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We have investigated the current-induced resistive state in superconducting strips of lead and indium

carrying electrical transport currents with an average density up to 10 A/cm'. Following previous
high-resolution magneto-optical experiments, we report here measurements of the electrical resistance
and the electrical-noise-power spectra. The experiments were performed in zero external magnetic field,

using micro-strips 60-300 pm wide, 0.3-10pm thick, and 3-6 mm long. In lead, resistive voltage steps
were usually observed during variation of the current resulting in pronounced peaks of the derivative

BV/BI. These voltage steps are caused by the abrupt creation of channels of normal phase at distinct
levels of the transport current. The abrupt growth of these channels of normal phase apparently results

from a magnetic instability similar to the kink instability in magnetohydrodynamics. In indium, a step
structure in the resistive voltage has been observed only close to T„ the voltage steps being usually

smeared out by fluctuations in time of the number of current-generated channels of normal phase.
From the magnitude of the resistive voltage steps and from the observation of dynamic magnetic

coupling between two films of a sandwich structure, we conclude that, in the strips of both Pb and In,
the current-induced resistive state can best be described by a dynamic model, In this model, the
channels of normal phase consist of arrays of flux tubes moving rapidly from the edges -to the center
of the strip, where they are annihilated by flux tube arrays of opposite sign. The noise-power spectra in

the current-induced resistive state usually show a frequency dependence ranging from co
' to co

'
behavior. The electrical-noise data are discussed in terms of a model assuming fluctuations in time of
the number of channels of normal phase.

I. INTRODUCTION

More than 30 years ago London' treated the
current-induced intermediate state in a cylindrical
type-I superconductor carrying an electrical cur-
rent in axial direction. Since about the same time
the destruction of superconductivity by an electri-
cal current has been studied experimentally from
the restoration of electrical resistance in super-
conducting wires. More recently London's model
has been refineds ~ 4 in order to account for the de-
tailed manner~ ~ in which the resistance appears in
a wire. The current-induced intermediate state
has been detected in a cylinder with a Bitter meth-
od.

We have investigated the current-induced inter-
mediate state in superconducting strips of lead and
indium carrying electrical transport currents with
an average density up to 10~ A/cm'. The magnetic
behavior of a superconducting strip carrying a high
electrical transport current is shown schematical-
ly in Fig. 1. For small current values the current
flows mainly along the edges of the strip such
that the magnetic field associated with the current
is completely expelled from the specimen, except
for a surface layer with the thickness of the pene-
tration depth X [Meissner effect, Fig. 1(a)]. Here
we assume that the film thickness d is large com-
pared to X. As the magnetic field of the current
approaches a value of the order of the critical field

(a)

FIG. 1. Magnetic struc-
ture created in a supercon-
ducting strip by an electrical
transport current: (a)
Meissner effect; (b) nucle-
ation of a domain at the
edge; (c) magnetic struc-
ture at high currents.

(c)

at the sample edge, a normal region will be
created locally at the edge. The transport current
will try to avoid this region by flowing around it
[Fig. 1(b)]. Because of the magnetic field enhance-
ment at the inside of this current loop, this con-
figuration is magnetically unstable, and the nor-
mal region will grow abruptly until it reaches the
center of the strip. Vfe note that this behavior is
analogous to the kink instability in magnetohydro-
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dynamics as indicated in Fig. 1(b). At higher cur-
rent levels the current-induced magnetic structure
consists of many "channels" of normal phase which
have grown from both sample edges to the center
[Fig. 1(c)]. We note that the magnetic field in
these channels has opposite sign at the two sides
of the strip. In this configuration the transport
current will follow a rather complicated flow pat-
tern. It is also possible that a flux tube is created
by the current at the sample edge which moves
tov ards the center of the strip under the influence
of the Lorentz force. In this case the channels of
normal phase actually consist of arrays of flux
tubes moving rapidly towards the center, where
they are annihilated by flux tube a,rrays of opposite
sign coming from the opposite edge of the strip.

The current-induced magnetic structure, out-
lined schematically in Fig. 1, has been verified
recently from high-resolution magneto-optical ex-
periments' ' performed with strips of lead and
indium. However, these experiments do not dif-
ferentiate clearly between the static (stationary
normal channels) and the dynamic (rapidly moving
flux-tube arrays) model of the curren'. -induced in-
termediate state.

