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High Field Superconductivity: 1930-1967
A Tragicomedy in Twelve Acts
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NOTES:

1. This play borrows heavily from Ted Berlincourt’s “Type II Superconductivity: Quest for
Understanding,” IEEE Trans MAG 23(2): 403-412, online at <http://mcaf.ee/tqc23>, thanks to Paul
Grant - scroll down to the next-to-last listing under “Classic Superconductivity Papers.”

2. The following pages are scanned copies of transparencies shown in the pre-PowerPoint era at
seminars at Indiana University in February 1989 and UC-San Diego in July 1989. I thank Peter Lee of
the National Magnetic Field Laboratory for his invaluable assistance in processing this pdf.

3. The adjective nutty is applied to: (a) George Ynetma on page 14 and thereafter; (b) Ted Berlincourt,
Don Leslie, and Dick Hake on page 15 and thereafter; (c) Bruce Goodman on page 21 and thereafter.
Here nutty is used because most observers erroneously thought that George, Ted, Don, Dick, and
Bruce were nutty because of their unorthodox activities and viewpoints.

4. The reference is: Hake, R.R. 2011. “Early History of High Field Superconductivity: 1930-1967 - A
Tragicomedy in Twelve Acts,” scanned transparencies from seminars at Indiana University and UC-
San Diego in 1989; online as ref. 65 at <http://bit.ly/abMSy0>.

© Richard R. Hake, 12 Oct 2011. Partially supported by NSF Grant DUE/MDR-9253965. Permission
to copy or disseminate all or part of this material is granted provided that the copies are not made or
distributed for commercial advantage, and the copyright and its date appear. To disseminate otherwise,
to republish, or to place this article at another website (instead of linking to my website at
<http://bit.ly/a6MS5y0>) requires written permission. Please send comments and criticisms to

<rrhake @earthlink.net>.
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came to the idez that the approximation
K << 1 based on the surface tension data
“{Where R is the Ginzburg-Landau paremeter)
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m artu:u arly ome u1d

inzbur ndau, e surfacs energy
should be negative under these cenditions.
Intuitively it was felt that in this case
the phase transition in 2 magnetic field
would always be of second order, and this
was in fact what Zavaritski obseryed."

"When 1 calculated the dependence of
the critical field on the effective
thickness with K> 1/ VZ, it appeared that
the theory corresponded to the = .xpmmnta]
data. This gave me the courage to state in
my article of 1952 contzinimg this
calculation that apart from erdinery
superconductors  whose properties were
fann liar, there exist :

g1vision betneen the

( e second group was defined by
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critical value 1/ VZ."

'y ;4&"1654!/) 1927%
4 #bed Vadk. vsse £, #42 (52)

VE # 4

ree months. One

AINRLLY
CFrs rHROVEN
SLo0TH .

* “He did not come to me any more. When

as in most cases, concerned everything but
physics, and Landau sipped with great
pleasure from 2 glass of glihwein, which
was not at all 1ike him. And then suddenly
I destroved all this paradise by telling
him what I had invented for the mixed
state, namely, the elementary vortices. _As
Lanﬂiug eves fell on the London equation
v a unction on the right-hand side,

ame _Turious. ut ther, re ering
that an 1 erson should not be bothered,
he took possession of himself and said,
‘when you recover we shall discuss it more
thoroughly.' Then he hastily bade farewell

, he swore rather ingeni At
time | T STITTover Yy young ana did
not know .the temper of my teacher well
enough. He had seen in his 1ife many kinds
of pseudoscience, and this made him
suspicious =~ toward unusual statements.
However; by making some effort and
disregarding the noise which he made, one
could. always ‘drag" him through any
reasonable idea. But at that time I sadly
put my caliculatio wer
‘Unty ! better times.
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"When Lahdau began to praise Feynmzn's

work 1 asked him, _Dau, wh! i;g you_ready

: somethmg
different,' 'Ne'l‘l then, look, please, I
said, and produced my ca1cu'lat1on5 from the

drawer, Tnag *me no obgect]gng ﬁgilm‘d
We discussed the subject very thorouchly

and Landau's remarks were very useful."”
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Characteristics of type-I and type-II superconductors
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Figure 1. Critical fields as functions of R. H. Kropschot, 1960 (Ref. 1B).

temperature. Traced from figure compiled by
D. Shoenberg, 1952 (Ref. 1).

