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be temperature independent. However, the
T = 0.07'K data alone are fit quite well by -&ps /
p0=0. 28BS'(H/(T+ 8)), withg=2 and 8=1.05
+0.1'K Another possible form for M(H) at
T «TK has been given by Nam and Woo. To
fit the higher-temperature data, it would be
necessary to let 8 increase with temperature,
as happens in Cu(Fe). A more detailed under-
standing of whether the behavior of the magne-
toresistance is simply related to M' awaits
suitable low-temperature measurements of
the magnetization of very dilute Cu(Cr) alloys,
and/or the results of theoretical calculations
currently in progress. The present data do,
however, indicate that TK is between 0.4 and
0.9'K and that Cu(Cr) is a nearly ideal system
for study of the quasibound state phenomenon.
These results show that the d-wave scattering
must be taken into account in any comprehen-
sive theory of the Kondo effect.

The authors wish to acknowledge the expert
assistance of Dr. W. P. Pratt in taking these
measurements.
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SUPERCONDUCTIVITY OF RHENIUM AND SOME RHENIUM-OSMIUM ALLOYS
AT HIGH PRESSURE*
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We have measured the pressure dependence
of the superconducting transition temperature
(Tc) of single crystal and polycrystal samples
of rhenium and a number of Re-Os solid solu-
tions. In contrast to the nearly linear depen-
dence of T& on pressure observed at low pres-
sures for the majority of superconductors,
the T~ of rhenium exhibits an anomalous be-
havior under pressure. This behavior was rap-
idly destroyed by the addition of small amounts
of Os (&0.2 at. /&&). We attribute this unusual
behavior of T under pressure to a change of
the Fermi-surface topology of the type proposed
by Lifshitz. We find T =1.694+0.002 K at
atmospheric pressure which is in excellent
agreement with the values reported by Hulm
and Goodman' and Blanpain, ' and we find that
at low pressures 8T&/8P = (-2.3 a 0.1)x 10 ' 'K
bar ', a value which is a little larger than

that reported by Olsen et al.
Measurements were made on samples cut

from Materials Research Corporation (MRC)
Grade 1 (zone-refined, 99.9 wt% purity, with

major impurities given in ppm by weight as
Fe 3.0, Ni 0.3, Nb 1.2, Mo 4.0, Ta 3.0, and

W 15.0) polycrystalline and single-crystal Re.
Now the sharpness of the superconducting tran-
sition in Re is extremely sensitive to plastic
deformation and internal strain. ' Thus sam-
ples cut directly from the "as received" ma-
terial had extremely broad transitions, start-
ing as high as 3 K, with a sharp step at -1.7'K.
An accurate determination of the pressure de-
pendence of T~ would be impossible with such
broad transitions and, therefore, it was nec-
essary to reduce considerably the width of these
initial transitions. This was achieved by an-
nealing the rhenium sample in an induction
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furnace at a temperature in the region of 1500'C
for a period of one hour, or by casting the sam-
ple on the water-cooled copper hearth of an
arc furnace under an atmosphere of very pure
Ar or He. A summary of the treatments giv-
en and the observed transition temperatures
is given in Table I.

Solid solutions of Os in Re were prepared
by arc-melting together rhenium (MRC Grade 1)
and 99.8%-purity osmium (Varlacoid Chemi-
cal Company). The weight losses which occurred
during melting were small, and the composi-
tions quoted are those calculated from the rel-
ative starting proportions of the constituents.
The sharpness of the superconducting transi-
tions were taken as evidence of the homogene-
ity of the samples. It is observed that the T~
for the Re-Os system increases initially with
the addition of Os, passes through a, maximum
at -5.5-at.% Os, and then decreases as the
Os content is increased further (see Fig. 1).
This variation of T~ with osmium content does
not scale with the density of states which is
observed' to decrease continuously over this
range of compositions. An extensive study
of the superconducting transition temperatures
of Re solid solutions will be presented elsewhere.