In the following we report measurements of the
electrical resistance and of the noise-power spec-
tra in the current-induced intermediate state of
superconducting films of lead and indium. Our ex-
periments are performed in zero applied magnetic
field, the only field present being that associated
with the transport current itself. The abrupt crea-
tion of one or more channels of normal pha, se at a
distinct current level results often in relatively
large resistive voltage steps which have been in-
vestigated with a derivative technique. Attempting
to discriminate between the static and dynamic
model of the current-induced resistive state we
have performed a series of measurements with
magnetically coupled and electrically insulated
sandwich structures similar to those used original-
ly by Giaever. 3 Both for lead and indium our ex-
periments tend to support the dynamic model.
Fluctuations in time of the number of normal chan-
nels contribute significantly to the electrical noise
in high-current-carrying superconducting micro-
strips. In principle, the noise-power spectrum
yields information on the rate and lifetime of these
fluctuations. Preliminary results of this work
have been reported elsewhere. '4

II. FXPER1MENTAL

The samples were strips of lead and indium 60-
300 p, m wide, 0.3-10 p, m thick, and 3-6 mm long.
They were made by vacuum deposition (starting
pressure about 10 s Torr) on circular glass sub-
strates of 22 mm in diameter using Pb and In with
99.9999% purity and a tunable mask with two razor-

blade sections. The samples carried electrical
current and voltage leads attached with indium
solder to rather wide sections at both ends of the
strips. These wide end sections were deposited
after the center strip and always consisted of lead
with a thickness larger than that of the center
strip. The experiments were performed in zero
applied external magnetic field. Electrical trans-
port currents with an average density up to 10 A/
cm were applied to the strips. The samples were
placed in a cryostat in direct contact with the liq««

uid™helium bath, the temperature of which could be
lowered below 4. 2 'K by pumping. In order to pro-
tect the specimen strips against destruction by
thermal runaway, a constantan-wire shunt was at-
tached parallel to the strip. The shunt resistance
was 3-5 times the normal resistance of the speci-
mens at 4. 2 'K, being at least 1-2 orders of mag-
nitude larger than the current-induced sample re-
sistance for the current range investigated. Dur-
ing the measurements of the derivative of the volt-
age-current curve and of the electrical noise the
primary coil of a step-up transformer in the liq-
uid-helium bath provided the protective shunt.

In order to determine whether the current-in-
duced intermediate state consists of stationary do-
mains of the normal phase or of rapidly moving
flux-tube arrays, we have studied magnetic cou-
p/i' in a series of sandwich configurations con-
sisting of two superconducting strips arranged in
close proximity but electrically separated from
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FlG. 2. Scheme of the sandwich specimens.
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each other by a thin insulating film. The arrange-
ment of these sandwiches is shown schematically
in Fig. 2. The longer of the two strips connected
to the leads marked V3 and Ia was deposited first
and covered subsequently with the insulating film.
The shorter strip connected to the leads marked

V& and I& was then deposited on toy of the insulating
film. If the sandwich consisted of two supercon-
ducting films with different thickness, the thinner
of the two films was deposited first in order to
facilitate the electrical insulation between the two

films along the edges of the bottom film. It is the
geometrical step along these edges where the in- '

sulation appears most likely to break down. In

most of the sandwiches the two superconducting
strips had the same width. This could easily be
achieved using the same tunable mask without

changing its setting. Alignment of the substrate
was facilitated by a ring screwed to the body of
the mask into which the substrate could be in-
serted. For electrical insulation we used initially
about 1000 A of Al, O~ and finally about 1000 A of
SiO~. Both kinds of insulators were deposited using
an electron-beam-gun system. In was found help-
ful to deposit the insulator in two steps at an angle
less than 90' between the plane of the substrate
and a straight line connecting substrate and source.
Rotating the substrate by 180' between the two
steps resulted in a sufficient exposure of both

edges of the bottom strip during the evaporation
of the insulator.

In the course of the present experiments a total
of twelve Pb strips, six In strips, and seven dif-
ferent sandwich st~ctures have been investigated.

All electrical-resistance measurements were
performed using the four-probe method as can be
seen from the arrangement of current and voltage
leads in Fig. 2, From the magneto-optical eg-
periments~o ~~ one expects an abrupt creation of
relatively large domains of the normal phase at
distinct current levels due to the instability of a
small normal domain at the sample edge. This
should result in relatively large resistive voltage
steps in the voltage-current behavior. We have
investigated these voltage steps using a convention-
al derivative technique. In these experiments an
oscillatory component of 10-100-p,A-rms magni-
tude was superimposed on the transport current
which was of the order of several amperes. The
direct current could be varied in steps as small
as 10 ALA using a Fluke model 882A voltage jcur-
rent source. The oscillatory voltage component
was detected using a step-up transformer (ratio
60: 1) within the liquid-helium bath and a lock-in
amplifier.

