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The crystal-field effects on the superconducting transition temperature of matrix La X; (X = Sn, Pb, TI)
containing praseodymium impurities are examined. Using the theory of Fulde, we have taken into account all

the crystal-field levels of the impurity. Exchange integrals I" are evaluated from the depression of the
superconducting transition temperature T, in La,_,Pr, X; solutions. The large value of I" found in
La,_,Pr,Sn; is in agreement with the observation of a Kondo effect in these compounds.

INTRODUCTION

Fulde and co-workers'~* have calculated the
superconducting transition temperature T, of a
matrix containing rare~earth impurities with
crystal-field-split energy levels. In particular,
they consider a two-level system i) and [j) with
energies E; and E; (6=E; ~E;). They suppose that
the system has no magnetic moment in the ground
state and that there is a nondiagonal Van Vleck
term connecting the two levels as follows:

M= [T
For instance, in the case of a cubic symmetry,
Mij2=3| <iiJz|j> ’2 o

The variation of T, with the impurity concentra-
tion z is given by the following formula, in this
case of inelastic exchange scattering':

In(T,/T0) +¥ (3 +p) — ¥ (3) =0 (1)

where p is the pair-breaking parameter

1 (J..) (5
P= Tk, \'17, )\ T,

and
1/7;; =5 TuNEHNT g ~12M,; 7,

N(Ej) is the density of states of the condition band
at the Fermi level for one spin direction, T is the
interaction between conduction and 4f electrons
(=-T5 §), and y(6/T,) is a function calculated
by Fulde et al.? (Fig. 1).

Taking into account all the levels (magnetic and
nonmagnetic, that is, elastic and inelastic ex-
change scattering), we have used for p the follow-
ing expression

_nN(E(g-1)*T?
- 4Tk, T,

F(T,) , @)

where
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and where
E:
zZ=. exp(-—#) and E;;=|E; -E,|.
i c

In the absence of a crystal field,
|
LD ememerm—— 2 -2 s .2 =
F(T) = 55— ; (M, 2 +M,;2) =J(J +1)
and Eqs. (1) and (2) give the result of Abrikosov
and Gor’kov.® With crystal-field-split levels and
for small concentrations, we get the formula
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instead of the classical formula
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FIG. 1. y(E;;/T,) vs E;;/T, for inelastic exchange
scattering calculated by Fulde and Peschel (Ref. 4).
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TABLE I. Superconducting transition temperature (7))
of La;_,Pr,Sng compounds.

n T
0.0 6.45
0.005 5.5
0.009 4.73
0.0106 4.46

We have used the fact that ¥/ (3) =372,

EVALUATION OF EXCHANGE INTEGRALS
IN (La, Pr) X; COMPOUNDS

The compounds LaSn;, LaPb;, LaTl; are super-
conductors®” with critical temperatures of 6.45 K,
4.05 K, and 1.5 K respectively. Lethuillier and
Chaussy® have determined the crystal-field pa-
rameters of the three compounds PrSn;, PrPb;,
and PrTl;. For PrSn,, the total splitting is most
probably smaller than 20 K and F(T,,) ~20. For
PrPb,, in the notation of Lea et al.,® W=-0.65 K,
x=0.6, and F(T,,) =15. For PrTl,, W=1.6 K,
x=-0.9, and F(T,,) =5.6. Bucher et al.” have
studied the superconducting transition temperature
of the compounds La,_, Pr, Pb; and La,_, Pr, Tl;
they find, respectively,

EL ==-17K andﬂ =-10 K.
dn dan

Teo Teo

We have studied the critical temperature of three
alloys La,_, Pr, Sny (Table I) by the appearance ot
diamagnetism at the transition, and for these
alloys we have found a much more rapid decrease
of T,:

L] -_190K.

an |r,,
The values of the densities of states are available
from specific-heat measurements.” We have used
for their evaluation (Table II) the strong-coupling
model of McMillan.!® Using the Eq. (3), we have
determined the exchange integrals in these (La,

TABLE II. Evaluation of exchange integrals in the
(La, Pr)X; solutions.

(La, Pr)Sny (La, Pr)Pb; (La, Pr)Tl;
F(T,) 20 15 5.6
dale
—-190 -1 -
an | T, ' 7 10
n(Eg)
(states/eV/at. for 0.33 0.40 0.47
" one spin direction)
T | (eV) 0. 22 0.07 0.08
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FIG. 2. Superconducting transition temperature vs

praseodymium concentration in La;_,Pr,Pbs compounds.

Pr)X; solutions (Table II).

Thus the very striking difference between the
decrease of the critical temperatures of the sys-
tems (La, Pr)Pb, and (La, Pr)Sn; (Ref. 7) is not
ascribed to crystal-field effects but to a very
important conduction band—4f electrons inter-
action in (La, Pr)Sn,. The value of | I'| so deter-
mined is in good agreement with that (I'=-0.2 eV)
determined by NMR measurements.!* This
large negative value of I' is confirmed by the
observation of a resistivity minimum in the
La,_, Pr, Sn; compounds due to a Kondo effec

In the solutions La,_, Pr, Ru,, an important de-
crease of T, with » has been observed'®:

t12

a.|  __qj10K
an T

as in La,_, Pr, Sng, and, very curiously, CeRu, is
nonmagnetic at low temperature!* as in CeSn,.°

In these praseodymium compounds, the 4f levels
are probably close to the conduction band: this
gives rise to a large negative exchange integral
due to interband mixing. 6

We have reported (Fig. 2) the variation of the
critical temperatures of the La,_, Pr, Pb; com-
pounds, experimentally determined by Bucher
et al.” and by the calculated curve using Eqs. (1)
and (2). The agreement is not very good. Per-
haps interband mixing!” could account for the
nearly linear experimental curve, but we think
that aspherical Coulomb scattering>!7 increases
the curvature of the calculated curve, reducing
the agreement.
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