
PH YS ICAL REVI E% VOLUME 76, NUMBER JULY i 5, 1949

Suyerconductors in Alternating Magnetic Fields
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(Received March 25, 1949)

A simple technique of determining the superconducting transitions of small and irregularly shaped
samples of superconducting material is applied to the determination of the transitions and critical magnetic
field curves of tin and vanadium. The zero-Geld transitions and critical field curve for tin agree well with
previous determinations. The vanadium was found to have broad transitions in zero magnetic Geld and
critical Geld slopes of over 4000 gauss per degree. The critical Geld curve of the vanadium was verified by
measurements with a susceptibility balance.

INTRODUCTION ary e.m.f. for the sample in the normal state, and E
is the secondary e.m.f. for the sample in the super-
conducting state. For a 6rst approximation, which will
give the maximum AE allowed by the geometry of the
apparatus, we will assume that the eQects of eddy cur-
rents in the normally conducting sample are negligible
and that the normal metal has unit permeability. For a
specimen of spherical shape with the secondary coil
wrapped around its equator, the solution is simple,
yielding AE= a'/R', where a is the radius of the sphere,
and R is the coil radius. This formula proved to be
correct for vanadium spheres to within the accuracy
of the measurement.

A general solution for AE must take into account the
partial shielding that will occur in the sample in the
normal state due to the presence of eddy currents. An
argument based on the analysis of Smythe' shows, for
the spherical case, that the diminution of E„(or of
AE), due to eddy currents, will be a function of a(co/r) &

where au is the frequency of the applied 6eld, 7- is the
resistivity of the metal, and c is the radius of the sphere.
The exact nature of this relationship requires the evalu-
ation of some hitherto untabulated modihed Bessel
functions of half-integral order.

The fact that the AE of the vanadium samples
agreed quite well with the approximate formula above
indicates that the normal resistivity of the metal at

HE measurement of the properties of super-
conductors through a study of their effect on

mutual inductors and self-inductors has been investi-
gated by Shoenberg' and Daunt, ' while Casimir' has
applied the technique to the determination of the rnag-
netic 6eld penetration depth in superconductors.

Because of the convenience of this method for speci-
mens of small or irregular shapes, it was felt desirable
to continue the investigation further.

The apparatus used was very simple. The sample of
metal was surrounded as closely as possible with a coil
consisting of a few hundred turns of fine mire. This coil
formed the secondary of a mutual inductor, and was
located in the center of a primary solenoid which was
wound on the outside of the helium Bask. U'sing an
electron tube oscillator as a source, an alternating cur-
rent of frequency 250 to 2000 cycles per second was
passed through the primary solenoid, and the magni-
tude of this current adjusted so that the peak mag-
netic held at the center of the primary solenoid was
approximately 0.5 gauss. The signal picked up by the
secondary coil was ampli6ed, rectiled, and recorded
with a Brown recording potentiometer. The primary
coil was connected in series with the primary of a
standard mutual inductor which allowed the drift in
the electronic circuits to be calibrated at intervals
during the run.

When the metal sample inside the secondary coil
was in the non-superconducting or "normal" state,
some or all of the alternating field penetrated the metal,
giving a corresponding contribution to the secondary
e.m.f. which remained very nearly independent of tem-
perature. However, as the temperature was lowered
into the transition region, the alternating held was
excluded from the sample, causing the secondary e.m.f.
to drop sharply until it reached a small and constant
value corresponding to complete superconductivity of
the sample.

We define AE= (8„E,)//8, where E„is the s—econd-
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FIG. 1. Typical isothermal
transitions of tin.
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liquid helium temperatures was quite high, The DE
for tin, on the other hand, was almost an order of mag-
nitude lower.

EXPERIMENTAL RESULTS

(a) Tin

As a check on the alternating field method, a deter-
mination was made of the transition and critical fields
of a small spheroidal single crystal of spectroscopically
pure tin, supplied by Johnson Mathey and Company,
London (purity 99.992 percent). The midpoint of the
transition in zero steady field occurred at 3.71'K,
slightly higher than the accepted value of 3.69'K.' The
transition width was approximately 0.02'K.

Steady magnetic fields transverse to the direction of
the alternating field were supplied by a large pair of
Helmholtz coils. Typical isothermal transitions are
shown in Fig. 1.When the fields at which the secondary
e.m.f. is restored to its normal value were plotted
against temperature, we obtained. a critical field curve
which is identical with that of de Haas and Engelkes. '

(b) Vanadium

The superconductivity of vanadium was discovered
in 1930 by Meissner and %esterho6', ' who observed
that the electrical resistance of a sintered rod of this
metal vanished at about 4.3'K. Since that time very
little further information has been published regarding
the properties of this metal at low temperatures, due
largely to the difhculty in securing pure samples of a
form suitable for measurements.

The samples of vanadium used by us were obtained
from the A. D. McKay Company (Sample No. 1,
purity 99.8 percent) and from the Vanadium Corpora-
tion of America (Sample No. 2, purity 99.7 percent).
These samples were polycrystalline in the form of nearly
exact spherical solid globules about —,

' inch in diameter.
The experimental arrangement was the same as

that for the tin sample, with the exception that the
steady fields used to obtain the critical field curves mere
obtained mith the use of a large gneiss electromagnet
capable of producing fields up to 10,000 gauss.

