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TYPE Il SUPERCONDUCTIVITY:

Arlington, VA

Abstract

By 1941, many of the essential
features of type 1l
“‘peen observed {de Haas and Voogd,

experimental
superconductivity had already
Shubnikov et al.,

. fgesom and Desirant).  Moreover, truly remarkable
. progress had been made toward theoretical

b'inderstanding based on negative interphase surface
. energy considerations (Gorter, H. London}. However,
a competing explanation, the filamentary sponge
ncdel, was preposed {Mendelsschn} in an attempt to

" explain magnetic hysteresis effects which tended to
“ gbscure ‘the dintrinsic thermadynamic character of
“Utype 11 superconductivity. This filamentary sponge
'model 1§ now known to be of only very restricted
% applicability, but for more than two decades it
" enjoyed wide acceptance, so much 50, that when the
ultimate theoretical basis for  type I1
- superconductivity was formutated 1in the 1950's
- (Ginzburg and iandau, Abrikosov, Gorkov (GLAG)}, it
was largely ignored, With the discovery of the
practical supermagnet potential of type 11
superconductors (Yntema, Kunzler et al.}, interest in
achieving deeper understanding cof high-magnetic-field
superconductivity was reawakened. Only then was the
power of the GLAG formalism very belatedly

- recognized, both with respect to near-ideal type 1I
superconductors {Goodman) and with respect to non-
ideal materials of technical interest {Berlincourt

. and Hake). Rapid experimental and theoretical
" progress followed on a number of significant aspects,
“inciuding flux trapping, flux creep, and flux flow
Anderson, Kim, Hempstead, Strnad), and
superconductivity (Saint-James and
de Gennes}. Indirect "observation" of Abrikosov's
_vortex lattice was soon accomplished by neutron
. scattering techniques (Cribier et al.} and by nuclear

surface

) m%gnetic resonance techniques (Pincus etlgl.).
Finally, a more direct magnetic decoration technique

{(Essmann and Trauble) yielded remarkably graphic and
_incontrovertible . pictoral  confirmation of the
Abrikosov vortex latiice.

Introduction

The discoveries of Yntemal and of Kunzler,

. Buehler, Hsu, and Wernick2 demolished a myth.
Despite earlier contrary indications, it was suddenly
found that large critical current densities could,
after alil, be supported in superconductors at high

“magnetic fields. Well, alwost suddenly. ¥ntema's
work went virtually unnoticed at first. But imagine
the excitement when it was ultimately realized that
the possibility of generating high magnetic fields
at unprecedented eccnomy might be within our grasp!

Whenever such a profound change in perspective
occurs, the human species feels a compulsion to
account for it, and in the aitempt often rushes
headiong in the wrong direction. So it was in this
instance, as we attempted to adapt a part of an old

myth, viz., the sponge model, to explain a new
reality. Little matter that even before the work of
Kunzler et al. there already existed a rigorous
thecretical  structure, which was capable of
accounting for much of the remarkable behavior of
high-magnetic-field superconductors. I refer, of
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(GL) to
of type II superconductivity, to

Gorkov's reconci]iation5 of the GL theory (and hence
of Abrikosov's theery) with the Bardeen-Cooper-
Schrieffer {BCS) microscopic theory, and to Gorkov's
derivation of the critical parameters of the GL
theary in terms of readily measurable normal-state
guantities.

the
fbrikosov's theory’

course, to Ginzburg-Landau theory,3

This paper Tocuses mainly on the experimental
and conceptual factors which culminated in the
development and confirmation of the Ginzburg-Landau-
Abrikosov-Gorkov {GLAG) theory. But I alsc mention
the sponge model, for, prior to its being supplanted
by the GLAG theary, its seductive, but misleading,
counterpoint profoundly infliuenced investigations of
alloy superconductivity over more thar a quarter of
a century.

foundations

As early as 1935 many of the experimental
features typical of type II superconductivity had
already been observed. An alley superconductor,
subjected to a magnetic field, had been shown
initislly, i.e., at low fields, to resist magnetic
field penetration in a manner generally
indistinguishable from that for a pure
superconductor. However, in the alloy magnetic flux
penetration was observed to commence at a lawer field
than was typical for a pure metal. Moreover, the
magnetic flux penetration, instead of being abrupt
snd complete, was gradual, and it extended to
exceptionally high magnetic fields, where the novmal
state was finally restored, In decreasing fields
hysteresis was evident, and at zero applied field the
alloy was left with more trapped flux than was
typically the case for a pure metal. These features
are all depicted in Figure 1.

—-4nM ’
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e

Figure 1. Magnetization (K) versus magnetic field (H)
for typical non-ideal type Il superconductor,

The absence of etectrical resistance,
characteristic of superconductivity, had been shown
for modest measuring currents to persist all the way
to the magnetic field ch, where flux pengtration was
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complete.  As early as 1930, 1in studies of Pb-@i

alloys, de Haas and Vcogd5 had established that this
transition could occur at magnetic fields as high as
2.1T (or 2.3T when extrapolated to absolute zero)

However, attempts at Leiden7 and Kharkov8 in 1935 to
exploit alley superconductors for production of high
magnetic fields were thwarted when the combined
magnetic field-critical current density performance
of those early specimens was shown to be
disappointingly poor.

Nevertheless, in the year 1935 there was keen

scientific interest in alloy superconductivity, and

prophetic concepts emerged from attempts to account
for the high transition fields. Of central

importance was H. London's prediction9 that a
superconducting film of thickness much less than the
penetration depth would exhibit a Tlongitudinal
transition field much'higher than that of its bulk
counterpart. This followed from the fact that in
this geometry the film only slightly distorts the
applied field, and hence more slowly expends its
superconducting condensation energy establishing
shielding currents as the applied magnetic field is
increased.

Aspects of this circumstance were seized upon in

1935 by Gorter,lo by H. London,9 ané by Mende]ssohnll
to account for the survival of supercenductivity in
alloys at high magnetic fieids. It is evident that

they were very much aware of each other's work. Both
Gorterlo and H. London9 reasoned that a buik,
homogeneous alloy superconductor might achieve a

state of lower magnetic field distortion, and hence
lower energy, simply by subdividing inta thin
superconducting lamina or into needles parallel to
the applied field and separated by normal layers of
extremely small thickness and that this would allow
the survival of superconductivity zt higher fields.