The electrical-noise measurements were per-
formed using the scheme shown in Fig. 3. The
speci. men was connected to the primary coil of a

DC CURRENT SAMPLE

SUPPLY

SELECTIVE RECTIFIER INTEGRATOR OCVOLT-

AMPLIFIER METER

FIG. 3. Noise detection system.

Here (6 V&~) and (6 V02) are the squares of the noise

step-up transformer within the liquid-helium bath
(ratio 60: 1). The resistance of the primary coil
was at least 3-5 times the normal resistance of the
specimen strip at 4. 2 K, thus providing protection
of the sample against destruction by thermal run-
away without appreciably shorting the sample in the
current range investigated. The signal was further
enhanced by a selective amplifier consisting of the
type-A preamplifier and the intermediate amplifier
and tuned amplifier section of a Princeton Applied
Research model HB-8 operated at 1-p,V sensitivity.
The signal then passed through a rectifier and en-
tered an integrator which was controlled manually.
Measurements were made between 10 Hz and 20
kHz using a constant Q of 25 in the tuned-amplifier
section. During the noise measurements the speci-
men was in direct contact with liquid helium. It
was enclosed in a copper can surrounded by super-
conducting lead foil. The Fluke model 382A served
again as current source. In order to determine the
noise contribution resulting from sources in the
circuit other than the specimen the two following
experiments were performed. First, by replacing
the electronically stabilized current supply with a
series of ¹i-Cdcells our results were found to re-
main unchanged. Second, by replacing the super-
conducting strip with a copper wire having a resis-
tance similar to the current-induced specimen re-
sistance and using the Fluke current supply the
noise level was found to be equal to the background
noise during the regular experiments. From this
we conclude that in our experiments noise contri-
butions from sources other than the specimens
themselves were insignificant. In order to dis-
criminate against contributions from thermal fluc-
tuations in the specimens due to nucleate boiling
of liquid helium at the sample surface, the noise
measurements were usually extended below the
A, -point temperature.

For each run background noise was measured at
all frequencies by reducing the sample current to
a small value at which no dc resistive voltage ap-
peared. The noise power spectrum w(f) was then
obtained from the following expression:

( )
(6V,'&-&6V,'&

(1)
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voltage at full current load and of the background
noise voltage, respectively. rf is the bandwidth
of the detection system, which we have taken as

f/Q-.
A calibration of the complete ac detection system
and its frequency dependence has been carried out
together with each individual run. For this pur-
pose a small alternating current of known ampli-
tude and various frequencies has been superim-
posed on the direct current. The calibration
curve was usually quite flat in the frequency range
between 50 and 2000 Hz.
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III. EXPERIMENTAL RESULTS

A. Current-Induced Electrical Resistance

A typical curve for the resistive voltage in a Pb
strip plotted versus the applied current is shown
in Fig. 4(a). For the strip geometry the electri-
cal resistance is seen to be gradually restored over
a wide current range, in contrast to the behavior
found in superconducting wires. '5 6 ln Fig. 4(a)
the slope of the curve at a current of 700 mA

represents about 14/0 of the normal-state resis-
tance of the sample at 4. 2 K. Curves similar to
that shown in Fig. 4(a) have been found in all Pb
and In strips investigated. The appearance of the
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FIG. 4. Restoration of electrical resistance by a trans-
port current in a Pb strip (sample Pb 83, thickness
=3.4 um; width=144 pm; length=6. 62 mm; 4.2'K). (a)
voltage vs current; (b) derivative BV/BI vs current using
an ac component of 24 pA rms and 320 Hz.

l

2.5
I

I, (A)

I

5.5

FIG. 5. Number of current-induced normal domains
vs current in a Pb strip (thickness=4. 0 pm; width=160
pm; length of observed section=320 pm; 4.2'K).

first resistive voltage was always found to coincide
with the creation of the first channels of normal
phase as seen in the high-resolution magneto-opti-
cal experiments. ' ' %'e note that above the cur-
rent level, at which the first resistive voltage and
the first normal channels appeared, the number
of normal channels has been found to increase about
linearly with increasing current. However, the
width and length of the individual channel was
rather independent of the current, each channel ex-
tending always to the center of the strip. Both in
the Pb and the In strips, the width of the current-
induced normal channels was about equal to the do-
main width observed in the same specimens at zero
transport current with an external magnetic field
applied perpendicular to the film. An example of
the increase of the number of normal channels
with transport current, as counted from the mag-
neto-optical images, is shown in Fig. 5. The
numbers plotted in Fig. 5 were obtained for a
length of 320 pm in a lead strip with 4.0-p, m thick-
ness and 160-p,m width. The normal domains
were counted near the sample edge before some
branching occurred towards the center of the
strip. '0'~~ From the linear behavior seen in Fig. 5
one expects the average slope of the voltage-cur-
rent curve also to increase linearly with current.
Such behavior has generally been found. As an ex-
ample we show in Fig. 6 the increase of the deriva-
tive 8 V/8I with current observed in a Pb strip.
%e note that a smooth curve such as shown in Fig.
6 is obtained only by avoiding the current values at
which large resistive voltage steps occur. The
structure in the derivative 8 V/SI resulting from
these voltage steps will be discussed further be-
low,