*Note Added - 6 Oct 2011: I was recently asked to explain the heading “Nutty George.”
George Ynetrha and I overlapped in the superconductivity group at the University of Illinois in
the 1950's, George as a postdoc and 1 as graduate student. Most people in that group thought
George was nutty - ever since the work at Leiden and Kharkov in the 1930's (see page 4) it had
been well know by the cognoscenti that superconductors could not be used to make useful
superconducting magnets!
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Fic. 8. Magnetic field induced superconducting resistive
transitions for specimen K (b.c.c. Ti-16-3 afo Mo), at

. two different temperatures and for different measuring
current densities J in Afem?® All the transitions were
taken in decreasing magnetic fields which were per-
pendicular to the plane of the specimen. These transi-
“ons are typical of all -hose measured for the different

samples.
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CRITICAL FIELD FOR SUPERCONDUCTIVITY IN NIOBIUM-TIN e+& é.:

R. M. Bozorth, A. J. Williams, and D. D. Davis
Bell Telephone Laboratories, Murray Hill, New Jdersey
(Received July 20, 1960)

1t is well known® that Nb,Sn is a superconductor
with a high critical temperature, 18°K. The meas-
urements here reported show that it has also an
exceptionally high critical field, about 70000
oersteds at 4.2°K, necessary for the suppression
of all superconductivity.

The material was prepared by melting together
niobium ang tin in the argon-arc, and the button
so obtained was formed by grinding into a rod
about 2 cm long and 4 mm in diameter, with
rounded ends. The magnetic moment per gram,
Og, Was measured by pulling the specimen from
one search coil to another in a constant field, the
two search coils being connected in series oppo-
sition to a ballistic galvanometer., Calibration
was with nickel of high purity.

Measurements were made in increasing fields,
after cooling in zero field to liquid helium tem-
perature. Results are shown in Fig. 1. The in-
itial points (circles) follow accurately the line
for B=0 (H =-4n0gd, where d is the density, 8.9),
and then begin to deviate at about 4000 to 5000
oersteds. The variations in the readings in fields
from 5000 to 20 000 cersteds reflect the well-
known irregular changes in magnetization result-
ing from changes in domain structure in the inter-
mediate state, as observed by Schawlow et al.?
and others. The general shape of the magnetiza-
tion curve is that observed in a hard supercon-
ductor. Polishing, or annealing the specimen at
1100°C for several hours, made no essential
change in the character of the curve.

When the field was decreased from its maxi-

AM= T, (7))

Jg,MOMEHT PER GRAM

10 20 30 &40 30 80 70 80 ll'
H IN RILO-DERSTEDS '§

FIG. 1. Magnetization of NiyEn as dependent on “E’g
field strength, showing supsrconduction in entire é
specimen to about 5000 oersieds and superconduction:
in some parts of specimen 1o zbout 70 000 cersteds:

.f
mum value (points marked with squares) some %
of the flux was frozen in, and irregularities w§
again observed.

The authors are indebted to E. Corenzwit \Inr
preparation of the material, io W. E. Henry of
the Naval Research Laboratory for details of the
method of measurement, and to E. W. Dail for.
assistance with the experimert. The field was’
produced in a Bitier coil excited with a motor ;

generator with a2 nominal power rating of one 3?’
megawatt, ‘gé
=

1

'B. T. Matthias aod T, E. Geballe, Phys. Rev. %
1435 (1954). 3;

