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We have investigated the current-induced resistive state in superconducting indium wires through
simultaneous measurements of the dc resistive voltage and the electrical noise power as the electrical
transport current was increased from zero to beyond the critical value. The experiments were performed
in zero applied magnetic field using indium wires with diameters of 0.17-0.52 mm. The measurements
were made below the A point to discriminate against contributions from thermal fluctuations in the
specimens due to nucleate boiling of liquid helium. The noise power was measured in the frequency
range 20 Hz—20 kHz. For two specimens with diameters of 0.17 mm, a peak in the noise power was
observed at the critical value of the transport current. The noise-power spectrum of one of the
smallest-diameter samples showed very weak dependence of noise power on frequency at low frequencies
and approximately ™’ behavior at high frequencies. The magnitude of the noise voltage at the
noise-power peak was found to be at most 2.4 X 1073% of the dc resistive voltage. No ac voltages
larger than 107°% of the dc voltage were detectable for samples with diameters of 0.27 and 0.52 mm.
Our results cast doubt on the validity of the Gorter dynamic model of the current-induced intermediate
state and tend to support a static model of the type first proposed by London.

I. INTRODUCTION

The destruction of superconductivity by an elec-
trical current in a cylindrical type-I superconduc-
tor with circular cross section was first treated
by London.! Considering a wire with radius 7,
large compared to the coherence length, electrical
resistance is expected to appear as soon as the
current-generated magnetic field at the surface of
the wire exceeds the critical field H ; i.e., for
currents exceeding the critical value,

I.=(3 c7vy)H,. (1)

In London’s analysis, the stable state of such a
superconductor carrying a current /> I, consists of
an outer shell of normal resistive metal surround-
ing an inner core of metal in the intermediate
state, It is assumed that the core consists of al-
ternate layers of normal and superconducting
phase arranged perpendicular to the current. At
I=1,, the intermediate state extends to the sur-
face of the wire, and, as the current is increased
above the critical value, the diameter of the inter-
mediate-state core shrinks, causing a rise in the
electrical resistance according to

R=GR,) {1+[1- /1?3, (2)

where R, is the normal-state resistance. More
recently, London’s model has been refined by
Baird and Mukherjee®? and Andreev* in order to
account for the detailed manner*~® in which the re-
sistance appears with increasing current, and to
explain the fact that, at I=1,, the resistance jumps
to about 70% of its normal value rather than to 50%
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of its normal value as predicted by the London
model. Recent measurements by Mukherjee® on
pure thick indium and thallium wires were in good
agreement with the predictions of the Baird- Muk-
herjee model.

A dynamic model of the current-induced resis-
tive state in a wire, consisting of closed, circular
collapsing flux tubes has been proposed by Gorter, 1!
The fundamental frequency of the periodic mode
is given by

)+

for a wire of radius 7y and normal-state resistivity
pp. The term % /4nv2 in Eq. (3) arises from the
regulation of the speed of flux-tube collapse by
eddy current damping, and 7, is the reduced time
between successive formations of flux tubes. As-
suming that all flux tubes along the wire move in
phase, Gorter calculated 7, to be between 0. 248
and 0.392 for I/I,=1.1, and estimated the ampli-
tude of the ac component to be between 1. 8% and
4. 8% of the dc voltage. A search by Meissner!?
for such an oscillatory voltage component in two
tin wires yielded an effect. However, he found
the ac component to be not larger than (0.015-
0.018)% of the dc voltage, indicating that, if such
flux tube motion exists at all, it would be largely
uncorrelated along the wire.

Interesting investigations of the electric and
magnetic instabilities in the current-induced re-
sistive state of type-I and type-II superconducting
wires were reported by Lalevic. ™ He observed
rather abrupt variations of the electrical resis-
tance between metastable resistance levels. These
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effects can be understood in terms of abrupt rear-
rangements of the distribution of currents and mag-
netic fields within the specimens. Similar mag-
netic and electric instabilities are a general prop-
erty of materials with a high value of the magneto-
resistance, ¢ and a superconductor is here the
most extreme case.