In the Pb specimens the critical-current value,
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FIG. 6. Derivative BV/BI vs current in a Pb strip
(thickness=0. 69 pm; width=145 pm; length=6. 5 mm;
4.2'K; resistance at 4.2'K in the normal state=62x10 3

a).

at which the resistive voltage and the channels of
normal phase start to appear, was generally found
to increase somewhat following thermal cycling of
the specimens between room temperature and 4. 2
'K with the sample being exposed to air. No such
change in the critical current has been observed in
the ln strips. The magnetic field at the edge of a
current-carrying superconducting strip in the state
of complete magnetic-flux expulsion[Fig. 1(a)j is
given by

H=(0. 8 )
where I is the electrical current and d the thick-
ness of the strip. In deriving Eq. (3) the penetra-
tion depth A. is assumed to be negligibly small
compared to the thickness d. At the critical cur-
rent value, at which electrical resistance starts
to appear, the magnetic field at the sample edge
is expected to be approximately equal to the criti-
cal field of the particular film. We have found
that the magnetic field at the sample edge, as cal-
culated from Eq. (3) for the critical current val-
ue, varied appreciably between the different speci-
mens and generally ranged between 1 and about 100
times the critical field of the particular lead or
indium film. In addition, the critical current was
found to increase with the width of the supercon-
ducting strip, a result quite unexpected from a
simple-minded interpretation of Eq. (3). These
large values of the critical current and their de-
pendence on the specimen width can be understood
from the Gibbs-free-energy barrier against mag-
netic-flux entry at the edge, which can lead to a
large enhancement of the critical entry field above
the value of H, .' A detailed discussion of this en-
hancement will be given elsewhere. ~e

The structure in the resistive voltage curve of
Fig. 4(a), associated with the abrupt creation of
channels of normal phase at distinct current lev-

els, is shown in Fig. 4(b) for a small current in-
terval .The peaks in the derivative B V/BI are due
to steps in the resistive voltage which coincide
with an abrupt change in the current-induced mag-
netic structure in the strip. It is interesting that
negative peaks in the derivative B V/BI can also be
observed occasionally. This indicates that with
increasing current the magnetic structure and the
current pattern can rearrange themselves such
that a more favorable state of higher electrical
conductivity is attained. The detailed structure
in BV/BI was quite reproducible in each Pb speci-
men during the same low-temperature run and was
the same for increasing and decreasing transport
current. However, the results differed between
different runs when. in the meantime the sample
had been allowed to warm up considerably above
4. 2 K. The position of the peaks in the curves
of the derivative BV/BI remained unchanged while
vaxying the frequency or amplitude of the small
oscillatory component of the current.

Results similar to those of Fig. 4(b) were found
in most of the Pb samples investigated. The volt-
age steps 4 V associated with the peaks in B V/BI
such as shown in Fig. 4(b) can be estimated from
the integral

(4)

the integration being performed over each peak.
The value obtained from Eq. (4) can be compared
with the voltage step produced in the strip if a con-
tinuous channel of normal phase extending all the
way across the strip is created abruptly. In this
comparison we have taken the width of the normal
channel from previous magneto-optical experi-
ments, ' and we have assumed the domain
width to increase proportional to the square root
of the sample thickness. The resistive voltage
due to a single normal channel can be obtained di-
rectly from the normal resistance of the strip at
4.2'K together with the fraction of the volume oc-
cupied by the normal domain. Very often we have
found the voltage steps from Eq. (4) to range only
between 1 and 10/0 of the value estimated for a.

continuous normal channel. Such small values of
~ V' seem to indicate that in the Pb strips the cur-
rent induced c-hannels of normal Phase actually
consist of arrays of widely spaced flux tubes mov-
ing raPidly from the edges to the center of the
stmp. We shall see that this conclusion is also
supported by our magnetic-coupling experiments.
On the other hand in Pb we also observe voltage
steps between 1 and 10 times the value calculated
for a continuous normal channel its width being
estimated from our previous magneto-optical ex-
periments. These large values of 4V may be ex-
plained by the simultaneous creation of a group
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FIG. 7. Derivative BV/'BI vs current in an In strip
(thickness =4.5 pm; width=154 pm; length=6 mm; 3.34'K;
resistance at 4. 2'K=9. 2x10 3 0).

of several flux-tube arrays. Such simultaneous
creation of a group of normal domains near the
same location in the specimen has often been mag-
neto-optically observed in lead.

