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Abstract. The superconducting and normal state properties are reviewed for exemplary
matrix-impurity systems in the three distinct regimes of magnetic character of the
impurity which have been identified. It is shown that these three regimes can be dis-
tinguished by the detailed behavior of the depressions of 1) the superconducting transition
temperature T, as a function of impurity concentration n and 2} the specific heat jump 4C
at 7; as a function of T.. These systematics of superconductivity in the presence of local
moments appear to be sulficiently well established that it is possible to 1) ascertain
whether the solute spin is long-lived (magnetic) or short-lived {(nonmagnetic) compared to
thermal fluctuation lifetimes at superconducting temperatures, 2} determine the sign and
magnitude of the conduction electron-impurity spin exchange interaction parameter 3
and the temperature dependence of the exchange scattering of conduction electrons by
fong-lived solute spins, 3) derive, in favorable cases, information pertaining to the energy
level structure of rare earth ions in the crystalline electric field of their superconducting
metallic host, and 4) observe magnetic-nonmagnetic transitions of an impurity induced
by the application of an external pressure or variation of the composition of a binary alloy

matrix.

Traditionally, efiorts to delineate the magnetic state
of an impurity in a metallic host have relied upon the
comparison of measurements of various normal state
physical properties as a function of temperature and
magnetic field with predictions based on available
theoretical models. However, this appreoach suffers
from two drawbacks. First, a meaninglul comparison
between experiment and theory requires that the
temperature and field dependence of the impurity
contribution to the physical properties of the matrix-
impurity system be determined in the single impurity
limit. In order to realize this hmit where the impurity
contribution depends linearly on impurity concen-
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Michigan, t8-20 Jupe 1973 [Bull. Amer. Phys. Soc. 18. 779 (1973)].
** Supported by the US. Energy Research and Dvelopment
Administration under Contract No. ERDA E(04-3)-34 PA 227,

tration, it is necessary to reduce the impurity concen-
tration to a level that is sufficiently low so as to avoid
inter-impurity interaction effects, but concomitantly,
achieve adequate sensitivity to allow the sought after
variation of the normal state physical properties with
temperature and field to be accurately deduced after
the large background of the matrix has been sub-
tracted from the alloy. Often, it is also necessary to
account for modifications of the host properties which
accompany the introduction of impurities that arise
from scattering processes other than those of magnetic
origin (e.g., the breakdown of Matthiesen’s rule for
the electrical resistivity is a case in point). Second,
theeries based on competing mechanisms sometimes
simply vield the same theoretical predictions for the
temperature and ficld dependence of the normal state
physical properties, so that it is not possible to
distinguish which is appropriate for the situation
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under consideration. Fortunately, these difficulties
can be obviated to a large extent by measuring the
superconducting properties of the matrix-impurity
system when the matrix is a superconductor.

The advantage which superconducting studies offer
in determining the magnetic state of impurities when
the metallic matrices into which they have been
introduced are superconducting derives from the
extreme sensitivity of the superconducting electron
gas to the presence of localized impurity states. The
resulting modifications of the superconducting order
parameter and energy gap are reflected in the super-
conducting properties, often in dramatic ways. In
parucular, striking nenlinear variations are observed
in the depressions ol 1) the supercenducting transition
temperature T, as a function of solute concentration n
and 2) the specific heat jump 4C at 7, as a function
of T,. Both are replete with information, not contained
in the normal state properties, pertaining to the mecha-
nisms through which the superconducting electron
pairs interact with the solute moments, and in turn,
the magnetic siate. of the solutes. Moreaver, these
measurements can be performed with relative ease
without the necessity of making large background
corrections for the host, and in many cases, the effects
are so pronounced that inter-impurity ' interactions
can even be neglected if they are not 100 strong. The
main disadvantage associated with the application of
this “superconducting spectroscopy” in determining
the magnetic state of impurities in metallic matrices
- is, of course, the requirement that the matrix be a
superconductor.

In this article we wish to show that impurity ions with
partially-filled d or f shells affect the superconductivity
of the metallic matrix into which they have been
dissolved in a distinct manner which correlates with
their own magnetic state. Two distinguishing features
to be observed in the superconductivity of a matrix-
impurity system which we emphasize are the detailed
behaviors of the curves of T./T,, vs n and 4C/dCq vs
T/T,, (T, and 4G, refer to the mairix). By reviewing
the superconducting and normal state properties of
exemplary svstems which have been extensively studied
in various regimes of solute magnatic character, we
show that the svstematics of superconductivity in the
presence of local moments appear to be sufficiently
well established to permit the magnetic state of a
solute in a superconducting metal to be determined
from superconducting properties alone. Specifically,
we demonstrate that it is possible to 1) ascertain
whether the solute spin is long-lived (magnetic) or

short-lived (nonmagnetic) compared to thermal fluc-
tuation lifetimes at superconducting temperatures,
2) determine the sign and magnitude of the conduction
electron-impurity spin exchange interaction parameter
3 and the temperature dependence of the exchange
scattering of conduction electrons by fong-lived solute
spins, 3) derive, in favorable cases, information
pertaining to the energy level structure of rare earth
(RE) ions in the crystalline electric field of their
superconducting metaliic host, and 4) observe
magnetic-nonmagnetic transitions of an impurity in-
duced by the application of an external pressure or
variation of the composition of a binary alloy
matrix.

It should be pointed out that our review of the super-

conducting and normal state properties of the ex-
emplary matrix-impurity systems considered is not
meant to be comprehensive; other reviews have
recently appeared [1-5], and our main purpose is to
stress the applicability of superconductivity to probe
the magnetic state of local moments in metals. The
breakdown of the article is as follows: In Section 1,
we present our classification of local moments in
metals and discuss the systematics of supercon-
ductivity in the presence of local moments. Section 2
is devoted to magnetic-nonmagnetic transitions of
impurities in superconductors; while Section 3 con-
siders superconductors containing rare earth im-
purities with crystal-field split energy levels. The
article is concluded in Section 4.

1. The Systematics of Superconductivity in the Presence
of Local Moments

In this section, we review the superconducting proper-
ties of matrix-impurity systems in the three distinct
categories which have been idertified, each of which
corresponds to a different regime of solute magnetic
charactzr. Before presenting these systematics of
superconductivity in the presence ol local moments,
however, it is first necessary to introduce the scheme
which we employ to classify Jocal moments in a metal
with respect to their magnetic character.

1.1, Classification of Local Moments
in Superconductors

[n the traditional view, the formation of local
moments in metals 15 intimately connected with the
extent to which the conduction electron wave functions
hybridize with the localized d or f impurity wave
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functions. As a result of this admixture of itinerant
and local electrons, the lifetime 1 of an eleciron in the
localized state is finite (rather than infinite as it would
be for an unhybridized local d or f state). The lifetime ©
is given by '

r e T VEINER o

where I, is the itinerant-local electron admixture
matrix element and N{E[) is the density of states at
the Fermi level for the matrix. A finite lifetime t in
turn implies a broadening of the localized impurity
state in energy by an amount of the order of A/t
According to the Friedel-Anderson meodel [6, 7], the
Jocal density of states NJ{E;) at the Fermi level
associated with the broadened localized state which
each solute ion contributes has a Lorentzian form

1 4
n Ef + 47
(without spin and orbital degeneracy),

N{(Ef) =

where E, is the energy separating the controid of the
resonant impurity state and the Fermi level E; and
4 1s the Hartree-Fock half-width of the resonant
impurity state. In this view, whether or not a solute
forms a local moment is determined by a competition
between 4 and_ the intra-atomic Coulomb repulsion U
which splits spin-up and spin-down states in the
Friedel-Anderson model. This is iliustrated by the
Hartres-Fock condition for spin degeneracy (no
magnetic moment} which is given by

N(EpUZ1. (3}

When the controid of the resonant impurity state is
located at the Fermi level (E,=0), this criterion
reduces to the more familiar relation

U/rd<1. (4)

Thus, according to the Friedel-Anderson model, a
solute in a matrix-impurity system is more likely to
carry a local moment the larger the value of U and
the smaller the value of 4. Since 4 is proportional to
(V3> itis apparent that the amount of itinerant-local
electron mixing is an important determinzant 1n the
formation of solute local moments 1 a metallic
environment.

Actually, the abrupt transition from magnetism to
nonmagnetism at U/rd =1 predicted by the Friedel-
Anderson mode! does not occur in the dilute impurity
limit. Instead. the magnetic-nonmagnetic transition
seems (o be a smooth function of U/rna (or other

related factors—see Section 2), and a great deal of
effort has been expended in attempting to develop a
theoretical description of the transition [, 9]. One
approach (and by no means the only one) is based on
the concept of a tocalized spin fluctuation lifetime <,,
which is a smooth function of U/rA. The long-lived
local moment {magnetic) limit corresponds to U/md » 1
and the short-lived local mement (nonmagnetic) limit
corresponds to U/rd <1 where 1, is expected to be
of the order of the lifetime z of an electron in the
localized state. Again, the amount of itinerant-local
electron mixing is an importan: factor in determining
the lifetime of the solute local moment and, in turn,
the solute’s magnetic characer,

Although a detailed discussion is beyond the scope of
this article, we feel obliged to remark at this point
that the “valence fluctuation™ model [10-12] which
incorporates the concept of temporal fluctuations of a
partially filled localized electron shell between two
integrally occupied states provides a natural explana-
tion of the [ocal moment fluctuations considered here.,
This model has recently been invoked to explain the
nonmagnetic behavior and non-integral valence of
certain RE ions in metallic environments [11,12].
Indeed, the nonmagnetic nature of Ce impurities in
Th, which was first discovered through measurements
in the superconducting state [13,14] (an example of
the utility of supercoaductivity as a probe of the
magnetic state of an impurity in a metal), correlates
with a nonintegral occupation (0.75 electrons) of the
Ce 41 shell.

