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Measurements of flux flow in type-II superconductors by a direct flux-detection method are described.
A superconducting-quantum-interference-device magnetometer is employed to monitor the fluctuating
component of flux changes in the central part of Ing oPb, ; alloy samples as a function of the transport
current. Experimental results show that the behavior of flux flow in the high-current region is
significantly different from that near the onset. For high-current values, the noise-power spectral density
can be fitted quite well by a Lorentzian form, and the rolloff frequency varies linearly with the current as
well as the length, but not the width, of the detection loop. A simple model is proposed to account for
these observations. The number of moving bundles is estimated from the data, and its low value suggests
that only a small fraction of flux lines form sizable bundles that can be detected in this experiment. In
the near-onset region, the average ac output of the detector shows several distinct peaks as the transport
current is increased. Power spectra exhibit the form of 1/f noise at the peak positions, whereas devia-
tions from 1/f noise are found at positions away from the peaks. The 1/f noise as well as deviations
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from 1/f can be explained by assuming a velocity spread of the moving bundles.

I. INTRODUCTION

It is well known that magnetic fluxoids in type-II su-
perconductors can be driven into motion by applying a
dc transport current in the sample perpendicular to the
magnetic field. It follows that a time-averaged dc voltage
as well as a fluctuating ac voltage can be generated in the
sample. The dynamical properties of this flux motion
have been extensively studied in the past."'? Of special in-
terest is the study of the ac component (or flux-flow
noise), initiated by van Ooijen and van Gurp,® from
which specific information about the dynamical behavior
of the fluxoid motion can be derived.

In essence, van Ooijen and van Gurp® used a shot-noise
model to explain their experimental results obtained with
potential probes attached to the specimen. An individual
flux entity ® (either a singly quantized flux line or a bun-
dle of flux tubes) that moves across the sample with a
transit time 7 will give rise to a rectangular voltage pulse
with height ® /7 and width 7. If the flux bundles are of
the same size and move independently in a random
fashion with the same velocity, in accordance with a
shot-noise theory,* this process will result in a noise-
power spectrum of the form 2®V(sinp/p)?, where
p=mf7, with a rolloff frequency f,=1/7=v /W, where
V is the time-averaged dc voltage, v is the velocity of flux
lines, and W is the width of the sample. A number of ex-
perimental and theoretical investigations®™%’ were re-
ported after the work of van Ooijen and van Gurp. These
studies, however, have not yet led to a consistent descrip-
tion of the dynamical processes of flux motion in super-
conductors.

A chain model was proposed by Chilton® and later ex-
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tended by Wade.® They suggested that flux motion might
take the form of vortices moving in columns (or chains of
vortices) extending form one side of the sample to the
other. The neighboring chains are uncorrelated, and the
flux lines between chains are stationary. This model was
also used by Jarvis and Park’ to account for the extreme-
ly small bundle size deduced from their data.

Another model used by Jarvis and Park® and Joiner
and co-workers”!? assumes that the flux motion is inter-
rupted by pinning centers, so that the voltage pulses orig-
inally proposed by van Ooijen and van Gurp® are divided
into subpulses. By an appropriate choice of the range of
the subpulse widths, their data can be fitted very well by
this model.

Flux-flow noise and correlation functions were exten-
sively studied by Heiden and co-workers.!!~*® For sam-
ples containing many small grains, their results seem to
support an assumption that the flux-flow noise is due to
locally generated random fluctuations of vortex velocity
and density caused by the pinning centers. These fluctua-
tions can lead to distortions of the otherwise homogene-
ous arrangement of vortices which travel with an average
velocity v. In view of their results, it seems that the mod-
el of van Ooijen and van Gurp may be applied to samples
only with very large grain sizes.!>"

Burgess'® and Clem?° ™23 have calculated power spectra
of flux-flow noise. In particular, Clem predicted that the
spectra should depend on the ratio of the separation be-
tween voltage probes to the width of the sample.?’ This
prediction, however, has not been completely verified by
experiment.’