A quantitative treatment of the detailed struc-
ture in the variation of the derivative s V/sI with
current for a particular specimen appears to be
difficult because of its high sensitivity to small
changes in the sample properties (strain, oxida-
tion, etc. ). This high sensitivity to slight varia-
tions in the sample characteristics is, of course,
due to the fact, that we are dealing with a nuclea-
tion phenomenon which is amplified by the magnetic
instability involved. A qualitative discussion of in-
stabilities in a current-carrying conductor has been
given recently by Azbel. '8

Whereas the appearance of many distinct steps
in the voltage-current characteristics, such as
shown in Fig. 4(b), has been a general feature in
the Pb microstrips, in the indium strips structure
in the derivative S V/SI has been observed very
rarely and only close to T,. Our measurements
of the voltage-current characteristics in the In
strips have been performed in the temperature
range between 1.5 and 3.4'K. An example of the
derivative 8 V/BI for indium is shown in Fig. 7.
The peaks in the derivative s V/ Isshown in Fig. 7
were observed at 3.34 'K, the transition tempera-
ture of this specimen being 3.385'K. With de-
creasing temperature the magnitude of these peaks
decreased quickly, and at 3.30 K the peaks disap-
peared. The voltage step 4V associated with the
double peak on the right of Fig. 7 corresponds to
an increase in resistance of about 0. 1% of the
sample resistance at 4. 2 'K. In the current-car-
rying In strips the derivative 8V/SI generally
showed rather large fluctuations in time, quite in
contrast to the behavior in the Pb samples. In
addition, the electrical-noise power in the current-

carrying In strips has been found to be 2 orders
of magnitude larger than in our Pb specimens.
These results seem to indicate that in the In sam-
ples the number of normal channels created by the
current fluctuates rapidly and. strongly in time.
The measured value of the derivative BV/BI repre-
sents, of course, the time average of the local
slope of the V(I) curve. If the number of normal
channels and correspondingly the derivative s V/sI
fluctuate strongly with time, any step structure
will be smeared out by the time averaging, and the
time-averaged voltages are expected to increase
continuously with current. These conclusions are
further supported by our magneto-optical studies I

of Pb and In strips which indicate that in In
over a wide current range the current-induced
magnetic structures are much less stable than in
Pb.

The voltage steps which we have observed in the
microstrips of Pb and In appear to be similar to
the voltage instabilities reported for current-car-
rying whiskers of type-I superconductors' ' and
thin-film microbridges. ' From an inspection of
the data for whiskers' ' it appears that the voltage
steps occur at a current level for which the cur-
rent-induced magnetic field around the whisker is
of the order of the critical field of the specimens.
However, an understanding of these results in
terms of current-generated nonsuperconducting
domains, similar to the situation in our experi-
ments, is questionable in view of the small whisker
diameter which is comparable to the penetration
depth X.

B. Magnetic-Coupling Experiments

As pointed out in Sec. III A, the magnitude of
the resistive voltage steps in the Pb strips sug-
gests that the current-induced resistive state can
best be described by the dynamic model consisting
of rapidly moving flux tube arrays. This conclu-
sion is further supported by the magneto-optical
observation 7 that in Pb films over a considerable
magnetic field range the flux structure consists of
a liquidlike mixed state of flux tubes containing
many flux quanta. In the indium strips the resis-
tive voltage steps could generally not be resolved
presumably because of fluctuations in time of the
number of normal channels. However, it is in-
teresting to note that previous magneto-optical ex-
periments with In strips of about 5- p, m thickness'
did not demonstrate the existence of a liquidlike
arrangement of flux spots at any value of an ex-
ternally applied magnetic field, the intermediate
state structure consisting always of long extended
domains of the normal phase.