Our classification of local moments in metals is based
on the notion that the solute spins fluctuate with a
finite frequency t.7' and that the lifetime t,, is in-
versely related to the extent to which the localized
impurity states hybridize with the conduction electron
states of the matrix. In this view, a solute is magnetic
in the limit where t,, is large compared to thermal
fluctuation lifetimes 7, ~Mh/kyT in the temperature
range of interest (i.e., 7,3 1,) and nonmagnetic in the
opposite limit {ie, 1,,<€1,). Two of the threz distinct
categories of solute magnetic character for super-
conducting matrix-impurity systems correspond to
the magnetic limit where the solute spins are long-
lived compared to thermai fluctuation lifetimes at
supcrconducting  temperatures  {t,, > h,/kﬂ;O or
Ty < T,,). while the third distinct category corresponds
to a nonmagnetic limit where the solute spins are
short-lived compared to thermal fluctuation lifetimes
at superconducting temperatures {1, <€h/k T, or
T,» T.). Here, we have introduced the Jocalized spin
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fluctuation temperature T, which is defined as Ty=
hikgt,, In the long-lived magnetic limit, the solute
spins apparently interact with the conduction electrons
via the conduction electren-impurity spin’ exchange
interaction Hamiltonian

H=—235.5, | (5)

where § is the parameter which characterizes the
strength and sign of the interaction, § is the solute
spin. and s is the conduction electron spin density at
the impurity site. The first two categories arg distin-
guished by the sign of 8, which is positive forvweak
itinerant-local electron mixing, and negative for
moderate itinerant-local electron mixing. In the short-
lived nonmagnetic Himit, where there is strong itinerant-
local electron mixing, the exchange interaction is
apparently left inoperative by the rapid fluctuations
of the solute moments. These three distinct categories
are discussed in the following where the systematics
of superconductivity in the presence of locai moments
are presented.

1.2, Long-Lived Local Moments
in Superconductors (Ty < T,,)

1.2.1. Weak Itinerant-Local Electron Mixing (3>0)

When the admixture of conduction electron and
localized impurity states is weak, the lifetime of an
electron in the localized impurity state remains, for
all practical purposes, infinite. The electronic structure
of the local shell thea retains its highly correlated
atomic identity and the resultant magnetic moment,
dictated by Hund's rules, interacts with the conduction
electrons via the conduction electron-impurity spin
exchange Hamiltonian. This case is especially ap-
propriate for RE ions whose 4/ shells have radii which
are only about one-tenth of a tvpical interatomic
crystal spacing, although some notable exceptions
(in particular, Ce) will be considered in ensuing
sections. In this weak itinerant-local electron mixing
limit, the Heisenberg contribution 3, to the exchange
interaction parameter 3 dominates so that & is given by

2
&
~3g=— |l r)wil 1);"“' Ga e b D dry,
12
{6)
where 1, is the conduction electron wave function,
and ¢, is the localized 4f electron wave function.
This Heisenberg contribution to § is always positive
(ferromagnetic coupling). We remark that for RE

impurities, the appropriate exchange Hamiltonian is

Ko =—23g,~1)] s Q)

nl
which is obtained by replacing § in (3) by its projection
onto the total angular momentum vector J=L+§
of the Hund's rule ground state (ie, S—=[<5-J)/
JJ+ 1] =(g,— 1) where g; is the Lande g-factor
for the appropriate Hund's rule ground state)
(15, 16].

In this section we will further restrict our attention to
the S-state RE ion Gd since there is no appreciable
splitting of the Gd**J=7/2 multiplet in the cubic
crystal field of the superconducting matrices which
we consider. The intcresting and varied effects on
superconductivity which arise when RE impurities
with crystal-field split energy levels are dissolved in
& superconducting matrix will be considered in
Section 3. As an exemplary matrix-impurity system,
we consider the system (LaGd)Al,.

Exemplary System—(LaGd)Al,. The normal state
properties of the (LaGd)Al, system reveal that the
Gd moment is long-lived and that the conduction
electron-impurity spin exchange parameter 9 is posi-
tive. For example. magnetic studies {17, 18] show
that the magnetic susceptibility y of (LaGd)Al,
follows a Curie-Weiss law

Z=Nﬂ¢2rr/3ks(T""0) (8)

at low temperatures. The Curie-Weiss temperatures 8
are close to the Curie temperatures 8, of those samples
which order ferromagnetically above a critica! con-
centration which is somewhat above the critical
concentration for the complete suppression of super-
conductivity. The conformation of the susceptibility
to a Curie-Weiss law indicates that the moment is
long-lived, while the enhanced value of y (~Sug
compared to the fres ion value of 7.94 ug) suggests a
positive conduction electron polarization and, in
turn, a positive sign for 3. The absence of a minimum
in the ifow temperature electrical resistivity of
(LaGd)Al, alloys also suggests that 3 is positive.
Direct evidence that 3 is -positive has recently
emerged [rom an electron paramagnetic resonance
study of the (LaGd)Al, system [19]. In this study it
was found that (LaGd)Al, is a "bottlenecked” system.
When the “bottleneck™ is broken by reducing the Gd
concentration or by adding chemical impurities, there
is a positive g-shift of 0.1 which corresponds to a
value for 3 of ~0.1eV,

Experimentally. it has been found that when inter-
actions between Gd impurities are sufficiently weak
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Fig. 1. Reduced transition temperature T,/T vs reduced concen-
tration n/n,, for (LaGd)Al; compared to the AG theory (solid curve).
T.,=3.24 K and n,, =0.590 at.- % Gd substitution in La. The reduced
Curie-Weiss temperatute 8/T,, measured at n/n, =141 is denoted
by the solid triangle (after Maple [20])

that they may be neglected over an appreciable
temperature range below T, the transition tempera-
ture of the superconducting matrix into which they
have been dissolved, then the curves of T,/T, vs n/n,,
(n. is the critical concentration above which super-
conductivity does not occur at any temperature
[17,20)) and AC/AC, vs T/T,, [21] behave in
characteristic manners, both of which can be well-
represented by universal functions which have been
calculated on the basis of the theory of Abrikosov
and Gor'kov [22] (hereafter AG) as discussed below.
This is illustrated in Figs. 1 and 2. In Fig 1, the
behavior of T,/T,, vs n/n,, [17, 20} is displayed for the
exemplary system (LaGd)Al; and compared to the
theoretical AG curve (solid line in the figure). The
solid triangle in Fig. 1 represents the Curie-Weiss
temperature # measured for a sample with a Gd
concentration well above the critical concentration
n., which indicates that interaction effects are indeed
weak in the temperature range {or impurily concen-
tration range} over which experiment has been com-
pared with theory. In Fig. 2, the behavior of
4C/4Cy vs T/T,, [21] is shown for the (LaGd)Al,
system and another system, ThGd [23]. and compared
to calculations by Skalski er al. [24} which are based
on the AG theory. For the ThGd system, the specific
heat jumps have been derived from critical feld
measurements by means of Rutger’s relation

8C=C,—C,=(cT/4n)(dH jdT); 1., (9
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Fig. 2. Reduced specific heat jump 4C/4C, vs reduced transition
iemperature T/T,, for the matrix-impurity systems (LaGd)Al, and
ThGd. The (LaGd)Al, dala were derived from measurements of
C, vs Tby Luengo and Mapie [21] and the ThGd data were derived
from measurements of H, vs T by Decker and Finnemore [23].
The dashed line represents the BCS law of corresponding states,
whereas the solid line is the result of the AG theory as calculated

by Skalski er al. [24]

where v represents the volume of the superconducting
specimen.

Temperature Independent Pair Breaking. As can be
seen in Figs. 1 and 2, the experimental T,/T; vs n/n,,
and 4C/4C, vs T,/T,, curves are well represented by
the AG theory. The basic assumptions embodied in
the AG theory are that 1} the superconducting order
parameter does not vary with position, 2) the spins of
the impurities are fixed and randomly oriented in
space, and 3) the scattering of conduction electrons
by magnetic impurity spins can be calculated
within the first Born approximation. The first as-
sumption requires that the impurities be randomly
distributed throughout the superconducting matrix,
while the second precludes any cotrelations between
the spins of the impurities such as those which would
arise from magnetic order.

In the AG theory, the superconducting properties in
the presence of solute spins are characterized by a pair
breaking parameter a=1, ! where 7, is the lifetime of
the single particle paired states of which the super-
conducting wave function is comprised. The theory
predicts a second order transition to the super-
conducting state and a rapid decrease of the transition
temperature with « given by the universal relation

I(T/T)=w(1/2)—w(1/24 01427 /2, T}, (10)
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where T corresponds to =0, 2, =k, T, /dhy (Iny is
Euler's constant) corresponds to T.=0 (complete
destruction ol superconductivity), and w is the di-
gamma function. It is apparently sufficient to calculate
the pair breaking parameter x within the first Born
approximation (to second order in 8) which gives the
result

a=h"'nN(ED3S(S+ 1), (1)

where » is the paramagnetic impurity concentration
and N(Eg) is the density of states at the Fermi level
for the matrix. It 15 important to note that o is
proportional to n and independent of temperature.
Hence 2/, can be replaced by n/n, in (10) where n_,
is the critical concentration for the complete sup-
pression of superconductivity. Thus the theory predicts
that the reduced transition temperature T/T, will
be a universal function of reduced concentration n/n,,:

n(T/T)=v{1/2)—w(1/2+0.14nT, /0, T) (12)
or
'I;/TZ'O = @(”-‘!ncr) . (13)

The spe.ific heat jump 4C at T, as a function of T,
has also been calculated on the basis of the AG
theory by Skalski et al. [24]. They find that the reduced
specific heat jump 4C/4C, as a function of T/T,
foliows anether universal function

4C/dC,=Y(T/T,) (14}

which deviates markedly from the linear BCS law of
corresponding states [25] as expressed by

4C/4Co=TJT,. | (1)

Other predictions of the AG theory have been verified
experimentally as outlined in a recent review [2].

