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A minimum has been observed in the variation of the superconducting transition tem-
perature of La3 XCexIn alloys with pressure. From this it is inferred that the pair-
breaking parameter initially increases with pressure and then goes through a maximum
associated with a transition of the Ce impurity from a magnetic to nonmagnetic state.

We have observed an extraordinary dependence
of the superconducting transition temperature
(T,) of La, Ce In alloys on pressure (P). In
the pressure range investigated (0-23 kbar),
dT, /dP is positive for pure Lagn. '

Upon addi-
tion of Ce (x ~ 0.0421), dT, /dP is initially nega-
tive until a critical pressure is reached at which
dT, /dP changes sign. The critical pressure and
the initial slopes (dT, /dP)f =, depend on the con-
centration. These results may be interpreted
in terms of a virtual Ce 4f impurity level slight-
ly below the Fermi level such that the 4f level
moves nearer the Fermi level with increasing
pressure. At sufficiently high pressures, cor-
responding to the minimum in T, (P), the Ce im-
purity appears to be involved in a transition from
a magnetic to nonmagnetic state.

The La, Ce In and La, Gd In alloys were
prepared by melting the constituents under argon
in a conventional arc furnace. Pressure, ap-
plied at room temperature and retained to low
temperature by means of a standard Be-Cu
clamp, was transmitted to the sample through
a 1:1mixture of isoamyl alcohol and n-pentane,
and determined from the critical temperature of
a superconducting Pb manometer placed in the
Teflon sample cell. Super conducting transitions
were detected by a standard ac (140-cps) mutual-
inductance technique, and T, was defined as the
midpoint of the susceptibility-versus-tempera-
ture curve associated with the normal-supercon-
ducting transition. The widths of the transitions
were &0.1'K, except for the sample of highest
Ce concentration (0.35'K), and were nearly in-
dependent of pressure. Transition temperatures
were reversible with respect to pressure.

Our results for the dependence of T, on con-
centration at normal pressure are in reasonable
agreement with previous investigations, ' except
that we find a T, of 9.45 K rather than 9.2'K for
pure La,In. Shown in Fig. I are the results of
the dependence of T, on pressure for five La3
Ce In alloys and one La, Gd In alloy, as well
as for pure La,In. The increased negative de-
pendence of dT, /dP on Ce concentration at low
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FIG. 1. The superconducting transition temperature
(T ) of a series of La3 ~Cern alloys and one La3 gad~-
In alloy as a function of pressure. The appropriate Ce
and Gd nominal compositions are indicated for each
curve. Transition widths are smaller than or of the
order of the diameter of the circles except for the high-
est concentration sample for which the width is indi-
cated by a vertical bar.

pressures is apparent and qualitatively the same
as observed in the previously studied La, Ce
and La, Ce Al, ' systems. However, the sat-
uration of T (P) at higher pressures which de-
velops into a minimum for the more concen-
trated samples is a new behavior which, to our
knowledge, has not heretofore been observed.
For the La, Gd In sample (x =0.0398), dT, /dP
behaves qualitatively like pure La,In.

The depression of T, of a superconductor by
magnetic impurities is a function of a pair-break-
ing parameter a. In the first Born approxima-
tion of magnetic scattering of conduction elec-
trons by magnetic-impurity spins, '

'LX 72N(@ F)+6ff (P)S(S + 1) —=nf(P).

N(E', F) is the density of states at the Fermi level
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(which we have assumed does not change appre-
ciably with pressure') and J,ff is an effective
s-f exchange-coupling parameter defined by the
interaction Hamiltonian QDg — 2Jgf fS.s, where
S is the magnetic-impurity spin and s is the con-
duction-electron spin. Ordinarily we vary n by
changing the magnetic-impurity concentration n;
however, for a given concentration n, n may be
varied with pressure through i J,ff(P) i. From
the negative value of the initial slopes (dT, /
dP)P p, we infer that a, and therefore i Jeff i,
initially increases with pressure. The concen-
tration dependence of (dT, /dP)f, may then be
qualitatively explained since a given initial in-
crease of i J,ff i with pressure leads to a greater
increase of n for larger concentrations, and in
turn, to a greater decrease of &,. From the
minimum observed in T~(P) at higher pressures
it may be inferred that u goes through a maxi-
mum.