A discrimination between the static and dynamic
model of the current-induced resistive state in the
microstrips should be possible from magnetic cou-
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FIG. 8. Magnetic coupling in an In-A1203-In sandwich:
primary and secondary voltage vs primary current
(primary film: thickness =1.0 pm, width=175 pm, length
=6mm secondary film: thickness =-0.39 pm, width=175
pm, length=10. 8 mm; 1000-A A1203 insulation; 3, 29 K).

pling experiments with R sRndwic11 struetur e. If
flux motion occurs in the current-carrying part
(primary film) of the sandwich structure, and if the
insulation between the two superconducting films
of the sandwich is sufficiently thin, the flux stxue-
ture in the other part (secondary film) of the sand-
wich should also be set in motion. This results in
a voltage also in the secondary film to which no ex-
ternal current is applied. ' The secondary volt-
age is also to be expected if in the primary film
flux tubes of opposite sign move from the edge to
the center, Vfe have observed secondary voltages
due to magnetic coupling in sandwich structures us-
ing both leRd Rnd indium Rs the primary strip,
Again, these experiments were performed in zero
external magnetic field, the only field present be-
ing that associated with the primary current. The

absence of a secondary voltage above II, or T, con-
firmed in all specimens that the secondary voltages
were not caused by current leakage between the
two films. In Figs. 8 and 9 we show results ob-
tained with two indium strips (samples In 6 and
In 24). In these specimens magnetic coupling was
investigated from the superconducting transition
temperRture down to 1,6 K, The rRtio of the sec-
ondary to the primary voltage (coupling parameter)
was generally found to increase with decreasing
temperature Rnd to reach a maximum at an inter-
mediate current above the critical current of the
primary film. The reduction of the coupling pa-
rameter at higher currents may be explained by
slippage between the flux structure in the primary
and secondary film, which should become more
likely at higher flux-tube velocities. In samples
In 6 and In 24 we have observed values of the cou-
pling parameter as large as 0.7-0.8. However,
in other sandwich structures we found much small-
er values of the coupling parameter or no magnetic
coupling at all. It remains unclear whether the
absence of a secondary voltage in some of our
sandwiches was due to difficulties in achieving suf-
ficient magnetic coupling between both films or
whether it was caused by the absence of flux tube
motion inthe primary film. However, the appear-
ance of secondary voltages in a series of Pb and In
sandwiches tends to support the dynamic model for
the current-induced resistive state in both lead and
indium.

C. Electrical-Noise Power

As mentioned in Sec. IIIA, evidence for appre-
ciable electrical noise generated in the current-
earrying rnicrostrips through fluctuations in the
number of current-induced normal domains has
been obtained from the high-resolution magneto-
optical studies and the measurements of the volt-
age- current characteristics. In the following we
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FIG. 9. Magnetic coupling in an
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secondary voltage vs primary cur
rent (primary film: thickness =5
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Here, C is the resistive voltage per normal chan-
nel, and w the angular frequency. The notation
( ~ ~ ),„denotes time average.

(b) Next we consider the case of statistically
independent fluctuations &N with constant magni-
tude and an exponential distribution of their life-
time v' as indicated by the autocorrelation function

(AN(t)&N(t+ w) )~„= ( (&N) ),~ (8)
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FIG. 10. Noise-power spectra at two temperatures in
a Pb strip (thickness =0.5 pm; width =170 pm; length
= 6.35 mm; resistance at 4.2 'K in the normal state
=49.5x10 0). The data were taken at a peak of the de-
rivative eV/el (see inset).

assume for simplicity that all normal domains gen-
erated in the sample by the current are identical
and that it is only their number N which fluctuates
by 4N with time. The resistive voltage per nor-
mal channel is then, of course, also identical for
Rll domains, The following three model spectx'R
for the noise powex are of interest.

(a) If the fluctuations tIN in the number of nor-
mal domains are statistically independent of each
othex' and have constant magnitude and lifetime To

(pure shot noise") the noise-power spectrum is
given by

84 ((dN) )„.o &ovo

Here the noise-power spectrum is

~(~)=4C'((~N)').,„,'.+ .
%'6 note that this case is rather similar to the pow-
er spectrum of Eq. (5), except for the structure
in the latter due to the factor sin (~o(a7o).

(c) Finally, we assume statistically independent
fluctuations &N with a distribution of their life-
time v as indicated by Eq. (8) and with a coupling
between the magnitude &N and the lifetime 7 of the
form

~Nv = const —=k,
A consequence of this coupling is an increasing of
the noise power at high frequencies, A coupling
such as given in Eq. (8) appears quite reasonable,
since small fluctuations are expected to have a
longer lifetime than large fluctuations. The noise
power for this case shows ~ ' dependence at high
frequencies, and the power spectrum is given by

kC j- 2 3~(&d)=4~ o o 4~oarctan&~o- oin(i+& ~o)].
Q) 7'0

(9)
Here, v is the number of fluctuations per unit time
in the strip between the voltage probes.

