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CRITICAL PERSISTENT CURRENTS IN HARD SUPERCONDUCTORS

Y. B. Kim,* C. F. Hempstead, and A. R. Strnad
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received September 12, 1962)

We have been investigating persistent currents
induced in tubular samples by measuring the re-
sulting magnetic effects. This technique of “tube
magnetization” is particularly useful for studying
critical currents in hard superconductors. While
the details of this technique will be communicated
elsewhere,! in this Letter we present evidence
that (a) in hard superconductors the Lorentz force
plays a crucial role in determining the critical
current density, and (b) the critical persistent
currents in hard superconductors decay with a
measurable rate.

Hard superconductors (HSC) have critical mag-
netic field values much higher than those of ideal
soft superconductors, and do not exhibit appreci-
able Meissner effect. These behaviors are usually
attributed to meshes of superconducting filaments
imbedded throughout the material, a picture first
suggested by Mendelssohn.? There is considerable
indirect evidence for this filamentary model.3™®
One consequence of the filamentary structure is
that HSC exhibit magnetic hysteresis. The mag-
netic properties of HSC have been treated theo-
retically on the basis of thermodynamic energy
density, including a surface energy term result-
ing from the filamentary structure.3:%” A more
direct, but less fundamental, approach was made
by Bean,® who predicted the magnetic behavior of
HSC from the critical current which can be car-
ried by the filaments. In the present work, Bean’'s
approach is extended, and the critical currents
are measured by the magnetic effects they produce.

A suitable sample geometry is that of a tube of
uniform wall thickness w, and length large com-
pared to its diameter (see Fig. 1). An external
field H is applied parallel to the tube axis, and
the axial field H’ at the tube center is measured
with a sensitive magnetoresistance probe wound
noninductively of high-purity copper wire. As the
external field H is changed, currents are induced
in the tube which counteract the change in H. Start-
ing from the origin, for example, #’ will remain
zero as H is increased. When H reaches H the
tube walls are carrying the maximum supercur-
rents permitted by the sample at the given tem-
perature. If H is further increased, the wall cur-
rents cannot increase and continue to shield the
tube interior, so H’ rises with H. For increasing
H, the “shielding” portion of the H’(H) curve in
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the first quadrant lies below the 45° line until H
reaches the filamentary critical field of the sample.
If H is now decreased, H’ remains at a constant
value until the “trapping” portion (above the 45°line)
of the H’(H) curve is reached. When H is reduced
to zero, the tube is left with a trapped field H.’.

If H is changed sufficiently slowly, so that H’
and H remain close to their equilibrium values,
the magnetization curve H’(H) is remarkably re-
producible and predictable. When the values of
H'’ and H lie on this curve, the sample is said to
be in a critical state.® In this state, every mac-
roscopic region in the sample carries a critical
or maximum current density J(B) determined by
the local magnetic field B at that region. This
hypothesis of a critical state has been fully ver-
ified by the present experiments.

The analytic expression for the critical state
is readily derived as follows. The internal field
H’ is the algebraic sum of H and the field pro-
duced by current induced in the sample, i.e.,

u'=H+rf “T[BG) k7, (1)
where b =0.4 7 gauss-cm/amp and » is a radial

variable measured from the outer surface of the
tube. Eliminating », we obtain an integral rela-
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FIG. 1. Experimental magnetization curves for a

tube sample. Magnetoresistance probe for H’ is 0.86
cm long in the axial direction. Dimensions of tube
samples in the low-field runs are i.d. =0.36 cm, wall
thickness from 0.1 to 0.25 cm, and tube length from
2.5 to 5 cm.
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where H* =1(H'+H) is the mean field in the sam-
ple wall, and M =H’-H is the field produced by
the induced supercurrents. The average current
density in the wall is then J*=M/kw.
The general behavior of J(B) suggests a power
series expansion

a/J =By+B+a,B?+a B3+, (3)
and using the second expression of (2) we obtain
akw/M=a/d*=By+H" +a,(H™2+M?/12)++-+. (4)

k and w are constants for a given experiment,
and 1/M and H* come directly from measure-
ments of H' and H. If the coefficients a,, ag, -
are sufficiently small, then (3) reduces to

a/J=B,+B, (5)

and (4) implies that a plot of 1/M vs H* should
give a straight line. Since this was obtained, we
derived the critical state curve from (5). The
result is two hyperbolas,

(H'+ B,)?-(H+ B P =+2akw, (6)
in the first quadrant, and a circle,
(H'+ By)?+ (H- B,)?=2(akw + B2), (7)

in the second quadrant.

