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remarkably reduced. One example is given in Fig. 3.
For the results of measurements of critical current
and field characteristics there exists as yet no well-
defined theoretical relationship. A possible explana-
tion would be as follows. Suppose one filament in the
weakest part of the superconducting sample has a
certain cross section and has maximum current
density; because of the compression, which reduces
the value of this cross section, the current becomes
supercritical. This has the effect that normal con-
ductivity sets in at lower critical current values.

V. CONCLUSION

It seems worthwhile to investigate the pressure de-
pendence of critical temperature, critical current, and
critical field in smaller pressure steps up to very high
pressures for clean, homogeneous specimens. This
would result in a more detailed knowledge of the
intrinsic properties of high-field superconductors.
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B. T. MAYrHr~s, University of California: The change of
T. with pressure of NbsSn as reported in JETP gives values
that are smaller than yours by a factor of 2 from what I re-
member.

C. MULLER, University of Giessen: This would be in ac-
cordance with what I just mentioned. Our NbqSn values
are very much out of line, and perhaps there is something
wrong in the whole structure we don't know about yet.

GERHART K. GAULE, U. S. Army Electronics Research and

Development Laboratory: You mentioned in the abstract and
you said here that the soft superconductors behave di6er-
ently from those which you have investigated, by a factor of
2. I pointed out this morning the parameter for a fair com-
parison should be the atomic volume and not the pressure.
Considering that your materials are much harder, I think
that you get lesser volume change. If you plot atomic vol-
ume vs critical temperature you might find a better agree-
ment.
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INTRODUCTION

We have measured, as a function of temperature,
the magnetization curves of specimens which formed
a group of solid solutions of bismuth in indium. The
nominal concentrations ranged from 1.5 to 4.0 at.%
Each sample except the most dilute one was a super-
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conductor of the second kind at its transition tem-
perature T.. This set of alloys has values of T. in the
liquid-helium temperature range, so that we were
able to make a detailed comparison of our results
with the predictions of the Ginzburg —Landau-
Abrikosov (GLA) theory" which is derived to be
valid near 7.', .

The specimens were in the form of long, thin

V. L. Ginzburg and L. D. Landau, Zh. Eksperim. i Teor.
Fiz. 20, 1064 {1950).Cf. also V. L. Ginzburg, Nuovo Cimento
2, 1234 (1955).

2 A. A. Abrikosov, Zh. Eksperim. i Teor. Fiz. 32, 1442
(1957) [English transl. : Soviet Phys. —JETP 5, 1174 (1957)
and J. Phys. Chem. Solids 2, 199 (1957)l.
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cylinders, and the magnetization was determined
with the applied field parallel to the cylinder axes.
The measurements were carried out with a vibrating
sample magnetometer' in conjunction with a niobium
solenoid. Details of the experimental procedure and
results have been given by Kinsel. 4

The excellent agreement between theory and ex-
periment near T, has been reported elsewhere. "It
can be summarized by saying that the values of the
Ginzburg —Landau parameter ~, as calculated for each
specimen using the Gor'kov —Goodman" equation'

x = so + 7.5 X 10'y*'p,

differ by no more than a few percent from the values
of ~ obtained from different features of the mag-
netization curves using the pertinent equations of
Abrikosov. ' These results are listed in Table I.

TEMPERATURE DEPENDENCE OF THE
CRITICAL FIELDS

For each specimen the magnetization curve at a
given temperature determined the three critical
fields: H, l, the lower critical field at which in increas-
ing magnetic fields Aux begins to penetrate into the
specimen; H.2, the upper critical field at which the
sample becomes normal; and H., the thermodynamic
critical field. As mentioned in H,ef. 5, H.2 and H.l
were obtained by ignoring the slight rounding and
tailing of the magnetization curves. The thermo-
dynamic field was calculated by setting the area
under each magnetization curve equal to VH'/87r,
assuming that the initial slope corresponds to a
susceptibility of —1/4w.

