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It was found that the process of destroying the superconductivity of tin films, (3 — 8)

x 107° cm thick, occurred over a wide range of currents. The criteria of criticality of the
current are discussed. If the critical current is defined as that which appears when the re-
sistance reaches a certain value, the temperature dependence of the critical current has the

form given by Eq. (1), right down to 2.9° K.

SAMPLES. METHOD OF MEASUREMENT.
RESULTS

KOLCHIN et al.[!) described a number of phe-
nomena discovered in an investigation of the de-
struction of the superconductivity of thin tin films
by current pulses of various waveforms and dura-
tions. In the present paper, we give in greater de-
tail the results obtained from an investigation, in
the temperature range 1.7—4.2° K, of the change in
the resistance of tin films under the action of
square current pulses having a duration of

0.4 yusec and a rise time of 0.05 usec.

We investigated samples 5—10 mm long,
0.1—0.3 mm wide, and (3 — 8) x 107 cm thick.
The samples were prepared by the evaporation of
tin from an alundum crucible in 107 torr vacuum
onto polished glass, cooled to a temperature of
—-170° C.[2) At room temperature, the resistance
of the samples Ryg3 was 6—30 2, but at liquid
helium temperature the resistance R, , decreased
to 0.4—1.5 © so that Y = R293/R4.2 =14 — 30. The
residual resistance of the initial material was
p = Ry.9/Rog3 = (2 — 5) x 107°.

A generator of the GI-4M type was used as the
source of the current pulses. The measurements
were carried out using a two-beam oscillograph
(type DESO-1), which recorded simultaneously
the current through the sample and the voltage
across it. The resistance was found from the
ratio of the voltage and current signal amplitudes.
At a bath temperature of 4.2° K, when the sample
was in the normal state, the amplification of the

DThe paper was presented at the 11-th All-Union Conference

on Low-temperature Physics, held on June 27-July 3, 1964, in
Minsk.

oscillograph channels was adjusted so that the
amplitudes of the signals corresponding to the
current through the sample and the voltage across
it were equal at the maximum current through the
sample. The equality of the signal amplitudes was
not affected by a change in the current. Special
attention was paid in the measurements to the
stability of the amplification in both the oscillo-
graph channels and to their linearity. These
measures made it possible to estimate the resis-
tance with an error of less than 4%. The measure-
ment error of the relative change Rgp /Ry did not
exceed 1% and was governed by the width of the
electron beam of the oscillograph.

Typical oscillograms of the destruction of the
superconductivity by a current are given in Fig. 1.
All the investigated samples exhibited the following
type of destruction of the superconductivity. At a
fixed bath temperature (below the critical tem-
perature), the resistance of a sample was zero up
to a certain value of the current. For currents
greater than this value, the resistance of the sam-
ple rose slowly during the action of the current
pulse ( Figs. la and 1b). Beginning at certain
current amplitudes in the pulse, the resistance
rose only when the current increased but re-
mained steady during the action of the pulse
( Figs. 1c and 1d). In order to reduce the average
heating of the samples, the measurements were
carried out using pulses with a large off-duty
factor, equal to 25,000. Current pulses of long
duration produced excessive heating of the films
even during the pulse itself ( Fig. le). The step-
like nature of the dependence of the resistance on
the current, mentioned in '), was manifested in
the oscillograms by the fact that the rise of the
voltage across the sample during the action of a
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pulse could occur in several ways ( Figs. 1b and
lc), and by the sudden change in the voltage when
there was a slight change in the current through
the sample. It should be mentioned that at currents
considerably greater than the current at which the
resistance appeared, the amplitude of the voltage
signal across a film was always smaller than that
of the current signal in the oscillograms of all the
investigated samples. With cooling, this difference
increased.

From the oscillograms, we obtain the depend-
ences of the resistance of a sample on the current
for various temperatures, defining the resistance
of a film as the ratio of the voltage across it to the
current passing through it (at the end of a current
pulse). Figure 2 shows part of a family of R(I)
curves for one of the samples in the temperature
range from T, to 1.7°K. It is clear from Fig. 2
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FIG. 2. Dependence of the resistance of a sample on the
current at various temperatures (Tg > Tp > ... > Ty).

FIG. 1. Current and voltage pulse oscillograms for
a sample: a)-d) rpy; = 0.4 psec; e) 7py; = 5.0 psec; I =
430 mA, I, = 510 mA, I. = 630 mA, Ig = 880 mA, I =
1100 mA.

that the resistance increases at first very rapidly
with the current; this is followed by a region of
relatively slow change in the resistance with the
current. Over a wide range of currents, the re-
sistance does not reach its value in the normal
state. The resistance of the films, measured by
the dc potentiometric method, does not change in
the temperature region from 4.2°K to Tg¢, so that
one would not expect the residual resistance to de-
crease with further cooling.

