Influence of nickel paramagnetic impurity on the softening
of lead during the superconducting transition
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It is shown that introduction of a nickel paramagnetic impurity in lead leads to a considerable decrease of
the softening of the metal during the superconducting transition. This may be due to the strong influence
of the paramagnetic atoms on the spectrum of the electronic excitations in the superconductor.

PACS numbers: 74.20.

An investigation of the softening effect and its quanti-
tative characteristics, namely the jump of the deform-
ing stress 60,, and the jump of the creep deformation
8€e,,, which occur when the metal goes from the normal
to the superconducting state during the course of defor-
mation, was carried out in pure superconductors and in
alloys with nonmagnetic impurities, [1=5

The existing theories of the effective softening were
constructed under the assumption of the isotropic BCS
model for the same class of superconductors and super-
conducting alloys, '™ 1t follows, for example, from the
Natsik fluctuation model, ' the main conclusions of
which are in good agreement with many experimental
data, that the magnitude of the softening 8¢, is given by

kT |1 AT) /T
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where T, is the temperature that determines the condi-
tions of the weak and strong damping of the dislocation
segments, T* is the effective crystal temperature and
depends on the temperature T, « is the crystal harden-
ing coefficient, V is the activation volume, and A(7) is
the energy gap of the superconductor. The dependence
of the softening on the plastic properties of the metal
manifest itself via ¥ and V. The logarithmic factor in
this expression takes into account the change of the
electronic spectrum during the superconducting transi-
tion, so that the softening effect depends on the energy
gap A(T).

It is known that small concentrations of nonmagnetic
impurities exert a weak influence on the energy spec-
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FIG. 1. Plots of §€,,(9 in polycrystals: in an alloy of lead with
a nonmagnetic tin impurity (curve 1), in pure lead (curve 2),
and in an alloy of lead with a paramagnetic nickel impurity
(curve 3},
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trum of a superconductor, '8! but can alter strongly its
plastic properties. Therefore all the experimental data
obtained to date on alloys with nonmagnetic impurities
have made it possible to trace their influence on the
softening effect mainly as via the change of the factor
RT*/kV, and left open the question of how the effect
changes when impurities that alter significantly the
energy spectrum of the crystal are introduced into the
crystal, In the present study we have attempted to ob-
tain an answer to this question by studying the softening
of lead into which a paramagnetic nickel impurity was
introduced. According to the published data, ©*1%! even
a negligible concentration of the paramagnetic impurity
alters the spectrum of the electronic excitations in the
superconductor significantly, a fact manifest in a de-
crease of its energy gap and of its critical temperature.
One can therefore expect the introduction of the para-
magnetic impurity into the lattice of lead to reveal new
and hitherto unknown singularities of the softening ef-
fect. To explain these singularities, a comparison was
made between the dependences of the jump 6¢,, on the
total deformation € of polycrystals of pure lead and of
the alloys Pb+0.4 at. % Sn and Pb+ 0.4 at. % Ni. The
nonmagnetic (Sn) and paramagnetic (Ni) impurities were
present in the alloy in the same phase state, forming a
solid solution with the lead. The jump 0¢,, was mea-
sured at 4.2 °K by a procedure described in''1’, The ob-
tained plots are shown in Fig. 1. Attention is called to
the fact that the nonmagnetic (curve 1) and paramagnetic
(curve 3) impurities exert opposite effects on the be-
havior of the function 0€(€) relative to pure lead (curve
2). Whereas de,, is larger in the alloy of lead with tin
by a factor 1.5—2 than in pure lead at all deformations,
in the alloy with nickel it is approximately one tenth as
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FIG. 2. Dependence of the factor 2T*/xkV(€) in expression (1)
for the same polycrystals as in Fig. 1.
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large as in pure lead, To exclude the possible connec-
tion of such an inversion with different plastic proper-
ties whose influence on the investigated alloys is deter-
mined by the factor kT*/kV, independent experiments
were used to measure the dependence of the hardening
coefficient £ and of the activation volume on the defor-
mation, and the results were used to plot the ET*/kV(e)
curves shown in Fig, 2.

A comparison of Figs. 1 and 2 shows unequivocally
that the observed inversion of the softening effect in the
alloy with nickel, and the large decrease of this effect,
are not due to the influence of the nickel impurity on
the plasticity of the alloy, for in accordance with Fig.

2 (curves 2 and 3) this influence leads not to a decrease
but to a small increase of the factor 2T*/kV in compari-
son with pure lead. It remains therefore to conclude
that the observed singularity of the softening effect in
the alloy Pb+ 0.4 at. % Ni is due to the strong decrease
of the energy gap, owing to the appreciable influence of
the paramagnetic nickel impurities on the energy spec-
trum of the electrons in the lead. The observed singu-
larity, in our opinion, offers new proof that the soften-
ing of metals on going from the normal to the super-
conducting state is due to realighment of the electironic
energy spectrum of the superconductor.

The authors are sincerely grateful to V. D. Natsik
for useful discussions.
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