Our results for the In —4.0 at. /& Bi sample are
shown in Fig. 1, in which the three fields are plotted

Pr Kl K2 K3 K4

AK/K

(%)

1.55
1.70
1.80
1.89
1.95
2.00
2.50
4.00

0.889 8.76
0.898 8.81
0.419 8.84
0.428 8.88
0.480 8.91
0.580 4.00
0.591 4.10
0.708 4.22

0.76
0.88
0.91
0.90
1.05
1.10
1.25
1.46

0.77 0.76 0.74 2.6
0.90 0.86 0.85 8.0
0.95 0.91 0.88 8.8
0.94 0.90 0.98 2.7
1.07 1.06 1.08 1.9
1.14 1.08 1.15 8.6
1.26 1.22 1.29 8.2
1.49 1.48 1.58 2.7

TALKIE I. Summary of results at t =—T/T, = 1. Kl is obtained
from the ratio H,2/H„K2 from H,2/H, l, and K3 from the slope
of the magnetization curves near H, 2 (cf. Ref. 5). K4 is calcu-
lated from Eq. (1).AN:/i~ gives the maximum percentage devia-
tion of any of the K values from the average K value for a
particular specimen. Also tabulated are the transition tempera-
tures, T., and p, =—84,soK/(Bs730K B4.Q K), where Rr is the

specimen resistance at temperature T.
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At, this time we mention and discuss further re-
sults which have not been emphasized earlier, and
which have particular pertinence to a number of
other contributions to this conference.
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K0 = 0.112 is the value of the parameter for pure indium
[T. E. Faber, Proc. Roy. Soc. (London) A241, 581 (1957)];
y the Sommerfield electronic specific heat constant in erg
cm 3 deg 2, and p the residual resistivity in in 0-cm. The values
of y for the alloy specimens were derived from the values of
the thermodynamic critical fields in the limit of very low
temperatures (cf. Ref. 4). The values of ~ obtained in this way
differed by at most 5% from those which would be calculated
using the value for pure indium.
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FIG. 1. Temperature dependence of the three critical fields
for a typical In—4 at. /& Bi sample. The field values are
plotted against the square of the reduced temperature t —=

T/T„and are compared with parabolic variations as well as
with different theoretical predictions for H,2(t).

against the square of the reduced temperature
t —= T/T. . All qualitative features shown here were
also found with all other samples with concentrations
of at least 1.55 at.% Bi. As expected, H, (t) varies
very nearly as H, (0) (1 —t'), where H, (0) is the
thermodynamic critical field at t = 0. The tempera-
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ture variation of H.&(t) is about the same. However,
our detailed results show that the ratio h, (t)
H„(t)/H, (t) decreases linearly by about 10%over the
temperature range between t = 1.0 and f, = 0.3.
This is in good agreement with Abrikosov s equa-
tion' for h1 as evaluated by Harden and Arp. "Ac-
cording to this calculation 6& should vary for low I(:

values approximately as ~ &. We presently show that
z increases by about 20% over the temperature range
in question, which is thus consistent with a 10% de-
crease in h&.

H„(t), however, increases appreciably more rapidly
than H, (t). Before the development of the micro-
scopic theory of superconductivity, "both Bardeen"
and Ginzburg" attempted to extend the Ginzburg-
Landau formulation to temperatures below F, by
phenomenological choices for the coeKcient in the
expansion of the free energy. Both obtain the same
temperature dependence

H,s(t) = 2W2z(l)He(0)[(1 —t')/(1 + ts)j, (2)

where z(1) is the value of z at t = l.
Gor'kov, "as well as Shapoval, "has calculated the

temperature variation of H.s(t) from first principles,
using Gor'kov's formulation of the BCS theory in

terms of Green's functions. " Gor'kov's calculations
lead to the expression

culation of H,s(t) with equations which do not take
into explicit account the interaction of the electrons
with impurities. Shapoval, on the other hand, did
allow for this by using instead the equations and the
general method of solution which Gor'kov had used
on another occasion' to calculate successfully other
properties of alloy superconductors. It is, therefore,
not clear why for our alloys as well as those of
others'"" H.s(t) should follow Eq. (8) rather than
(4).