Although the durations of the pulses were short,
nevertheless, the dependences R(I) obtained
could not be regarded as fully isothermal, par-
ticularly when high currents flow through a sample.
During the action of a single pulse, the film became
hotter than the bath. This caused the heating of
the helium next to the film. Since the volume ex-
pansion coefficient of helium is very high,[?’J this
thermal shock produced oscillations in the helium,
which indicated that the samples were overheating
with respect to the bath. (A detailed report will
be given in a separate paper of the results of an
investigation of the generation of sound in helium
when the normal phase appears in films under the
action of current pulses.)

The evolution of the Joule heat governs, to a
great extent, the kinetics of the development of the
intermediate state. Even at pulse durations such
as 7= 0.4 usec, the growth of the normal phase
takes place by a domain mechanism due to the
motion of a temperature front, as mentioned in
(453, This is evident from the kinks in the voltage
curves for a film through which a constant current
is passing ( Fig. 1c).
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ANALYSIS OF THE RESULTS AND DISCUSSION

To analyze the process by which the supercon-
ductivity is destroyed, we used the dependences of
the resistance of a sample on the current passing
through it, obtained by analysis of the oscillograms.
A number of characteristic features of the destruc-
tion process were discovered.

1. In all the investigated samples, the resistance
Rgpn restored by the current was, at high current
densities, less than the resistance Ry of the film
in the normal state. During cooling, there was a
tendency for the resistance Rgp to decrease.

This was probably a property of the intermediate
state, which was formed when the superconductivity
was destroyed in planar samples. The change in
the resistance in the process of destruction oc-
curred over a wide range of currents. A reduction
in the pulse duration widened the range of the cur-
rents in which the destruction of the superconduc-
tivity occurred.

2. The film resistance passed through a maxi-
mum before reaching the value Rgn. This was a
feature of planar samples and was not found in
cylindrical ones.[5] In the curves given here, the
maximum can be seen clearly only at some tem-
peratures. This is due to the method of analysis
of the results: the resistance was determined at
the end of a pulse, and the possibility of observing
a resistance maximum depended on the moment of
recording. When a sample was cooled, its resis-
tance maximum shifted to the beginning of the
pulse. Since the resistance maximum appeared
only in the planar samples, it was obviously
related to the redistribution of the current in the
process of destruction of the superconductivity.

3. The temperature dependences of the critical
current were plotted for different samples ( Fig. 3)
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FIG. 3. Temperature dependences of the critical current:
a) for bulk metal; b) for a film, according to Ic = I(R/Rn = 0.3);
c) for a film, according to I¢ = Iy=const-
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from the obtained dependences of the resistance of
the films on the current at various bath tempera-
tures. It should be pointed out that the choice of
criterion which determines the critical current I,
alters greatly the nature of the temperature de-
pendence of this quantity. The critical current
may be defined as the current under the action of
which a certain fraction of the resistance, say,
0.3Ry, is established. This criterion gives a
parabolic temperature dependence for the critical
current of the type

c=’lo[1— (T/TC)2]7 (1)

right down to 2.9°K. The same temperature de-
pendence of the critical current is obtained in this
range of temperatures if the critical current is
regarded as the current which flows at 0.2Rp, or
even 0.5Ry, but, of course, the value of I is dif-
ferent in Eq. (1). At lower temperatures, there is
some departure from the parabolic law (curve b
in Fig. 3).

For comparison, Fig. 3 includes a parabola
(curve a) plotted for a bulk sample. To estab-
lish a scale in the calculation of the critical cur-
rent, it was assumed that the current on the sur-
face of a film was distributed uniformly and that

H; = 0.4 sueg= 020 | w,

where w is the width of the film. The lower
values of the critical current may be due to some
distribution of the current across the film.[8) It
has been mentioned in the published literature that
the critical current should increase considerably
if the edge effects are eliminated, for example, in
the case of a planar sample with a superconduc-
ting screen placed close to it.L] Allowance for
the distribution of the current across the film was
made in accordance with Rhoderick’s work, [8?
who reported experimental data confirming the
existence in a film of a distribution of the type

i(x) = jo[1 — (2z [ w)2] %,

( for the case when d ® A, w > A, so that wd > A%)
which, at a distance of ar?/2d from the edge, goes
over into the distribution

o=i(5)onl (5]

1(0) 7/ wd,
/)= L0 2y,

where w is the width of the film, d is the film
thickness, A is the depth of penetration, a is a
coefficient of the order of unity, x is a running
coordinate, measured from the middle of the film,

T<<w/2

so that
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jo is the current density in the middle of the film,
and j(w/2) is the current density at the edge of
the film.