In 1950 H. London's brother, F. London,12
described the  probable  structure as  "small
superconducting domains  somewhat Jike a mosaic

crystal," and elsewhere in the same monocgraph, he
9

‘first described fluxoid quantization.13 With some
refinement and fusion of these highly intuitive ideas
the Abrikosov vortex structure might have been
anticipated. Instead, the vortices were destined to
appear only several years later in a purely
mathematical solution of the GL equations.

Additional indicative of remarksble

foresight were evident in Gurter's 1935 paper.10 For
his Tlamirar model he predicted that the transitian

concepts

field would be given by -ﬁ—HO, where { is the
penetration depth, Ho is the thermodynamic critical
field, and k is a “minimum size for the
superconductar." If Gorter's k is identified with

the cuantity we now cail the coherence length, &
and if modern notation is utilized, his transition

field becomes JE—HC. This is within a factor of V7

of the Abrikosov value for the upper eritical field
ch. Not bad for 1935! Equivalently, Gorter argued

that the thin high-field laminar structure would form
for k<% (i.e., 8 < A), a condition he identified
with alloys, that for "k > £ (i.e., £ > A ) there
will be no tendency te form very small
supraconductive regions" in  agreement with the
behavior of (type I} pure metal single crystals.

H. London's more mathematical ana]ysisg invoked

interphase surface energy considerations to account
for the same distinction between alloys and {type 1
pure metals, and he pointed out the equivalence of
his surface energy classification scheme and Gorter'g
k< or>{ scheme. BGorter noted, however, that "The
behavior of supraconductive allays is certainly
explained far from completely by these remarks, which
do not even offer a suggestion why {i.e., A
should be especially large or k (i.e., ) especially
small for an alloy...." That would have to await

subsequent advances by P1'ppard.l4"15

Gorter and H. London both recognized that their
approach shed no light on the cause of the obseryeq
magnetic hysteresis and trapped flux in alloys, byt
they did anticipate that inhomogeneities wouig
probably have to be inveked in some manner to account
for these features.

1t is important to emphasize at this peint that
the thin super-normal structure hypothesized by
Gorter and by H. London to account for alloy.
superconductivity would appear for a perfectly-
homogeneous  alloy, i.e., no inhomogeneities
whatsoever were required for it to occur. In stark

contrast Mende]ssohn11 proposed to account for high-
magnetic-field superconductivity purely in terms of
the inhomogeneities. In his words, "We think that
all experimental results so far obtained on impure
metals and on alloys can be explained by their
inhomogeneity which causes the formation of a
'sponge’ of higher threshold value."

There was some  justification for  this
perspective, inasmuch as the highest-field material
known at that time, the Pb-Bi alloy studied by

de Haas and Voogd,6 was a eutectic, i.e., it was
composed of a finely divided mixture of two separate
and different-composition phases. Mendelssohn seemed
to imply that the high threshold field could either
be intrinsic for the material of the sponge or could
follow if the thicknesses of the superconducting
sponge regions were of the order of, or Tess thanm,
the penetration depth. Finally, = the mulitiple
connectivity of the sponge provided a ready
explanation .for the observed magnetic hysteresis and
trapped flux, '

The crucial experiment te distinguish between:

the Gorter-H. London model and the sponge model would

be one on highly homogeneous defect-free alloys. For
such materials negligible flux trapping would be:
expected. According to Gorter and H. London survival’
of superconductivity to high magnetic fields would
sti1l be expected, whereas, according to the sponge.
model behavior typical of pure metal (type I) single

crystals would be expected, :

Just such an experiment was reported in 1937 by

Shubnikov, Khotkevich,
They studied
carefully

alloys in

and Rjabinin.1

Shepelev,
M(H) curves of

the magnetization
prepared single-phase,

the systems Pb-T1 and Pb-In.

speculated on the existence of a critical a]]o{
composition (between 0.8 and 2.5 atomic % T1 in Pb}
which would mark the boundary between what we noW
know as type I and type II behavior. For the more;
concentrated alloys their data showed near-ideal.
type I1 behavior. In fact, they remarked, ."Such
unusual magnetic properties of superconducters cannot,
be explained by hysteresis phenomena, inasmuch as it
is Jjust at high increasing and diminishing fields;
that the phencmenon is quite readily reversible a
the hysteresis is quite Tow," With insight prophet
of developments to follow some 25 years laters

They

single-crystal.’
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(1) that

ghubnikov et al. noted
state

represent the supercenducting

 energy, (2) that even though the s1loy upper critical

field ch greatly exceeded the field Hc
characteristic of a typical pure metal, the
condensation energies for the two cases were

comparable and deperded upon temperature in the same

" way, and {3) that, therefore, the zero-field specific

heat Jjump in an alloy superconductor should be
comparabie to that of a pure supercenductor.

With this last point Shubnikov et al. were the
first to appreciate the thermodynamic character of
to understand the

alloy  superconductivity and
folly of earlier frustrated specific  heat
investigationsl7’18 which scught the enormous

specific heat Jjump which would be expected were
complete flux exclusion to persist all the way to the
highest alloy transition field.

The specific heat Jjumps characteristic of a
type 11 syperconductor - and consistent with the
perspective of Shubnikov et al. were first observed

in 1941 in studies by Keesom and Desirantlg on impure
Ta, which we would now characterize as having a kappa
value of K~ 2.5. (See Figure 2.) While Keesom and
Desirant noted the inapplicability of thermodynamics
based on complete flux exclusion, they made no
mention of any possible relation of their resulis to
the predictions of Shubnikov et al.

KEESOM & DESIRANT (1941)

0004 - H=0 -
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0
0 5 10 15 20
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Figure 2. Dependence of specific heat (C) on tempera-
ture {T) and magnetic field (H) for impure Ta for
which K~ 2.5,

Thus, by 1941 the magnetic and calorimeiric
character of type Il superconductivity had been
observed, and the thermedynamic consequences of
reversibility had been recognized by Shubnikov et al.
tn fact, in 1937 the latter authors had accurately
characterized ideal type-I! superconductivity and
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they had attributed it to the bulk homogeneous alloy,
nos to the defect structure. Thus, the missing 1ink
had been supplied, anc it unequivocally favored the
torter-H. tondon theory over the Mendelssohn sponge
model.