The transitions of these specimens into supercon-
ductivity in zero steady magnetic field are shown in
Fig. 2. Both samples exhibited transition ranges ap-
proaching a degree of temperature, as compared with
the transition ranges of about 0.001' that have been
observed in single crystals of pure tin. '

Because it exhibited a sharper transition at higher
temperatures, Sample No. 1 was chosen for study of the
critical field properties. A typical isothermal transition
is illustrated in Fig. 3. The rising part of this graph is
more or less what might be expected. The secondary
e.m.f. remained at a low and constant value until the
steady magnetic field reached a magnitude I' (which
we will call the "penetration field" ). Increasing the
steady field above I', the secondary e.m.f. rises as more
and more of the alternating magnetic field penetrates
the metal sample until a 6eld S ("saturation field" ) is
reached at which the sphere is entirely normally con-
ducting. For fields higher than S, the secondary e.m.f.
remains a constant.

On lomering the steady field below 5, an interesting
hysteresis appeared, which had the net e6'ect of leaving
the sample as a slightly better shield of the alternating
magnetic field than it had been prior to the quenching
of the superconductivity by the steady magnetic field.
This hysteresis was observed in the vanadium samples
at all temperatures for which the critical. fields were
determined, but was not observed in the tin sample.

The penetration and saturation fields at various tem-
peratures are shown in Fig. 4. The slope of the satura-
tion curve (dH, /dT=4100 gauss per degree) is much
larger than found in any other pure non-alloy con-
ductor. A similar, but less thorough study of the critical
fields of our vanadium Sample No. 2 yielded a saturation
field slope of about 5000 gauss per degree.

As a further check on the transitions into supercon-
ductivity of the vanadium, Sample No. 1, the critical
fields were obtained by measuring the magnetic sus-
ceptibility of the sample. A modified form of a Hutchi-
son-Reekie' balance was used. The so-called Faraday
body force was employed in making the measurement,
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Fxo. 2. Zero field transi-
tions of two samples of van-
adium.
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(Sample No. 1).

5 W. J. de Haas and A. D. Engelkes, Physica 4, 325 (1937).
'%. Meissner and H. Westerho6, Zeits. f. Physik 87, 206

(1934).
7 W. J. de Haas and J. Voogd, I.eiden Comm. 214c (1931).' T. S. Hutchison and J. Reel!:ie, J. Sci. Inst. 23, 209 (1946).



SUPERCONDUC rORS IN MAGNA. rIC FIELDS

Zs K

d

Fia. 4. Critical 6elds
of vanadium (Sample
No. 1).

g»

I I I I

g 4 5

TEMPHA TuZ'f - 'K'

FIG. 5. The sus-
ceptibility of vana-
dium obtained from
body force measure-
ments.
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wherein the vanadium sample was placed in an in-
homogeneous magnetic field (H). The force (F) on the
specimen of volume (V) is then given by F= f(k —ks)/
2]vVHs, where k and ks are, respectively, the magnetic
susceptibility per unit volume of the specimen and the
surrounding medium (the latter being zero in these meas-
urements). The force obtained for different values of H
was compared to a standard substance (spectroscopi-
cally pure bismuth, purity 99.998 percent).

In Fig. 5, the susceptibility of vanadium at 2.6 K
is plotted as a function of the magnetic 6eld. It will be
noted that when the 6eld is decreased below 5450
gauss, the sample becomes highly diamagnetic. This is
in accordance with the "Meissner effect" in which the
field inside a superconductor becomes zero (B=O).
Consequently, from the relation

B=H+4m (1 ',)I, ——
we obtain

I/H =E= —3/8s.

Thus, we should approach a value 3/8s for the v—olume

susceptibility of a pure superconductor of spherical
shape. Unfortunately, the measurements could not be
carried out to this limit as the balance was not built to
measure forces over 100 dynes.

The critical 6eld curve obtained from these sus-

ceptibility measurements is shown in Fig. 4 by the
dashed line. This curve was obtained by taking the
points of inflection of the susceptibility curves (point a,
Fig. 5) at temperatures 3.5', 3', 2.8', and 2.6'. It is
seen to be in fair agreement with those obtained from
the a.c. measurements.

DISCUSSION OF RESULTS

It is evident that the purest vanadium now available
shows many of the characteristics of alloy-type super-

conductors, ' such as broad transitions in the absence of
magnetic field, very high critical fields, and hysteresis.
It is quite possible that extremely pure, strain-free
specimens of this metal will exhibit much lower critical
fields and will otherwise more nearly conform to the
behavior of the other pure metal superconductors that
have been studied thus far.

It is also apparent that the alternating field tech-
nique yields a djtfferent view of the intermediate state
than do measurements of the resistance and of the
susceptibility. It can be easily shown" that for a super-
conducting sample of spherical shape, the magnetic
field begins to penetrate the metal when the external
applied magnetic field equals ss the critical field (H,).
As the field is raised from -', H, to H„ the penetration
of the metal by the 6eld should increase uniformly.
This has been confirmed experimentally by the sus-
ceptibility measurements of Shoenberg. " Examination
of Figs. 1 and 3 shows that the alternating 6eld does
not penetrate the metal to any great extent until 6elds
considerably larger than -', H. are reached. A similar
distortion of the isothermal transitions in hollow cylin-
ders in alternating fields was observed by Daunt. ' A
reasonable explanation of this distortion is that there
exist in the intermediate state closed current loops
which are still for the most part superconducting,
having only a very small section which is resistive.

It has been suggested" that such low resistance cur-
rent loops may exist at the boundary surface between
regions in the superconducting and in the normal state.

A general investigation of time effects in the inter-
mediate state is being continued and will be reported in
a later issue of this Journa, l.
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