k in Fig. 3
of 1] ), only the first eight are taken into account
in . Thus it was found that the contributions of
diagrams c-d gave

62 = 0.54 an? [ nm?.

(4)

while diagrams a-b and e-h did not make a con-
tribution of order w?’m?. The contributions from
diagrams j-k were not obtained because of the
difficulty of the calculation. It was assumed in-
stead that they could not compensate for the re-
sult in (4) because of the ‘‘independence’’ of dia-
grams j-k and c-d.

However, this assumption is incorrect. First,
the indicated diagrams are mutually dependent
and, second, the contributions of diagrams j-k
cancel the result in (4). Both these assertions
are proven below.

The existence of a relationship between dia-
grams j-k and c-d follows immediately from
the fact that under the gradient transformation of
the Coulomb potential

an(q) = au(q) - iquf(q)
the contribution from each of them changes, but
the sum of all four remains invariant. Indeed,
putting S(p) = (iﬁ +m )‘1 and using the obvious
relations
LigS (pr + q) = Bz, S(p1— @)iqu = —w,
S(p)igS(p+¢q) = S(p) —S(p+9),

(5)



