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it. For a pump strength which just depletes (7
=0), we find I,,,~8.5%, compared with ~15% in
the numerical results.®
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The depressions of the superconducting transition temperature T as a function of Pr
concentration and the specific-heat jump AC at T, as a function of T, have been measured
for the singlet—ground-state system (LaPr)Sn;. The results are well represented by nu-
merical calculations based on the Pr energy-level scheme determined from separate
measurement of the Schottky heat-capacity anomaly and the Van Vleck paramagnetic sus-

ceptibility contributed by the Pr ions.

In a recent series of papers, Fulde and co-work-
ers have developed a theory for the effect on su-
perconductivity of paramagnetic rare-earth im-
purities with crystal-field—split energy levels.! *8
According to this theory, the superconducting
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properties of the matrix are modified by two com-
peting mechanisms. The first, a depairing mech-
anism, involves the usual conduction-electron—
impurity spin-exchange interaction which can be
operative even when the relevant impurity energy
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levels are nonmagnetic via off-diagonal matrix
elements. The second, a paiving mechanism (in
addition to the electron-phonon interaction), is
associated with inelastic charge scattering of
conduction electrons from the aspherical part of
the 4f shell of the rare-earth solute. Given the
structure (i.e., splittings and degeneracies) of
the energy levels of the rare-earth impurity ion
in the crystal field of the matrix, the theory ad-
mits the calculation of various superconducting
properties, two of which concern us here: the
variation of the superconducting transition tem-
perature T, with impurity concentration »,% and
the dependence of specific-heat jump AC at T, on
T..* The numerical calculations of Refs. 2 and 4
have neglected the inelastic charge-scattering
mechanism since there has been no experimental
evidence that it plays a detectable role.

In this Letter we report detailed measurements
of both Tc/Tco versus n (where n is the Pr concen-
tration) and AC/AC, versus Tc/Tco (ACyand T,
refer to the matrix) for the singlet-ground-state
system (LaPr)Sn, and compare them with numeri-
cal calculations based on the theory of Keller and
Fulde.®* The Pr energy level scheme which
served as input for the calculations was deter-
mined with the aid of the theory of Lea, Leask,
and Wolf® (hereafter LLW) from separate mea-
surements (also presented) of the Schottky heat-
capacity anomaly and the Van Vleck paramagnet-
ic susceptibility contributed by the Pr ions.

Samples of (LaPr)Sn3 having the characteristic
Cu,Au (L1,) structure” were prepared from high
purity elements by arc melting in high purity ar-
gon. At the University of California, San Diego
(UCSD), specific-heat measurements were made
between 0.6 and 10 K in a He® semiadiabatic cal-
orimeter with a heat pulse technique. These
were augmented with ac mutual-inductance mea-
surements in a He®-He? dilution refrigerator. At
Bell Laboratories (BL), specific-heat measure-
ments were performed from 1.5 to 9 K using a
heat-pulse method and magnetic susceptibility
measurements were made with a pendulum mag-
netometer.

The results of the measurements of the super-
conducting properties of the (LaPr)Sn, system
are presented in Fig. 1. In Fig. 1(a), the reduced
transition temperature T,/ T, is plotted versus
Pr concentration, while in Fig. 1(b), the reduced
specific-heat jump AC/AC, is plotted versus T,/
T, The values of T, and AC, are 6.38 K and
126+ 3 mJ/K mole LaSn,, respectively. Both lin-
ear BCS dependence and the Abrikosov-Gor’kov
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FIG. 1. (a) Reduced transition temperature Tc/Tc0
versus Pr concentration for the (LaPr)Sn; system,
Open circles, BL data; solid circles, UCSD heat ca-
pacity data; solid triangles, UCSD ac mutual induc-
tance data. The solid line is derived from numerical
calculations based on the theory of Keller and Fulde
with (dT./dn), - ¢ as the only adjustable parameter.

(b) Reduced specific heat jump AC/AC, versus reduced
transition temperature T,/T, for the (LaPr)Sn; sys—
tem. Open circles, BL data; solid circles, UCSD da~-
ta. The solid line is derived from numerical calcula-
tions based on the theory of Keller and Fulde with no
adjustable parameters. The BCS curve (dashed line)
and AG curve (dot-dashed line) are shown for compari-
son.

(hereafter AG) curve®® for AC/AC, versus T,/
T, are included in Fig. 1(b) for reference. While
the curve of Tc/T,,.0 versus Pr concentration ex-
hibits the pronounced positive curvature charac-
teristic of many matrix—rare-earth impurity sys-
tems with singlet impurity ground states,*'° the
curve of AC/AC, versus Tc/Tco departs markedly
from the linear BCS behavior in a manner not
heretofore observed. Generally, the curves of
AC/AC, versus T./T,, lie on or below the BCS
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curve, depending on the magnetic state of the im-
purity,'° but not above it as occurs here for the
(LaPr)Sn, system.

In order to compare the results presented in
Fig. 1 with the theory, the sequence and split-
tings of the Pr®* I'y, T;, T,, and T'; energy lev-
els in the cubic crystal field of the LaSn; matrix,
needed for the numerical calculations of T,/T,
versus n and AC/AC, versus T./T, , were deter-
mined from normal-state measurements of the
Van Vleck paramagnetic susceptibility and Schott-
ky heat-capacity anomaly for various Pr concen-
trations. A plot of the zero-temperature magnet-
ic susceptibility x(0) versus Pr concentration is
presented in Fig. 2(a), while typical data for the
excess heat capacity C,,/R versus temperature
are shown in Fig. 2(b) for Pr concentrations of
2.57 and 4.98 at.%.
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FIG. 2. (a) Zero-temperature magnetic susceptibility
x(0) versus Pr concentration for the (LaPr)Sn; system
(BL data). (b) Excess specific heat C,,/R versus tem-
perature for the (LaPr)Sn; system (UCSD data) for im~
purity concentrations of 0 (extrapolated), 2.57, and
4.98 at.% Pr. The solid line represents the best fit of
the theoretical Schottky function to the extrapolated
zero Pr concentration data corresponding to the Pr
energy level scheme indicated in the figure.