1.2.2. Moderate Ttinerant-Local Electron Mixing
(3<0and T4 <T,)

When the admixture of conduction electron and
localized impurity states is moderately strong {but not
too sirong), an electron in the local state still remains
long-lived compared to thermal fluctuation lifetimes
at superconducting temperatures. Again, the electronic
structure of the local shell retains, to a high degree of
approximation. its highly correlated atomic identity
and the resultant magnetic moment, given by Hund’s
rules. interacts with conduction electrons via the con-
duction electron-impurity spin exchange Hamiltenian.
In this case. however, the exchange interaction

parameter 3 is dominated by an anti-ferromagnetic
contribution 3, which arises from covalent mixing so
that 3 is negative [26]. According to Schrieffer and
Wolf [27], this contribution ¢an be expressed in terms
of the parameters of the Friedel-Anderson model as

ViU
9~31_E;(£,+U)' [E|<€4. (16)
Matrix-impurity systems which fall into this category
exhibit the Kondo effect [28] which is associated
with a temperature dependent exchange scattering of
conduction electrons by the long-lived solute spins.
Calculated terms of the scattering cross-section of
higher order than §° become important when § is
negative, giving rise to various anomalies in the normal
state, For example, there is an impurity contribution
to the electrical resistivity which varies as {(~InT)
for T» T, and saturales to a constant value {the so-

-called unitarity limit) for T<€ T, and produces the

resistivity minimum phenomenon which was first
explained by Kondo [29]. [n addition, there are heat
capacity and thermoelectric power anomalies which
exhibit peaks near Ty Here, Ty is the Kondo tempera-
ture which is given by

Ty~ Trexp(— 1/N(Ef)3)), (17)

where T; is the Fermi temperature. Much theoretical
effort has been expended in attempting to calculate
the various normal state properties of Kondo systems
for all temperatures T2 7T, One physical inter-
pretation which has emerged from these theories is
that T, is a characteristic temperature below which
the impurity spins tend to be compensated by the
conduction electron spins—the degree of compensa-
tion increasing smoothly with decreasing temperature.
The binding energy of this so-called “quasi-beund
state™ is of the order of kzTy. The impurities which
fall into this categery include the 3d (Fe group)
transition metals and certain rare earths, like Ce
and Yb, depending. of course, on the electronic
steucture of the metallic host into which they have
been introduced. As an exemplary system, we consider
the matrix-impurity system (LaCe)Al,.

Exemplary System—{LaCeJAl,. The first matrix-
impurity system in which a2 Kondo effect was
observed where the metallic matrix was a compound
rather than an element was (LaCe)Al, [17,30]. The
temperature dependent anomaliss in the normat state
physical properties of this system reveal that the
Kondo temperature T, ~0.1 K is much smaller than
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Fig. 3.(a} T vs T plot of the magneltic sus-
ceptibility (corrected for the susceptibility
of LaAl,) of (LaCe)Al; alloys. The dashed
line gives the value for free Ce?* ions for
which k,Ty/Nuj=g2J(J+1)/3=2.14,. The
solid curves represent the susceptibility
appropriate o a cubic erystal field which
splits the Ce** J=5/2 multiplet into a
[y quartet and a ground state I'; doublet
(after Maple [ 17, 307). (b} Inverse magnet-
ic susceptibility (corrected for the sus-
ceptibility of LaAl,) vs temperature flor
two (LaCe)Al; alloys below 4K. The
solid line represents 2 modified Curie-
Weiss law with a temperature dependent
Curie constant C{T)=x¢(T}T where
redT) is the susceptibility for a [,—Iy

/(T-8)
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TEMPERATURE (K}

the critical temperature of the LaAl; host (T, =3.3 K}.
High temperature {1 K <T<200K) magnetic sus-
ceptibility measurements on the (LaCe)Al, system
suggest that the Ce*~J=15/2 Hund’s rule multiplet is
split by the cubic crystal field (LaAl, has the fccC 15
erystal structure) into a g quartet and a ground state
I, doublet with a splitting §~ 10? K [17, 30, 31]. This
is illustrated in Fig. 3a where magnetic susceptibility
data [17,30] ia the form of T vs T plots for several
{LaCe)Al, alloys are compared with theoretical curves

splitting & of 200 K in the cubic crystal
field {after Felsch et al. [33])

for & values of 0 (Curie law), 100 and 200 K. A more
satisfactory description of the data presented in
Fig. 3a has recently been obtained by Harris and
Zuckermann [32] who have taken both crystal field
and Kondo effects into consideration in their calcu-
lation of the magnetic susceptibility as a function of
temperature, The best fit of their theory to the data
corresponds 1o the reasonable values for |3 and é of
0.15eV and 1BOK, respectively. Low temperature
(004K < T<4 K) magnetic susceptibility measure-
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Fig. 4. Heat capacity of a (LaCe)Al, alloy (0.64at.-%Ce) vs
temperalure in various magnetic fields up to 3§ kOe. Curves
a—c. which have been drawn to fit more accurate data for a
(LaCe)Al,; alloy with 0.906 at.-% Ce, correspond to an entropy of
R In?2 per mole Ce, showing that the Ce’* ground state is a doublet.
Cirve d is consistent with calculations of Bloomfield and Hamann
[36]for §=1/2 and T =0.42 K. The two zero field superconducting
transition temperatures are indicated (after Bader er al. [34])

ments on the (LaCe)Al, system suggest that T is of
the order of 0.1 K [33} This is shown in Fig. 3b
where inverse magnetic susceptibility vs temperature
data for two (LaCe)Al; alloys have been fitted by a
modifted Curie-Weiss law with a temperature de-
pendent Curie constant C(T)=yc(T)}T where ycg(T)
is the susceptibility for a [';— 17T splitting 6 of 200K
[33]. Here, the 0.4 K Curie-Weiss temperature 6 is
taken to be a measure of Ty (ie, #0j~3-4T;). The
fact that the ground state of Ce in the (LaCe)Al,
system is a doublet is confirmed by recent heat
capacity measurements [34,35] which show that the
entropy associated with the Kondo heat capacity
anomaly is equal to R In2 per mole Ce. Typical results
are shown in Fig. 4 for a (LaCe)Al; alloy with a Ce
concentration of 0.64at-%. The low field data are
well-represented by the Bloomfield-Hamann theory
[36] for S=1,2 and T,=042K [in the Bloomfield-
Hamann theory, T, ~3T,,. where T,,, (1480 mK for
this case) is the temperature at which the heat
capacity anomaly attains its maximum value]. From

T ——— Ty —
(LaCelal;
20 » 0640t %Ce =72 |
f"_-\' a 0.64al %Ce 1256
— J :_mci?\i\ a4 099 at %Ce r:6.6
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= 3
-
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Fig. 5. Negative thermoeleciric power contributed by Ce impurities
in various {LaCe)Al, alloys as determined from the Gorter-Nord-
heim refation. The symbol r denotes the resistance ratio R(300 K)/
R(12 K} of each specimen (alter Moeser et al. [383)

these results, it is quite obvious that at super-
conducting temperatures, conduction electrons must
exchange scatter from a doublet ground state which
is characterized by an effective spin §_ of 1/2 and
that the Kondo temperature T is much smaller than
T, Other characteristic anomalies occur in the Ce
impurity contribution to the electrical resistivity dg/n
[17,30,37] and the thermoelectric power [38]. The
thermoelectric power contributed by the Ce impurities
is shown in Fig. 5 for various (LaCe)Al, alloys. The
temperature dependences of both the electrical re-
sistivity and thermoelectric power of (LaCe)Al, are
typical of Kondo systems with low wvalues of Ty
(ie. T¢<T,) Finally, nuclear orientation measure-
ments on the (LaCe)A!, system place T, in the
neighborhood of 0.1 K [39].

In the superconducting state, the {LaCe)Al, system
exhibits 2 most unusual and striking phenomenon,
that of re-entrant superconductivity where alloys with
Ce impurity concentrations within a certain range
exhibit two critical temperatures {40, 41]. Thus as the
alloy is cooled to low temperatures, it first enters the
supereconducting state at a critical temperature T,
and then remains superconducting to a fower critical
temperature T, at which it then returns to the
normal state for all temperatures T < T,;. Examples
of transition curves {ac susceptibility) which exhibit
a return to the normal state at a lower critical
temperature and the corresponding re-entrant T/T,
vs n curve for the (LaCe)Al, system are shown in
Figs. 6a and b [41]. In addition to the remarkable
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‘ig. 8. Reduced specific heat jump AC/dC, vs reduced transition
rmperature T/T, for the matrix-impurity systems {LaCe);Al
:nMn, ZnCr, and MoFe. The(LaCe),Al data{Aciand Masuda [45])
rere derived lrom measurements of C, vs T and the ZnMn data
smith [46]1. ZnCr data {Vaccarone et al. {47]) and MoFe data
Fakavanagi et al. [43]) were obtained from measurements of
f. vs T. The dashed line represents the BCS law of corresponding
.ates, wherzas the solid line indicates the AG result

; attributable to the formation of a bound state
‘ithin the gap {band for the concentrations considered
1 [34] and [35]) in the superconducting state in
ontrast to the “gquasi-bound state™ which forms
fithin the continuum of itinerant electron states in
1e normal state.

