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The alteration in the form of the temperature and current dependences of the resistance of
superconducting cylindrical samples resulting from internal Joule heating is considered.
From the results thus obtained it is possible to explain the departure of the experimental

data from the well-known London formula (1) C

THE current and temperature dependence of the
resistance R of a cylindrical superconducting
specimen was treated theoretically by London as
long ago as 1937 1], The relation

R=0 for 1< 1.,
R=1R, 1 +VI=(IJIy] for I>1I, 1)

was derived, where I is the current in the sample,
I is the critical current at the given temperature,
and R is the resistance of the sample in the nor-
mal state.

The derivation of this relation is based upon
the assumption that for I> I, an interior portion
of the sample, whose radius tends to zero as the
current increases, is in the intermediate state.
The structure of the intermediate state must con-
sist of alternating normal and superconducting
layers perpendicular to the axis of the cylinder;
the thickness of the normal layers increases
linearly with distance from the axis, but they do
not completely fill the length of the cylinder at the
boundary of the intermediate region. Experimental
investigations [2,3] have not contradicted this model
of the intermediate state. As regards the relations
(1), measurements (cf. [3-8] ), despite qualitative
agreement, have revealed systematic departures
from the curve (1): the jump in resistance at I
= I¢ is found to exceed 0.5 Ry; R reaches R, at
finite values of the current, and the dependence of
R upon I shows hysteresis.

Various hypotheses have been advanced in order
to explain these discrepancies: distortion of the
intermediate state structure due to surface tension
at the interfaces between the normal and super-
conducting layers ["'], or a change in the resis-
tivity of the sample due to scattering of electrons
at these boundaries [¥]; a dynamical model of the
intermediate state differing from that just de-
scribed has also been suggested (10] The majority

1].

of these authors have failed to associate these dis-
crepancies with the effects of Joule heating; that
this is, however, their source has recently been
demonstrated by Troinar (33, A systematic ac-
counting for this effect makes it possible to ex-
plain to a considerable degree the divergence of
theory and experiment.

If the resistance per unit length of the sample is
known as a function of temperature and current,
R =F (T, I), then for a given current and helium
bath temperature T}, the measured value of the
resistance R will be determined by the equation

R =F (Tv+ I?R/2nah, I), (2)

where h is the coefficient for heat transfer through
the sample-liquid helium boundary, and a is the
cross-sectional radius of the sample. We consider
the temperature within the specimen to be con-
stant, since the thermal resistance of a sample of
the usual dimensions is much less than (1/2) wah;
we neglect the heat transfer through the ends of
the specimen.

Solving Eq. (2), we transform the functional de-
pendence of R upon (Ty, I) into the experimentally
observable dependence of R upon (Tp, I). The

R/,
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Dependence of resistance upon current for various speci-

mens of tin: a—No. 120], Ty = 2.87°K; o —No. 120°],

Ty = 1.85°K; e—No. 6], Ty, = 3.27°K. The solid curves

are constructed according to Eq. (3); the dashed curves rep-

resent London’s Eq. (1).[']
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solution to Eq. (2) is determined from the aggre-
gate of points of intersection between the surface
R =F(T, I) and the family of surfaces R
= 21rahI'2(T — Tp); choosing either I or Tp, we
obtain the observable transition curves with re-
spect to either current or temperature. By dif-
ferentiating (2), we find that if at any given inter-
section point 8R/0T > 2rah/I, then dR/dI < 0
and dR/dTy, < 0 and, in consequence, hysteresis
will be observed along the corresponding transi-
tion curves.

In the present case, proceeding from (1), we
arrive at the relations

R=0 for 01/,
R,
R= 2 (11,252
8 TR T T Ie !
14§ +VTFI= TR | for gt <I <755
R=R, for I>1I/V8. @)
Here

& — H,|dH/dT | p/8r?ha,

p is the resistivity of the normal phase, and H,
is the critical field (H¢ = 2Ic/a).

In the derivation of Eqs. (3) it was assumed
that the change in the magnitude of the critical
field AH, and the temperature rise of the speci-
men relative to the helium bath AT are linearly
related: AHg = (dH¢/dT) AT, and that h is inde-
pendent of AT (the latter condition will prevail
for sufficiently large thermal loadings both in
He 111117 and in He 1[8)). The quantity 6 has a
simple physical significance: 6 ~ AT/(Tg — Tp)
(T is the critical temperature of the specimen).

We see that in the region [Io/V 1+ 6, L] the
dependence is not single-valued; i.e., hysteresis
arises. The upward jump in the resistance takes
place at I =1, the return at I=1o/v 1+ 6. The
full resistance is present for a current Iy
= Ic/\/g. If, for example, the initial jump in re-
sistance is taken to be 0.8 Ry, then In =21¢, in
full agreement with the facts as established long
since by Shubnikov and Alekseevskil [43,

The figure shows R(I) curves plotted for
various samples according to Eq. (3). The para-
meter h as well as 6, which depends upon the ex-
perimental conditions and the surface state of the
sample, has been selected appropriately for each
case. For tin with a relatively high residual re-
sistance, greater than p ~ 10 Qcm, the values of
h obtained in this way agree for various samples,
and amount, in He I, to 0.07 — 0.13 W cm™ deg‘i,
and in He II, to 0.6 — 0.8 W cm™ deg‘1 (cf. the
table).

For He II (Tp < 2.19°K) these results agree

h,

Sample Ty 'K 8 Wcm™2 deg™?
3.47 0.6 0.09
Ne 12 [3] 2,87 0.9 0.13
1,85 0,32 0.67
e 5 [7] 3.48 0.14 0,09
N 67 3,27 0.20 0.07
] 195 | 025 | ~0.8

well with the data from direct measurements (117,
In the case of He I, where the heat evolved de-
pends strongly upon the experimental circumstances,
the data obtained lie within the range of established
values for hl8:121 1t may therefore be suggested
that for such samples, the departures from curve
(1) are almost entirely due to the effects of Joule
heating.

For tin samples of higher purity (p ~ 10°Qcm;
for example, Nos. 1—5 [3) and 7[73), however, the
resistance values calculated from Eq. (3) do not
agree as closely with the experimental data as for
specimens with larger residual resistances. This
means that the isothermal transition curve for
“‘pure’’ specimens departs somewhat from the
transition curve defined by London’s equation (1).
This departure evidently occurs when the mean free
path of the electrons in the normal state becomes
greater than the periodicity of the intermediate
state structure, which can lead (see [9]) to an ad-
ditional increase in the resistance due to the scat-
tering of electrons at the domain boundaries.
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