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percent or less to the value of g at temperatures
in the region of the critical point and above.
(For lattices such as the plane triangular lattice
which have no critical point, the relevant range
is determined by the corresponding ferromag-
netic Curie temperature. ) Because of this the
behavior of the susceptibility in the critical re-
gion is effectively determined by the energy
alone. For plane lattices this is known exactly
from the work of Onsager' and others, ' and the
expressions are valid at all temperatures. Con-
sequently we may conclude that for loose-packed
lattices, y behaves in the critical region as
a+b(T-Tc)log l T Tc i w-here a and 0 are constants
and T~ is the critical temperature. The energy
is not known in closed form for three-dimensional
lattices but the calculations of Wakefield' and of
Domb and Sykes' indicate that the specific heat
of a loose-packed lattice becomes infinite at Tz
which again shows that the susceptibility should
have a vertical tangent at the same temperature.

For close-packed lattices such as the plane
triangular and the face-centered cubic, there is
no specific heat singularity and the general re-
sult indicates that the susceptibility should not
exhibit any singularity in the neighborhood of the
corresponding ferromagnetic critical tempera-
ture.

The conclusion for plane lattices is borne out
by an exact solution in the presence of a mag-
netic field of a particular class of two-dimen-
sional Ising model in which normal Ising spins
(with magnetic moments) are coupled together
via "nonmagnetic spins" so yielding a type of"superexchange" interaction.

The generalization of the result (A) for spin
s & —,

' has not been obtained. General arguments,
however, indicate that similar physical conclu-
sions should still be valid,

More detailed accounts of these investigations
will be published in due course.
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FIG. 1. The electrical resistivity of gadolinium as
a function of temperature.

The 4f electrons in the rare earths, which are
responsible for the magnetic moments of the rare
earth elements, are highly localized and presum-
ably do not form a band; hence the direct inter-
action between 4f electrons on different atoms is
expected to be fairly weak, The ion-ion inter-
action is presumably an indirect interaction via
the conduction electrons in the manner suggest-
ed by Zener. ' This conduction electron-magnetic
ion interaction should also be manifested by the
electrical resistivity. ' ' It now appears that this
interaction depends on the spin of the 4f shell and
is involved in the electric and magnetic proper-
ties of the rare earth metals and in the supercon-
ductivity of alloys of the rare earths.

Electrical resistivity measurements on many
of the rare earth metals have now been report-
ed. ' ' Figure 1 shows the electrical resistivity
of Gd as a function of temperature. This is rath-
er typical of the hexagonal close-packed rare
earths Gd, Tb, Dy, Ho, Er, Tm, and Lu. The
other rare earths do not show regions where the
electrical resistivity varies linearly with tem-
perature, so the present discussion is not per-
tinent for these elements. Following the proposal
of Kasuya, ' the electrical resistivity of a rare
earth in the paramagnetic region might be ex-
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Table I. Resistivity values in microhm-cm.

Element I res ~corr I('magn

Gd

Tb
Dy
Ho
Er
Tm
Lu

3. 5
3. 5

18.0
6. 0
8. 5

28. 7
12.0

1.5
2. 5

5. 0
5. 0
4. 5

4. 9

115.5
88. 5
74. 5

39. 0
25.4
10.2
1.6
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FIG. 2. The magnetic disorder contribution to the
electrical resistivity as a function of S(S+ 1) for the
hexagonal close-packed rare earths Gd to Lu.