‘he measurements of H_,(n, T) show re-entrant be-
avior and, when analyzed within the context of the
wiltiple pair breaking theory.[49]. yield the tempera-
ire dependence of the spin-flip amplitude for ex-
1ange scattering of conduction electrons by long-
ved solute spins {37].

emperature Dependent Pair Breaking. A great deal of
fort has been devoted to developing a theory for
e superconducting properties of matrix-impurity
rstems which simultancously exhibit both super-
»nductivity and the Kondo effect. Several calculations
ave shown that the superconductivity is most
rongly affected when T~ T.. For example, it has
ren predicted that the initial depression of T, with
1purity concentration (—dT./dn), ., will exhibit a
aximum as a function of T/T, near T /T, ~10
i0. 317, while the initial depression of 4C/4C, with
IT [@aC/AC) A T/T . <., will show a maxi-
um as a lunction of T/T, near T,/T, ~1[52]). Ina
cent study of superconductivity in a szries of
2. ThiCe systems. these predictions have been
rified experimentally, as discussed in Section 2,

which is concerned with magnetic-nonmagnetic tran.
sitions of impurities in superconductors. These predic-
tions have strong intuitive appeal since, as previously
pointed out, the relevant energv for ant-ferro-
magnetic pairing of conduction electron spins with
impurity spins to form the so-called “quasi-bound
state” is of the order of kpTy, whereas the energy for
the pairing of time reversed states in a super-
conductor is of the order of k7T, Other interesting
properties have been predicted such as the appearance
of a bound state {an impurity band for finite inpurity
concentrations) in the cnergy gap [3] and the phe-
nemenen of re-entrant superconductivity [53, 54].
For our purposes, the most applicable and tractable
of these theories is due to Miller-Hartmann and
Zittartz (MHZ), and we therefore give a brief
description of the theory below, The reader is referred
to a recent review article by Miiller-Hartmann [3]
and the recent work of Schlottmann [55] for an
assessment of the current status of the theory for
superconducting-Kondo systems,

According to the MHZ theory, the superconducting
properties in the presence of solute spins are still
characterized by a pair breaking parameter x with
T./T,, remaining the same universal function of «/x,
as in the AG theory. However, for the case of
9<0, « must be calculated beyond order 9* which
leads to the expression

r2S(S+1)
afx,, =nA {lnz TIT. + 77555 1)} =nd f(T/T.), (18)
where
A=1/0.142n)*k;N(EPQT, . (19)

Here it should be noted that « is again proportional
to n, but that it is now a function of temperature.
Because of this temperature dependent pair breaking,
a/x, cannot simply be replaced by n/n, in (10)
Instead, expressicns (10} and (18) must be solved
simultaneously for T,(n) whose functional form depends
on the ratio Ty /T, For §=1/2 and T /T 2 1/8. the
theory predicts that T, is a single-valued function of n
which approaches an exponential in the limit T/T, » L.
For §=1/2 and T /T, <1/8, the theory predicts the
remarkable occurrence of three solutions for T(n) in
a ceriain Impurity concentration range which depends
on Ti/T,. Thus. as the temperature is lowered. an
alloy having an impurity concentration within this
range should first enter the superconducting state
at T,(n), re-enter the normal state at T ,(n), and,
finally, again enter the superconducting state at
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the context of the theory of Miiller-Hartmann and
Zittartz (53] (2) Re-entrant curve of T/T, vs n for
T¢/T,,=0.025; (b) single valued relationship between
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T.3(n). At the boundaries of this concentration range
there are two solutions for T,(n) {one of which is a
turning point), and at all other concentrations, T, is a
single-valued function of n. The simultaneous solution
of (10) and {18) and the corresponding behavior of
T/ T, vs n for the cases Ty/T, =0.025 and T/T, =100
are illustrated in Figs. 9a and b.

The fact that re-entrant superconductivity has been
observed in the (LaCe}Al, system [40,41] and two
La-rich {La. Th)Ce systems (see Section 2) is striking
confirmation of the predictions of the temperature
dependent pair breaking theory. For these systems,
alloys within a certain concentration range were
found to exhibit a return to the normal state at a
critical temperature T,,(n) below T,,(n), but no evidence
was found for a transition back to the supercon-
ducting state at a lower critical temperature T,(n).
It would therefore appear that either the third
transition temperature T.,(n) lies below the experi-
mental low temperature limit (6 mK in the (LaCe)Al,

Y
I8 "0 ny ny ny ngng ng Ny Ng g nyp
[ ™

T./T, and n for T/T =100

experiment [41]) or that it simply does not exist.
A possible reason for the latter alternative might be
that the theory does not properly take into account
the energy dependence of the pair breaking parameter.
We note, however, that a recent theory due to Schlott-
mann [55] also predicts for superconducting-Kondo
systems in the limit Ty < T, that alloys within a certain
impurity concentration range will exhibit a return to
the normal state at a second critical temperature
T..{n) below T,,(r), but with no transition back into
the superconducting state at T_4(n). Thus, it would be
of great interest to accumulate additional evidence
bearing on the existence of T_,(n) by means of critical
field or electron tunneling measurements, for ex-
ample.

Since a/x, is proportional to the rate of spin-flip
exchange scattering of conduction electrons by im-
purity spins, it is possible, in principle, to extract the
temperature dependence of the spin-flip scattering
amplitude from measurements of T/T, vs n by
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inverting (10) to obtain f(T/T)=(x/2)/nd. This
procedure has been employed [41] to obtain the
temperature depende:xe of a/z, for the (LaCe)Al,
system, as shown in Fig. 10. From the temperature at
which f(7/T,) saturates to a constant value, we infer
that 7, <0.1 K, a value which is in good agreement
with normal state measurements of T; which range
from ~0.1 K to 1 K. If the matrix happens to be a
type Il superconductor, in which the external field
penetrates the specimen when it Is in the vortex state
between H,, and H_,, the net pair breaking parameter
becomes '

H.(n, T}y H,0T)
afa, =nAf(T{Te)+ H.00 ~ HL 0,0

In this case, measurements of H ,(n, T) can be used to
determine f(T/7y) by means of the relation

f(T/T)=[H_,(0, T)=H_.(n, T)]/nAH_(0,0). (21)

This procedure was first used to deduce the tempera-
ture dependence of o/, for the LaCe system by
Chatkin and Mihalisin [56] and, more recently, for
the {LaCe)Al, system by Winzer [37]. Thus it can be
seen that the temperature dependence of the spin-flip
scattering amplitude, which is essentially a normal
state property, can be conveniently and sensitively
measured [to the extent that jt is correct to relate
T./T, 10 %/, by means of expression (10)] by
studying superconducting properties such as T/T,
vs mand H ,in, T).

(20)

With regard to the behavior of AC/4Cy vs T/T, for
the {LaCe)Al, system, we note that the value of
(d{ ACMCO}/d (T/T .=, yields T,=06K when
analyzed in terms of the MHZ theory. This value is
also in reasonable agreement with estimates based on
normal state properties and on the curve of
?:/7:‘0 vs H:

Finally, we comment that the recent theoretical work
of Schlottmann [55] gives an excellent description of
both the detailed behavior of T/T,, vs n and
4Ci4Cqyvs T/T, when only one adjustable parameter,
{dT /dn), . 1s fitted to the data. Also, an interesting
phenomenological approach just advanced by Préjean
et al. [57] employvs the concept of a temperature-
dependent effective impurity spin S, (T) in con-
junction with the AG theory to arrive at essentially
the same result for the behavior of T/T, vs n as
determined by Miller-Hartmann and Zittartz.

1.3. Short-Lived Local Moments
in Superconductors (To» T, )

1.3.1. Strong {tinerant-Local Electron Mixing

When the admixture of conduction electron and
localized states is strong. an electron in the local state
is short-lived compared to thermal fluctuation life-
times at superconducting temperatures. The electronic
structure of the local shell then loses its highly corre-
lated atomic identity. Due to the resultant rapid
temporal fluctuations of the magnetic moment as- .
sociated with the localized state, the exchange inter-
action becomes inoperative as a mechanism by
means of which the conduction electrons interact with
the localized impurity states. Instead, the dominant
effect on superconductivity seems to be through the
strong Coulomb repulsion which two members of a
Cooper pair experience when they scatter into the
large local density of states at each impurity site. This
Coulomb resulsion weakens the pairing due to the
electron-phenon interaction so that the net attractive
interaction is decreased.

Matrix-impurity systems of this type exhibit weakly
magnetic behavior and various normal state anomalies
that resemble those which are associated with the
Kondo effect. The weakly magnetic behavior arises
from the local moment fluctuztions of frequency 1,,
with which there 5 a corresponding characteristic
temperature T, =/h'kp7,,. At temperatures much
greater than Ty, thermal fluctuation lifetimes are much
smaller than ;. and the magnetic susceptibility
follows a Curie-Weiss law, (8), where the Curie-Weiss
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temperature § is independent of concentration and
of the erder of —(3-4)T;. However, for temperatures
much smaller than T, the thermal fluctuation life-
times are long compared to t,, so that the resultant
magnetic moment averages over time to zero and the
susceptibility approaches a constant value in the limit
T—0. The types of impurity which belong to this
category include transition metal, rare earth and
actinide impurities, depending. again, on the electronic
structure of the matrix innto which the impurities have
been imbedded. As an exemplary matrix-impurity
system., we consider the ThU system,

Exemplary Svsten—ThU. The anomalies which occur
tn the normal stals physical properties of the ThU
system indicate that the chuaracteristic local moment
fluctuation temperature Ty is of the order of 100K,
much larger than the transition temperature of the
matrix (T;,=1.4 K). First, the magnetic susceptibility
follows a Curie-Weiss law for Tz 100K with an
effective magnetic moment g = 3.4u, a value which
is close to that expected for either 2 or 3 electrons in
the U 5f shell, and a negative Curie-Weiss tempera-
ture —0~290K~3T, [58]. For T<100 K. the sus-
ceptibility departs somewhat from the Curie-Weiss
law, approaching a finite value in the limit T—0 [58].
The ThU magnetic suscepiibility as a function of
temperature is shown in Fig. 11. Second, the electrical
resistivity exhibits a minimum at low temperatures
and the incremental resistivity contributed by the U
ions varies as [l1—(7/Ty)?] with T,~100K [58].
This is illustrated in Fig. 12. Third, there is 2 giant
positive peak in the thermoelectric. power at ~80K
{Fig. 13}, again suggesting a characteristic temperature
Ty~ 100K [58]. Finally, the enhancement of the
electronic specific heat coefficient y is quite large,
equivalent to a local U density of states at the Fermi
level of ~70 states/eV-U atom at low U concen-
trations {59, 60].