In order to explain the apparent increase of
i J,ff i with pressure in previously studied sys-
tems, it has been suggested that the Ce 4f elec-
tron lies in a virtual impurity level a small ener-
gy E below the Fermi level. "" This results in
an important hybridization of Ce 4f with conduc-
tion-band states and a large antiferromagnetic
coupling of conduction-electron and magnetic-im-
purity spins (characterized by Jpf f).' In the ap-
proximation of the Schrieffer-Wolff transforma-
tion, '

i J,ff i is proportional to the square of a
matrix element mixing 4f with conduction-band
states and inversely proportional to 8'. There-
fore i Jef f [, and accordingly u, is expected to
increase as E decreases with pressure. "

Upon further application of pressure, the Ce
4f level should eventually begin to overlap the
Fermi level. This should initiate a transition of
the Ce 4f electron from a magnetic to nonmag-
netic impurity state, and consequently, a de-
crease in the pair-breaking parameter n. Al-
though it is difficult to anticipate how such a
transition will take place in detail, it seems rea-
sonable that it would occur gradually, as sug-
gested by Fig. I, since the f level, originally
broadeded by interactions with conduction elec-
trons, should experience stronger interactions
and greater broadening as it comes into coinci-
dence with the Fermi level.

Another feature which is evident from Fig. 1
is that the minimum in T, (P) shifts to lower
pressures for higher concentrations. It appears,
therefore, that the Ce 4f level moves toward
the Fermi level with increasing concentration of

=y(p') y(—'+0.140nT~p/a~aT~); (2)

T„corresponds to a =0, aci to T, =0 (complete
destruction of superconductivity), and @ is the
digamma function.

Thus

f = Z./T. ,=f(n(~, P)/u. ,(I )), (3)

where a«(P) = ffT«(P)/2y (lny is Euler's con-
stant).

Differentiating expression (3) with respect to
P yields

&t i, a n S I(P)
P ~p=p ac, u.~ cc( ) p=p

=C[f (n/ )( / )l =o,

where

s r (p)
&P Tcp(P)

(4)
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p1G. 2. Experimental values of -[d(T~/T~p)/dP) ~= p

versus the reduced pair-breaking parameter n/uc~.
The curve represents the function f'(n/n~~)(u/n~~)
discussed in the text. The arrow indicates the lower
limit of -[d(T~/T~ p)/dP) y&-p (assuming a linear varia-
tion with I' for P ( 2 kbar) for the sample of highest
concentration investigated.

Ce. This is consistent with the apparent increase
of i J,ff i with concentration inferred from the
concentration dependence of & at normal pres-
sure which falls below that expected from the
Abrikosov-Gor'kov theory for i J,ffi independent
of concentration.

The low-pressure results may be related to
the pair-breaking theory in the following manner.
According to the Abrikosov-Gor'kov theory, '
T, is given by the equation

ln(T, /T„)
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is assumed to be independent of n.
The function f (o./o. ,~)(n/o. ,~) is shown in Fig.

2, where the constant C has been evaluated for
the sample of lowest concentration. Experimen-
tal values of o./u~„are determined uniquely
from Eq. (2). The data are in good quantitative
agreement with this relationship at low concen-
trations, and in qualitative agreement for the
highest concentration point for which only the
lower limit of —(8t/9P)~=, could be determined
in our He' cryostat.

The discussion given here does not include the
complications of the Kondo effect which may be
expected in this system because of the large anti-
ferromagnetic s-f exchange interaction; the
magnetic-nonmagnetic transition which we infer
from the minimum in the curves of T, vs I' may
arise from the development of the quasi bound

state at higher temperatures with increasing
pressure due to a continued increase of

~ &,f f (

with pressure. ' Alternatively, the minimum in

T, vs I' may reflect a gradual onset of magnetic
order with increasing pressure. This would also
lead to a decrease in pair breaking, and in turn,
to an enhancement of &,." An extension of the
T, (P) measurements to higher pressures, and
low-temperature normal-state resistivity mea-
surements at normal and high pressures, will
be carried out to examine these possibilities.
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We have calculated the surface nucleation field as a function of the slope of the super-
conducting order parameter at the surface of a semi-infinite superconducting half-space.
When the order parameter increases on approaching the surface, as would be the case
in the presence of a surface region of enhanced transition temperature, nucleation fields
larger than those expected for a uniform sample are predicted. Cold working the sur-
face on an InBi foQ produces this condition and qualitatively confirms the prediction.

It has been shown that for an ideal supercon-
ducting surface adjacent to a vacuum interface
in a parallel applied magnetic field, supercon-

ductivity persists in the surface region to a field'

B = 2.38&H,