In the following we report electrical-resistance
and noise-power measurements on a series of su-
perconducting indium wires in the current-induced
resistive state. The experiments were performed
in zero applied magnetic field, the only field pres-
ent being that associated with the transport cur-
rent itself. Our experiments were stimulated by
recent results!™!® on the current-induced resistive
state in film strips of type-I superconductors, in-
dicating a sharp peak in the electrical noise power
at the onset of resistance. Further, a careful
search was to be made for an ac voltage component
resulting from a dynamic character of the current-
induced resistive state, such as the one contained
in the Gorter model. Our results raise doubt
about the validity of the dynamic model by Gorter
and tend to support a static model of the current-
induced resistive state.

II. EXPERIMENTAL

The samples were indium wires of different
diameters and lengths. The characteristic dimen-
sions, which were measured with a traveling mi-
croscope, are listed in Table I. The indium wires
were extruded through steel dies using In with
99, 9999% purity. The diameters of the extruded
wires were constant to within 0. 01 mm. The spec-
imens were mounted on glass slides, and voltage
leads consisting of copper wires with diameters
of 0.18 mm were attached with indium solder. The
separation between the voltage probes and the ends
of the specimens was approximately 0.5 cm. The
samples were placed in direct contact with the liq-
uid-helium bath and were enclosed in a copper can
surrounded by a superconducting lead foil. The
temperature of the helium bath could be controlled
by pumping. The axes of the samples were aligned
approximately parallel with the earth’s magnetic
field. The measurements were performed in zero
applied magnetic field.

All electrical-resistance measurements were
performed using the four-probe technique. The
current source was an Intermagnetics Model 150-M
constant current supply, whose current output is
controlled by an electronic ramp generator pro-
viding adjustable rates of current increase or de-
crease. The current was raised at the rate of 600
mA/min until a dc voltage across the sample was
detectable, at which point the rate of current in-
crease was reduced to 150 mA/min, The current
ramp could be interrupted at any time during the

TABLE I. Sample characteristics, including the temperatures at which the measurements were made, critical currents, observed critical fields obtained

the ratios of R(1 kOe) to

:0),

normal-state resistivities obtained by linearly extrapolating R(H) to R(H

(1), calculated critical fields from Ref. 19,
R(0), the ranges of the fundamental frequency of the periodic mode expected from the Gorter dynamic model at I

sistivity jumps at I

from Eq.

1.1 from Eq. (3), and normalized re-

/1,

=L,

Wire
Diameter
270(mm)

R(1 kOe)

R(295 K)

Length
I{mm)

(R/R n)lc

f(Hz)
640-1 020

13100-20600

R(0)
1.17
1.04
1.08
1.08

H_ 1 (O€) p,(10-° @ cm)

I(A)  H,gs(Oe)

T(K)

R(4.2 K)

Sample

0.67

2.14
11,72

179
182
179
178

172
179
192
185

2.4

2
12

2,024
2,000
2,027
2.035

3150

8.90
8.89

0.52
0.27
0.17
0,17

In wire 6
In wire 3
In wire 4
In wire 7

0.75
0.74

.1

870
2320
2320

7960—-12600
7960-12600

2.83
2.83

8.15
7.88

38
51

0.74
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sweep to hold the current at a particular value.

In order to reduce the amount of 60-Hz ripple cur-
rent, a r-type filter consisting of two capacitors
with C=0.21 F and an inductor with L =0.8 mH
was inserted in the output of the current supply.
The inductor was immersed in liquid nitrogen dur-
ing a run. A 0.01-Q standard resistor was placed
in series with the specimen. The voltage across
this resistor was fed to the X channel of an X-Y
recorder. The voltage across the specimen was
amplified by a Keithley Model 140 Precision Nano-
voltmeter dc Amplifier and fed to the ¥ channel of
the X-Y recorder to provide a continuous V-I plot.
Simultaneously, the oscillatory voltage component
across the sample was monitored using a step-up
transformer (ratio 60: 1) within the liquid-helium
bath and a selective amplifier. The selective am-
plifier consisted of the type-C preamplifier and
the intermediate amplifier and tuned amplifier sec-
tion of a Princeton Applied Research Model HR-8
operated at 1- .V sensitivity. The signal then passed
through a rectifier and entered an integrator
which was controlled manually. Noise measure-
ments were made between 20 Hz and 20 kHz using
a constant quality factor @ of 25 in the tuned-am-
plifier section. The measurements were made at
a constant temperature below the A point to elimi-
nate any noise contribution from nucleate boiling
of the liquid helium at the surface of the samples.
The background rms noise voltage V,(f)was at
most a few nanovolts. The background noise level
was determined during each run for all frequencies
by reducing the output of the current source to
zero, but still keeping the current source turned
on, The maximum variation of the background
voltage V, during a run, AVy(f), was less than 1.5%
of V, for all frequencies in the range 20 Hz-20 kHz.
The background voltages were subtracted from the
measured rms signal before the noise-power val-
ues were calculated. A calibration of the complete
ac detection system and its frequency dependence
was carried out for each individual run, For this
purpose a small alternating current of known am-
plitude and various frequencies was superimposed
on a direct current large enough to drive the sam-
ple normal at the temperature at which the experi-
mental measurements were performed. Further
details relating to the noise power measurements
can be found elsewhere,!” The primary of the step-
up transformer served as a shunt in parallel with
the sample. This shunt resistance was always at
least three orders of magnitude larger than the
sample resistance in the current range investigated.