The extreme sensitivity to strain of the su-
perconducting transition in Re placed stringent
requirements on the homogeneity of the pres-
sure applied in the study of the pressure de-

Sample

Annealing Conditions
c Temperature Time Vacuum

( K) ('c) (hr) (mm Hg)

1.698-1.694

1.695-1.692 1400

1.696-1.694

1.695-1.693 1350

1.695-1.693

-52-3 x 10

-51 ~7.5 x 10

MRC, grade'1, 99.9 wte purity
polycrystalline

As received

Arc melted, He atmosphere

Arc melted, Ar atmosphere

Arc melted, He atmosphere

1.696-1.693 1600-1700

1.696-1.690 1500-1680

1.695-1.694 1600-1750

1 3-5 x 10

1—12
-51 2-3 x 10

MRC, grade 1, 99.9 wte purity
single crystal

As received

Spark cut

Cut on carborandum wheel

Cut on carborandum wheel

1.695-1.694

1.695-1.693

1500 -51 6.7-7.5 x 10 Cut on carborandum wheel

lz 4.5-5 x 101 -5
Spark cut

Table l: Summary of metallurgical treatments and at-
mospheric pressure T~ for a number of Re samples.
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pendence of T~. The previously employed tech-
nique' of transmitting a pressure, applied at
room temperature, to the sample through a
quasihydrostatic solid medium was found to
be unsuitable as this broadened the transition
and produced irreversible behavior. This dif-
ficulty was overcome with the development
of a Teflon-cell technique for containing a flu-
id medium in a conventional piston-and-cylin-
der arrangement similar to that described by
Jayaraman et al. ' A 1:1mixture of n-pentane
and isoamyl alcohol was used to transmit the
pressure, which was retained to low temper-
atures by means of the "clamp" technique. '
With this arrangement we did not detect any
broadening of the transition up to a maximum
pressure of 18 kbar, and the atmospheric-pres-
sure transition was reproducible within 1 mdeg
on cycling the pressure. The pressure at low

temperature was determined with a tin manom-
eter, "which was placed next to the sample
in the Teflon cell.

In Fig. 2 we plot the change of transition tem-
perature, AT~, as a function of pressure for
a single-crystal and polycrystal sample of pure
Re and the Re-Os alloys. T~ for both the poly-
crystalline and single-crystal material initial-
ly decreases with the application of pressure,
passes through a minimum at -7 kbar, increas-
es and finally levels off between 13 and 18 kbar.
Addition of Os rapidly displaees the minimum
to lower pressures and removes the anomalous
behavior for alloys containing more than 0.2
at.% Os, for which T decreases almost linear-
ly with pressure.

The only other superconductor to exhibit an

FIG. 1. T and (BTclBP)P = 0 plotted as a function of
Os composition for Re-Os solid solutions.
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anomalous pressure dependence of T~ similar
to the present observations on rhenium is thal-
lium, for which Tc increases with pressures
up to -2 kbar and then decreases. An exten-
sive study of the pressure dependence of T
for Tl and Tl-rich solid solutions has led La-
zarev and co-workers to suggest that the
anomalous behavior of this element is associ-
ated with a change in the Fermi-surface topol-
ogy. A characteristic change, first considered
by Lifshitz, ' would be a closed surface trans-
forming to an open surface by the formation
of a "neck." This would lead to a change in
the density of states at the Fermi surface and
consequently to a change of the associated ther-
modynamic properties such as electronic spe-
cific heat, thermal expansion, etc. Specifi-
cally, it was later shown by Markarov and
Bar'yakhtar" that the effect of such a change
in the density of states on the superconducting
energy gap would result in a nonlinear contri-
bution to the pressure dependence of T . A
further consequence of such a transition could
well be reflected by a change in the energy-
gap anisotropy. In fact, it is this very approach
which Gey' has adopted, without considering
the source of such a pressure-dependent an-
isotropy, to explain the pressure dependence

I I I I I I
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P (k bar)

F&G. 2. DT plotted as a function of pressure for Re
and Re-Os solid solutions.

of the T~ of Tl. While such an approach may
be applicable for pure Tl, it fails to explain
the behavior~ of the Tl-rich solid solutions
for which gap anistropy is expected to have
been destroyed. However, this difficulty is
not present with the model proposed by Lazar-
ev and co-workers.

