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Measurements of the superconducting critical
temperature and normal-state magnetization
have been carried out on a series of samples of
LaSn, with up to 12.3 at. /o of the lanthanum re-
placed by gadolinium. The observed variation of
critical temperature with Gd concentration fol-
lows the Abrikosov-Gorkov' (AG) relation for the
more dilute samples, but at higher Gd concen-
tration deviations are observed which are quali-
tatively similar to those observed for La-Gd al-
loys. ' Because the normal-state magnetization
measurements strongly suggest that spin corre-
lations between Gd atoms should be important, a
theoretical model is derived which relates the
superconducting critical temperature to the nor-
mal-state magnetic properties. Although this
model is oversimplified, the predicted devia-
tions from AG are very similar to those experi-
mentally observed. These results, experimen-
tal and theoretical, strongly suggest that spin-
spin correlations, even in the absence of mag-
netic ordering, are important in determining
the properties of superconductors containing
magnetic impurities.

The end member of the solid solution series,
LaSn~, is a superconductor with a critical tem-
perature Ts ——6.4'K and the ordered Cu+u crys-
tal structure. ' Because of the chemical similari-
ty between La and Gd, it is possible to substitute
Gd for La without modifying the crystal struc-
ture. However, each Gd atom carries with it a
half-filled f-shell (J=S= —,') and hence a localized
moment of 7p.B. Thus we can produce a super-
conductor with a known (or at least measurable)
magnetic impurity concentration. The experi-
mental techniques for measuring Tz and prepar-
ing the samples have been described elsewhere. '

The critical temperature of a superconductor
containing localized moments was first calculat-
ed by AG on the basis of a model which assumes
the impurities to be noninteracting and hence un-
correlated. In Fig. 1 is shown the measured val-
ues of T~ as a function of Gd concentration, as
well as the best fitting AG curve. The bars on
the data indicate the 10 and 90% points of the
transition to show the width. At the lower Gd
concentrations, the data follow the AG curve
quite well. For x &0.10, however, the value of

5
hC
0
I-

4

0.05 0.l0

FIG. 1. Dependence of the superconducting transition
temperature T~ and Curie-gneiss 8 upon composition
for the system La& ~Gd Sn3. The bars on the T~ data
indicate the 10 and 90% points of the transition to indi-
cate the transition widths.

T~ remains approximately constant up to x
=0.115, where there is an abrupt drop below
1'K, our present lower limit of measurement.
This "plateau" is qualitatively similar to, but

not as pronounced as, that observed by Matthias
and co-workers' in the La-Gd system. Devia-
tions from AG of this sort were derived by Ben-
nemann' on the basis of a model which postulates
ferromagnetic ordering of the impurity spins.
However, extensive measurements of the nor-
mal-state magnetization of the samples indicate
the absence of long-range order down to 1'K
even at Gd concentrations large enough to sup-
press superconductivity below 1'K. Hence, Ben-
nemann's explanation of the deviations from AG
is inapplicable to this system.

An explanation for the deviations from AG is
suggested by a detailed examination of the nor-
mal-state susceptibility data. Over a wide tem-
perature range the reciprocal susceptibilities of
the samples vary linearly with temperature, i.e.,
obey a Curie-Weiss relation. The values of the
Curie-Weiss ~ are plotted as a function of Gd
concentration in Fig. 1. As one can see from
Fig. 1, the values of 8 are negative and propor-
tional to Gd concentration. These results imply
that the impurity spins are correlated, and since
~ is negative, it is likely that the spin correla-
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tion is antiferromagnetic in nature. The fact
that the magnitude of ~ becomes larger than Ts
for x -0.06 suggests that the spin correlation
may have an appreciable influence on the super-
conducting properties.

To support the hypothesis that the deviations
from AG are the result of spin correlations, we
have generalized AG to include spin correlations.

Making quite reasonable assumptions, one can
obtain theoretical curves of Ts vs Gd concentra-
tion quite similar to the experimental data of
Fig. 1.