IIIl. EXPERIMENTAL RESULTS AND DISCUSSION

The temperatures at which the simultaneous mea-
surements of the dc resistive voltage and the noise
voltage were made and the critical currents for
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the specimen at the given temperature are listed
in columns 5 and 6, respectively, of Table I. The
value of the critical current and the radius of each
sample were substituted into Eq. (1) to obtain the
value of the critical field, H,.,, Critical-field
values were also calculated for each sample using
H,=282,66 Oe and T,=3.407 K and assuming a
deviation from parabolicity of 2% in this tempera-
ture regime.!® The values of the critical field ob-
tained in this manner, H, ., are listed in column
8. The two values are in reasonable agreement for
the specimens with a maximum disagreement of
about 7% for indium wire 4.

The normal-state resistivities p, for the spec-
imens listed in Table I were obtained in the follow-
ing manner. Each sample was placed in an applied
magnetic field, which was increased from 250 to
1250 Oe in 250-Oe steps, at the same temperatures
for which the dc resistive voltages and the noise
voltages were measured. A V-I curve was plotted
and the resistance was determined for each mag-
netic-field value, For each sample, the resistance
was found to increase with increasing applied mag-
netic field. This magnetic-field dependence could
be fitted linearly in the range investigated, and the
normal-state resistance R(H =0) was obtained by
a linear extrapolation of the resistance to zero ap-
plied magnetic field. These values of R(0) were
then used to calculate the p, values listed in column
9 of Table I. Values of R(1 kOe)/R(0) for the sam-
ples are listed in column 10. The normal-state
resistivity and the radius for each sample were
substituted into Eq. (3) to obtain the range of the
fundamental frequency f of the periodic mode ex-
pected from the Gorter dynamic model at I/I,=1.1.
This frequency range is indicated in column 11 of
Table 1.

The normalized resistance and the electrical
noise power at different frequencies versus the
normalized current of In wire 4 at 7=2,027 K and
In wire 7 at 7=2.035 K are shown in Figs. 1 and
2, respectively. The normalized resistance and
current values were obtained directly from the con-
tinuous V-I plot for each specimen. The resis-
tance of all specimens showed a small increase be-
fore the occurrence of the rapid rise at the criti-
cal current., The electrical noise-power data were
obtained with the selective amplifier of the lock-in
detector tuned to the given frequencies with @ =25.
A sharp peak in the noise power at the critical cur-
rent is observed for all frequencies measured in
the range 20 Hz-20 kHz, with the largest value oc-
curring at f=20 Hz, the lowest frequency of the
range investigated. These data suggest the occur-
rence of electric and magnetic fluctuations at the
onset of the current-induced resistive state. Simi-
lar results have been reported for superconducting
strips of lead and indium,1":!8
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FIG. 1. Normalized resistance (bottom) and electrical
noise power at different frequencies (top) vs normalized
current of indium wire 4 at 2, 027 K,

The noise voltage data for the two specimens
are also presented in Tables II and III to allow a
more direct comparison with the Gorter model,
The background rms noise voltages V, and the max-
imum variation of the background rms noise volt-
ages during a run AV, are listed in columns 3 and
4, respectively, for each frequency. The rms
noise voltages obtained after the subtraction of the
background rms noise voltages V,, are given for
I=1,and I=1.1 I, in column 5 of each table. Col-
umn 6 of the tables lists the values of the dc resis-
tive voltage V, for I=1,and I=1.1 I, and, in the
last column the ratio V,./V,, is expressed in units
of 107%%, We observe that the magnitude of the
rms noise voltage at the noise-power peak is at
most 2.4%x107%% of the dc resistive voltage for
each sample and that the maximum value of V,./
V4 occurs for f=20 Hz, the lowest frequency of
the range investigated.