In view of the different results reported in various ex-
perimental studies and discrepancies between theoretical
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predictions and experiments, it seems desirable to investi-
gate the flux motion by using a new independent method.
This is the motivation of the present work. The super-
conducting quantum interference device (SQUID) is a
natural candidate for this measurement because of its ex-
tremely high sensitivity to changes of magnetic flux. Un-
der proper shielding conditions, it can be arranged to
respond mainly to the flux changes in its input detection
loop closely coupled to the superconducting sample.
Some results of such an experiment have been reported
before.?® Recently, Ferrari et al.?° also used a SQUID to
measure flux noise in high-temperature superconducting
thin films under zero-bias current. In the present paper,
we describe more detailed measurements of flux-flow
noise in conventional type-II superconductors by using a
SQUID to monitor directly the fluctuating component of
flux flow. The rest of the paper is organized as follows.
In Sec. II the experimental details and sample prepara-
tion are described. The main experimental results are
given in Sec. III. Because of quite different behavior ob-
served in the experiments, the total flux-flow regime is di-
vided into a ‘“near-onset region” and a ‘“‘quasilinear re-
gion.” In Sec. IV a model for flux-flow noise in the quasi-
linear region is developed. Section V discusses bundle
size, number of observed flux bundles, 1/f noise, and
flicker noise. The last section presents our conclusion,
and the relevance of our method to the investigation of
high-T, superconductors is pointed out.

II. EXPERIMENT

A. Preparation and mounting of samples

Samples used in this experiment are sheets of indium
(90%) and lead (10%) alloy. The k value of the material
at the temperatures of our measurements*° is around 1.5,
The pure material obtained from A.D. Mackay Company
was melted in a vacuum of 1X107% Torr in a molybde-
num boat coated with Al,O;. After the material was
melted and cooled down, the ingot was flattened by a rol-
ling machine. The direction of rolling was frequently
changed so as to avoid a preferred direction in the
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stretch. After the thickness reached the required value
(50 pm), the sample was cut by razor blades to the
desired shape. The dimensions of samples were approxi-
mately 2 X 12X0.005mm?, with two attached terminals 8
mm apart along the length direction for voltage measure-
ments. Most of the samples were annealed at 130°C in
air for 6 h. Only the sample 7 was not annealed, but it
had stayed in air for 4 months before it was used.

The sample was affixed to clean sapphire substrate by
GE varnish. A small rectangular detection loop made of
thin insulated niobium wire (0.003-in. diameter) was
placed on the surface of the sample; the longer side of the
rectangular loop was parallel to the direction of the
transport current. The rest of the detection coil was
shielded by a thin lead tubing. The ends of the detection
coil were connected to the input terminals of an rf
SQUID which monitored the flux change in the detection
loop. Pertinent information about the samples and detec-
tion loops is given in Table I. The H,,(0) values were ob-
tained from H_,(T)=H_(0)[1—(T/T,)*] by measuring
H_,(T) at several low temperatures (where k is nearly
constant). It should be noted that in our experiment the
temperature was in the range from 2.9 to 4.2 K, and the
magnetic field was between 150 and 500 Oe. We always
maintained the magnetic field higher than H_, of the sam-
ple. However, this field was much lower than the H,, of
niobium within the temperature range of the experiment,
so that the magnetic flux could not penetrate into the
niobium wires. This condition was essential in order to
avoid spurious effects arising from flux flow in the niobi-
um detection loop.

The sample was mounted on a holder which was placed
between two superconducting Helmholtz coils in the
direction that the magnetic field was perpendicular to the
broad face of the sample. The Helmholtz coils were
operated in superconducting persistent mode in order to
maintain a stable magnetic field. The entire assembly was
shielded from ambient magnetic field by a long lead su-
perconducting cylinder with a closed bottom. The heli-
um Dewar was magnetically shielded by two concentric
p-metal layers, which reduced the residual magnetic field
to a level of about 107> Oe. The measurements were
made in a screened room.

TABLE I. Some properties of samples and detection loops.

Critical
Critical magnetic Detection loop Ginzburg-Landau Lead
temperature field Sample dimensions dimensions Treatment parameter atomic
Sample T, (K) H,(0) (Oe) w (mm) ! (mm) t(mm) W (mm) L (mm) condition K percent
1 4.41 1270 1.35 7.5 0.05 0.2 4 annealed 1.5 10
at 130°C for 6 h
2 4.34 1207 1.8 8.7 0.05 0.2 4 same as above 1.5 10
3 4.34 1207 1.95 6.6 0.05 0.2 1.6 same as above 1.5 10
4 4.42 1237 1.9 8.0 0.05 0.2 4 same as above 1.5 10
5 4.37 1140 2.6 8.7 0.05 1 4 same as above 1.5 10
6 4.37 1140 2.15 8.0 0.05 0.6 2 same as above 1.5 10
7 4.42 1247 1.8 8.1 0.05 0.2 4 unannealed 1.5 10
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B. Measurement circuit

A schematic diagram for the whole system is shown in
Fig. 1. The section enclosed within the dotted line was in
low temperature. The dc current for the sample was sup-
plied by a stable dc power supply, and the dc voltage V
induced by flux motion was measured with a Keithley
148 nanovoltmeter.