Pressed in the form P=Pth+Pres+Pmagn where

pth is the resistivity due to phonon scattering of
electrons, p res is the residual resistivity, and

pmagn is the term arising from the magnetic
disorder scattering of electrons. p magn is de-
termined by extrapolating the resistivity in the
paramagnetic region to O'K, and subtracting the
residual resistivity and a correction p corr using
the Gruneisen temperature dependence for the
usual ideal resistivity. These quantities are
shown in Table I. In Fig. 2 we have plotted

pmagn as a function of S(S+1). This indicates
that an exchange interaction between the con-
duction electrons and the spin of the magnetic
ions is one of the factors responsible for the
scattering of conduction electrons. The pmaI „
term does not depend on J or gJ as one migh~f

expect.
Weel has previously noted that paramagnetic

Curie temperatures of the rare earths follow a
relation which can be deduced by assuming an
interaction between spins only. ' It is reasonable
to assume that the exchange interaction between
conduction electrons and the spin of magnetic

ions could result in an effective interaction be-
tween the spins of the magnetic ions. '

Recently it has been shown with alloys of rare
earths and lanthanum that the depression of super-
conductivity is correlated with the spin of the
solute atoms. " We believe that the conduction
electron-magnetic ion interaction, which we have
just discussed, is responsible for this shift. Ac-
cording to the BCS theory of superconductivity, "
the superconducting transition temperature may
be expressed as

T = ( 1.14/k) (S~)exp[-1/N(0) V],

where (Sv) is the average energy of phonons in-
teracting with electrons, N(0) is the density in

energy of electrons of one spin, and U is the aver-
age strength of the net electron-electron inter-
action (all quantities being defined at the Fermi
surface). V may be expressed as

2 I M, I' 4~8'

where 4we'/v' is the screened Coulomb inter-
action and 2 [M i'/8&ex is the phonon induced ef-
fective electron-electron interaction. The cri-
terion for superconductivity is that V&0. Since
we will be concerned with solid solutions with the
order of 1% solute atoms, we assume that (5(a&)

does not vary much. We also assume that N(0)
and 4we'/z' also are not changed much since the
total number of conduction electrons per atom is
unchanged and the volume change is very slight.
These assumptions seem justified by experiments
performed on similar alloys with solute atoms of
zero spin. " Our proposal is that there is an ad-
ditional effective electron-electron interaction
which results from the conduction electron-mag-
netic ion exchange. V should then be expected to
be a function of spin (for these alloys) as well as
solute concentrations. In Figs. 3 and 4 we have
shown the data of Matthias, Suhl, and Corenzwit"
fitted to an empirical equation N(0) V=[N(0) V]z,a
-a5[S(S+1)]', where [N(0)V]La is the value for
pure face-centered cubic lanthanum, a is the
percent magnetic rare earth, S is the spin quan-
tum number for the 4f electrons of the solute
atoms, and 5 is a proportionality constant in-
dependent of the solute atoms. The shift in
transition temperature due to a volume change
would be negligible for these alloys. The largest
shift we would expect for 1/0 magnetic ion would
be O. l degree. "

It is also possible that the shift may be explain-
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FIG. 3. Superconducting transition temperatures
of La-Gd alloys. The points are the data of Matthias,
Suhl, and Corenzwit and the solid curve is theoretical.
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FIG. 4. Superconducting transition temperatures of
alloys of La and 1% solute indicated. The points are
the data of Matthias, Suhl, and Corenzwit and the
solid curve is theoretical. The point for Gd is taken
from the curve of Fig. 3.

ed in a manner suggested by Pippard" for impur-
ity scattering of electrons.

In his model I M&I' depends on zl in the same
manner as the phonon mean free path (z is the
longitudinal wave number and l is the electronic
mean free path). A decrease in l results in a
decrease in IM I' and hence in T

The ferromagnetic impurity effect has also
been treated recently by Herring'4 and by Mat-
thias and Suhl. '5
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Ames Laboratory of the U. S. Atomic Energy Com-
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Jackson, Treiman, and 'Wyld' have pointed out
that the electron momentum, p~, the antineu-
trino momentum, p„—,and the polarization of the
nucleus, -(J )/8, may exhibit, in the decay of
oriented nuclei, a correlation of the form

]. + Q((J )/j) ~ (pe/&e) x(p&/E&)

if, and only if, the interaction responsible for
beta decay is not invariant under time reversal.
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