Our noise data for In wire 4 and In wire 7 are in
disagreement with the predictions of the Gorter
dynamic model of the current-induced resistive
state. The largest observed noise voltages occur
at much lower frequencies than those given by Eq.
(3) and listed in Table I. In addition, the ratio of
the noise voltage to the dc resistive voltage is only
about 1073 of the value predicted by the model.
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Such a small ac voltage component might be ex-
plained by a lack of phase coherence along the
wire among the collapsing flux tubes. If the dy-
namic model of collapsing flux tubes would be ap-
plicable with phase coherence only within short
sections of the wire, the relative magnitude of the
ac voltage component would be expected to increase
with decreasing specimen length., However, simi-
lar results were obtained for the two samples, al-
though In wire 7 is only about 5% as long as In
wire 4. No noise voltages larger than 107%% of
the dc voltage, the detection limit of the experi-
ment, were obtained for the two larger diameter
samples, In wire 6 and In wire 3. Additional mea-
surements made on these two samples to within
0.1 K of T,, where any phase coherence would be
expected to be enhanced, also yielded noise volt-
ages of similarly low magnitude.

The noise-power spectrum for indium wire 4
at 7=2.027 K and /=1, is given in Fig. 3. The
spectrum shows very weak dependence of the noise
power on frequency at low frequencies and approxi-
mately w~? behavior at high frequencies. Such a
frequency dependence of the noise-power spectrum
at high frequencies can arise from the following
model. Consider statistically independent rec-
tangular voltage pulses of height & and average

oF — r —
In Wire 7
sk T=2035K

(10722 sec)

NOISE POWER

(10°18v2 sec)

o8t 4

= 06 B

R/R,

o4t 1
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00 02 04 06 08 10 12 14
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FIG. 2. Normalized resistance (bottom) and electrical
noise power at different frequencies (top) vs normalized
current of indium wire 7 at 2. 035 K.
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TABLE II. Noise-voltage results at different frequencies for indium wire 4 at 2. 027 K
for I/I,=1.0 and I/I_=1.1, V, is the background rms noise voltage. AV, is the maximum

variation of the background rms noise voltage during a run.
subtraction of the background rms noise voltage is given by V,.

resistive voltage.

The rms noise voltage after
V4 is the value of the dc

f v, AV, Vae Ve Vae/ Ve
(Hz) 1/1, o0 v) ot v o v 1o-¢ v) (10°%)
20 1.0 2.6 0.2 10.8 71 2.42

1.1 5.9 84 0.70

320 1.0 6.3 0.8 7.7 7 1.42
1.1 4.3 84 0.51

3000 1.0 5.0 0.7 1.4 71 0.43
1.1 1.2 84 0.14

10000 1.0 3.4 0.3 2.8 71 0.36
1.1 2.9 84 0.11

pulse rate v constituting the time-dependent volt-
age V(t). If the voltage pulses have an exponential
distribution of their lifetime 7 as indicated by the
autocorrelation function

(VOV(E+ 7)) ey = dPvToe™ ™ 70, @

the Wiener-Khintchine theorem yields the noise-
power spectrum?®

w(f)=4(V),,d T+_4111-2]72_1% .

The data shown in Fig. 3 have the frequency de-
pendence of Eq. (5) and indicate voltage fluctua-
tions characterized by a single time constant 7,
=2,6x107% sec. It is likely that the voltage fluc-
tuations are caused by rearrangements of the distri-
bution of currents and magnetic fields within the
wire. The speed of such rearrangements is, of
course, limited by eddy current damping. The
lifetime 7,=2.6x107% sec, taken from Fig. 3, is
about 50 times longer than the time required for a
flux change to propagate through the wire, as given
by the first term in Eq. (3).

One can use Eq. (5) further for calculating the
height & of the voltage pulses with lifetime 7,
given above. Using the data contained in Fig. 3
and Table II, we find ®=2.4x10"! Vv, This value
of & would correspond to an equivalent normal sec-

(5)

TABLE III.

tion of the wire with a length of 2,4x10™® ym. The
temporary formation of a normal domain of such
small size, extending across the total cross sec-
tion of the sample, appears unlikely for an indium
wire of 0, 17-mm diameter.?* Therefore our in-
terpretation of the noise-power data in terms of the
statistical nucleation of normal domains would re-
quire the formation of domains occupying only a
small fraction of the cross section of the wire.