A, L. Schawlow, G. E. Deviin, and J, K. Hulm
Phys. Rev. 116, 625 (1958). 2

&
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Experimentally observed curves (critical magneti iti
current) of the 0.007-cm diam MosRe wire used for t;liﬁgldﬂ\lgigm%c}:el

magnetic feld was externally applied to a straight piece of the wire and the
points correspond

to the initial detection of resistance. T i
curves with H 1§ at both 1.5°K and 4.2°K are typical of beggv.'li::ree:b:r:’ie‘;

in several materials. Data for each curve wers t3ken by starti 2
smallest value of current and repeating the isitial poi ,t,yahcr t’l:‘eﬂp“;l‘?“:::
wries was complete. This was done to .m;,-n’ﬂm tio annealing had
occurred when the sample was driven into the mormal state at high current
density,

=

Mo - 25"‘/:23
A//pj fu'oer-
?0040/»")
hve Mc;m»"
Av-pple ded

. /
wive], 7Ac
Figure 3. Photograph of 15 kgauss superconducting B(// 60, ’
solenoid made in 1960. The solencid diameter is .lightly over
3/4 inch and is wound with 0.003 inch dia. Mo-Re wire using gold

coll it p703Fc
plating for insulation between turns within qch layer. f $q¢C ) " J
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FIG. 2. Critical current vs applied magnetic field )
for Nb-clad cores of “ Nb,;Sn.” The o.d. of the cores w.‘gm—e“g;: @‘
was about 0.015 cm and the o.d. of the Nb jackets was
about 0.038 cmm. '+ 10% Sn” in the table legend means
10 wt. % more Sn than is required to form Nb,Sn as-

suming no reaction with the Nb tube. The magnetic
field was perpendicular to the currentﬁﬁ‘fﬁach
at the value of magnetic field indicated, for which no
voltage drop along the sample was observed, the

smallest detectable voltage being a few hundreths of
one microvolt.
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FIG. 1. Critical current density, J ., for restoration

of the first observable resistance vs lie
field, H, for Nb—25 at.% Zr alloy specimens

%;r?;;emperm and field orientations
parallel (7 | ) and perpendicular (H1) to the rolled faces
of the specimens. For specimen 1, which was ground
to thickness, H, ., and H;, designate field directions
such that J. is, respectively, 2 maximum and a min-
mum at 30 kgauss and 4.2°K. For source material,
fabrication method, and cross-sectional dimensions
of the specimens see Table I.
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FIG. 2. Critical current density, J . for restoration
uftheﬂrstdaservablemnawﬁd transverse
magnetic field, H, for Nb—12 at.% Zr alloy specimens
10 and 11 at different temperatures and field orientstions
paraliel (# |) and perpendicalar (81) to the rolied face
of the specimen. For specimen 10, which was ground
to thickness, Hy, y and Hy, designate field directiong
such that J_ is, respectively, 2 maximom and 2 mini-
mum at 30 kgauss and 4.2°E. For source materisl,
fabrication method, and cross-sectional dimensions of
the specimens see Table I. The line L and points P,
Q, R, S are explained in the text,
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Figure 6. Photograph showing coils of composite wire
fabricated by the process described in Figure 5. Also shown is 2
4 in. diameter, 70 kgauss superconducting solencid. The NbySn is
formed within the core of the “wire” by beating 10 abom 1000°C

after the solenoid is wound. i
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PRRRA MACKETIC L1miTHTION APPLIED To FILAMENTS BY SPONECERS *
UPPER LIMIT FOR THE CRITICAL FIELD IN HARD SUPERCONDUCTORS

A. M. Clogston
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received August 9, 1962)

Recently a number of reports have been made
of extremely high critical fields observed in
certain hard superconductors.”™* It is generally
believed that these high critical fields arise
frora some sort of filamentary structure of the
hard superconductors, possibly associated with

dislocations.’™ « . . . < . o & 2 1 »e

We wish to point out that the critical fields

observed and predicted for various superconduc-
tors are so high that they are approaching a

limit that will exist even in the limit of no Meiss~
ner effeet, « - < = F+ 3 s> e -

If this condition is realized in practice, in the
absence of any Meissner effect, we should write
in place of Eq. (1) at absolute zero,