But then history took a strange tuen, far
although Shubnikov et al. had done the crucial
experiment and had interpreted it correctly, their
paper made no mention of the Gorter-H. London theory
(aithough there was reference to other work by

Gorterzg) nor of the Mendelssohn sponge {even though
Shubnikov et al. ruled out inhomogeneity as the basis
for the observed high-field superconductivity and
even though they referenced two works by Mendelssohn

and Moor918’21 which wentioned the sponge model).
Even more curiously, the work of Shubnikov et al. was
alimost universally ignored, even in the Soviet Union.
Only scme twenty years later did it finally receive
due attention when Abrikoscv compared his theory with
the data of Shubnikov et ai. in his epic paper on
type 11 superconductivity.

Coutd eariy communications really have been that
poor? Although the  paper of Shubnikov et al.
appeared only in the Russian language, portions of it

had been reported esrlier in Eng]ish.8 Moreover,
Shubnikov had spent some years ~engaged in low
temperature physics research at Leiden, where he and
W. J. de Haas had discovered the magnetoresistance
oscillations now known as the Shubnikov-de Hzas
effect. And so Dutch low temperature physics
researchers doubtless maintained communications with
Shubnikov. Why didn't Gorter and H. London seize the
Saviet results as confirmation of their theory? And
why did Shubnikov et al. fail to exploit this new-
found understanding? While the answer to the first
of these guestions remains a puzzle, an answer to the
second question is found, at least in part, in a
letter 1 received from Mendelssohn in 1963. A
portion follows:

"11 was exfremely nice of you to send
me a copy of your own paper, as well as &
translation of Shubnikov's paper published
in 1937. This is indeed of considerable
help in assessing the earlier developments.
At that time the Stalin Purge was only
beginning, and 1 was very puzzled at the
blanks 1 drew in trying to get in touch
with Shubnikov. In 1957 Landau introduced
me in Foscow to Shubnikov's widow, Dlga
Trapeznikova, who also is a physicist. She
toldd me that her husbard had just been

exonerated posthumously from all charges.
This made it possible for Abrikosov to
refer to Shubnikov's papers, since up to
then Soviet etiquette required that anyone
who had disappeared in the purges had never
Jived."

A eulogy by BalabekyanZ2 in 1966 reveals that
Shubnikov was unjustly arrested in 1937, that he was
sentenced to. 10 years imprisonment, and that he died
in 1945,

Othar factors surely left their impact on the
superconductivity research of that era. There were
the tumultucus events of World war II. And, of
course, the rather meager data on ideal type II
superconductors covld easily have been obscured by
the plethora of data on non-ideat type 1II
superconguctars and on two-phase alloys. Perhaps
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Mende]ssohn23 sensed the nature of those times better
than is possible for those of us who were not a part
of the very small comnunity of low temperature
physicists of that era. In 1964 he philesophized:

"Today it 1is often said that if
research on superconductive alloys had been
pushed only & Tlittle farther in the
thirties, the exciting developments of
superconductive magnets would have taken
place twenty-five years sooner, I don't
betieve this is true., Those of us who can
recapture the mentality of a quarter of a
century ago know that even the discovery of
high current densities would have remzined
Jjust another curiosity. The contemplation
of the reguired technical effort in
cryogerics and of all the anciltary
development would have appeared to us as
outrageous foily."

Ginzburg-tandau Theory

It was net until 1950, i.e., thirteen years
after the work of Shubnikov et al., that another
theoretical clue to the trué nature of type 11
superconductivity appeared, again in the Soviet
Unian. 1In their very remarkable macroscopic theory

of superconductivity Ginzburg and Landau3
introduced the parameter kappa, or K, which provided
a measure of the surface energy at the interface
between normal and superconducting phases. The case
K < 1/VZ corresponded to a positive interphase
surface energy, and as we now know the corresponding
solutions to the GL equations account very nicely for
a number of features of ideal type I superconductors,
including the magnetic-field-induced first order
phase transition, with its prominent “superheating"
and "supercooling" pheromena. Ginzburg and Landau
noted that for K > 1/ V2 the interphase surface
energy would be negative and hence that for this case
superconductivity would occur at fields above the
thermodynamic critical field. Curiously they
concluded that "It has not been necessary teo
investigate the nature of the state which occurs when
K>1/V2, since from the experimental data .... it
follows that K << 1." This despite the fact that
the experimental data of Shubnikov et al. demanded
explanation in just such terms! Mearwhi e, in Great

Britain, Pippard14’}5 was explaining on  very
intuitive grounds that the short electron mean free
paths in alloys and films would lead to negative
interphase surface energy. Why were these various
perspectives not swiftly reconciled in z wunified
theory of type-1I superconductivity? Arn  amusing
account from Pippard's perspective appears in his
paper on "The Historical Context of Josephson's

Discover_y."24 It says in part:

"So in the garly 1950's there was a
certain amount of conflict which wasn't
helped, incidentally, by the fact that
Ginzburg kept on writing small papers in
which he said it would be much better if we
interpreted the electronic charge as not
being exactly e, but e times a small
numerical factor which might be as Targe
as 2!  He didn't say it was exactly 2,
instead he wanted to Jntroduce a fudge
factor of (say) 1.6, and Landau kept on

telling him he couldn’t just put in
arbitrary numbers, and muttered darkiy
abouE gauge invariance going wrong if you
did.

. Zavaritski.25

Later, with the advent of the BCS theory, that double
electronic charge would, of course, be placed on 4
firm theoretical foundation,

But, what of the disconnect between GL and
experimentel work of Shubnikov et al.?
a case of theoreticfans being unaware of
results, or, as Mendelssehn implied, did
imprisonment play a role?

the
Was it merely
experimenta]

Shubnikov'g
One can only speculate.