Bardeen —Ginzburg: a(t) = 2/(1 + t'); (7)

Gor'kov: a(t) = 1.25 —0.80t' + 0.05t' .

TEMPERATURE DEPENDENCE OF w

As pointed out by Berlincourt and Hake, "the re-
lationship of the experimental results to the theories
is displayed more clearly by defLning a temperature-
dependent Ginzburg —Landau parameter

z(t) —= a(t)z(l),
such that

H.s(t) = ~2z(t)H. (t) (6)

at all temperatures. With a parabolic temperature
variation of H.(t), the theories predict the following
forms for u(t):

II:(t) = z(1)H.(0)(1.77 —2.20ts + P.50t' —0.07ts),

(8)
Shapoval: A nonanalytic form varying

from a(l) = 1 to a(0) = 2.14.
while Shapoval obtains

H. (t) = 8.08z(1)H.,(0)g(t), (4)

where g(t) is shown graphically" as varying between

g(1) = 0 and g(0) = 1.
The different theoretical predictions for H, s(t) are

shown on Fig. 1 by appropriately labeled curves. The
experimental results fall somewhat below Gor'kov's

prediction, but do approach these quite closely,
while the disagreement with Shapoval and with the
phenomenological extension of Bardeen and of Ginz-

burg is quite marked. The disagreement with
Shapoval is rather puzzling. Gor'kov started his cal-

&c J. L. Harden and V. Arp, Cryogenics 4, 105 (1968).
-J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys.

Rev. 108, 1175 (1957).
~s J. Bardeen, Phys. Rev. 95, 554 (1954).
's V. L. Ginzbnrg, Zh. Eksperim. i Teor. Fiz. 30, 598 (1956)

[English transl. : Soviet Phys. —JETP 3, 621 (1956)]; Dokl.
Akad. Nauk SSSR )10, 868 (1956) [English transl. : Soviet
Phys. —Dokl. 1, 541 (1956)].

&4 L. P. Gor'kov, Zh. Eksperim. i Teor. Fiz. 37, 888 (1959)
[English transl. : Soviet Phys. —JETP 10, 598 (1960)].

~~ E. A. Shapoval, Zh. Eksperim. i Teor. Fiz. 41, 877 (1961)
[English transL: Soviet Phys. —JETP 14, 628 (1962)].
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These three forms of a(t) are displayed in Fig. 2,
together with the values of a(t) obtained from three
of our specimens using Eqs. (5) and (6). Again it is
evident that our results are in good agreement with
Gor'kov's calculations, except for a systematic
deviation to lower values. Ke see that ~ increases by
about 28% between t = 1 and t = 0.

Plotted also in Fig. 2 are values of a(t) obtained
for the same three samples from the slopes of their
magnetization curves and from the ratio H.s(t)/H, r(t).
In making the calculations we assumed that the per-
tinent Abrikosov relations' continue to hold at any
temperature with the appropriately adjusted z(t).
The close internal agreement in all cases of the three
values of a(t) obtained for a given sample at a given
temperature indicate strongly that one can indeed

apply GLA to a superconductor of the second kind
at any temperature by using the appropriate tem-
perature-dependent value of ~.

T. O. Berlincourt and R. R. Hake, Phys. Rev. 131, 140
(1968).

~8 C. E. Jones, B. S. Chandrasekhar, and J. K. Hulm, Rev.
Mod. Phys. 36, 74 (1964).
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Frs. 2. Temperature dependence of a(t) —= ~(t)/a(1) for three
typical samples, compared with different theoretical pre-
dictions. The subscripts 1, 2, and 3 refer to values deduced,
respectively, from Eq. (6), from the ratio H~s(t)/H. &(t), and
from the slope of the magnetization curve near H,s(t).