Recently Landau® reported interesting results
on the paramagnetic effect in a type-I supercon-
ductor. Here, the destruction of superconductivity
by a current has been investigated in the presence
of a magnetic field H, applied parallel to the axis
of the cylindrical specimen. In the magnetic-field
regime 0.1<H,/H,<0.4 Landau observed current-
induced periodic oscillations in both the magnetiza-
tion and the electrical resistance. These oscilla-
tions strongly suggest a dynamic state consisting
of coaxial layers of a two-dimensional mixed
state®® ! moving toward the sample axis, concep-
tually similar to the Gorter dynamic model. In the
magnetic field regimes H,/H.<0.1 and H,/H.> 0.4,
Landau did not observe any oscillations. This ap-
pears to be consistent with our results, which re-
fer to the limit H,/H,=0.

Figure 4 shows the normalized resistance ver-
sus normalized current as predicted by the London

Noise-voltage results at two different frequencies for indium wire 7 at T

=2,035 K. The column headings are the same as in TABLE II.

f VO AV() Vac Vdc Va.c/vdc
(Hz) 1/1, Lot v) Lot v (1o-10 v) 10-¢ V) (10-3%)
20 1.0 17.2 0.2 2.5 10.4 2.40
1.1 2.4 13.7 1.75
320 1.0 2.8 0.4 1.5 10.4 1.42
1.1 1.4 13.7 1.02
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FIG. 3. Noise-power spectrum at 2. 027 K of indium
wire 4. The data were taken at the peak of the noise
power at I, =8.15 A.

and Baird- Mukherjee static models of the current-
induced resistive state. Also included in the figure
are experimental points for In wire 4 and In wire
6. The quantity (R/R,), for each sample is given

in the last column of Table I. The resistance jumps

at I=1, are in close agreement with the Baird- Muk-
herjee model. Above about I=1,3 I, the predic-
tions of the models by London and by Baird and
Mukherjee are nearly identical, and our results
are in reasonable agreement with each model,

IV. CONCLUSIONS

In the frequency range 20 Hz-20 kHz noise volt-
ages associated with the current-induced resistive
state have been detected only in the two indium
wires with 0. 17-mm diameter. No noise voltages
larger than 107%% of the dc voltage were detected
in the larger diameter samples. For the two sam-
ples with smallest diameter a distinct peak in the
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— BAIRD-MUKHERJEE MODEL
--- LONDON MODEL
* In Wire 4, T=2027K
o In Wire 6, T= 2024 K .
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FIG. 4. Normalized resistance vs normalized current
of indium wire 4 at 2,027 K and indium wire 6 at 2.024 K
compared with theoretical curves for the Baird-Mukher-
jee and London models.

noise power was observed at the critical current.
These noise-voltage results conflict with the pre-
dictions of the dynamic Gorter model of the current-
induced resistive state in two respects. First,
maximum noise was observed at a frequency of 20
Hz, the lowest frequency in the range investigated
and nearly three orders of magnitude smaller than
the dominant frequency predicted by the Gorter mod-
el. Second, the magnitude of the noise voltage at
the noise-power peak is at most 2. 4x1073% of the
dc resistive voltage, in contrast to the prediction
of a value of a few percent by the Gorter model.

A possible explanation of such a small ac voltage
component by a lack of phase coherence along the
wire among the collapsing flux tubes of the Gorter
model seems unlikely because of the similarity of
the results obtained with two specimens which dif-
fered in length by a factor of 20. The noise-power
spectrum in the smallest diameter wire showed a
frequency dependence consistent with statistically
independent voltage fluctuations of constant ampli-
tude and lifetime. These fluctuations are likely

to be attributed to rearrangements of currents and
magnetic fields in the wire. Our results cast
doubt on the validity of the Gorter model. Finally,
we note that the value of the normalized resistance
jumps at the critical current are in close agree-
ment with the predictions of the Baird-Mukherjee
model. Above about 1.3 I,, the experimental data
are in good agreement with either the London or
the Baird- Mukherjee model of the current-induced
resistive state,

*Work performed under the auspices of the U. S. Atomic
Energy Commission.
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