Abrikosov's Theory

The next advance toward understanding was sogp-

triggered by experimental investigations by

In 1952 he reported studies on the
critical fields of superconducting films. For pure,
weli-annealed crystalline films of Sn and T1 his
measurements exhibited good accord with the GL theary
predictions for the case K < 1/ V2, i.e., for thick
crystalline films the magnetic-field-induced
transitions were of the first order, and only below a
certain thickness did the transitions become second
order. In contrast, for amgrphous films of the same
pure metals, deposited and measured immediately at
low temperatures, second order transitions were
observed for all thicknesses. These results were a
topic  of discussion between Zavaritski and his
colleague  Abrikosov, and they recognized  the
similarity of the amorphous pure-metal results to the

behavior of alloys. In the weords of Abrikosov:26

"Discussing  with  Zavaritski the
possible origin of this discrepancy, we
Came to the idea that the approximation
K << 1 based on the surface tension data
{where K is the Ginzburg-Landau parameter)
could be incorrect for objects such as Jow-
temperature films. Particularly one could
suppose that K > 1/ V7, According to
Ginzburg and Landau, the surface energy
should be negative under these conditions.
Intuitively it was felt that in this case
the phase transition in a magnetic field
would always be of second order, and this
was in fact what Zavaritski observed.®

"When T calculated the dependence of
the critical field on the effective
thickness with K > 1/ V2, it appeared that
the theory corresporded to the experimental
data. This gave me the courage to state in
my article of 1952 containing this
caltculation that apart from ordinary
superconductars whose properiies were
familiar, there exist in nature
superconducting substances of another type,
which [ proposed to call supercenductors of
the second group (now called type 11
superconductors). The division between the
first and the second group was defined by
the relation between the quantity K and its
critical value 1/ VZ." -

In the 1952 pubh‘c.’:\tion-27

alluded above he

to which Abrikosov
predicted that the upper transition

field in a bulk type II superconductor would be given

by He, = VI X Ho-  Next, Abrikosov decided to

explore the nature of the phase which existed just
below ch in a type II superconductor, and he soon

concluded that there would be a periodic distribution
of current, magnetic field, and superconducting order
parameter, which he named the “"mixed state.” Landau,

who was
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o Was fbrikosov's mentor, took interest in the work
4 ercouraged Abrikosov to publish his results for
e immediate vicinity of H.,. Howéver, Abrikosov

explore the mixed state over the total
its existence in magnetic' field strength.

yished to
range of ;
In the words of Abrikosov: 6

upt this time 1 became i11 and had to
stay in bed for almost three months. One
day Landau visited me, The conversation,
as in most cases, concerned everything but
physics, and Landau sipped . with great
pleasure from a glass, of gliihwein, which
was not at all like him, And then suddenly
i destreyed all this paradise by telling
him what .I had invented for the mixed
state, namely, the elementary vortices. As
Landau's éyes fell ofi the London equation
with a. & function on the right-hand side,
he became furious. But then, remembering
that af 11 person should -not be bothered,
he took posSession of himself and said,
'Wheri you recover we shall-discuss it more
thoroughly.' Then he hastily bade farewel!l
and disappeared.”

"He did not come to e any more. Khen
I felt better, and appeared at the Institute
and tried tc tell him again about the
vortices, he swore rather ingeniously. At
that time 1 was still very young and did
not khow the temper of my teacher well
enough. He had seen in his iife many kinds
of pseudoscience, and .this made him
suspicious toward umusual statements.
However, by making some effort and
disregarding the noise which he made, one
could always 'drag' i through dny
réasonable idea. But at that time I sadly
put my calculations in my table drawer
‘until better times.'"

Thus; the ultimate . reckoning with type 11
superconductivity wds again postponed as Abrikosov
busied himself with pther problems: It was, in fact,

.some three years before Abrikosov's “better times"
arrived. Late in this period Landau and Lifschitz
sought  unsuccessfully to describe the state of
superfluid helium in a rotating vessel. This preblem

was solved, however, by Feynmari,28 who hypothesized
that the single-quantum supérfluid vortices, first

conceived by Ohsagér,zg would apbear in the rotating

vessel.  This solution was accepted readily by
Landau. And  Abrikosov  of course  immediately
récognized the analogy with his type 11

26

superconductivity theory. According to Abrikesov:

“When Landau began to praise Feynman's
work 1 asked him, ‘Dau, why are you ready
to accept the vortices from Feynman vwhile
you flatly réjected the same idea from me?'

‘landiu  answered, ‘'You had something
different.' 'Well then, look, please,’ 1
5aid, and produced my calculations from the
drawer. This timé nd cbjections followed.
We discussed the subject very thorouchly
and Landau's remarks were very useful.”

Abrikosov's publication of this work® included
the now well-known vortex lattice (Figure 3), @
thorough and compelling comparison of his theory with
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the expérimertal data cof Shubnikov et a].,16 and
recognition that macroscopic inhomogeneities, which
were ignored in his theory, nwst probably accounted
for remnant magnetic moments. Thus Abrikosov had

captured the essence of type 1l superconductivity in
purely mathematical solutions to the GL equations for
the case K> 1/ V2.

-\

N\

g !

Z
Figure 3. The Abrikosov vortex lattice.

This remarkable advance was compounded when, in

1959, Gorkov5 showed that in the local limit the GL
equations couid be derived from the Bardeen-Cooper-
Schrieffer microscopic theory of superconductivity.
His work made it possible to deduce theoretically,

values for K and for the upper critical field, HcZ’

using experimentally determined values of normal-
state parameters. For the case of short electron
mean free path it was necessary cnly to know the
normal-state electrical resistivity, the normal-state
electronic specific heat coefficient, and  the
superconducting  transition temperature. But,
ironicaily, the world tock little, if any, notice of
the very powerful but highly abstract GLAG formalism.

Experimental Confirmation of GLAG

Kithough most experimentalists appeared to be
oblivious to the GLAG theory, they were nevertheiess
making progress in the laboratory. In 1955 there was

Yntema's demonstration1 of high critical supercurrent
densities at modest magnetic fields, and, after a
27-year hiatus the high-magnetic-field 1limit for

existence of superconductivity was

advanced. 1In 1957, in studies®0’3! of U-Mo and U-Nb
alloys at Atomics International, I observed
transition fields which, when extrapolated to
absolute zero, approached 3.6T, or nearly 60% higher
than the corresponding value reported for Pb-Bi
alloys in 1930 by de Haas and Voogd, Still higher

trensition fields were apparent in measurements™”

again being



408

which Hake, Leslie, and I carried out on Ti-Mo altoys
in 1959, but limits on the available measuring fielgd

precluded our determination of actual va]ues.“‘3
Our high-field studies at Atomics International

in 1959 were carried out at very wmodest current

densities (tens of A/cmz) and with the belief that
the high transition fields were atiributable to the
filaments of the Mendelssohn sponge, which we
believed to be incapable- of supporting high current
densities. Then in 1960 Bozorth, Williams, and

Davis34 published a highly hysteretic magnetization
curve for Nb3Sn, which today we would immediately

recognize as  that of a nonideal type II
superconductor, and they concluded that the critical
field was 77T, With the advantage of today's
hindsight cone imay deduce from the cbserved hysteresis
that the specimen was supparting a critical current

density of ~~ 6,000 A/cm2
today's standards,
remarkable had

at 77, not impressive by
but it would have been regarded as
it been recognized at that time.