These predictions are verified by the experi-
mental curves shown in Fig. 1. At a lower tem-
perature, « increases and the curves shift out-
ward from the 45° line, but the shapes remain
unchanged. An even more sensitive test of the
validity of (5) is linearity of the 1/M vs H* plot.

Early measurements on NbySn and 3Nb-Zr sam-
ples’ were made using a Bitter-type solenoid for
external fields up to 100 kilogauss. The results of
these measurements strongly implied (5), and
led to the development of the theory of tube mag-
netization and the prediction of critical state
curves (6) and (7). Later measurements and
verification were carried out using a well-sta-
bilized and controllable Varian 12-inch magnet.
As will be shown later, critical states are in-
herently unstable, and |dH/dt| must remain small
while moving from one critical state to another.
Otherwise the entire sample will go normal mo-
mentarily, causing most of the supercurrent to
decay quickly. When this occurs, the value of H’
suddenly approaches H, and we say that a “flux
jump” has taken place. The degree of instability,

or ease with which a flux jump is caused, depends
upon the location on the critical state curve—where
the slope is large, the instability is large. In fact,
it is possible to trace the complete curve in the
second quadrant only with certain samples. The
degree of instability also depends on temperature
and on the total induced current. In regions where
the instability is not severe, however, an appreci-
able time lag between changes in H and changes in
H’ was observed. Measurements of this effect will
be described at the end of this Letter.

Values of o obtained from low-field data are
shown in Fig. 2 as a function of reduced tempera-
ture, T/T,. B, varies from 1 to 2 kilogauss for
annealed 3Nb-Zr tubes and from 0.5 to 2 kilogauss
for Nb powder sintered tubes. The sintering and
annealing temperatures have considerable control
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FIG. 2. o as a function of T/Tc for various tube
samples. The solid circles are experimental values
for Nb powder pressed samples of different densities,
and sintered at different temperatures as shown. The
open circles are for 3Nb-Zr samples annealed at tem-
peratures as indicated.
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over «, but little effect on T,..° This agrees with
earlier observations? that the current-carrying
capacity of HSC is very sensitive to the physical
structure of the material. Although « values vary
markedly among samples, their temperature de-
pendences remain linear down to T/TC ~(,2. For
the sintered Nb powder samples, the lines con-
verge toward a point on the abscissa at ~0.75. For
the 3Nb-Zr samples, the point of convergence is
0.85. Thus, for the temperature range of this in-
vestigation, the empirical relation describing « is

a=01/d)(a=-bT). (8)

The constants a and b appear to satisfy a/b< T,
while d will depend strongly on the physical mi-
crostructure of the material.

For all the HSC tested to date (NbgSn, 3Nb-Zr,
and Nb powder), the relation (5) holds up to B
~15B, When B> B,, (5) implies JB =« = const
indicating that the Lorentz force plays a crucial
role in determining the critical current density.
This suggests that the usual free energy density
difference between the normal and superconduct-
ing states will be reduced by an amount JBd= ad,
where d is a distance probably of the order of a
filament diameter. By combining (5) and (8), we
arrive at an empirical relation,