2 2
FszHo Foe (2

In this equation we ignore the presence of any
orbital paramagnetism that will be essentially
the same in the normal and superconducting
state. In terms of the density of states N(0), x
= 2szN(0) assuming a g factor equal to 2.
According to the BCS theory'? the free-energy
difference Fy-F35= 1N(0)e?(0), where €,(0) is
the energy gap at T=0. Equation (2) therefore
becomes

(1 gH N (0) = 1N (0)€ *(0)

orT

b o= (1//2)e(0) (3)

with'the density of states cancelling out. If we
assume 2€(0) = 3.5¢T., Eq. (3) yields

= . —— (4)
H,=18400 T _gauss 46_3

R LI A

For V, ¢Ga the limit set by Eq. (4) may have al-

ready been reached. An interesting application
of Eq. (4) has been made by Berlincourt and
Hake! to the low current density critical fields
of various transition metal alloys.

We conclude that the critical fields that obtain
for the B-woliram compounds are so high that
th_ex may be effectively limited at low v tempera-
tures by the normal-state par amggnetlsm. It
this is the case, critical fields higher than about
300 kilogauss will not be realized unless materi-
als can be discovered with higher transition tem-
peratures.

13,7 F, Kunzler, Revs. Modern Phys. 33, 1 (1961).

23, E. Kunzler, J. Appi. Phys, 33, 1042 (1962).

3T. G. Berlincourt, R. R. Hake, and D. H. Leslie,
Phys. Rev. Letters 6, 671 (1961).

4J. E. Kunzler, in Proceedings of the International
Conference on High Magnetic Fields, Massachusetts
Institute of Technology, November, 1961 (Massachu-
setts Institute of Technology Press, Cambridge,
Massachusetts and John Wiley & Sons, Inc., New
York, 1962}, p. 574.

%H. F. Hart, 1. S, Jacobs, C. L. Kolhe, and P. E.
Lawrence, in Proceedings of the International Con-
ference on High Magnetic Fields, November, 1961
(Massachusetts Institute of Technology Press, Cam-
bridge, Massachusetts, and John Wiley & Sons, Inc.,
New York, 1962), p. 584.

®R. G. Treuting, J. H. Wernick, and F. §. L. Hsu,
in Proceedings of the International Conference on
High Magnetic Fields, Massachusetts Institute of
Technology, November, 1361 (Massachusetts In-
stitute of Technology Press, Cambridge, Massachu-
setts, and John Wiley & Sons, Inc., New York, 1962),
p. 597.

'J. H. Wernick, F. J. Morin, F, S. L. Hsu, D.
Dorsi, J. P. Maita, and J. E. Kunzler, in Proceed-
ings of the International Conference on High Magnetic
Fields, Massachusetts Institute of Technology, No-
vember, 1961 (Massachusetts Institute of Technology
Press, Cambridge, Massachusetts, and John Wiley
& Sons, Inc., New York, 1962), p. 609.

®R. Shaw and D. E. Mapother, Phys. Rev. 118,
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386 (1962).

197, J. Hauser and E. Buehler, Phys. Rev. 125,
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T, G. Berlincourt and R. R. Hake (private com-
munication).

A NOTE ON THE MAXIMUM CRITICAL FIELD OF s, drasekhar (Received July 23, 1962)
HIGH-FIELD SUPERCONDUCTORS %csu h:t?se aRescarch Laboratories, Pittsburgh, Pennsylvania

) clectrons/atom, reaching for example a value of
A fair number of superconductors, mostly alloys

of the transition metalsu_gre now known :o'Tg{_;:bi::
reto resistance in applied magnetig fields up, to
100 kG or more.! It has become _increasingly evi-
dent, mainly as a result of the work of Berlincourt
and Hake,® that the maximum field H_at which a
given alloy still exhibits slerconductxvnx (as

indicated by zero resistance for current densicles

less than 10 A/em?) is a true parameter of the all
independent of its degree of cold work. They, héve

alvo shown that H  peaks sharply between 4 and §

~ 145 kG for Ti-Nb.