When the flux lines under the detection loop were in
motion, the time-dependent output of the rf SQUID can
be written as

Ve(t)=(Vg)+8Vx(t), 1)

where (V) is the time-averaged output of the SQUID
and 8§V (¢) is the ac component of the output. The part
(Vg ) includes two contributions. The major effect
comes from the average flux changes in the total flux lies
in the detection loop, and a small amount of flux lines
generated by the driving current will also link through
the detection loop, giving rise to a small contribution.
The latter part depends on the relative positions of the
loop and the sample as well as the smoothness of the sam-
ple. Because the latter condition cannot be accurately
controlled, { ¥z ) cannot be considered reliably as a use-
ful measure of the flux motion. Therefore, Vx ) was not
recorded in most cases. The output terminals of the rf
SQUID could be connected to an oscilloscope to see the
variation of 8V(?), to a spectrum analyzer to measure
the power spectral density distribution of 8V (t), or to a
lock-in amplifier used as an ac voltmeter to measure its
rms amplitude. The last quantity will be represented by
(8Vg ) in the text. When this lock-in amplifier is used as
an ac voltmeter, the meter reading is within 12% of the
wideband rms amplitude of the signal, and its bandwidth
of frequency response is from 0.1 Hz to 0.1 MHz. This
wide bandwidth covers the range of frequency response
of the rf SQUID used in our experiment.

The rf SQUID was in most cases operated in the “fast”
mode with no filter applied. The bandwidth of this
SQUID in this condition is from dc to 20 kHz. For small
signals, high-frequency information (up to 210 kHz)
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Experimental setup for flux-flow noise measure-

could also be obtained from the HF (high-frequency) out-
put. A small tightly wound solenoid was used as a known
flux source to calibrate the detection system; the result
was that a change of single flux quantum in the detection
loop corresponds to an output amplitude of 2.2 mV with
the “X10” setting used in our experiment. The lowest
temperature at which the SQUID can function was ap-
proximately 2.9 K; hence all of our experiments were per-
formed at temperatures higher than the A point of liquid
helium.

III. EXPERIMENTAL RESULTS

All of our experimental results were obtained from
three types of measurements, namely, the dc voltage
versus transport current (V-versus-I curves), the ampli-
tude of 8V (t) versus transport current ({ 8V )-versus-I
curves), and the power spectra of 8V (¢).

A. V-versus-I curves

A typical set of V-versus-I curves at different magnetic
fields is shown in Fig. 2. The data were obtained with the
sample 6 at T'=3.672 K. The general features of the V-
versus-I curves are as follows: The voltage remains zero
until the current reaches a critical value. As the current
passes the critical value, the voltage begins to appear and
increases nonlinearly in a region near the voltage onset.
This is called the “near-onset region” of flux flow. The
reason for this strongly nonlinear behavior is mainly due
to pinning effects. As the current is increased further, the
relationship between the current and voltage becomes
nearly linear and is called the ‘“‘quasilinear region.” It
should be noted that the V-I curves in this region are al-
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FIG. 2. Typical set of V-vs-I curves obtained with sample 6
at T'=3.672 K in different magnetic fields.
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ways concave upward, indicating a nonconstant dynami-
cal resistance. The nonlinearity of the V-I curve at rela-
tively high currents could be partly due to self-heating.
The flicker noise which results from this effect will be dis-
cussed in Sec. V.