Other rapid brogress in the realization of high
current densities was eyident, Beginning in 1959,

Aut]er35 made impressive pregress on Nb supermagnets,
apparently unaware of Yntema's earlier work, and a
year later Kunzler, Buehler, Hsu, Matthias, and

Wah136 developed a M03Re alloy supermagnet which

generated fields up to 1.5T. A1l of these
developments were overshadowed, however, by the
start]ing anncuncement by Kunzler, Buehler, Hsu, and

wernick2 that dissipationiess current densities of

105 A/cm2 could be sustained in Nb35n at fields as
high as 8.8T!

During the immediate flurry of
following this advance the experimentatl
still completely oblivious to
invariably invoked the Mendelssohn
as  the basis for explanation of 'all manner of
phenomena. The appeal of the sponge model doubtiess
stemmed from its stmplicity and the plethora of
adjustable parameters which coyld be invented at
will, so long as  no one -actuwally ‘“saw" and
quanptitatively described the phantom filaments.

activity
community,
the GLAG theory,
filamentary sponge

Ironically,
did appear, some
Kunzler et al.

when a challenge to the sponge model
four months aftey the discovery of
it was not based on the GLAG theory.

Rather it appeared in a paper in which Goodmana7

invoked the old Gorter-H. Lordon laminzr model,
together with the negative surface energy rationale
of Pippard, to account with modest success for the
type 11 magnetization curves observed by

near-ideal

Calverly ang Rose-Innes38 for single crystals of
Nb-Ta alloys. Although Goodman was evidently unaware
of the GLAG theory, his approach was conceptually
closely attuned to it, - However, by the time
Goodman's report of this work appeared in print he
had "discovered" GLAG, At the IBM Conference on
Furdamenta?l Research on Superconductivity held -at

Yorktown Heights in June 1961 he showed39 that the
GLAG theory was superior to his own in its ability to
account quantitatively for the. bekavior of Pb-T1
alloys. Whereas Abrikesov had simply deduced values
for K directly from the magnetization curves measured
by Shubnikoy et al., Goodman was able to invoke the

Gorkov microscopic exter]sion5

By using measured vaipes
resistfvities of Pb-T1

of Abrikoscv's theory.
for the electrical
alloys  together with

extrapolated values for other pertinent electrong,
parameters Goodman succeeded i calculating valug

for  the upper critical fields with noteworth
success. He was also able to test the GLAG thaor
for a U-Mo alloy. Using my data for transityg,

temperature and normal state electrical resistivis
together with normal-state electronic specific hegt

data he and his col]eaguesqo had obtained prior to.
his "discovery" of the GLAG theory, he deduced ,
theoretical upper critical field of 2.7T at 1.z
This fe]l at the center of the magnetic field rangs
over which 1 had cbserved the magnetic—field-induced
restoration of resistivity in this alloy at the sape

temperature and for a measuring current of 4 A/cm?

The carresponding K value was 65, or a factor of
ten greater than for the Pb-T! altloyst 1In hindsight,
We know that Goodman's paper marked a highly
significant turming point in the linkage of the GLAg
theory to high-magnetic-field superconductivity,
But, at that time it was pretty much ignored, almost
as if it were not a serious enough threat to the
filamentary sponge model to merit its being refuted!
But 1 did take some notice of it, if for no other
reason than Goodman's use of my U-Mo data. In
discussing Goodman's results with hin immediately
after his talk 1 cautioned him that, while his
observaticen might indeed be very significant, it
could #lsc have heen simply a fortuitous coincidence,
for the magnetic-field-induced resistive transitions
I had observed were sensitive functions of measuring
current density. Further, 1 suspected that for
differeni magnetic field and current orientations,
and for different mechanical and metallurgical
treatments 1 wmight have observed significantly
different transition fields. After all, cold working
was weil known to affect very markedly the resistive -

transition field in Nb.%!
comments  with equanimity,
issue was not yet settled.

Goodman accepted my
acknowledging that the

Throughout the latter part of 1961 Goodman's
conjecture was largely iguored. Like most other
superconductivity researchers in those very exciting
times my colleague Richard Hake and I were swept up
in the stampede to build practical supermagnets and
to find stiil better supermagnet materials. We
enjoyed an acrimonious patent interference with

Kunzier and Matthias over Nb-7r a]loys.42’43 This
was to end nearly five years later with award of a

patent to Bell Telephone Laboratories and a royalty-
free Ticense to Atomics International. {During this
“dispute” Kunzler and his colleagues graciously

provided my research group with very-high-purity,

high-perfection meta? single crystals for use in our
de Haas-van Alphen effect studies!)
In Tate 1961 Hake and 1 upgraded our

experimental capabilities at Atomics International,
and with the help of 8 16T pulsed magnet, we
investigated a great multitude of ductile transition
metal alloy superconductors., To our surprise we
found Nb-T+i 2lloys to be superior to Nb-Ir alloys for .

supermagnet applications,**=46 thus rendering the
Nb-Zr patent interference quite pointless.  Nb-Ti
alloys had of course bean studied superficially.

earlier both at Atomics Internationa147’48 and at

Bell Telephone Lahoratories,49'52 but
investigations had failed to reveal
high-magnetic-field, high-current-density potential

those .
the superior

perS
of

res
res
was

J. (A/CM)

of these alloys, and $0 they had been by-passed in
the excitement ogver Nb35h and Nb-Zr.

But  more important from the scientific
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Hake and T sought deeper understanding
mechanisms of high-magnetic-field
: In the course of this work. we
found that so long as a very low measuring current

density (= 10 .A/cmz) was used, the resistive
transition field, K., for a given concenirated alloy

of the basic

composition proved to be nearly independent of the
degree of mechanica) working and of the relative
orientations of field and current (Figure 4). These
resylts suggested - that the low-current-density
resistive critical field was intrinsic, i.e., that it
was related to fundamental bulk electronic properties
rather than to the more capricious features of the
jnhomogeneities -of a supposed filamentary sponge
structure. It also suggested that Goodman's
interpretation of the U-Mo alloy data in terms of the
GLAG theory might, in hindsight, be fully justified!
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Figure 4. Illustrations of independence of Tlow-

current-density resistive critical fields upon cold
working and relative orientations of magnetic field
(H), current (J), and rolling plane {RP) defect
structure. Ratios indicate ¢old-roiling thickness
reductions. (After Berlincourt and Hake, 1962).