The existence of superconductivity at very hlgh
fields is p:obably due, as has been suggested b by
several | authors, 4 43 o a "hlamencary" stmct}:,
nth _at_least one characteristic dimension small
compared to _the penetration depth. « giar . One would

erefore expect that when the magnetic energy
2uH (where u = the Bohr magneton) becomes compa-
rable to the energy gap A (“3.5 kT at low temper-
atures) superconducuv:ty will be destroyed This

leads to the relation H 226 x 104 T . e
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Qs Pulsed-Magnetic-Field Studies of Superconducting
i7a. tion Metal Alloys at High and Low Current Densities.*
T. . BERLINCOURT AND R. R, HAKE, Afomics Iniernational —
At 1.2°K, supercurrent densities J of 20000 and 10 000
AR T ST remectively T 10 and TI0 R
in_severely cold-worked T11-50 at.9, Nb, indicating its suita- .| 5
bility for ~100 kG superconducting magnets. Low-current-
density (J=10) resistive critical %reias H, of cold-rolled
alloys in the systems Ti-V, Nb-Zr, Ta-Hf, Ti-Nb, Ti-Mo,
Ti-Ta, and Nb-Hf have been measured betwéen 1.2 and
4.2°K. H,(J=10, T=1.2°K) values >100 kG _are common
and reach ~145 kG in Ti-Nb. H,(J<10) may be simply
related to fundamental electronic_parameters since it peaks
up sharply between 4 and 5 electrons/atom, is roughly
parabolic in temperature, and [anlike (7 T0J] 1 almost
(1) identical for longitudinal and transverse fields and for the
transverse field parallel and perpendicular to the rolling plane
and (2) independent of the degree of cold-working. For
Ti-Mo and Ti-V alloys, for which thermodynamic critical
fields H can be deduced from published calorimetric data, .

61 <[H,(J=10)/H.]<115 in reasonable accord with the
Ginzburg-Landau-Gor'kov-Abrikosov theory.!

* Work supggrtcd by the U. S. Atomic Energy Commission.
18See L. P. Gor'kov, Soviet Phys,—]JETP 10, 998 (1960),
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Emergence of Nb-Ti as supermagnet material

T.G. Berlincourt

CyPocsrmies 27, 283C13¢67)

Office of Naval Research, Arlington, VA 22217-5000, USA

Received 13 March 1987

The discovery and emergence of Nb-Ti as a high field superconductor is reviewed. The
prehistory and setting for its discovery are described, and an anecdotal history follows its
development up to the first successful large scale applications.

Today, more than 20 years since the discovery of the

superior superconducting mdgnc; potential of Nb-Ti, this
di i e

allo

lications. {t coruprises the windings of supermagnets in

nagnetic resonance imaging sytems which make
possitle medical diagnoses of unprecedented accuracy,
satet

and convepience. Prototype electric motors and
generators with Nb-Ti_field windings have achieved
efficiencies and energy densities undreamed of with
conventional technelogy, A Japanese experimental levi-
tated train, v.huh attained a record speed of more than
500 _km_h~'  utilized Nb-Ti supermagnets for both

levitation and propulsion. Epormous (hundreds of tons)
Nb-Ti_supermagnets are providing means for magnetic

confinement_of plasmas in cnmrolled !h:.rmonuciear_

fusion ex nments I
the Fermi National A
energetic parncle beam 2round thc 6 km arnumfc.rence of
the world’s most energetic accelerator, the Tevatron.

