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being fairly low, the shielding over the theoretical curve
was fairly small. By decreasing the field, the trapped flux
first decreases because diamagnetism is increasing, and then
the trapped flux increases when diamagnetism disappears.

LIvINGsToN: This peak region occurs out in the high-field
tail where the reversible curve has quite a measurable con-
stant slope. %e plot the di8erence and see quite a sizeable
peak. It is a peak in hysteresis and is not associated with re-
versible curves in any way.

GooDMAN: I think one point which confirms Dr. Livings-
ton s interpretation is that the increasing and decreasing
curves are symmetrical with respect to what is predicted
with reversible behavior. That should answer your question.

LIvINGsToN: It was in that curve, but I must remark in
all fairness that not all curves come out so symmetric.

MENDELssoHN: Just a mention to Professor Goodman, I
am afraid a pure Pb ring does the same thing. It also yields a
symmetrical magnetization curve.
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INTRODUCTION

In this paper, experiments are reported on the in-
fluence of the residual resistivity p on the critical
6elds of superconducting lead. The residual resistivity
has been increased by alloying, cold-working, or
neutron-irradiation. For the description of the super-
conducting behavior, two groups of critical fields are
defined.

I. Magnetization measurements as a function of a
longitudinal field give: H.&, the field at which the
first macroscopic penetration occurs; H.2, the field
where the magnetic moment vanishes, or at least is
smaller than the detection threshold; H„ the thermo-
dynamic critical field, as determined from the area
under the magnetization curve.

In our experiments the magnetic moment 3/I was
measured with a null-coil magnetometer. ' H.a can be
determined also from noise observations'; this effect
is an analog of the Barkhausen noise in a ferromag-
netic substance.

II. From resistance measurements as a function of
the field, one can obtain the fields which restore a
fraction 0.01, 0.50, or 0.99 of the normal resistance
in longitudinal (1) or in transverse (tr) field: H. (0.01,
tr), H. (0.99, tr), H. (0.01, 1), H, (0.50, 1), and H,
(0.99, 1).

It was found that for a number of alloys these
fields were much larger than H„. In order to study
this more closely, the inhuence of the transport cur-
rent on these fields was measured (J Hcurves). —
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EXPERIMENTAL

Wires, diam 0.3 mm, made from lead —indium al-
loys were annealed for 14 days in vacuo at about
50'C below the melting point. The residual resistivity
and the critical fields H, &, H, s, H„H, (0.01, tr), H,
(0.99, tr), H, (0.01, 1), and H, (0.99, 1) were meas-
ured; the results are given in Table I. The J—H
curves of the alloys were measured with J ranging
from 0.15 A cm ' to 4.6 )& 10' A. cm '. The results
on the lead —6.6 at. % indium allo/ are given in Fig.
1 with a logarithmic J scale, and in Fig. 2 with a
linear J scale.

For the deformation and irradiation, both at 78'E,
99.99% Johnson and Matthey lead was used. The
deformation was done by cold-rolling to an increase
in length of about 120%. The neutron-irradiation
was carried out in the low Aux reactor BRl of the
SCK/CKN at Mol (Belgium), the integrated flux
being about 10" fast neutrons per cm'. The increase
in residual resistivity p and H. (0.50, 1) were meas-
ured. The results are given in Table I; a more detailed
description is given in Refs. 3 and 4.

DISCUSSION

The dependence of H,2 on the residual resistivity
given by the GI AG theory has been shown by
I ivingston' to be in excellent agreement with experi-
ment (sensitivity of 4sM = &5 Oe). Our results
(sensitivity 4~3II = ~l Oe) also agree with this
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TARLE I. Concentrations, residual resistivities (pQ-cm), and critical 6elds (oersted) at 4.2 K of lead-indium alloys and of cold-
worked and neutron-irradiated lead.
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theory; see Fig. 3. 'The relation between H, l and H, 2

is found to be in accordance with Abrikosov's as-
sumption for low ~ values. With the resistance meas-
urements, critical fields exceeding H, s are observed;
see Table I and Fig. 1. Superconductivity at fields
above H,2 was found also by Berlincourt and Hake, '

Autler et al. ,
' and Chiou et at.' However, from a linear

J—H plot, as given in Fig. 2, it is seen that only
at low current densities superconductivity above H, 2

occurs. Extrapolation to J = 0 of the high current
density part of the curve yields for H, (0.01, l) a
value equal to the magnetically determined H.s.
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FJG. 1.J Hcurves of a lead ——6.6 at. % indium alloy, in
transverse (tr) and longitudinal (1) 6elds. The critical Gelds
are defined as the fields that restore 0.01 or 0.99 of the normal
resistance. The values of H, 1 and H.2 as found from magnetiza-
tion measurements, are indicated.