Encouraged, Hake and 1 undertock a serious
comparison of our Tow-current-density resistive
critical field data on U-Mo, Ti-Mo, and Ti-V alloys
with upper-critical-field predictions of “the GLAG
theory. This was possible, because the necessary
data on superconducting transition temperature,
normal-state resistivity, and electronic specific
heat were by then available for all three of these
alloys. For some ranges of alloy composition we
found remarkably good guantitative agreement with the
GLAG theory predictions with no arbitrary adjustable
parameters. For those compositions the evidence in
support of the GLAG theory was compelling.

In a post deadline paper44 presented at the

April 1962 Washington, DC meeting of the American
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Physical Society we described the new-found virtues
of Nb-Ti as supermagnet raterial and the remarkable
success of the GLAG theory in accounting for high-
magnetic-field superconductivity. To my surprise
both results were virtually ignored. The only person
to express any interest at all was Goerge Yniema. He

had come to the meeting to describe his idea553 on
the possible existence of supercurrent vortices 1in
alloy superconductors. He had arrived independently
at this conjecture by analogy with studies he had
conducted on rotating superfluid heliym some years
earlier. Now returning to low temperature physics
after having spent some years in operations research,
he had been unaware cof Abrikosov's supercurrent
vortices. :

Wishing to convince a larger audience, Hake and

1 submitted a regular contributed paper45 on our work
to the Evanston meeting of the American Physical
Society scheduled for June 1962, and we bombarded
other superconductivity researchers with preprints of
it. But, in spite of our enthusiasm for the GLAG
theory we acknowledged some shortcomings. Although
the GLAG theory predictions of upper critical fields
showed excellent accord with experiment for some
ranges of alloy composition there were discrepancies
approaching a factor of two for other compositions.
ironically, the resoiution of this discrepancy rested

upon concepts about which Pippard and Heine54 had
speculated four years earlier, before anyone imagined

that critical Tfields as great as 10T might be
possiblie. They had pointed out that in a
supercenductor the energy gain resulting from

electron spin alignment along an applied magnetic
field would, at 10T, become comparable to the
opposite-spin-paired superconducting  state  gap
energy. That this kind of magnetic-field-induced
depairing might impose a limitation on filamentary
sponge superconductors was proposed independently by

and by Clogston.56 Upon receiving
Hake and 1

Chandrasekhar55
their work,
paramagnetic

preprints describing ‘
jnmediately recognized that  this
consideration had also been ignored in the
formulation of the GLAG theory and that it would
Jikewise impose limits in the case of interest to us.
The discrepancies we had encountered were now
explicable. As shown in Figure 5, pur experimental
upper critical field data for Ti-¥ (rectangles}) are
closely approximated by the GLAG theory predictions
for ch for high concentrations of V. For other

compositions the paramagnetic limiting field B_ more
closely approximates the experimental data.

With this problem resolved in July 1962, and
confident that we now understood the basis for high
magnetic field superconductivity, Hake and 1 rushed a
manuscript to Physical Review Letters. To our dismay
it encountered two refereces deeply committed to the
filamentsry sponge model. One responded as follows:

“plthough it is alleged that the
independence of Hr on H, J and reolling

plane at low current supports the GLAG
theory, this fact can just as well be
explained by the filamentary theory. At
the very low current densities, where all
filaments can be active and where the
jmportant fact is the best existing
filaments and not their number, there will
always be some filaments properly oriented
(parallel to the applied field) that wWill
yield the same critical field Hr regardless

of orientation. As a matter of fact, this
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H: th
H (the

alsd explains why the number 10 amp./cm2

cannct be taken for all alloys as this
number will depend on the degree of
anisotropy, .number of filaments, etc.
Figure 2 can be explained by the

filamentary theory as well Hf =k He where
Hf ts the filamentary critical field. Hc

the bulk critical field and k a constant
depending on the size of the fildments, the
coherence length and the perietration depth.
As HC peaks between 4 and 5 e/a 50 will Hf.

Finally, phencmena such as flux trapping,
anisotropy, peak efféct can be explained by
the filamertdry theory and not by the GLAG
theory. Actually, ..... the GLAG theories
and filamentary models may both be correct
but the - GLAG model fits the more
homogeneous and scft hard superconductors.
There is nio sharp 1ine and negative surface

enérgy may be needed to realize the
filamentary structure.”
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Figure 5. Experimentally determined transition field,
Hr versus composition for Ti-V alloys, compared with

theoretical values for ch {from GLAG theory) and for
paramagnetic limiting field)., (After
Beriincourt and Hake, 1962),

That rebuke typifies both the confusion of that
era and the tenacious grip of the sponge model gn the
minds of many researchers at thet time. Stin
another illustration is revealing. In April 19§,

Morih bt a]_;58 cbiained high-magnetic-fieid specifi,
heat data on Vaba which weré the higher-fielq

equivalent of the 1941 Keesom and Desirant data]9
impure Ta.

authors as

on
The rew V,6a data were interpreted by thy

follows:

_ “A11 of the results reported here can
be interpreted by assuming that the sample
contains & large numbéer of filaments
{probably dislocations) whose effective
diameters are sufficiently large (but less
than the penetration depth) that most of
the sample appears suparconducting.
Because of the structure and  low
compressibility of V3Ga, this assumption

has been Shown to be reasonable by Hauser
and Helfand. However, it is expected that

a perfect single crystal of VéGa (free of

dislocations) would behave more like a
'soft' or nearly jdeal superconductor and
have a critical field -cf the order of
& kgauss at °K."

In contrast, Hake and 16257
experimental results as striking econfirmation of the
GLAG theory as did Goodman, 5%

In any event, anticipating that we might
encounter  resistance from referees we had in
July 1962 maited preprints of our Physical Review

Letters subrﬁissidns7 to a wide audience, and so it
mattéred little that publication of our work was
delayed until October. The tide was turning in _favor

of the GLAG theory, and by September, when I

reported46 on our results at the Eighth International”
Conference o Low Temperature Physics in London; it
was evident that the abandonmeht of the filamentary
spenge in favor of the GLAG theory Was assured.

0f course a numbér of scientific issues remained
to. be résolved, particularly with vegard to
iechanisms for current stabilization, but at least
the effort was now focussed on the proper direction.