UESlgn studies fOF a three Ellhon dollar I!ii km c1rcumfcr-
engg_Superconducting Sup llider_accelerator have

selected Nb-Ti as the supermagnet mate m.nenal

Despite the obvious importance of Nb-Ti the story
of how it emerged from among the thousands of known
superconductors to become the most widely utilized has
not been written in any systematic fashion. Indeed, some
modern accounts of high magnetic field superconductivity
simply dismiss early Nb-Ti activity with a reference or two
10 an early Nb-Ti supermagnet patent by Matthias', or to
{Eper by Hulm and Blaugher” which first reported the
sliperconducting transition temperatures o of Nb-Ti alloys,
Ot to early papers by Hake and myself=* on the upper

/

critical fields and critical current densities of Nb-Ti alloys, #

or to the early commercial suppliers of Nb-Ti wires. This
leaves unsaid much that is of interest conc:_rnihg the
motivating circumstances during those times and the
reconcepti which acted as barriers to the acqmn
W ¢ basic understanding which was required for
progress to be made. In what follows, [ attempt to fill in
some of the missing Background, to convey some of the
wem urgency, suspense and frustration of ‘those

times, and to describe some of the missed clues the
rendlpllx_ and the behind-the-scenes activity.
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-"Mthuugh it is alleged that the
-independence of-H‘_--on.H,-J and rplling

plane at low current supports the GLAG
theory, this fact can just as .well be.
explained by the filamentary theory. At
The very Tow current gemsities, where all
filaments can be active and where the
important Tact is the best existing
filaments and not their number, there will

always be some filaments proger'iz oriented

{paraliel to the applied field) that will
y1e1d the same critical fleld H_ regardiess

of orientation. As a matier of fact, this
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© Figure 4. Illustrations of independence of low-
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 cold-rolling thickpess
reductions. (After Berlincourt and Hake, 1962).

‘~the bulk critical’ field and "k’'a constant,

.fee also Ply.r"ﬂev t37 I“M( 19¢ 3)

also explains why the number 10 amp./crr.2
cannot be taken for all alloys as this
rumber will depend on the degree of
anisotropy, number of filaments, etc.

Fi?ure 2 can_be explained by the
filamentary theory as well H. = k K_ where

HE is the filamentary cr1t1ca1 field. Hc

depending on the size of the filaments, the
coherence length and the penetration depth,
As He peaks between 4 and 5 efa so will Hs.

Fina]]y ghenomena such as flux tragging,

anisotropy, peak effect can be explained by
the fTilamentary theory and nof by the GLAG
theory. Actually, ..... the GLAG theories
and filanentary models may both be correct
but- the GLAG model fits the more
homogeneols and soft hird superconduciors.
Tﬁ‘?e 1s no sharp Tine and pegative surface
energy may be needed to realize the
filamentary structure.” ;

ATOMIC PERCENT V

.0 20 40 o - ioc
- .2 f:}o 80 100

240 —

200 |

Y

120

H (KILOGAUSS)

Ti-v.

40

é Jo oo s o F -
.40 42 4.4 46 4.8 5.0

ELECTRONS /ATOM

Figure 5. Experimentally determ1ned transition f1e1d

Hr versus composition for Ti-Y alloys, compared with
theoretical values for Heo (from GLAG theory) and for
Hp (the paramagnetic limiting field). (After

Berlincourt and Hake, 19567).
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The heat capacity of V4Ga in fields of 0, 30,
70 kgauss. The dashed line represents the extrapolated
‘pehavior expected for the normal state based on meas-
urements above the critical temperature (14.66°K).
The persistence of the heat capacity peak in the mag-
netic field and the smallness of the intercept at 6°K
compared with ¥ {straight line) are evidence for a large
degree of superconductivity in high magnetic fields.

"A11 of the results reported here can
be interpreted by assuming that the sample

contains larae number of filaments
(probab) islocations] whose e

diameters are sufficiently large (but .less
than the penetration dept at_most_of
the sample appears superconducting.
pecause o0f  the structure and iow
compressibility of \'aea, this assumption

has been shown to be reascnable by Hauser

and Helfand. However, it 15 expected that
of V.Ga

a_perfect single crysta free of
"dislocations) would behave more like a '

o Sk,

soft' or nearly 1deal superconductor
have a critical field of the order g?
6_kgauss at 0°K. :
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Figure 7. Triangular vortex lattice for type 11
superconductor as revealed by magnetic dgecoration
technique. (After Essmann znd Trauble, 1967.)
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