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Magnetic measurements of superconducting transitions of very pure isotopically sep-
arated bulk samples of Ga and Zn reveal a large "paraconductive" effect. This is con-
trary to the prediction for such systems by Aslamazov and Larkin based on corrections
to first order in the fluctuations in the system. It is suggested that this discrepancy may
be explained by increased electron pair lifetimes due to the absence of isotopic and other
scattering of phonons allowing higher order processes to be significant.

According to the theory of Aslamazov and Lar-
kin (AL), ' the electrical conductivity of a super-
conducting material in the normal state increas-
es as the temperature approaches T, because of
fluctuations in the system (paraconductivity).
This effect can be large for T-T, -10 ' K in
thin films and whiskers, but for pure bulk type-
I superconductors, appreciable paraconductivity
should be confined to the presently unobservable
temperature range T—T, -10 "K. The theory
predicts both a magnitude and a temperature de-
pendence for the effect. Measurements on a
variety of thin films' have shown rather good
agreement with the theory for most substances
measured. There were, however, substantial
deviations from the theoretical magnitudes for
measurements on low-resistivity Al films. '

This Letter presents results of measurements
on pure bulk type-I superconductors which disa-
gree with the present prediction of the theory,
and proposes a mechanism by which these re-

suits, those on similar systems, and the Al film
results may be understood.

In ma, gnetic measurements of the isotope ef-
fect in superconducting Zn and Ga, ' it was ob-
served that some of the samples exhibited broad
superconducting to normal (S-N) transitions in
small magnetic fields. We have found that this
paraconductivity is only observed in metallurgi-
cally and isotopically pure samples and in small
magnetic fields (~1 Oe). We observed measur-
able paraconductivity as much as 60 mK above
the transition. Experimental details of the mea-
surements are found in a previous paper. ~

Figure 1 is a composite of S-N transitions of
samples of Ga of relatively high metallurgical
purity. The ordinates are the outputs of a mu-
tual inductance detection system that was nulled
when the samples were normal. Traces I, II,
and III are transitions of Ga" (99.61% Ga", 0. 39%%uo

Ga'9) in 0.00, 0.52, and 1.04 Oe, respectively.
Trace IV is the transition of natural Ga (60.0%%uo
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FIG. 1. Soperconducting-to-normal transitions of samples of Ga in small magnetic fields. I, II, and III are tran-
sitions of 99.61% enriched Ga~~ in 0.00, 0.52, and 1.04 Oe, respectively; IV is the transition of natural Ga in 0.00

Oe; and V and VI are the transitions of 99.77%%uo enriched Ga in 0.00 Oe before and after the sample was damaged.

Ga, 40.0% Ga") in 0.00 Oe. The transitions of
Ga" (99.77% Ga", 0.23% Ga") were made in
zero field before (V) and after (VI) the sample
was damaged. Values of T, (1.0770, 1.0845, and
1.0897) were determined by extrapolation of the
critical-field curves to H=0.00 for the three
samples and are indicated by the carets at the
baseline of Fig. 1.

The actual temperature dependence of the para-
conductivity was not obtained, because the fre-
quency of the measuring field (98 Hz, 0.01 Oe

max) and the normal-state conductivity place
the measurements in the anomalous skin-effect
region, and the basic assumptions used in skin-
effect calculations" are not valid for this sys-
tem.

Traces I, II, and III indicate the strong depen-
dence of the paraconductivity on the applied mag-
netic field. Trace II, which shows the coexist-
ence of the paraconducting state and supercool-
ing, indicates that the increased conductivity is
not due to macroscopic superconducting regions.
Traces V and VI demonstrate that the paracon-
ductivity is greatly inhibited by crystalline im-
perfection. The magnitude of the influence of
isotopic impurity on the paraconductivity is illus-
trated by the fact that our sample of Zn" (98.8/o

Zn", 1.2% other Zn isotopes, and (I at. ppm of
other metallic impurities) showed almost no such
effect. It should be noted that, except for Al, Nb

(a type-II superconductor), and Bi (superconduct-
ing in amorphous films and high-pressure phases),
all naturally occurring superconductors are iso-
topically mixed. Thus, behavior associated with
isotopic purity should be found only in the above
materials and in isotopically enriched samples.

Magnetic measurements by other workers of
the S-N transitions in small fields have shown
considerable broadening in pure single-crystal
Al, ' and in separated isotopes of Zn. ' Detailed
ma, gnetic measurements on extremely pure
natural Ga single crystals' reveal a transition
that is 90% complete in an interval of -2&&10

K. Recent measurements on bulk In" and Sn"
have shown small enhanced diamagnetism above
T, in reasonable agreement with existing theory.
The transitions of our isotopically mixed sample
of natural Ga also showed this small effect.

Such clear corroboration of our results has
not come from heat-capacity measurements
which would indicate bulk rather than only sur-
face effects. Zero-field transitions determined
from heat capacities in Al '3" (-2 mK wide) are
only wider than similar transitions in Sn" by a,

factor of 2 to 4.
We would point out that one significant differ-

ence between isotopically pure and mixed super-
conductors is the average phonon mean free
path. Isotope scattering of phonons, a well-
known phenomenon in the thermal conductivity of
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dielectric solids, "should also be important in

metals. Such scattering of the phonons mediating
superconductivity should limit pair lifetimes as
does an applied magnetic field. Thompson" has
suggested that in the absence of significant pair
breaking, higher order diagrams than the first
order ones considered by AL will become im-
portant. We would suggest that phonon mean
free path effects may be important pair-lifetime
limiting mechanisms.

We would like to thank W. W. Webb of Cornell
University for helpful conversations.
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Measurements of the anisotropic critical field &~2 of Nb at temperatures down to 0.06
K show that its temperature dependence contains a logarithmic factor as predicted by
Gor'kov on the basis of a nonlocal theory for an isotropic type-II superconductor. The
critical field extrapolated to zero temperature, when averaged over all crystallographic
directions and normalized to the slope of the critical fieM for T = T~, has an enhancement
close to that predicted by the Hohenberg-Werthamer calculation for the nonlocal effects
of Fermi-surface anisotropy, as evaluated by Mattheiss for a band mode1 of niobium.

Considerable interest has been focused upon
the temperature dependence of the upper critical
field B„ofpure Nb, since this metal is an
elemental example of a pure type-II superconduc-
tor, yet the bulk critical field is known' to de-
viate substantially from the rigorous solution
obtained by Helfand and Werthamer' for the
linear ized Ginzbur g-Landau-Abriko sov-Gor 'kov
(GLAG) theory. Observations by Tilley, van

Gurp, and Berghout and by Reed et al.4 showed
that H„ is anisotropic and, therefore, must re-
flect "real metal" effects. Reed et al. 4 found
that the temperature dependence of the anisotro-
py near the critical temperature T, was qualita-
tively in agreement with the calculation of Hohen-
berg and Werthamer' (hereafter, HW), which

attributed such effects to Fermi-surface aniso-
tropy as included in a first-order nonlocal cor-
rection to the GLAG theory. However, no quan-
titative test of the theory was possible, nor was
the temperature dependence of 0„,at low tem-
peratures predicted. More recently it has been
suggested by Sung and Wong' that two-band ef-
fects, such as are indicated at low temperatures
by specific-heat' and thermal-conductivity' mea-
surements, might influence P, (T) if interband
coupling parameters are properly chosen; how-
ever, again, no quantitative test of this theory
has been made.

We report in this Letter that H, 2 values for the
applied field parallel to the [001], [110), and
[111]directions and for temperatures as low as

1061