values of H, (t) which are 4—9% lower than those cal-
culated from the area under the magnetization
curves. In other words, if irreversible effects resulted
in magnetization curves with areas 8 to 18% larger
than under reversible conditions, we could account
for the fact that our values of z(t) are systematically
low compared with Gor'kov's theory. Since we can-

Each magnetization curve was taken after the
sample had been cooled from above T. in the ab-
sence of an external magnetic field. In calculating
H„we assume that the curve obtained in this way
represents the true reversible magnetization curve,
except for the slight rounding at H, 1 and the small
tail at H.2. %e found that, for applied fields less than
H,I, the magnetization can indeed be varied re-
versibly. However, on lowering the field again, once
this Geld is exceeded the magnetic moment is always
less than in increasing magnetic field. It therefore
seems appropriate to determine what amount of ir-
reversibility could account for the small, systematic
deviations from Gor'kov's equations (3) and (8).
This can be done by turning the argument around
and analyzing our results on the supposition that
these equations are, in fact, exact. Keeping H,s(t)
unchanged, the theoretical values of z(t) then lead to

not rule out the possibility of such an irreversibility,
we must conclude that the experimental results are
probably consistent with Eq. (8).
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FIe. 3. The experimental magnetization curves in increasing
magnetic field for the In-1.5 at. 'P0 Bi sample, taken from the
magnetometer recordings for two temperatures.

the fundamental quantities continue at all tempera-
tures to have the same physical significance which
they have near the transition temperature. For any
value of ~, H,2 is the absolute stability limit of the
normal state in decreasing magnetic field."'"The
distinction between superconductors of the first and
second kind lie's in whether H,2 is smaller or larger
than H.. If smaller, there can be supercooling and the
interphase surface energy must be positive: the
superconductor is of the first kind. If H.2 ) H., the
superconductor is of the second kind. This of course
means, according to Eq. (6), that at any temperature
z = -,'~2 is the critical value marking the change
from one kind of superconductivity to the other.
Thus, if near T.a certain material is a superconductor
of the first kind but with 0.57 ~& ~ & 0.707," the
gradual increase of z(t) with lowering temperature
should bring about a change to second-kind behavior
at that temperature at which z = —,'Q2. This sup-
position is confirmed by our results. In Fig. 3 we
show the experimental magnetization curves at
t = 0.69 and at t = 0.39 for the sample containing
1.50 at.% Bi. From the measured resistivity and
Eq. (1) we find for this specimen z(1) = 0.62. Ac-
cording to Eqs. (5) and (8) one would then have

THE CRITICAL VALUE OF R(t)

The inference drawn from our results that the GLA
theory can be applied at all temperatures implies that
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«(0.69) = 0.69 and x(0.39) = 0.75, implying a change
from first- to second-kind behavior between the two
temperatures. Indeed, Fig. 3 shows a small but quite
definite change in the shape of the magnetization
curves, the one at t = 0.39 showing the break charac-
teristic of the mixed state. Both the slope of this
magnetization curve near Ir.s and the ratio of II,2 to
B,& are consistent with a value of ~ = 0.75.

That x = —',M2 remains the critical value at all
temperatures is seen most clearly by comparing Figs.
4 and 5. On the former we plot as a function of

second-kind superconductors at O'K as well as at T..
The points for the 1.5/~ Bi specimen are to be noted.
In Fig. 4 the value of ~2x(l) as calculated from
Eq. (1) is less than unity, whereas in Fig. 5 unity is
exceeded by the value of ~2 x(0) which is calculated
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from Eqs. (5) and (8) and is consistent with the ex-
perimental magnetization curves.

FIG. 4. The slopes of the three critical field curves at T. of
s,ll the samples, plotted as a function of ~st(1). The 1.5 at. %
sample has only a single critical Geld near F„a dvns~(1) as
calculated from Eq. (1) is less than unity.

Q2 x(1) the transition temperature limit of the slopes
of the three critical fields. On the latter we plot the
zero temperature limit of the critical fields them-
selves, this time as a function of M2x(0). In both
figures, the curves converge at ~2x = 1, indicating
that this marks the separation between first- and
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