6 T. G. Berlincourt and R. R. Hake, Phys. Rev. Letters 9,
293 (1962); see also Proceedings of the Eighth International
Conference on Lol Temperature Physics London, 1968 (Butter-
worths Scientific Publication Ltd. , London, 1962). The critical
field of a Ti—V alloy found from resistance measurements was
higher than the calculated value of H, 2 from the GLAG
theory.
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FIG. 2. Linear plot of J versus H, (0.01, l) and H, (0.01, tr)
of a lead —6.6 at % indium alloy. The extrapolation of H,
(0.01, 1) from high current densities to J = 0 is indicated.

7 S. H. Autler, E. S. Rosenblum, and E. H. Gooen, Phys.
Rev. Letters 9, 489 (1962). Superconductivity was found on
niobium above H,2, that was defined from resistance measure-
ments.
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Fie. 3. H,2/H, calculated from the GLAG theory; H,2/H,
from magnetization measurements; H.3/H, obtained from
low current density resistance measurements vs the residual
resistivity of lead alloys.

From the results of the above resistance measure-
ments, one should expect a small magnetization to be
found between H, 2 and H.3. This, however, was not
shown by our magnetization measurements. The
parts of the M—H curves near H.2, which agree
quantitatively with the Abrikosov theory, do not
justify such an approach of 3II to the H axis, that
would be needed to Gnd a critical field ))H„. From
this it is concluded that the volume that remains
superconducting above H,2 must be very small. This

The field at which the last trace of superconduc-
tivity above H.2 disappears is considered as a new
critical field and is called H.s. It is obtained from the
low current density part of the log J —H. (0.99, 1)

curve, given in Fig. 1. H,s/H, is plotted vs p in Fig.
3; H,3 of the alloys having p & 5 pQ-cm was de-
termined from the log J H. (—0.99, tr) curves. The
H,s/H, curve in Fig. 3 is nearly parallel to the H,&/H,
curve if p & 1 pQ-cm, which is the critical value of p
for the onset of type II superconductivity in lead.
The slope of the H.s/H. —p curve at p = 0 pQ-cm is
about 5 pQ

' cm '.

residual superconductivity might, therefore, be at-
tributed to small inhomogeneities or structural de-
fects.

Superconductivity above H„was found also on the
cold-worked and the irradiated pure lead. The in-
fluence of deformation on the critical Geld, as inferred
from resistance measurements, had already been
established by Shaw and Mapother' for lead and by
Hauser and Buehler" for niobium and rhenium. Mag-
netization measurements on our cold-worked and
irradiated samples could not be carried out with the
present magnetometer. However, p of these wires
(see Table I) is far below the critical value of 1 pQ-cm,
so according to the GLAG theory H,2 must be equal
to H, (=550 Oe for lead at 4.2'K) . [(H, (0.50, I) —H,]
(H,p) 'was found to be 5.5 pQ 'cm ' for both cases
and is equal to the initial slope of the H,s/H, vs p
curve for the alloys. Apparently the critical field for
superconductivity above H, s is determined by the
bulk resistivity p, at least below 1 pQ-cm, and not by
the type of defect that causes p,

' and that is different
for the three cases investigated: from recovery ex-
periments it was found that, after cold-working, p
stems from dislocations and point defects, and that p

after irradiation mainly stems from point defects. In
the alloys, p is caused by the solute atoms.

Inhomogeneities or structural defects may be
thought to be responsible for superconductivity be-
tween H, & and H,3. The predominant effect of the
bulk resistivity on the value of H.3 was shown in the
preceding paragraph for p & 1 pQ-cm. At p = 1 pQ-cm,
where type II superconductivity starts, the depend-
ence of H, s on p changes (see Fig. 3), which again
might imply a relation between the bulk properties
and superconductivity between H.& and H,3.
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Discussion 5

N. R. WERTHAMER, Bel/ Telephone Laboratories: I would
like to point out the relevance to the present discussion of
the experiments by a number of workers on the superposi-
tion of a superconducting metal film on a normal metal sub-
strate. In these experiments, the transition temperature of
the film sandwich is lowered substantially when the thick-
ness of the superconducting metal film becomes shorter than
a coherence distance. Now, if a filament or sponge model is
correct and we are to think of a wire or thread of supercon-
ducting metal embedded in an otherwise normal metal mat-

rix, the superconducting filaments cannot be superconduct-
ing at all unless they are at least one coherence distance in
thickness.