In rapid succession flux pinni’ng,60 flux creep,sl’62

and . flux Flow> phencmena were investigated both
experimentally and theoretically with great success,

Each such advance could be neatly rationalized and
. shown to be compatible with the GLAG theory.

There
were a few seemirig incompatibilities, but these sdon
found Explanation.

] In one such instance two of my colledgves,
Joseph and Tomasch, were puzzled by the torques they
observed acting on thick (thickness much greater than
coherence Tlength) Pb-T1 films placed at various

grientations relative to an applied magnetic fiela.64
For the applied field perpendicular to the plane of
the specimen the observed transitian field (ch) was

in good accord with earlier bulk determihations for
the same alloy composition. However, much to their
surprise they found that when the applied field
direction approdchéd the plane of the specimen total
destruction of superconductivity required a much
higher applied field strength (Figure 6). As they
described their unexpected results to me, I asked if
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their observed value for the parallel case might
perhaps be a facter of exactly 1.69 too high.
curprised, they answered in the affirmative and asked
now 1 could possibly have guessed. The explanation
was really quite simple, for a day eariier 1 had

received a preprint from Saint-James and de Genne565
who had solved the GL equations for the case of a
superconductor-vacuum  interface parallel fo an
applied magnetic field {recall that Abrikosov had in
effect considered only the case of the superconductor
fi1ling a1l space). Thus, Saint-James and de Gennes
rdiscovered” the superconducting sheath
theoretically, and now its experimental confirmaticn
was atmost immediate, and to an accuracy of better
than 1%!
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Figure 6. Ratio of transition field {He) to transi-
tion field (Ht) for 8 = ,g_ versus 8 {(angle between

magnetic field and plane of film) for thick Pb-TI

films. The ratio 1.69 for 8 = O matches exactly the
theoretical prediction for the superconducting
sheath. (After Tomasch and Joseph, 1964.)

Such striking confirmatior of the GL equations
added luster as well to Abrikosov's vortex lattice.
After all, both the voriex lattice and the sheath
were simply physical manifestations of different and
purely mathematical solutions to the GL equations
which arise for different boundary cenditions. It

thus appeared almost inevitable that the vortex
lattice would ultimately be "observed"
experimentally.

The first measurements were indirect, in that

the vortex lattice structure was inferred from

ard also from nuclear
magnetic resonance measurements.67 Then 1in 1967
Essmann and TrEub]e68 developed a magnetic decoration
technique, which, with the help of an electron
microscope, yielded direct images of the vortex
lattice structure (Figure 7). This very elegant
demonstration was, however, almost anticlimactic, for
Ly then we knew that the vortex lattice just had to
be there!

neutrcn scattering studies66

Without question, the success of the quest for
understanding of type-11 superconcuctivity represents
a truly remarkable achievement of the  human

lattice for type II
revealed by magnetic decoration
technique. (After Essmann and Trauble, 1967.)

Figure 7. Triangular vortex

superconductor as

from a different

intellect. But, to quote Pippard24

context:

"If we wish to boast of our
achievements, let us not point to the
urerring pursuit of truth by a Tlogically
faultless thinking-machine, but to the more
astonishing way in which truth can be
caused to emarge from the toils of "error
and stupidity."

References
\. G. B. Yntema, Phvs. Rev. 98, 1197 (1955).
2. J. E. ftunzler, E, Buehier, F. 5. L. Hsu, and
J. H. Wernick, Phys. Rev. Letters 6, 89 (1961).
3. v L. Ginzburg and L. D. Landau,

7h. Eksperim. i Teor. Fiz. 20, 1064 {19503
V. L. Ginzburg, Nuovo Cimento 2, 1234 (1955).
4. h. A. Abrikosov, Zh. Eksperim. T Teor. Fiz. 32,

1442 (1957% ([Engiish transl.: Soviet Phys.
— JETP 5, 1174 (1957)].

5. L. P. Gor‘kov, Zh. Eksperim. i Teor. Fiz. 37,
1407 {1956} [English Transl.: Soviet Phys.

— JETP 10, 998 {1960)].

6. W. J. D& Haas and J. Voogd, Commun. Phys. Lab.
Univ. Leiden, no. 208b (1930); ibid no. 214bh
(1931).

7. W. H. Keesom, Physica 2, 25 (1935).

8. J. N. Rjabinin and L. V. Shubnikov, Rature 135,
581 (1935); Phys. Z. Sowjet. 7, 122 {19357,

9. W. London, Proc. Roy. Soc. {London) Al52, 650
(1935}.

15, C. J. Gorter, Physica 2, 443 (1935},
11. K. Mendslssohn, Proc.” Roy Soc. ({London) Al5Z,
34 {1935).




412
12.
i3.

i4.

15.

16,

7.

18.

19.

20.
21,

22.
23,
24,

25.

26,
27.
28.
29.

36.

31.
32.

33,

34.
35.
36.
37.
38.
39.
40.

41,
42.

F. London, Superfluids Vol. 1 (John Wiley and
Sons, Tnc., New York, and Chapman and Hait,
Ltd., London, 1950), p. 128.
Ibid,, p. 152.

. Pippard, Proc. Camb. Phil. Soc. 47, 617
(1951).

A. B. Pippard, Physica 19, 765 (1953).

L. V. Shubnikov, 'R I. Khotkevich,
J. D. Shepelev, and J. N. Rjabinin, J. Exptl.
Theoret, Phys. (U.5.5.R.) 7, 221 {1937).

L. V. Shubnikov and ~V. I. Khotkevich,
Phys. Z. Sowjet. 6, 605 (1935},

K. Mendelssohn and J. R. Moore, Proc. Roy Soc.
(London) A151, 334 (1935), -

W. H. Keesom and M. Desirant, Physica 8, 273
{1941). ‘

C. J. Gorter., Arch. Mus. Teyler 2, 85 {1933).
K. Mendelssohn and J. R, Moore, Nature 135, 826
(1935). -

0. 1. Balabekyan, Usp. Fiz. Nauk 89, 321 (1966)
[English transl: Soviet Phys. — Uspekhi 9, 455
(1966)].

K. Mendelssohn, Rev. Mod. Phys. 36, 7 (1964).
A, B. Pippard, Superconductor Applications:
SQUIDS and Machines [PTenum Press, New York and
London, 1977}, edited by B. B. Schwartz and
S. Foner, p. 1.

