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The upper critical field H,s at which the magnetiza-
tion M of a group II superconductor goes to zero
may also be obtained from its resistive behavior. ' '
For alloys having a relatively high H.s, the field at
which some arbitrarily low current density such as
10 A/cm' "produces a measurable voltage may be
identified with H.s with adequate precision Fo.r
niobium, however, the situation is more complex.

Figure 1 shows the current density vs applied
field for annealed polycrystalline samples of Nb hav-

ing different normal resistivities. For most of these
samples the value of the field is sensitive to current
even at low densities. All these samples show a
"peak'" followed by a more or less steep drop in cur-
rent which we have previously identified with H.s.
This is a better indication of H, s in niobium than the
10-A/cm' criterion.

This is demonstrated in Fig. 2 where magnetiza-
tion vs H and log (R/R.„.&) vs H are shown for the
same sample. M goes to zero at 2.9 kG, within 0.1 kG
of the field at which is found the striking resistance
"dip" of several orders of magnitude. The position
of this "dip" is independent of current and field

orientation and coincides with the zero magnetiza-
tion field for all samples for which magnetization
data has also been taken. ' The origin of this dip is
not known and it is not found in all samples. How-

ever, it has been observed in "niobium" samples
having a range in resistance ratio, r = R&,e/R4. s from
r = 500 to r = 2.5. For those samples in which it is
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observed it provides a relatively simple and accurate
way of measuring the upper critical field.

We have determined H.s by this method, for
samples ranging in normal resistivity p from
3.5 X 10 ' 0 cm (r = 500) to 1.0 X 10 ' 0-cm
(r = 2.5), at temperatures T from 1.5'K to 9'K.
The samples were prepared by heating niobium wires
to temperatures between 1000'C and over 2000'C in
vacua of varying degrees of perfection. As shown by
De Sorboe e, this results in varying amounts of inter-
stitial oxygen and nitrogen which he has correlated
with T. and H.s as determined by magnetization and
resistance measurements.
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FIG. 1. Current density vs magnetic field with voltage
across samples held constant at 10 V. r = RsQp/R4. 2.
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Figure 3 summarizes the measurements of H.s vs
T for three of our samples. A.s impurities are added
the form becomes less linear and T, is reduced from
9.1'E to 7.7'E. The data from these and other
samples can be used as an experimental test of the
GLAG" theory. As expressed by Goodman, ' this
takes the form
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the temperature range& We tried it and it didn't look any
better than any of the others. Our data show an 80% in-
crease in Kp from T, to zero.

MENDELssoHN: When you measure these peaks in the cur-
rent at the upper critical field, what exactly is the proced-
ure& How long does it take you to go over this peak& Can
you stay at diferent points pinning out that peak&

RosENBLUM: This is quite stable. We measured resistance
against field with the current kept constant, and could vary
the field as slowly as we wanted. As a matter of fact, our
bandpass was less than a couple of cycles per second. We
could sit right at the bottom of this curve, and with few
exceptions we detected almost no noise except that residual
in the system.

GQQDMAN: I d like to know, first of all, in what sort of
vacuum your specimens were annealed.

RosENBLUM: The vacuum ranged from the high 10 re-
gion down to 10

GooDMAN: The second question I'd like to ask you is why
did you assume that gamma depends on the transition tem-
perature, and how are your conclusions modified if you drop
this assumption &

RosENBI.UM: If you assume that the electronic specific-
heat coekcient of the superconducting phase is a constant,
then thermodynamic arguments show that gamma will vary
in this way.

GooDMAN: I would remind you that early measurements
of Lock, Pippard, and Shoenberg on the isotope effect in
tin show that, while the transition temperature and the
critical field at the absolute zero varied as a function of the
isotopic mass, the variation of gamma was much less than
that, and, in fact, too small to be detected.

G. RrcK&vzEN, University of Liverpoo/: I'd like to point
out that the upper critical field is the field at which the
normal state becomes unstable to the formation of Cooper
pairs. One can predict it completely without any detailed
theory of the structure of the superconducting state. The
results are in agreement with Gor'kov's results.

CHANDRAsEKHAR: I d like to make a general comment on
the measurement of upper critical fields resistively. It
would be desirable to get a clean-cut experimental measure-
ment which either confirmed or disproved the equality of
the upper critical field measured resistively and the straight-
forward thermodynamic measurements. This is not a great
problem for low-field superconductors, but it may be for
many of these alloys which have extreme high critical fields.
I imagine magnetization measurements are going to be dif-
ficult because the magnetization will approach the H axis
with a small angle. Perhaps since the group at Atomics In-
ternational is able to do both specific-heat measurements
and critical-field measurements, they might carry out this
crucial experiment if they have a 100- or 150-kG magnet.

Superconducting Tantalum Films

J. J. HAUSER and H. C. THEUERER
Bell Telephone Laboratories, Inc., 3furray Hill, New Jersey

I. INTRODUCTION

As reported previously, ' it is possible to sputter
thin films of niobium and tantalum in which the mean
free path is limited by the grain size of the film. If
the mean free path is reduced below the coherence
length $0 of the pure bulk metal, this results in an
enhancement of the upper critical field. A knowledge
of the grain size of the film permits an experimental
estimate of the effective coherence length in the bulk
material to be made. As the grain size controls such
a fundamental property as the coherence length, it
becomes interesting to study the grain size as a func-
tion of sputtering temperature.

II. EXPERIMENTAL PROCEDURE

The tantalum thin films were sputtered by a new
technique called getter-sputtering. ' This technique
uses the gettering action of part of the sputtered
tantalum atoms to produce an atmosphere very low

i J. J. Hauser and H. C. Theuerer, Phys. Rev. (to be pub-
lished).

& H. C. Theuerer and J. J. Hauser, J. Appl. Phys. (to be
published).

in the type of interstitials (Os, Ns, ) which are
detrimental to superconducting films. The substrates
used in all experiments were MgO single crystals,
except at 1700'E where sapphire single crystals were
used. The substrate is located on a hot or cold table,
situated between two tantalum cathodes. The table
and the two cathodes are placed in a grounded
cylindrical stainless steel can which can be cooled by
such refrigerants as water or liquid nitrogen. At the
beginning of each run, sputtering proceeds with a
shield over the substrate in order to produce in the
can an atmosphere low in interstitials.

The transition fields of the films were obtained
using a resistance measuring equipment sensitive to
10 ' V at a current density of a few A/cm'. The mag-
netization curves were plotted directly using a Foner
type vibrating sample magnetometer. ' For this pur-
pose, the output of the pick-up coils was fed into the
Y-input of an X—Y recorder, while a voltage pro-
portional to the magnetic field was used for the X-
input.

s S. Foner, Rev. Sci. Instr. 30, 548 (1959).