In tI16 Pb specimens th6 magnitude of tI16 Dols6
power and its variation with frequency and sample
current has been found to vaxy considerably from
sample to sample and to change in the same speci-
men due to thermal cycling between room temper-
ature and 4.2 'K. It seems that the detailed be-
havior ls RgRlD vex'y sensltlve to small cI1anges lD

the sample characteristics. The In strips general-
ly showed a maximum in the noise power near or
somewhere above the critical current at which the
first resistance appeared. Both in Pb and In the
noise-power spectra very often showed a frequency
dependence ranging from ~ ' to & behavior above
and below the X-point temperature. Such behavior
can be attributed to flicker noise caused by a mod-
ulation of the electrical conductivity in the micro-
strips because of fluctuations in the number of nor-
mal domains. In various Pb and In specimens
noise spectra have been observed showing very
weak dependence of the noise power on frequency
at low frequencies and approximately & behavior
at high frequencies. Two typical cases are shown
in Pigs. 10 and 11. The data in Fig. 10 were ob-
tained at a current value at which the derivative
&V/SI showed a strong maximum (see inset). From
the similarity of the data in Pig. 10 above and be-
low the temperature of the g point it appears un-
likely that the noise is related to nucleate boiling
of llquld helium at the sample surfRce. The datR
in Figs. 10 and 11 show the frequency dependence
of Eq. (7) and indicate a fluctuation of the number
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TABLE'1. Lifetime vo, time average ((AN}t»}, and rate
v of the fluctuations of the number of current-induced
normal channels obtained from the data of Figs. 10 and
11 using Eqs. (7) and (10).
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00
0 Pb strip No. 98

1.67 K; I=293.9 mA
3, 0x10 3 2. 10. 8
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1.0 2, 3 2200

x
In strip No. 1
1,69'K; I=1.20 A

1.0 0.54

X I= t. f5A

0 T. = l.20A including the determination of 70, would require
an extension of our measurements to lower fre-
quencies where ttt(M) is expected to become fre-
quency independent.

In Fig. 13 we have plotted the noise power ver-
sus the current through an indium microstrip for
different temperatures. The data were obtained
with the selective amplifier tuned to 320 Hz and

Q = 25. A sharp peak in the noise power is ob-

to'
IO l04IQ~ IQ&

FREauncv (Hz)

FIG. 11. Noise-power spectra at 1.69'K in an In strip
(thickness =4.7 pm; @width=160 pm length=5. 7 mm.
resistance at 4. 2 'K= 2.44 x10 3 0).

of normal domains generated by the current, the
fluctuation being characterized by a single time
constant. A typical power spectrum showing co

behavior is seen in Fig. 12.
The data shown in Fig. 10 and 11 can be analyzed

in terms of Eq. (7), yielding the lifetime va of the
fluctuation and the time average ((4V) ),„. The
results are listed in Table I. Here the quantity e
has been calculated assuming the current-induced
channels of normal phase to consist of a continuous
normal domain of the width given in Table I, this
width being estimated from our previous magneto-
optical experiments. "' ~ In this calculation we may
have considerably overestimated the voltage 4 per
normal channel since we argued in Secs. III A and
IIIB that the channels consist of moving arrays of
flux tubes thereby contributing considerably less
resistance than a continuous normal domain of the
same width. Owing to this overestimate of e, the
time average ((bN) )„may be underestimated cor-
respondingly. From vo and the quantity ((&N) )„
one finds the rate v for fluctuations by a single
channel [(ddf) = 1] simply with
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~ = ((~N)')„/~, . (10)

The rate v is also given in Table I.
The w

' behavior of the noise power as shown in
Fig. 12, which has been observed in a series 'of

specimens, may be understood in terms of the ex-
pression (9) which is based on a coupled distribu-
tion of T and AN given by Eqs. (6) and (8). How-

ever, further analysis of the data using Eq. (9),

I li«l I I I I I IIII
Io' ~o'

FREQUENCY tHz)

lo '

IO' IO'

FIG 12, Noise-power spectra at 2, 09 K and 4%'0 cul-
rent values in an In strip (thickness =4.5 pm; width =154
pm; length=6 mm; resistance at 4. 2'K=9. 2x10" Q}.
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ways been found to increase monotonically with
current. However, a strong instability of the cur-
rent-induced magnetic structure within a small
current range above the critical current has been
observed in previous magneto-optical studies of
In strips. ~~ A quantitative understanding of these
instabilities clearly requires further investiga-
tions.
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served at all temperatures. The strong rise in the
noise power has been found to occur close to the
critical current at which the first resistive voltage
appears. In the plots of Fig. 13 we have included
the background noise power which is represented
by the data at low currents, %'e note that the width
of the peak in the noise power increases with de-
creasing temperature. A peak in the noise power
above the critical current has been found in all
indium samples. However, this peak was not al-
ways as sharp as shown in Fig. 13. The maximum
in the noise power observed ia. the indium strips
somewhere above the critical current value appears
to be associated with an instability in the current-
induced magnetic structure. Ne note that the aver-
age number of norma1 domains and the resistive
voltage (except for some fine structure) have al-