We may assume that in the investigated samples
the beginning of the process of destruction of the
superconductivity occurs when the surface density
of the current at the edges of the film j(w/2)
reaches the critical current density for bulk metal
at a given temperature. This makes it possible to
estimate the penetration depth 7\j when the super-
conductivity of films is destroyed by a current.
For the investigated films, it was found that in the
temperature range where I, was proportional to
Hems xj =2x 107 cm. Kuang Liu Cheng, who
used the average free-energy density as the criti-
cal parameter, ) found Ay = 10 cm.

The critical current can be determined from the
‘‘trace’’ resistance, as has usually been done in
the published work, i.e., by recording the appear-
ance of a certain voltage Av across the sample.
In this case, the critical currents are given by the
intersection of the family of R(I) curves by the
hyperbola RI = Av (cf. Fig. 2). This method of
recording may not only give low values of the
critical current, compared with the values
obtained by determining the critical current from
the appearance of some fraction of the resistance,
but it may also change the temperature dependence
of the critical current, which will differ consider-
ably from the parabolic dependence near Te. The
‘‘trace’’ resistance criterion may lead to the ap-
pearance of ‘‘singularities’’ at some temperatures.
The appearance of these singularities and their
nature depend on the sensitivity of the apparatus
and on the form of the R(I) curves.

Curve c in Fig. 3 illustrates the appearance of
such a singularity when a family of R(I) curves
(curve b in Fig. 2) is intersected by the hyperbola
RI=Av. It is interesting to note that the same
nature of the temperature dependence of the criti-
cal current has been observed in ring-shaped tin
films using measurements of the current decay by
an induction method, as reported by Mercereau
and Crane.[1"]

4. In the determination of the critical current
from the value of the resistance, the temperature
dependences of the critical current are governed
also by the moment at which the resistance is re-
corded. This is because the transition time, i.e.,
the time during which a certain fraction of the re-
sistance appears, depends on the current ampli-
tude in the pulse. (,11] Ag the current amplitude
increases, the time necessary to reach a certain
value of the resistance decreases, the overheating
of the film decreases, and the process of destruc-
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tion of the superconductivity is governed less and
less by the motion of the temperature front in the
sample.[5’123 When the duration of the pulse is
less or even comparable with the relaxation time
of heat along the film and to the substrate, we may
observe an adiabatic transition process, (133 which
makes it necessary to increase the current in
order to achieve the transition.[!4) In this case,
the kinetics of the destruction of the superconduc-
tivity by a current is different, and the heat
evolved in the normal regions does not govern the
growth of the normal phase and does not affect the
destruction of the superconductivity. However, the
development of the process of destruction of the
superconductivity may be affected considerably by
eddy currents.[ 19 Analysis of the cited papers
leads to the conclusion that on destruction of the
superconductivity by current pulses of

100—400 nsec duration, the overheating can be ne-
glected only in the initial stage of the destruction
of the superconductivity when Rgyp < 0.3Rp but over
a relatively wide range of temperatures.

5. At some values of the current, a step-like
rise in the resistance or several transition paths
were observed. In Fig. 2, these regions are shown
by dashed lines, which represent the maximum
value of the resistance. The process of destruc-
tion of the superconductivity may even reduce the
resistance when there is an increase in the current
over a narrow range. Such a change in the resis-
tance has been observed both in measurements
using long-duration pulses (100—500 usec) and
in dc measurements near Tc.[lj This observation
is a characteristic feature of the destruction of
superconductivity, representing the development
of the intermediate state in unscreened planar
samples, and associated with a redistribution of
the current across the film during the process of
destruction of the superconductivity. Since our
measurements with 400 usec pulses were not iso-
thermal for Rgp > 0.3Ry, slight oscillations of the
film temperature from pulse to pulse could have
produced, due to this feature, a sudden change in
the resistance when there was an increase in the
current or several transition paths, as shown by
the oscillograms ( Figs. 1b and 1c).

6. It should be mentioned that there is a consid-
erable departure of the critical current from the
parabolic law of Eq. (1). It is possible that this
departure is due to differences in heat transfer
and is associated with the strong temperature
dependence of the properties of helium, which also
affect nonstationary processes.[ 3] The reduction
in the depth of penetration A (in the intermediate
state) with temperature may also lead to a depar-



88 SMIRNOV, TOTUBALIN,

ture from the parabolic law because this reduction
increases the ratio of the current density at the
film edges with respect to the average density
through the film (cf. Subsection 3 above). In such
a case, there should not be any departure for cy-
lindrical samples. However, there are grounds
for assuming that this phenomenon, noted in
Hagedorn’s paper,[lej is associated with the
electron-pair breakup, due to the temperature
dependence of the effective film thickness. [17]

A more detailed investigation into the reason
for the departure of the temperature dependence
of the critical current from a parabola is now
being undertaken.
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