P. H. KEEsoM, Purdue University: We have measured the
specific heats of lead and indium alloys. We wanted to meas-
ure the normal state; first we used a 5-kG magnetic field to
quench the superconductivity, and then one of 10 kG. In
both cases, below one degree we find the specific heat for
lead is about 5% larger than what you should expect for the
extrapolation from higher temperatures. I wonder if H, 3 has
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a large temperature dependence. Do you have any feeling
about this temperature dependence?

W. F. DRUvvEsTEvN, Philips' Research Laboratories: No,
we haven't measured the temperature dependence of H.3,
but I think it may be the same temperature dependence as
H, 2.

HAUsER: I also find some discrepancy in the measure-
ments on niobium between the magnetic transition and the

resistive transition and I wonder to what extent the differ-
ence between H.2 and H, 3 is due to the difference in sensi-
tivities in making a magnetic measurement and in making a
resistive measurement.

DRUYvEsTEvN'. Yes, of course, it is possible. In that case
we have to measure the magnetic moment with more sensi-
tivity. But, of cc)urse, there is then no agreement with the
GLAG theory, and H, 3 must be H,2.

Pseudoreversib1e Magnetization of Xb
HARLFY C. HITCHCOCK
Varian Associates, Palo Alto, California

The application by Berlincourt and Hake' of the
Ginzburg —Landau —Abrikosov —Gor'kov (GLA.G) the-
ory to the prediction of upper critical fields in type
II, transition metal superconductors having varying
degrees of defect concentration (cold-work) has been
quantitatively satisfactory. Measurements of the
resistance of Nb at liquid-helium temperatures by
Autler, Rosenb]um, and Gooen' and of the magneti-
zation of high purity Nb by Stromberg and Swenson'
lead to the conclusion that this metal is a type II
superconductor with ~ = 1.1. In fact, the latter
group obtained an almost reversible magnetization
curve for a relatively defect-free polycrystalline
specimen in good qualitative agreement with the
predictions of the Abrikosov' theory.

The phenomenological theory developed by Bean'
and by Eim, Hempstead, and Strnad' on the assump-
tion of a filamentary model of supercurrent transport
has been successful in describing the size-dependent,
irreversible magnetization of type II superconductors
in the limit of defect concentration where the essen-
tially diamagnetic nature of the material can be
ignored. However, this nature is revealed in experi-
ments by Hauser' and by Swartz' who found that
thin films and finely divided samples of "hard" ma-
terials had a magnetization characteristic of the
Abrikosov —Goodman" theories. In a recent paper,
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Silcox and H,ol]ins" develop a magnetization theory
which predicts hysteresis and size dependence with
the incorporation of both Gorier And—erson" " flux
pinning and the Abrikosov —Goodman" flux struc-
ture. The central result of this theory is the super-
position of a symmetric (paramagnetic/diamagnetic)
defect magnetization on the ideal, reversible curve.

We wish to describe a reversible measurement of
the magnetization of a bulk sample of cold-worked
Nb which supports the superposition concept and
gives a result in good agreement with the Abrikosov'
curve, though exhibiting a temperature dependence
of the reduced upper critical field.

The sample used in this experiment was cylindri-
cal, 0.635-cm diameter by 10.0-cm long and was
fashioned from swaged and centerless ground, double-
electron-beam-melted stock obtained from Wah
Chang. It had good surface finish and prolate spheroi-
dal ends with an eccentricity of 0.94; the estimated
demagnetizing factor was 0.005. It was thermally
isolated parallel to the bore axis of a NbZr solenoid
with a field homogeniety of ~1.2%%u~ over the sample
length. Flux penetration into the sample was
measured from an xy plot of an integrated dB/dt
signal obtained from a centered, 3-cm-long coil of
known area-turns product (10' cm') surrounding it.
A bucking coil, mounted axially parallel to the field
probe and symmetrically with respect to its trans-
verse centerline, canceled out the unwanted signal
from the turns area of the probe. The effective noise
level in this measurement corresponded to a change
in the Aux penetration of 800 quanta.
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