0» ~ i )

0 0.2 QA 0.6 0.8 l.O l.2 l.4 l.6 l.8 2.0
CURRENT(A)

FIG. 13. Noise power for an In strip vs current fox'

different temperatures (sample thickness =2. 0 pm; width
= 190 pm; length = 6. 3 mm; resistance at 4. 2 ' K = 4. 1
xl0 Q). Note power taken at 320 Hz with @=25.

IV. CONCLUSIONS

(i) The electrical resistance in superconducting
strips of lead and indium is restored by R large
transport current over a wide current range in con-
trast to the behavior in cylindrical wires of type-I
superconductors. High-resolution magneto-opti-
cal studies have shown that, during the restoration
of the resistance by a transport cux rent, channels
of the normal phase are generated in the strip
perpendicular to the current direction.

(ii) The creation of the channels of normal phase
is a consequence of a magnetic instability similar
to the kink instability in magnetohydrodynamics.
It results in sharp resistive voltage steps and well-
defined peaks in the derivative SV/&I. Whereas
in leRd str ips the RppeRx'Rnce of detRiled structux'e
in &V/SI has been a general feature, appreciable
peaks in &V/SI in indium strips have been observed
only close to T,.

(iii) Above the critical current the number of
channels of normal phase and the average slope of
the V(I) curve increase about linearly with current.

(iv) The current-induced interinediate state in
strips of Pb and In can best be described by a dy-
namic model consisting of ax'rays of flux tubes
moving rapidly from the edges to the center of the
strip perpendicular to the current direction. This
model is supported by the magnitude of the individ-
ual voltage steps and by the observation of dynamic
magnetic coupling between two films of a sandwich
structure.

(v)' The noise-power spectra in the current-in-
duced resistive state usually show a frequency de-
pendence ranging from v to v behavior and may
be attributed to flicker noise caused by Quctuations
in the number of normal channels. From the noise
power spectra the rate and lifetime of these fluc-
tuations has been estimated. In the In strips a
distinct peak in the noise power has been observed
above the critical cux rent.
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Amorphous mixtures of Al-Al 03, Sn-SnO~, Ta-Ta O„and Ni-NiO were sputtered in various

concentrations at room temperature. The resistivity was measured as a function of temperature between
1 and 300'K in three different ways; two-point and four-point contacts in a planar geometry and in a
capacitance configuration. The most extensive measurements conducted on the Al-A1~93 and Sn SnOg
systems showed that, over nine orders of magnitude in resistance the resistivity could be described by

p=po e( ' ) with n =4 over a wide range of compositions in the Al-A1~03 system. This resistivity

behavior along with the current's voltage dependence and the ac resistivity measurements indicate that
the conduction mechanism in such films may be similar to the thermally activated hopping mechanism
described in other amorphous materials.

I. INTRODUCTION

The electrical and structural properties of met-
al-metal-oxide films have been studied in both
limits: high metal concentration or granular films'
and low metal concentration or cermet films.
The conduction mechanism has, however, been
studied only at high temperatures and low electric
fields except in the granular system ¹i-Si02,
which was investigated at high fields and low tem-
yeratures. However, little attention has been
given to the conduction mechanism at low temyera-
tures in amorphous metal-metal-oxide films. The
approach used 1n the p1 esent study was 'to 1nvestl-
gate the properties of certain metal-metal-oxide
systems as a function of the oxide concentration
starting from the granular-type films and ending

with doped oxide films. One may expect that such
a continuous approach will permit a better charac-
terization of films which by electron or x-ray dif-
fraction could only be described as amorphous.

From a theoretical point of view, the conduction
in such amorphous materials as Ge and Si films or
in sd oxides was described by Mottv in terms of a
yhonon-assisted hopping mechanism. This theory
was recently recast using percolation theory and
predicts that the electrical resistivity (p) should
vary as exp(const x 7 '14). This temperature de-
yendence has been verified for amorphous Ge and
Si ' in the temperature range 60-300 'K. On
the other hand, although this temperature depen-
dence is observed in Fe203 ~ and ¹0'below
60 'K, it seems to go over to a power law below
10 'K, in agreement with a recent calculation. '