[n the superconducting state, the T/T, vs n curve for
the ThU system exhibits pronounced positive curva-
ture {587 as shown in Fig. 14. This is in stark contrast
to the negative curvature of the T/T, vs n curves for
the two long-tived local moment regimes discussed in
Subscetions 1.1 and 1.2. Another interesting point is
that the initial depression of T. (~d T idn), 2 o. i3 equal
to § K/at.-% U for the ThU system [58]. This value
15 much larger than the 3 K/at-% Gd exhibited by
the ThGd system [23.61] in which the Gd ions have
long-lived magnetic moments (g~ Syl a large
total angulur momentum (J=5=72). and a positive
exchange interaction parameter ($>0). Thus it is
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Fig. 11 (a) Magnetic susceptibility of pure Th and ThJ alloys as a
function of temperature. (b} Magnetic susceptibility {(corrected for
the Th background susceptibility) of ThU alloys vs temperature.
The solid line represents a Curie-Weiss law for an effective moment
of 3.4 Bohr magnetons and a Curie-Weiss temperature = — 309 K
{afier Maple er al. [58])

apparent that a large value of (—dT/dn), ., cannot,
as once presumed, be taken as evidence for the
existence of a “magnetic” impurity since the magnetic
susceptibility of the ThU system shows that it is a
very weakly magnetic system compared to ThGd.
This emphasizes the point that the magnetic state of
an impurity cannot be determined from measurements
of —{dT./dn),.o only—this requires additiona! meas-
urements of the detailed dependence of T,/T vs n and
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Fig. 13. Thermoelectric power of a ThU alloy (3at-%U) with

respect to copper. The curve marked S, is the corresponding

temperature dependence of the absolute thermoelectsic power of

the alloy (after Maple et al. [58])

of AC[AC, vs TJT, . Also shown in Fig. 14 arc T/T,,
vs n curves for the related systems AlMn [62] and
ThCe [13,14] which exhibit pronounced positive
curvature like the ThU system. These systems too are

w0k TolK) Too (K} e/l
’ <A SO0 1362 0459
[ s 4iM0 ~500 1169 Q.74
08 s ThCe ~I000 362 307 A
s06 b — T/ T, rexp A/ (1-Dn]
=
X
Q4 F
02}
|
0 I 'y n
0 ' | 2 3

a/n,

Fig 14. Reduced transition temperature T/T, vs reduced concen-
tration n/n, for the system ThU [58). AlMn [62] and ThCe [14].
The values of ny, were chosen to normalize the initial slope
(d(T./T,,)/d(rfng)], =g to the value ~ 1. The solid kines are modified
exponential telations of the form proposed by Kaiser [63] which
have been fitted to the data by the method of least squares

weakly ‘magnetic with To» T All three curves in
Fig. 12 have been fitted by a modified exponential
function

T/T,,=exp[— An/(1~Dn)] {22)
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Fig. 15. Reduced specific heat jump 4C/4C, vs reduced transition
temperatere T,/T, for the ThU, AlMn and ThCe systems. The
solid line represents the BCS law of corresponding states, whereas
the dot-dashed line indicates the AG resuft. Open circles—data
from Luengo er al. [59, 60]: solid circles—data from Watson
et al. [63]: open square~~data from Martin [66]: solid squares—
data from Smith [65]: solid teiangles—data lrom Dempesy [67]

first proposed by Kaiser [63], which is indicated by
the solid lines in the figure.

The basic nonmagnetic nature of the matrix-impurity
systems for which Ty» T, is clearly rellected in the
behavior of their curves of 4C/4Cq vs T/T,,. This is
shown in Fig. 15 for the exemplary ThU system
[59, 60, 64] and for the AIMn [65, 66] and ThCe [67]
systems as weill. For all three systems, the reduced
specific heat jump follows the BCS law of corre-
sponding states 4C/dCo=T/T, . The data plotted in
Fig. 15 have been derived both from specific heat
and critical field measurements. In the latter case,
the specific heat jumps have been extracted with the
aid of Rutger's relation (9). We remark that the
behavior of H, vs T for both the ThU [64] and
AlMn [635] systems [ollows closely the BCS be-
havior.

Pair Weakening. The general features of the super-
conducting properties of matrix-impurity systems for
which Ty3 T, can be accounted for by a model in
which the impurities contribute localized d or f
statzs which are non-magnetic in the sense of the
Friedel-Anderson model {ie, rd/U>1). This model
has been developed through a series of papers by
Zuckermann [68], Ratto and Blandin [69). Takanaka
and Takano [70]. and. most recently, by Kaiser [63].
Kaiser's formulation is of particular interest since he
was the first to calculate the full impurity concentration

dependence of T, [rom the Ratto-Blandin Hamiltonian
(the BCS Hamiltonian in conjunction with the non-
rmagnetic Anderson Hamiltonian).

According to Kaiser’s theory, T(n) is given by a
modified exponential relation of the form represented
by (22} with the parameters 4 and D given by

3 N{E;) NAEAU o] /.
A=QRL+ DTS [1 T TNEDY ]/ NEV 2D

and
D NUEF) CL+1D)N{ENU 4
NEF) N(ERV )

Here, N(E[) is the local density of states at an
impurity site (without spin and orbital degeneracy),
V' is the electron-phonon interaction parameter, U
is the intra-atomic Coulomb repulsion which splits
spin-up and spin-down states in the Friedel-Anderson
model (reduced by correfations {71]), and L is the
orbital quantum number. In terms of the Hartree-
Fock parameters (4, E, and U), N(Ef) is given by (2)
where

(24)

- AP 2

E,;=4cot TRTa 1)] (25)

and ¢{N) is the local state occupation number, while
U

Ugr= (26)

[+ (U/nE) an Y(E )

Physically, the modilied exponential depression of T,
with n which emerges from Kaiser’s calculation arises
from two ways in which the presence of the non-
magnetic impurity resonant states weakens the pairing
of superconducting electrons in the matrix via the
electron-phonon interaction. The first is a one-body
dilution effect that reduces the density of states, while
the second is a two body effect which decreases the
coupling constant N(E )V by virtue of strong Coulomb
repulsion between two members of a Cooper pair
{k1, — k1) after they have scattered into the local state.
In fact, these two effects can be identified by casting
(22) in the form of a BCS equation

T.= Lidfpexp(-1/g) {27)
with an “effective” coupling constant g' which is
given by

! —Dn
"I (Ag—Dp

where g=N(Eg)V is the BCS coupling constant for
the matrix. By substituting expressions (23) and (24)

g (28)
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for the parameters A and D into (28), it can easily be
shown that

N(EF)

N(Eg+n(2L+ 1N (Ep)

n2L+ 1IN(E,)
(E+n(2L+ 1N (Ef)
The first term, which represents the one body dilution
effect considered by Zuckermann, reveals how the
density of states N(E;) is reduced by the phase-space
factor

g =NEHV

{29)

—NEDere

N(Ef)

f = 1\'(5;')‘!'!2(2[,4' l)Nl(EF) (30)

representing the probability of finding an electron in
the conduction band. The second term, which is as-
sociated with the two body Coulomb repulsion effect
first treated by Ratto and Blandin, and Takanaka
and Takano, shows how the coupling constant is
reduced by the intra-atomic Coulomb repulsion
factor N(E)U weighted by the phase-space factor

/= n(2L+ DN(Eg)
T N(Eg)+n(2L+ )N (Ef)

which represents the probability of finding an electron
in the localized state. It should also be noted that (22)
implies that there is a critical concentration n, at
which T,=0which is given by
N(Ef)  NEJHV
N{Eg) QL+ ONJEp e

Since the interaction between the conduction electrons
and the impurities is essentially of nonmagnetic
nature (the Ratto and Blandin Hamiltonian preserves
time reversal symmetry), the calculation by Kaiser
predicts that the thermodynamic properties such as
4Ci4C,y vs T/T, follow the BCS law of corresponding
states.

Although the nonmagnetic resonant state mode!l does
not take into account the impurity spin dynamics
which are implicit in the concept of a temporally
fluctuating solute spin, it describes the T/T, vs n and
4C/4C, vs TJT,, curves for a number of matrix-
impurity systems with Ty T, remarkably well. Tt 1s
sienificant that recent theories which take into account
the existence of localized spin fluctuations give
essentially the same results as long as Ty T, (“fast”
toculized spin fluctuations) [72].

Finally. Fig. 16 depicts schematically the systematics
of supcrconductivity in the presence of local moments

(31)

(32)
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Fig. 16. The systematics of superconductivity in the presence of
local moments. The solid lines represent the behavior of the curves
of T/T,, vs nand 4C/AC, vs T/T,, for each of the three regimes of
solute magnetic behavior

for the three distinct regimes of solute magnetic
character which have been identified. It is quite
evident that these three regimes can be distinguished
clearly by the detailed variations of T/T, with n and
4C/4C, with T/T, .