[a-J(B,+ B)d]/T=b, 9)

a form that suggests a thermally activated process
Anderson has developed a theory (see following
Letter®) in parallel with the present experiments
in which the empirical relation (9) is accounted
for by a process of “flux creep.” Furthermore,
his theory predicts that the persistent currents
should decay linearly in logf, where ¢ is time.
These changes in current should be directly re-
flected in changes in H’, so we plotted H’ vs logt.
Two typical plots are shown in Fig. 3. In these
experiments, H was quickly changed by a small
amount in such a direction as to move from a
critical state condition slightly into the “normal
region.” The heat pulse which may arise from
the induced normal current is quickly carried
away, and we then follow the return of H’ to a
new critical state. The external field H is held
constant (to about one part in 10%) during the runs,
one of which was continued for three hours. Doz-
ens of such runs, starting at various points on
the critical state curve, indicate that the change
in H' is always proportional to logt. At lower
temperatures we generally measure slower de-
cay rates, as expected from Anderson’s theory.!°
At 4.2°K, the rate predicted by Eq. (13) of An-
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FIG. 3. Decay rate measurements of “persistent"
currents induced in a 3Nb-Zr tube. Digital voltmeter
readings of H' probe are displayed as a function of logt.
The vertical flags on data points indicate the ranges
of H' for 20 consecutive (2-sec interval) readings. The
data in (1) were taken at a point on the shielding portion
of the magnetization curve (see Fig. 1), and (2) on the
trapping portion.

derson’s Letter has been qualitatively verified.
Quantitative aspects of the dependence of the de-
cay rate upon temperature are currently being
investigated. These measurements indicate that
there is no precise “critical state,” but the mag-
netization curve H'(H) represents only quasi-
equilibrium states.

The fastest decay rate yet observed is dH'/d(logt)
=10 gauss per decade, from an initial state of M
=H'-H=1000 gauss. If this rate of decay contin-
ues indefinitely, we estimate that the persistent
current in this HSC sample will die out after 3
x10% years. In any practical sense then, the
persistent current is persistent. But the result
is significant in that no theory has been able to ex-
plain conclusively a truly persistent current.!!
Previous attempts'®™8 to search for this decay
gave negative results. However, the previous
measurements with one exception'® were made
with soft superconductors, in which the mecha-
nism governing the persistent currents may be
entirely different from that in HSC. Nevertheless,
the fact that we can measure a finite decay rate
only at the very beginning of the critical state may
be pertinent to this question. If the decay rate is
measured, for example, at the 90% level of criti-
cal current, seven years will be required to de-
tect a decay of one part in 104,

We are indebted to Miss P. Watson for her col-
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laboration in the experiments and to R. Epworth
and J. Hasiak for their technical assistance. We
are grateful to P. W. Anderson and T. H. Geballe
for helpful discussions throughout the course of
the present experiments.
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THEORY OF FLUX CREEP IN HARD SUPERCONDUCTORS

P. W. Anderson
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received September 12, 1962)

A major difficulty in understanding hard super-
conductors has been the appreciable temperature
dependence of critical currents and fields at tem-
peratures as low as 0.1 T .. None of the proper-
ties of the bulk superconducting state vary notice-
ably at this temperature.

Bean! has introduced the notion of the “critical

state” of the hard superconductor, and Kim et al.?»?

have shown that it may be defined, in their experi-
ments, in terms of constants o and B

a(T)=dop(Ber+Bg)- (1)

If the current density J or the field B is increased
beyond the critical values in (1), the process we
shall call “flux creep” sets in, and flux leaks
through the material and returns it to the critical
state (or, occasionally, complete breakdown
occurs). a(T) is a structure-sensitive constant
of the material, and a typical temperature de-
pendence is shown in Fig. 1.

We shall show that this behavior of @ can be ex-
plained by assuming that the mechanism of flux
creep is thermally activated motion of bundles of
flux lines, aided by the Lorentz force jxﬁ, over
free energy barriers coming from the pinning
effect of inhomogeneities, strains, dislocations,
or other physical defects. This theory also ex-

plains the constant B,, and predicts time relaxa-
tion behavior strikingly similar to those of mag-
netic aftereffect and some forms of plastic creep,
which are explained in a very similar way.* This
behavior has been verified by Kim et al.?

First, we must define, if somewhat imperfectly,
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FIG. 1. The critical state constant @ as a function of
T/TC . The line is a theoretical fit; the points are ex-
perimental ones for two different tubes.
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