1622

Evident in Figs. 2(a) and 2(b) are weak depen-
dences of x(0) and C,,/R versus T on Pr concen-
tration which most likely arise from interimpur-
ity exchange effects. Therefore, the measure-
ments were extrapolated to zero Pr concentra-
tion to attain an estimate of the value of x(0) and
the behavior of C,,/R versus T in the single-Pr
impurity limit. The extrapolated single-Pr im-
purity data, indicated in Figs. 2(a) and 2(b), were
then analyzed in the following manner.

First, the splitting between the Pr®* T, and T,
levels, A,,, was estimated from the formula for
the zero-temperature Van Vleck paramagnetic
susceptibility in second order,

x(0) = Zg.rzuszaz/Am’ 1)

where a =(T,|J,IT") = (20/3)*/2, g, is the Landé g
factor for the Pr®* J =4 Hund’s-rule multiplet,
and the experimental value of x(0) is 0.25 cm?/
mole Pr. The value A,,=12.8 K deduced from
this calculation was then used as a first approxi-
mation for the energy scale in the LLW energy-
level diagram for Pr®* in a cubic crystal field.
This diagram gives the sequence and relative
splittings of the Pr®* energy levels in terms of a
parameter ¥ which represents the ratio of the
fourth- and sixth-degree angular momentum op-
erators in the expansion of the electrostatic po-
tential of the crystal. Computer-generated Schott-
ky functions were then compared to the extrapo-
lated zero-Pr-concentration C,/R versus T data.
The best fit corresponds to a value of the LLW
parameter x of 0.2 and the following Pr®** energy-
level scheme: T (singlet), 0 K; I';(triplet), 8.4
K; I',(triplet), 14.6 K; and I';(doublet), 25.0 K.
Finally, the temperature dependence of the mag-
netic susceptibility contributed by the Pr ions
was calculated within second-order perturbation
theory. In Fig. 3, the computed x(T') curve is
compared with data for two (LaPr)Sn, samples
with Pr concentrations of 3.5 and 5.0 at.%. Apart
from the maximum in the theoretical curve at
3.2 K which does not appear in either of the ex-
perimental curves, the theoretical and experi-
mental x(T) curves are in reasonable agreement.
The maximum in each of the experimental curves
may be obscured by a low-temperature tail which
arises from small amounts of other magnetic im-
purities which are present in the starting materi-
als.

Using the Pr®" energy-level scheme which was
established from the normal-state measurements
as input, we have calculated numerically the
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FIG. 3. Magnetic susceptibility x (open symbols)
and inverse magnetic susceptibility x~! (solid symbols)
versus temperature for the (LaPr)Sny system (BL da-
ta) for impurity concentrations of 3.5 and 5.0 at.% Pr.
The solid curves are derived from the Pr®* energy-
level scheme of Fig. 2(b) using second-order pertur-
bation theory. The dashed line represents the high-
temperature asymptotic “Curie law” dependence for a
ninefold degenerate Pr®* J=4 Hund’s-rule multiplet.

curves of Tc/Tc0 versus n and AC/AC, versus T,/
T, for the (LaPr)Sn, system within the frame-
work of the theory of Keller and Fulde.?* The
results are represented by the solid curves in
Figs. 1(a) and 1(b). The initial slope of the theo-
retical T./T. versusn curve, which depends
upon the strength of the exchange interaction,
has been fitted to the UCSD data at small Pr con-
centrations. The theoretical AC/AC, versus T,/
Tco curve does not depend on any adjustable pa-
rameters.

The positive curvature of TC/TCo versus z in
Fig. 1(a) is typical of systems in which the domi-
nant pair-breaking contribution is from inelastic-
exchange scattering processes involving transi-
tions between a nonmagnetic ground state and the
lowest excited states of the rare earth impurities.
For Pr®" ions in a cubic crystal field, I, is the
only level which is connected to I'; according to
the selection rules for exchange scattering. How-
ever, elastic and inelastic scattering processes
involving the thermally populated magnetic T,
state also contribute considerably to the depair-
ing when, as in the present case, the triplet I';

level has a lower excitation energy than the trip-
let ', level. The numerical calculations, which
take this into account, are in good agreement
with the experimental results except for samples
with high impurity concentrations. This disparity
between the experimental and calculated T./T,,
versus n curves for n % 4 at.% Pr may be pro—
duced by the pairing mechanism that is associat-
ed with aspherical Coulomb scattering. Selection
rules for aspherical Coulomb scattering allow
transitions between the singlet I', ground state
and the triplet I'; and doublet I'; excited states.

A numerical analysis based on Ref. 1 reveals
that A, has to be = 6T in order to detect an en-
hancement of T, after the initial slope of the T,/
T, , Versus n curve has been adjusted. Thus we
expect to observe this effect only for 7./T, = 0.2.
This is in accord with experiment as 111ustrated
in Fig. 1(a).

With respect to the behavior of AC /AC0 versus
To/T,,, Fig.1(b) shows that the theory provides
a rather good description of the data. It is the
depairing effect of the low-lying I'; energy level
that is responsible for the large departure of the
AC/AC, versus T,/T., curve from the BCS and
AG curves.
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