2. Magnetic-INonmagnetic Transitions
of Impurities in Superconductors

In certain matrix-rare earth impurity syslems, a
continuous demagnetization of the rare earth im-
puritics can be induced by applying an external
pressure or by varying the composition of the matrix
if it is a binary alloy. Apparently, this increases the
extent to which the itinerant electrons admix with
localized electrons so that the solute spin lifetime
passes [rom the long-lived 1o the short-lived regimes.
Such magnetic-nonmagnetic transitions are dramat-
ically reflected in the superconducting properties
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which evalve from pair breaking to pair weakening
behavior as the solute magnetic moment lifetime
passes {rom long-lived to short-lived. We consider
two exemplary matrix-impurity systems, LaCe and
(La. ThiCe. In the former system, a continuous
demagnetization of the Ce impurities can be induced
by applying an external pressure, whereas in the latter
system it can be generated by increasing the Th
composition of the La, Th binary altoy matrix.

2.1. Continuous Demagnetization of Impuritics
in Superconductors Induced by an External Pressure

Pressure-induced magnetic-nonmagnetic transitions
of a rare earth impurity in a metallic matrix were first
reported for the superconducting matrix-impurity
systems (LaCe),In [73] and LaCe {74]. The transition
was inferred from the pronounced features in the
variation of the superconducting transition tempera-
ture T, with pressure. The most extensive studies were
made on the LaCe system, the results of which are
discussed below.

2.1.1. Exemplary System—LaCe Under Pressure

At zero pressure, Ce impurities in an fcc La matrix
are trivalent and support long-lived local moments
as indicated by the behavior of the magnetic sus-
ceptibility as a function of temperature. Similar to
the (LaCe)Al, system, the temperature dependence of
the susceptibility further suggests that the cubic
crystal field of the La matrix splits the Ce**J=5/2
Hund's rule multiplet into a ground state doublet and
an excited state quartet with a splitting d~ 102 K
[2,75]. Thus at superconducting temperatures, a
doublet ground state with an effective spin S, =1/2
is again responsible for conduction electron exchange
scattering. From the behavior of the low temperature
electrical resistivity o and other properties as well [76],
it can be inferred that the conduction electron-
impurity spin exchange coupling is antiferromagnetic
(3<0) and that the Kondo temperature Ty is low—
much smaller than the critical temperature T =6.0K
of the La host. In the range of Ce impurity con-
centration where interaction effects are negligible,
the superconductling properties can be rather well
accounted for by temperature dependent pair breaking
theories such as the one formulated by MHZ,

The primary superconductivity data documenting the
pressure-induced demagnetization of Ce impurities
i the LaCe svstem [74] are displaved in Fig. 17 With
increasing Ce concentration, a minimum in T, as a
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Fig. 17. Pressure dependence of the superconduciing transition
temperature T, of as-cast predominantly fcc Lz and LaCe alloys to
very high pressure. The vertical bars represent the transition widihs
and the herizontal bars the pressure inhomogeneity in the high-
pressure cell. Isobars of T, vs Ce concentration are shown in the
inset {after Maple et al. {74}

function of pressure P develops near 15 kbar which
becomes more pronounced the higher the Ce con-
centration. The initial depression of T, 4 T,/n. markedly
increases with pressure up to a maximum near 15 kbar
and therealier deereases to a value which, above
~ 100 kbar, s more than an order of magnitude
smaller than the maximum depression. Isobars of T,
as a function of r in the inset of Fig. 17 show that the
shape of the T, vs n curve evolves with increasing
pressure from nearly linear depressions with slight
negative curvature to depressions with strong positive
curvature. This latter behavior is very similar to the
nonmagnetic ThCe system for which 7, exhibits a
modified exponential decrease with n at zero pressure
(4] Thus, from the evolution of the T/T, vs i curves
as a function of pressure, it has been inferred that
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Ce impurities in La experience a pressure-induced
continuous demagnetization as the solute moment
passes from long-lined to short-lived. The normal
state electrical resistivity of LaCe alloys has also been
studied as a function of pressure to 18 kbar [77]. The
slope |d(dg)id In T} in the range of temperatures where
the Ce contribution g to the resistivity is linear in
InT was also found to exhibit a maximum near
[5 kbar.

The existence of the pronounced maximum in the
initial depression of T, (—d T /dn),.q. follows from the
fact that the magnitude of the exchange interaction
parameter |3, and in turn the Kondo temperature
Te~ Teexp[— L/N(ENJ]. initially increases with pres-
sure. Since the zero pressure volue of T/T is oniy
<0.2, an increase of T/T,, with pressure implies a
corresponding increase in (—d T /dn),.q according to
the calculations of MHZ [5i] which show that
(—dT.:dn), - increases with Ti/T, until it reaches a
maximum at T/T, ~ 10. From the inferred increase
of |7, with pressure, one can sez from expression (16)
that this could be caused by a decrease of the energy E,
separating the Ce resonant state and the Fermi level
or an increase of the matrix element ¥, [or, equiva-
lenty, the Hartree-Fock half-widith of the resonant
state 4 =n{ V2> N(E;)] with pressure (the intra-atomic
Coulomb repulsion U is expected to remain nearly
constant). However, both a decrease of E, or an
increase of ¥, have the effect of driving the magnetic
moment more unstable; or, in other words, decreasing
the local moment lifetime. If the local moment lifetime
is decreased too much, then the appropriateness of
the exchange interacuon Hamiltonian and any con-
clusions which are based on it become doubtiul. Thus,
the central question is at what pressure does the ex-
change mode! become an inadequate description of
the manner in which the solutes interact with the con-
duction electrons and, in turn, affect the super-
conductivity of the matrix. Considerable controversy
has, in fact, raged over just this point. One school of
thought [74,78] has favored the pressure-induced
demagnetization of the Ce ions, with the decrease in
the initial depression of T, and the exponzntial like
depression of T, with n at high pressures as evidence
for the existence of short-lived local moments as in
the ThCe systern at zero pressure (which is known
to be nonmagnetic from the adherence of the 4C/4C,
vs T, T, curve to the BCS law of corresponding
states). The decreass of the lifetime of the local
moment is here believed to be associated with the
passage of the Ce 4f level through the Fermi level

of the matrix as a function of pressure. On the other
hand, the rival school of thought [51, 79] attributes
the same decrease of the initial depression of T, (alter
the maximum) and the exponential like dependence of
T. on n at high pressure as evidence for a large value
of the Kondo temperature (Tg» T, ). Both features
would follow quite naturally from the MHZ theory if
it is assumed that the Ce moments remain long-lived
and that |3 (and, in tern, Ty) increases monotonically
with pressure up to the highest pressures attained
which were ~ 140 kbar. Thus the Ce 4f level always
remains below Ep and the effects are due to the
passage of the characteristic temperature 7 for the
formation of the quasibound state through T, and
culminating in the state where T» T, at which the
matrix-impurity system can be regarded as non-
magnetic.

One interesting way to distinguish between these two
alternatives is to measure the initial depression of the

. reduced specific heat jump AC/AC, with reduced

transition temperature T/T, for the LaCe system as
a function of pressure, In the first case where the Ce
moments are presumed to be short-lived (To» T,) at
high pressure, the quantity [d(4C/dCo)/d{ T/T. Ny, =1,
is expected to converge to 1 (the BCS value) with in-
creasing pressure. In the second case where the Ce
moments are presumed to be long-lived (T, <€ T,) at
high pressure, the quantity [d(4C/4Co)/d(T/T. )1, =7.,

- is expected to approach 1.43 (the AG value) with

increasing pressure since the MHZ theory predicts
that the initial depression of the reduced specific heat
jump with reduced transition temperature equals 1.43
in the limit T/T, — 0. Unfortunately, experimental
difficulties attendant to heat capacity measurements
at very high pressure have thus far prevented the
acquisition of these data with which this question
could be answered. On the other hand, the magnetic-
nonmagnetic transition of Ce 1mpurities in La which
1s-induced by the application of pressure can also be
induced by alloying the La matrix with Th. This offers
the possibility of collecting extensive data for both
T/T., vs n and 4C/4C, vs T/T, with which to
document the Ce demagnetization in the (La. Th)Ce
system in detail while 1t proceeds as the Th compo-
sition of the La, Th binary alloy matrix is increased.

[t should aiso be remarked here that a pressure-
induced magnetic-nonmagnetic transition also occurs
in the YCe system [80,81]. However, the super-
conductivity of this system can only be studied at
pressures tn excess of 100 kbar where the Ce moments
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are already short-lived compared to thermal fluctu-
ations at the superconducting temperatures of interest.

2.2. Comtinuous Demagnetization of Impurities
in Superconductors Induced by Variation
of the Composition of a Binary Alloy Matrix

There have been a number of superconductivity ex-
periments in which the composition of a binary alloy
solvent has been varied to induce changes in the
magnetic character of a solute. The systems which have
been studied include (Zn, AlMn [82]. (Y. Th)Ce [83],
(La. Y)Ce {84]). and (La. Th)Ce [85-85]. We have
chosen to discuss the properties of the latter system
since it offers the greatest range of solute magnetic
character over which the superconducting properties
can be studied and it has been more extensively
investigated than any of the other systems.