N. V. Zavaritski, Doklady Akad. Nauk, SSSR 86,
501 {1952).

A. A. Abrikosov, Low Temperature Physjcs —
LT 13 (Plenum Press, New York-London, 19747,
edited by K. D. Timnerhaus, W. J. 0'Sullivan,
and E. F. Hammel, p. 1.

A. A. Abrikosov, Doklady Adad. Nauk, SSSR 86 489
{1952).

R, P. Feynman, Progress in Low Temperature
Physics I {Narth-HoTTand PubTishing™ fCo.,
Amsterdam, 1957), edited by C. J. Gorter, p. 17.
L. Onsager, Nuovo Cimento 6, Supp. 2, 249
(1949).

T. 6. Berlicourt, Proceedings of the Fifth
International Conference on Low lemperature
Physics and Chemistry (University o6f Wisconsin
Press, Madison, 1958), p. 492.

T. G. Berlincourt, J. Phys. Chem. Sclids 1, 12
{1959).

R. R. Hake, D. H, Leslie, and T. G. Berlincourt,
Bull. Am. Phys. Soc. 4, 362 {1959).

Pulsed field measurements carried out 3 years
later yielded transition fields in excess of 67
for Ti-Mo alloys. See reference 57.

R, M. Bozerth, H. J. Wiiliams, and D. D. Davis,
Phys. Rev. letters 5, 148 (1960).

5. H. Autler, Bull. Am. Phys. Soc. 4, 413
(1959,
J. E. Kunzler, E. Buehler, F. S, L. Hsu,

B, T. Matthias, and C. Wahl, J. Appi. Phys. 32,
325 (1961).

B. B. Goodman, Phys. Rev. Letters €, 597 {1961).
A. Calverley and A. C. Rose-Innes, Proc. Roy.
Soc. (Londun) A255, 267 (1960).

B. B. Goodman, TBM J. Research Develop. 6, 63
(1962).

B. B. Goodmanr, J. Hillairet, J, J. Veyssie, and
L. Weil, Seventh International Conference on Low
Temperature Physics (University of  Toronto

Press, Toronto, 1961) p. 350.

T. G. Berlincourt, Phys. Rev. 114, 969 (195%).
J. E. Kunzler and B. T, Matthias, "High Field
Superconducting Magnet Consisting of a Niobium-

44,

45,

46,

47.

48.

49,

50.
51.

52.

53.

54,
55.
56.
57.

58.

59.
60.

61.

62.-

63.
64.
65.
66.
67.
68.

[EEE TRAN
Zirconium Composition,"™ U.S. Patent # 3,281,738
filed April 24, 1961, awarded October 25, 1gge’
T. G. Berlincourt, R. R. Hake, and D. H. LesTig
Phys. Rev. Letters 6, 671 (1951). !
T. G. Bertincourt and R. R. Hake
"Superconductivity at High Magnetic fields and
Current Densities in Ti-Mb Alloys,* postdeadting
paper, HWashington meeting, American Physica]
Society, April 23-76 (1962).
T. G. Berlincourt and R. R. Hake, Bull. pq
Phys. Soc. 7, 408 (1962). ' Th
T. G. Berlincourt, Proceedings of the Fi Ath 1s 16 f
International Conference on Low 1emperature tons .
Physics (Butterworth & Co., Londor, 1964), the ire
edited by R. 0. Davies, p. 338. produce
T. G. Berlincourt, R, R. Hake, and D. H. Leslie, Decemb?
Atomics International Laboratory Netebook pages years &
B063551 through 8063562 (1961). Acceler
R. R. Hake, T. 6. Berlincourt, and D. H. Leslie, for & ¢
superconductors, edited by M. Tanenbaum and
W. V. Wright (Interscience Publishers, Kew York,
1962) p. 53.
B. T.  Matthias, "Supercenducting Device
Consisting of a Niobium-Titanium Composition,” o
U.S. Patent # 3,167,692, filed April 24, 1861, magnet
awarded January 26, 1965. doing
J. E. Kunzler, Rev. Mod. Phys. 33, 501 {1961). and co
J. H. Wernick, F. J. Morin, T, S. L. Hsy, cause
D. Dorsi, J. P. Maita, and J. E, Kunzler, High: peasur
Magnetic Fields {M.I.T.  Press, Cambriaﬁg: Pewitt
Massachusetts and John Wiley & Sons, Inc., New decisi
York, 1962) p. 60S. estima
J. E. Kunzler, J. Appl. Phys. 33, 1042 (1%62). syscen
G. B. VYntema, pcstdeadline paper, Washington power
meeting, American Physical Society, stabll
April 23-26 {196%).
A. B. Pippard and V. Heine, Phil. Mag. 3, 1046
(1958).
B. 5. Chandrasekhar, Appl. Phys. Letters 1, 7 Table
(1962}. B
A. M. Clogston, Phys.. Rev. Letters 9, 266 .
{1962). Windy
T. G. Berlincourt and R. R. Hake, Phys. Rev. Windis
Letters §, 293 (1962); see also Phys. Rev. 131, Operal
14G (1963). Store
F. J. Morin, J. P. Maita, H. J. Williams, Anmper:
R. €. Sherwood, J. H. Wernick, and Opera
J. E. Kunzler, Phys, Rev. Letters 8, 275 (1952). Total
B. B. Goodman, Phys. Letters 1, 215 (1962). Overa.
G. B. Yntema, Proceedings of the Eighth
International Conference on Low Temperature )
Physics  [Butterworth & Co., tondon, 1964),
edited by R. 0. Davies, p. 119. solid
P. W, Anderson, Phys. Rev. Letters 9, 309 wind
(1962). ter,
Y. B. Kim, C. F. Hempstead, and A. K. S$trnad, the g
Phys. Rev. Letters 9, 306 {1962). ducto
Y. B. Kim, C. F. Hempstead, and A. R. Strnad, - dors
Phys. Rev. 131, 2486 (1963). ning
W. 3. Tomasch and A. S. Joseph, Phys. Rev. evaly
Letters 12, 148 (1964). fashi
b. Saint-James and P. G. de Gennes, Phys. iimm}
Letters 7, 306 (1963). N
D. Cribier, B. Jacrot, L. Madhav Rao, and not s
B. Farnoux, Phys. Letters 9, 106 {1964). - the r
P. Pincus, A. C. Gossard, V. Jaccarino, and b sure
d. H. Wernick, Phys. Letters 13, 21 (1964). 1 el
U, Essmann and H. Trauble, Phys. Letters 28R, i ¥
526 (1967). ‘ i