A plot of the dependence of (BT /sP)P
of a metal solution permits a more extensive
investigation of changes in the Fermi-surface
topology with changes in Fermi energy than
that provided by application of pressure alone. "
In Fig. 1 we plot (BT /sP)P O

for Re and Re
Os alloys as a function of Qs concentration.
The sensitivity of (BT /BP)P 0 to Os concen-
tration is striking and in this respect is also
very similar to the dependence observed in
Tl solid solutions. From Figs. I and 2 we
deduce that the energy change required for
the Fermi energy to pass through the critical
energy for a change in the Fermi-surface to-
pology of rhenium corresponds to the applica-
tion of -7 kbar or to the addition of approxi-
mately 0.2 at.% Os.

Thallium and rhenium are the only two ele-
ments which have been found to show anoma-
lous pressure dependence of T which may
be associated with a Fermi energy close to
a critical energy for a change in the Fermi-
surface topology. As yet, studies of the Fer-
mi surface at high pressure by conventional
techniques have not revealed changes of this
nature. " However, measurements have not
been made on Tl or Re and in view of the above
discussion these elements merit early inves-
tigation.

Further work is at present in progress on
other Be-solid solutions.

*Research sponsored by the Air Force Office of Sci-
entific Research, Office of Aerospace Research, U. S.
Air Force, under AFOSR Grant No. AF-AFOSR-631-67.
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SPIN POLARIZATION AROUND A LOCALIZED MAGNETIC IMPURITY
IN A MAGNETIZED METAL
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Recently, neutron diffraction experiments'
have been used to obtain the spatial distribu-
tion of the magnetic disturbance about solute
atoms in Pd, Ni, and Fe. These measurements
show that the disturbance produced around a
magnetic impurity is quite different for differ-
ent host metals. For low-concentration Pd:Fe
alloys, the range of the conduction-electron
polarization about the Fe impurity is long —on

0
the order of 10 A. In contrast to this long-range
behavior, the disturbance due to a magnetic
impurity in ferromagnetic Ni is almost confined
to the impurity site. A magnetic impurity in
ferromagnetic Fe produces a disturbance in-
termediate in range between Pd:Fe and Ni.
In this Letter we present calculations which
correlate the behavior of the disturbance as-
sociated with a localized moment with the band
splitting of the host-metal electrons including
exchange effects fully. We find that the range
and amplitude of the polarization produced by a
magnetic impurity are very sensitive to the
spin splitting of the host-metal band. The range
is large for small magnetization (dilute Pd:Fe)
and on the order of an atomic distance for near-
ly complete magnetization (a magnetic solute
atom in ferromagnetic Ni where one spin band

appears to be full). ' Furthermore, in dilute
Pd:Fe alloys we can account for the sharp con-
centration-dependent decrease of the magnet-
ic moment per Fe atoms by considering the
increase in the splitting of the host Pd bands
caused by adding Fe impurities. 4

Although Low and his collaborators' exper-
iments cover more complicated situations,
we consider those situations in which an impu-
rity forms a localized moment and calculate
the spin polarization about the impurity.

This problem has two aspects. The first is
the formation of the localized magnetic state
on the impurity site, and the second is the spin
polarization around the impurity. '~ In this
paper we coricentrate our discussion on the
second aspect of this problem.

Our problem may be simplified without los-
ing any essential features by replacing the ef-
fect of an impurity spin with an effective 5-func-
tion magnetic field H5(r), ' where we assume
that the site of the impurity is at the coordinate
origin. The conduction-electron spin polari-
zation o(r) around the impurity is given as

~~
o(r) =II, f)((Q)e dg,
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