2.2.1. Exemplary System—{La, Th)Ce

A magnetic-nonmagnetic transition of Ce impurities
which proceeds with increasing Th composition in
the (La. Th)Ce system appears to be the analogue of

the transition induced by pressure in the LaCe
system. This is suggested by recent measurements
which show that the initial depression of T, with Ce
concentration, (—dT./dn),_,. displays a pronounced
maximum as a function of Th ¢oncentration similar
to that which occurs as a function of pressure in the
LaCe system [85, 86]. The depth of the maximum and
the decrease of the lattice parameter at which it occurs
are nearly the same in the (La, Th)Ce system as in the
LaCe system under pressure [85]. Thus the (La, Th)Ce
system affords a unique opportunity for studying in
detail the evolution of the superconducting and
norma!l state properties of a matrix-impurity system
as the impurity demagnetization proceeds; that is, as
the solute spin lifetime passes from long-lived to short-
lived compared to thermal fluctuation lifetimes at
superconducting temperatures. In particular, detailed
curves of /T, vs n and 4C/4Cy vs T/T,, may be
conveniently mapped out at zero pressure. The only
drawback to studying magnetic-nonmagnetic tran-
sitions of impurities which are induced by varying_the
composition of a binary alloy matrix is associated
with the statistical distribution of matrix metal atoms
which surround an impurity and the complications
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incurred thereof [89]. Fortunately, this factor does not
appear 10 present a serious problem in interpreting
the results of the investigations on the (La.Th)Ce
system.

Detailed * méasurements of T,/T, vs n [86] and
AC/AC, vs T/T,, [87,88] have been made for the
(La, Th)Ce system in two recent studies. The resulting
T/T,, vs n curves are shown in Fig. 18 for several
different values of La, Th matrix composition. Dis-
played in this three-dimensional plot are all the
variations which are found in the T/T, vs n curves
across the continuum from LaCe to ThCe; the
pronounced maximum in the initial depression of
7. vs n, the smooth sweep from negative to positive
curvature, and the appearance of re-entrant super-
conductivity. The curves obtained for 4C/4C, vs
T./T,, are shown in Fig. 19. With the exception of
pure Th, all La, Th compositions studied yielded
AC/4C, vs T/T,, curves which deviated [rom the
BCS law of corresponding states. Similar to the initial
depression of 7, with n which exhibits a maximum
at a La, Th host composition ~45at.-% Th, the initial
depression of AC/dCy with T/T,, sweeps through a
maximum at a La, Th host composition of ~15at.-%
Th. Thus the data of Figs. 18 and 19 document in
detail the evolution of T/T, vs n and 4C/4C, vs
T./T,, when an impurity in a supcrconducting matrix-
impurity system undergoes a magnetic-nonmagnetic
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Fig. 20. {a) Initial slope [AC/dCo)d(T/T )]z, 1., ¥s Th compo-
sition for the system (La, Th)Ce. The solid line was derived from
the MHZ theory [52] using the data for kyN(E 2T /n. (b) The
quantity kyN(E)4 T,/n vs Th composition for the system (La. Th)Ce.
The Kondo temperatures T, were obtained by ftting the data with
the MHZ calculation (after Luengo er al. [87, 88])

transition; or, equivalently, when the impurity mo-
ment passes from long-lived to short-lived compared
to thermal fluctuation lifetimes at superconducting
temperatures.

The data of Figs. I8 and 19 also provide a means of
determining the range of Th concentrations over
which the Ce moments remain longlived and, ap-
pareatly, the exchange model an adequate description
of the manner in which the impurity moments aflect
superconducting electron pairs. This involves a sell-
consistent analysis of the data which incorporates the
temperature dependent pair breaking theory of MHZ.
The analysis was carried out in the following manner.
First, the maximum in the experimental curve of the
quantity kN(EAT./n [N(E;) is the bare density of
states at the Fermi level] vs Th concentration shown
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in Fig. 20b was scaled to the maximum in the
theoretical MHZ curve of kyN(EQAT/n vs T/T. .
Values of T, indicated in Fig. 20b were obtained by
maiching the experimental points to the MHZ curve
and then used to construct the theoretical MHZ curve
for [{AC/AC)d(T/T, )}, -7, vs Th composition in
Fig. 20a (without scaling). It can be seen that the MHZ
theory and the specific heat data are in good agree-
ment to Th concentrations ~70at.-%, but they
definitely diverge at higher Th concentrations—the
MHZ theoretical curve approaching the value given
by the temperature independent pair breaking theory
of AG in the limit Ty/T, —cc, and the experimental
data converging to the BCS value realized at
100 ut.-% Th. Although the maximum in both the
theoretical and experimental curves near 15at.-% Th
is especially striking, it should be pointed out that
the agreement to such high Th concentrations may be
somewhat fortuitous since the superconducting pro-
perties during the magnetic-nonmagnelic transition
must po smoothly from pair breaking to pair
weakening behavior as the solute spin lifetime passes
from long-lived to short-lived. Clearly, a theory is
needed which takes into consideration the variation
of the solute spin lifetime and reduces to the MHZ
theory in the long-lived {magnetic) fimit and to 2
theory. such as the one due 10 Kaiser, in the short-

{after Huber et al. [91])

lived (nonmagnetic) limit. The experiments reviewed
here lay the foundation for such a theory and
emphasize the necessity of taking into consideration
the solute spin lifetime.

In addition to the aforementioned superconducting
properties, the normal state electrical resistivity [90]
and magnetic susceptibility [91] of the (La, Th)Ce
system have been measured as a function of La, Th
composition. The magnetic susceptibility results are
particularly interesting since they document the Ce
impurity demagnetization directly. The diminution
of the Ce magnetic moment with increasing Th con-
centration is evident in the inverse susceptibility vs
temperature plots for various (La, Th)Ce alloys which
are presentad in Fig 21

Finally, it should be pointed out that a maximum in
the initial depression of T, with n, similar to that
observed in the LaCe system under pressure and in
the {La.Th)Ce system, has been observed in the
(Zn. A)Mn system [82]. A magnetic-nonmagnetic
transition is expected here since the Mn moments are
long-lived in the ZnMn system which has a Kondo
temperature 7, of the order of ~0.2K and short-
tived in the AlMn system as noted in Subsection 1.3.
[t will be interesting to compare the various super-
conducting properties of the (Zn. Al}Mn system which
are currently under investigation with those of the
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{La. Th)Ce svstem; in particular, the evolution of the
a4C;4C, vs T/T,, curves with increasing Al compo-
sition. The only other systems in which measurements
of 4C/4C, vs T/ T, have been performed for different
magnetic states ol an impurity (corresponding to
different compositions of the binary alloy matrix) are
for (La. Y)Ce [84] and (Y, Th)Ce [92]). Unfortunately,
both systems are not superconducting in the range of
matrix compositions where the magnetic character
of the Ce solutes is such that 4T /n and {d(4C/ACg)!
(T./ T 7. -7, might be expected 10 exhibit maxima.
However, the trends are in good agreement with the
behavior exhibited by the {La, Th)Ce system discussed
above. When the composition of the La, Y matrix is
varied toward Y in the {La. Y)Ce system, both 4T/n
and {d(4C/4Co/d(T /T, )]t = 1., increase. This behavior
suggests that Ty increases with Y concentration, which
is in accord with expectations since Ty for the YCe
system (T~ 40 K) is much kirger than for the LaCe
system (T ~0.1 K). When the composition of the
Y, Th matrix is varied towards Y in the (Y. Th)Ce
system, again  both AT/ and [d(4C/AC,)/
A T/T,))z.= 1., increase. This behavior suggests that
the spin fluctuation temperature T, decreases as the
Y, Th composition is shifted away from pure Th
towards Y, which, again, is in agreement with ex-
pectations since the Ce momeats are long-lived in the
YCe system and short-lived in the ThCe system.

3. Superconductors Containing Rare Earth Impurities
with Crystal Field Split Energy Levels

As discussed in Subsection 1.2.1, the temiperature
independent pair breaking theory of Abrikosov and
Gor'kov provides an excellent description of the
superconducting properties of matris-impurity systems
in which the admixture of itinerant and local electron
states is weak (3> 0) and the magnetic ground state of
the impurity is separated from the excited states by
temperatures which are very much larger than 7T,
Calculations based on the AG theory predict that the
curves of T/T, vs nand 4C/4Cy vs T/T,, behave as
universal functions for all matrix-impurity systems.
This prediction has been borne out by experiment.
However, if the 2J+1 fold degeneracy of the Hund's
rule ground state of the impurity ion is partially tifted
by the crystalline electric field of the matrix, the
resulting elastic and inelastic exchange scaltering
processes responsible for pair breaking are temperature
dependent, even for 3> 0. This is duc to the fuct that the
relative populations of the {onic energy levels in the

crysta! field of the matrix are governed by the Boltz-
mann factor f(T)=g, exp{—38./ksT) where g; is the
degeneracy of level i and §, is its energy relative to the
ground state. Temperature dependent pair breaking
of this type, which has an entirely different origin than
that encountered in Subsection 1.2.2 in connection
with the Kendo effect, can still be calculated within
the first Born approximation (1o order 8% and
depends on the detailed structure of the energy levels
(degeneracies and splittings) in the crystal field.
Physically, the most pronounced effects on the super-
conductivity of the matrix are expected when the
splitting between the ground state and low lying
excited states of the impurity are of the order
of T,.