Consider the ratio Ts/TsO, where T~ and TsO
are the critical temperatures with and without
magnetic impurities, respectively. Following
AG, this ratio is assumed to be a universal func-
tion of the spin-flip scattering time &s, i.e.,

f» 1

J 2m+1 2m+1+(w7' T )s0 s m=Q s sQ

In the absence of spin correlations, &s in the
Born approximation is given by

(1/r ) ccnj2$(S+ l)s randOm (2)

qdq( I S I'),1 J2 2qF
7 qs

(3)

where qF is the Fermi wave vector, and the
quantity in brackets is the spin correlation func-
tion, which is defined as the thermal average

(IS I'&-=(Q exp[i' (r.-r.)JS 'S &.
i j i j

ij
(4)

For random spina, (4) gives the result nS(S+ 1),
and (3) reduces to (2). From (2) and (3), one
can obtain the important relationship

1 ( 1

2qs random F

~2q (IS I'&
F q

qdq . (5)

The spin correlation function is, in fact, closely
related to the wave-vector-dependent suscepti-
bility g:

=(IS I')/3kT, (6)
q

where n is the impurity concentration, 8 is the
s-f exchange constant, and S is the spin quantum
number. When spin correlations are taken into
account, the expression for rs replacing (2) is
found to be'

K=nk(8 + 8 )(1-q/q )'-nk8,
c 0 0

(6)

where ~„6)c, and qo are constants which will be
defined below. From (8)

( I S I'& = nS (S + 1)kT/[(k T-nk 8 )c

+nk(8 + 8 )(l, -q/q )'].c 0 0

From (9) we see that

[ that for noninteracting spins, K=O. If one knew

K(n, q) and (1/rs) d, one could calculate T~
vs n exactly from (5) and (1).

Neither of these quantities is known for La1
Gd&Sn3. However, one can, by making some
reasonable assumptions and simplifications, ob-
tain some interesting and provocative results.
What properties must K(n, q) have& First, it
must yield a static susceptibility (i.e., y. —0)
which obeys a Curie-Weiss law with negative 6

whose magnitude is proportional to magnetic im-
purity concentration. Second, one would expect
these samples to order antiferromagnetically at
low enough temperature. This is implied by the
negative ~ values. In addition, the end member
GdSn, has been found to be antiferromagnetic'
with T~= 31 K. For simplicity, it will be as-
sumed that J9 and T~ both vary linearly with
paramagnetic impurity concentration. A simple
K(n, q) which satisfies these requirements is giv-
en by

where 0 is the Boltzmann's constant and T is the
absolute temperature. It will be convenient to
express (ISq I') in the general form

( I S I ') = nS (S+ 1)kT/[k T + K(n, q)J, (l)

=n (SS+1)/ (k3T+nk )8,q=0 0'
from which -6)= n ~o and

( I S Im& —~ for q = q and T = n 8
q 0 c'

(10)

where & is a function to be specified. It is clear which corresponds to antiferromagnetic ordering
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with T~-= «~ and a periodicity of q, . Therefore,
(8) satisfies the requirements which were previ-
ously set down. To calculate T~, one must also
know (1/&~)random. In general this also is un-

known.
However, in the dilute limit &s —(rs)random.

This can be easily seen from (9) and (5). In this
limit the AG model is applicable and (I/&s)random
is determined from the inital decrease of T~
with impurity concentration. Next, I/Ts is cal-
culated from (5) and (9). Finally, Ts is calculat-
ed from (1).

The starting T~ vs np curve is indicated. The
next three curves were calculated for &p= 0.5,
~p=80'K, and 6t~=8, 4, and 2'K, respectively,
where &p=qp/2qF. The top curve was obtained
by making the very crude approximation that yq
=Xq =0. This amounts to neglecting the large
spin fluctuations which occur at 7 —T~. In this
approximation T~ never decreases to zero but
approaches asymptotically that value of Tq for
which Ts(np) =np&p. Consider next the curve for
~q=8 K. Starting at n=p, Ts initially decreases
with increasing n as predicted by AG. With in-
creasing n the slope becomes less negative, pro-
ducing a "plateaulike" region. As n increases
still more (and Ts decreases) T starts decreas-
ing very rapidly, dTs/dn becoming very large at
n =0.175. For larger n, T~ drops discontinuous-
ly to zero. The reason for this is that (ISq lm) is
becoming very large for q =q„corresponding to
the large spin fluctuations which proceed by
long-range ordering. In fact because (ISq I') in-
creases so rapidly as T~ decreases near this
critical concentration, the curve actually bends
on itself as shown, giving rise to a lower branch.
This lower branch, if it could be observed,
would be a striking confirmation of the model.
As Fig. 2 indicates, the Ts(n) curve can be shift-
ed by the variation of 6I~. It depends upon ~p and
+p as well.

Thus the model predicts a "plateau" region

4X
0

I- 3
ep=2 K

xp =05
=40K
= 0.5

0,05 O.IO O. I 5
CONCENTRATION, x

I

0.20

FIG. 2. Dependence of superconducting transition
temperature T~ upon impurity concentration calculated
from the theoretical model in the text which takes ac-
count of spin correlations.

and a discontinuity in Ts(n) solely from a consid-
eration of spin-fluctuations —without the need to
postulate actual long-range order.
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