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IT was shown in reference 1 that the polarization
of the conduction electrons, caused by the s-d
exchange interaction, prevents the establishment
of a superconducting state in typical ferromagnets
with high Curie points (for instance, Fe, Co, and
Ni). At the same time it was shown that supercon-
ductivity could in principle occur in metals of the
transition groups, if the s-d exchange were suf-
ficiently weak. This may, apparently, occur in
the rare earths where the exchange interaction
between the conduction electrons and the electrons
of the incomplete 4f shell is, generally speaking,
weaker than the interaction in the transition metals
of the iron group. However, even in the rare earth
metals the effective repulsion between the conduc-
tion electrons? induced by the s-f exchange (which
counteracts the attraction caused by the longitudinal
phonons) leads to a lowering of the critical temper-
ature Tg of the transition into the superconducting
state, while this lowering must depend on the mag-
nitude of the spin Sy of the 4f shell. Such a de-
pendence T¢ (Sf) has, indeed, been found recently
by Matthias et al.® in one-percent solid solutions
of rare-earth elements in lanthanum (see figure).
To ascertain whether we can explain the experi-
mentally observed dependence Tg (Sf) by an ef-
fective repulsion caused by s-f exchange, we con-
sider the well known expression for Tc:4

Te = 1.14 (Ao /k) exp {—1/N,V}. 1)

The matrix element V of reference 1 has now the
form

V':—'Vph"‘vc_vsf :Vo_sty (2)
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where Vph, Vg, and Vgr are respectively the
matrix elements of the interelectronic interaction
induced by the phonons, the quasi-Coulomb inter-
action, and the s-f exchange interaction.

We shall, moreover, take the estimates given
in reference 2 for gadolinium:

Vor = 4.2-1072N7! erg,

V.=1.1.102N1erg and Vi =5.5-10"11N1 erg.

We note now that Gd and La have the same inner
electron shell structure and the same crystal lat-
tice structure. To estimate the magnitude of Vpp
and V, for La we can thus take the same values
as for Gd.

Moreover, since Vgf = 0 in pure La with a
completely empty 4f shell, for a one-percent solu-
tion of Gd in La we must substitute in Eq. (2) the
quantity 0.01 x 5.5x101 1 N-lerg=5.5x10"13N! erg
instead of Vgf for 100% Gd. We find then from
(1) and (2)

Te =T exp {(—0.22/ NoVo}, 3)

where Tg’) is the critical temperature when there
is no s-f interaction. The value of NyV, was de-
termined by Pines® for La to be 0.37 at T’ = 5°K.
However, if we take into account that TS =5.7°K
was obtained for La in the experiments of Matthias
et al.® we obtain easily by the method indicated by
Pines® the close value NyV, =~ 0.39. Substituting
now into (3) the values T‘Q =5.7°K and NyV,
=0.39, we get T, = 2.8°K, whereas according to
the figure the value of T, for La with 1% Gd in
solution is considerably smaller, =~ 0.6°K. This
discrepancy shows that for the case of a one-percent
solution of Gd in La the total lowering of T can
apparently not be explained solely by the occurrence
of an effective repulsion induced by the s-f ex-
change interaction.

To estimate in how far this repulsion is respon-
sible for the decrease of T, in solutions of rare
earths other than Gd in La, we take for the one
percent solution of Gd in La the value T¢ =~ 2.8°K
found above. Taking into account that according to
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Kasuya? Vgf ~ Sf(Sf+ 1) we find then easily from

(1) and (2) (taking into account that the ratio
0.01Vgf / Vo is small, reaching a maximum value of
0.18 for the case of Gd) the following expression

(4)

Tc ~ Tg))e-—«sf($f+l) ,l

where « =0.043* for TS =5.7°K.

Putting in (4) Sg=1%, 1, %, 2, %, 3, and 7%
we get the values of T¢ for one percent solutions
of all rare earth elements in La which are given
in the figure. It is clear that an appreciable devia-
tion from the experimental values occurs only in
the case of Gd (if we disregard the drop in the ex-
perimental point for Ce, a possible cause for which
was considered by Matthias et a1.3). This shows
that for solutions of rare earths, with the exception
of Gd, in La the lowering of T¢ is basically
caused, apparently, by the effective repulsion in-
duced by the s-f exchange interaction.

As far as the solution of Gd is concerned, there
occurs here possibly an additional lowering of T¢
caused by the “undermagnetization” of the conduc-
tion s -electrons by the electrons of the inner f-
shells.! Such an action of the inner shells of Gd
(a three-percent solution of which in La already
displays ferromagnetism for T < 1°K) is very
probable also in the light of the earlier expressed
point of view® that the electron system of supercon-
ductors contains factors favorable for ferromag-
netism.

In an interesting paper by Akhiezer and Pomer-
anchuk® the problem of the character of the inter-
action between conduction electrons induced by
ferromagnons is also considered. In contrast
to Kasuya2 these authors are led to the conclusions
that the above mentioned interaction is similar to
the interaction induced by the phonons and has the
character of an attraction and can thus “...help
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when the conditions for the occurrence of super-
conductivity are approached...” in ferromagnetics
(see reference 6, p.861). In this connection we
must draw attention to the fact that the s-d ex-
change interaction (which is discussed here) is
connected with a change in sign of the spin compo-
nent of the “s -electron” which, because of the
commutation relations for the electron Fermi-
operators in second quantization, makes the sign
of the terms in the Hamiltonian with matrix ele-
ments of the kind Vgf [see Eq. (2) of the present
paper and also Eq. (3) for Ujf in reference 6]
opposite from that of the corresponding “phonon”
terms in the Hamiltonian. A more detailed, quan-
titative discussion of this problem will be given
by us in another paper.

*One may assume with a sufficiently high order of accu-
racy that the coefficient 0 has the same value for all rare
earth elements. See in this connection, for instance, Egs. (6)
and (9) of Kasuya’s paper.?
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