In a recent series of papers, Fulde and coworkers
developed a theory for the effect on superconductivity
of paramagnetic RE impurities with crystal-field split
energy levels [93-98]. According to this theory, the
superconducting properties of the matrix are modified
by two competing mechanisms. The [irst is a depairing
mechanism involving the usual conduction electron-
impurity spin exchange interaction which can U=
operative via ofl-diagonal matrix elements even when
the relevant impurity energy levels are nonmagnetic.
The second is a pairing mechanism {in addition to the
electron-phonon interaction) which is associated with
inelastic charge scattering of conduction electrons
from the aspherical part of the 4/ shell of the rare
earth solute. Given the structure (ie., splittings and
degeneracies) of the energy levels of the rare earth
impurity ions in the crystal field of the matrix, the
theory admits to the calculation of various super-
conducting properties. In particular, Keller and Fulde
have calculated numerically the behaviors of T/T, vs n
[94] and 4C/4C, vs T/T,, [96] for various energy
level schemes, neglecting, however, the pairing mecha-
nism associated with aspherical Coulomb scattering.
Calculations have also been made for the behavior of
H., vs T [96]. electron tunneling conductance [97]
and the normal state thermoelectric power {98].
The earliest experiments on matrix-impurity systems
with singlet ground states were made by Bucher et al.
[99] and by Cooper [100]. Bucher er al. measured the
T. vs n curves for the cubic matrices LaTl;. LaSn,,
LaPb,. and Th with Pr and Tm impurities. It wus
found that the T, vs n curves cxhibited positive
curvature much like that observed for the matrix-
impurity systems with 753> T, discussed in Subsection
1.3. Recently. measurements of A, vs T were made on
the (LaTm)Sn, system by Guertin et af. [1013. All of
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these investigations gave resulls in qualitative accord
with the calculations of Fulde and coworkers. Cooper
measured the magnetic susceptibility of the (LaTm)Al,
system to determing the cubic crystal field parameters
for Tm impurities in LaAl, which were then used to
predict the crystal field energy level schemes for other
RE impurities in LaAl, [100]. From data for
{~dT./dn), .o previously reported by Maple {102]
for various RE impurities in LaAl,. Cooper deduced
the variation of |3 with atomic number of the RE
solute using the theory of Fulde er al. [93] and the
predicted energy level schemes. [n particular, Cooper’s
analysis indicated that Tb would have a singlet ground
state in LaAl,. This prediction has been verified ex-
perimentally by recent 7, vs n [103]. H_, vs T [103],
4C/4Cy vs T/T,, [104] and normal state thermo-
electric power [105] measurements on the (LaTb)Al,
system which also indicate that the lowest excited
state of Th i1s separated from the singlet ground state
by ~5K. Recent work has also included measure-
ments of T, vs n. .y vs Tand 4C/4C, vs T/T, on
the (LaPr),In system {106]. and T, vs n and 4C/4C,
vs T./T., on the (LaPr);Tl system [107]. Many aspects
of the theory of Fulde er af. appear to be satisfied,
but problems remain, in particular, with respect to
the detailed behavior of AC/4AC, vs T#T, which
resembles the AG behavior for some systems (e.g.,
(LaPr);In [106]) and the BCS behavior for others
{e.g.. (LaTD)Al; -[104]) but does not conform to the
behavior calculated by Keller and Fulde on the basis
of the crystal field energy level scheme of the relevant
impurity.

It should be emphasized that an understanding of the
superconducting properties of matrices containing RE
impurities with crystal field split energy levels provides
a method for studying crystal field effects in metals.
For example, measurements of T, vs n under pressure
in the (LaTb)AI, system [108, 109] have demonstrated
that superconductivity studies under pressure provide
a simple, yet effective, means of deducing shifts of the
impurity energy levels with pressure.

As an exemplary matrix-RE impurity system where
the crystal field splitting of the RE ion imparts
particularly striking behavior to both the super-
conducting and normal state physical properties, we
consider below the singlet ground state system
{LaPr)Sn; which has recently been investigated by
McCallum et al. [110]. For this systern. the experi-
mental /T vs noand 4C/4C, vs T T, curves are
well rr.prr.:,un[:.d by numerical caiw{duom within the
framework of the theory of Keller and Fulde, which

are based on the energy level scheme of the Pr
impurity ions as determined from separate measure-

ments in the normal state.

3.1. Exemplary System-—(LaPr)Sn,

As an exemplary matrix-impurity system in which the
crystal field splitting of the Hund's rule multiplet
results 1n 2 singlet ground state, we consider the
system (LaPr)Sn, which has recently been studied in
both the superconducting and normal states. In the
superconducting state, the variations of T,/T, with n
and AC/4C, with T/T, have been measured in
detail [110] and the results are shown in Figs. 22
and 23, respectively. The curve of T/T,, vs ' exhibits
the positive curvature which 1s characteristic of many
matrix-impurity systems with singlet impurity ground
states, while the curve of AC/AC, vs T/T, shows a
pronounced deviation from both the BCS and AG
curves which has not heretofore been observed., As
discussed in the preceding sections, the AC/4AC, vs
T./T,, curve generally lies on or below the BCS curve,
but not above it as observed here.

The striking results shown in Figs. 22 and 23 can be
described quite well by calculations based on the
theory of Keller and Fulde, which are represented by
the solid lines in the figures. The theoretical T/T, vs n
curve has been fitted to the experimental data at low
concentrations, while the theoretical AC/AC, vs T/T,
curve has no adjustable parameters. Both of the
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Fig. 23. Reduced specific heat jump 4C/4C, vs reduced transition
temperature /T, for the (LaPr)Sn, system. The epen and solid
symbols have the same meaning as in Fig. 22. The solid line is
derived from numerical calculations based on the theory of Keller
and Fulde {96] with no adjustable parameters. The BCS curve
{dashed line) and AG curve {dot-dashed line) are shown for
comparison (after McCallum er af. [110])

calculated curves, which are in relatively good agree-
ment with experiment, are based on the Pr’* energy
level structure in the cubic crystal field of the LaSn,
matrix which was determined from measurements in
the normal state of the Van Vleck paramagnetic
susceptibility and Schottky heat capacity anomaly for
various Pr concentrations [110]. A plot of the zero
temperature magnetic susceptibility »(0) vs Pr con-
centration is presented in Fig. 24a, while typical data
for the excess heat capacity C,/R vs temperature are
shown in Fig. 24b for Pr concentrations of 2.57 and
498 at.-%. These data were extrapolated to zero Pr
concentration, as indicated in Figs. 2da and 24b, to
" attain an estimate of the value of #{0) and the behavior
of C,./R vs T in the single Pr impurity limit. Using the
energy level diagram of Lea et al [111] for Pr** ina
cubic crystal field, theoretical expressions for #(0) and
C.{TI'R were then fitted to the data in the single Pr
imipurity himit. The best fit corresponds 10 the following
Pr?™ energy level scheme: Iy (singlet) —0K, I
(triplety =84 K, I, (triplet) — 14.6 K, and [, (doubler)
—250K.

The good agreement between the calculated and
experimental curves in Figs. 22 and 23 indicates that
pairing due to aspherical Coulomb scattering. which
has been neglected in the calculations of Keller and
Fulde, is not an important effect, except possibly
above ~4at.-% Pr where the data depart from the
theoretical curve. This s consistent with theoretical
expectitions since the splitting 6,5 between the singlet
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Fig. 24, {a) Zero temperature magnetic susceptibility »{0) vs Pr
concentration for the (LaPr)Sn, system. (b} Excess specific heat
C,/R vs temperature for the (LaPr)Sn; system for impurity concen-
trations of 0 (extrapolated), 2.57 and 4.93 at.-% Pr, The solid line
represents the best fit of the theoretical Schottky funciion to the
extrapolated zero Pr concentration data corresponding to the Pr
energy level scheme indicated in the figure (after McCallum et al.

(110D

Iy ground state and the triplet I's excited state must
be 267, for I'\-I'5 transitions to be eflective in
enhancing T, by aspherical Coulomb scattering ac-
cording to [93]. Thus one expecis to observe this
effect only for T./T, <0.2 which corresponds to the
Pr conceatration range above ~4at.-%. Although
these results are suggestive, it 1s clear that more
experimentation is required before the existence of
pairing by aspherical Coulomb scattering can be
firmly established. The measurements on the (LaPr)Sn,
systemn reviewed here show that matrices which con-
tain RE impurities with crystal {ield split energy levels
exhibit striking superconducting properties which can
be accounted for in terms of elastic and inelastic ex-
change scattering processes.

In addition to these zero pressure studies, the
dependence of T, on pressure has recently been
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measured for the (LaPr)Sn, system by Delong et al.
[112]. In contrast to the results obtained for the
singlet ground state (LaTb)Al, system [108, 109], the
depression of T, was found to increase with increasing
pressure for the (LaPr)Sn; system. From this behavior
it can be inferred that |3 increases anomalously with
pressure and’or the encrgy separating the crystal
field levels decreases with pressure. The first alternative
suggests that 3 is dominated by an admixture
contribution. while the second implies a breakdown
of the point charge model.

4. Conclusions

The experiments reviewed herein show that impurities
with partially-filled d or f shells impart many varied
and striking behaviors to the superconducting proper-
ties of the matrices into which they have been dis-
solved. In particular, the impurity tons alfect the
superconducting state in a distinct manner which
correlates with their own magnetic state. The two
distinguishing features we have emphasized in this
review are the detailed behavior of the curves of
T.T, vs n and 4C/4C, vs T/T.. although other
propertics could be utilized such as the dependence of
the critical magnetic field on temperature and impurity
concentration or electron tunneling characteristics.
We have chosen to focus on the curves of T,/T, vs n
and AC/4Cy vs T/T, since the measurements are
relatively easy to perform and, as we have shown, the
detatled shapes of the curves are extremely sensitive
tv the magnetic state of the .impurity. From the
evidence presented, it is apparent that the systematics
of supcrconductivity in the presence of local moments
are sufficiently well established to allow the magnetic
stale of an impurity to be determined [rom super-
conducting properties alone. Specifically, we have
shown that it is possible to 1} ascertain whether the
solute spin is long-lived (magnetic) or short-lived
(nonmagnetic) compared to thermal fluctuation life-
times at superconducting temperatures, 2) determine
the sign and magnitude of the conduction electron-
eputiiy spin exchange Interaction parameter 3 and
the temperature dependence of the exchange scattering
of conduction electrons by fong-liced solute spins,
3) derive, in favorable cases. information pertaining 1o
the energy level structure of rare carth ions in the
crystalline electric field of their superconducting
metallic host. and 4) observe magnetic-nonmagnetic
transitions of an impurity induced by the application
ol an externul pressure or variation of the composition
of & binury sllov matrix.
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