B. (8Vy )-versus-I curves

Useful information and some new features of flux flow
were revealed from measurements of the ac voltage of the
SQUID output 8V;. There are generally two ways in
which these measurements were made. First, the real
shape of the noise voltage 6V (¢) can be directly viewed
from an oscilloscope. Figures 3(b) and 3(c) are typical os-
cilloscope pictures taken in the near-onset and quasilin-
ear region, respectively. These pictures show basic
difference between the noise § Vx(¢) in these two regions.
In the near-onset region, the individual §V(t) voltage
jumps show strong overlap, giving rise to a large ampli-
tude fluctuation. In the quasilinear region, the 8Vy(¢)
signal shows less amplitude variation (note the change in
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FIG. 3. Typical oscilloscope traces showing (a) intrinsic noise
of the rf SQUID at the standard output (X 10 range, no filter,
and in “fast mode”); (b) voltage variation 8V (¢) at the onset of
flux flow obtained with sample 5 at T =4.1 K, H =26 Oe, and
I1=0.286 A; (c) voltage variation in the quasilinear region ob-
tained with sample 2 at T=3.447 K, H =260 Oe, and I =0.48
A.

scale). In the second method the average amplitude of
the ac signal ({8V% )) was measured directly by using an
ac voltmeter across the output terminals of the SQUID.
Because the ac signal observed by the first method cannot
be recorded in a continuous manner when [ is varied, we
have used the second method to take data of {8V, ). Its
calibration, however, was done by using the first method.
Figure 4(a) is a typical set of {8V )-versus-I curves
with the applied magnetic field as a parameter. Figure
4(b) is an enlargement of the {8V )-versus-I curve with
H =227.5 Oe taken at a later time. These data were tak-
en with the sample 2 at T'=3.672 K. For the sake of
comparison, in Fig. 4(b) and V-versus-I curve under the
same condition was also recorded, and the dc voltage in
the specimen was measured with a nanovoltmeter con-
nected to the two attached leads. Unlike the smooth
variation of ¥ with I, {8V ) exhibits complex structures
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FIG. 4. (a) Typical set of {8V )-vs-I curves at different mag-
netic fields obtained with sample 2 at T =3.672 K. (b) Enlarged
plot for the curve in (a) with H =227.5 Oe and the correspond-
ing V-vs-I curve.
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in the near-onset region. When the current was increased
from zero, {8V ) remains at a very low value (it corre-
sponds to the intrinsic noise of the SQUID) until the
current reaches the critical current I,. At I,, {8Vy)
jumps abruptly to a large value and exhibits several dis-
tinct peaks for a certain range of current. As the current
is increased further, {8V ) decreases rapidly in a short
range of current. After that, {8V ) decreases slowly
and the {8V )-versus-I curves become smooth at high-
current values.

In the near-onset region, one remarkable feature in the
(8Vy )-versus-I curves is that there are several distinct
peaks. The first peak gives a sharply defined critical
current. The position of the peaks is well defined and can
be repeated very well from one run to another, although
the height of the peaks may differ slightly. The height of
peaks decreases as the temperature or magnetic field is in-
creased. The number of peaks may depend on the tem-
perature and magnetic field and may differ from sample
to sample; the relative height of the peaks is also sensitive
to temperature and magnetic field.

In the quasilinear region, {8V ) decreases gradually
with increasing I and the {8Vj )-versus-I curve appears
smooth. The value of {8V ) in the quasilinear region is
much smaller than that in the near-onset region.

The abrupt jump of {8V ) at the critical current
clearly separates the system into different states, the sta-
tionary and flux-flow states. It defines an unambiguous
critical current. In previous work the critical current
was usually defined by the onset of voltage in the V-
versus-I curve. But in the onset region, the voltage is
very small and increases gradually with current; detec-
tion of this small voltage and determination of the critical
current are subject to large errors. It can be seen from
Fig. 4(b) that the critical current is not well defined in the
V-I curve. From the clean-cut jump of {8V ) at the
critical current, one can see the great improvement in
sensitivity offered by the combination of a SQUID and a
voltmeter. The critical current I, or critical density J,
used in this paper were all determined this way.

C. Power-spectra measurements

The power spectrum is a very important quantity in
the study of flux-flow noise. Some dynamical features of
flux flow can be extracted from the power-spectrum mea-
surement. Our experimental results have shown that
power spectra in the near-onset region are quite different
from those in the quasilinear region. For convenience,
power spectra in the quasilinear region will be illustrated
first.

1. Power spectra in the quasilinear region

When the system is in the quasilinear region, the power
spectra rf SQUID output are well fitted by a Lorentzian
expression A[1+(7wf/f.)*]"!, where 4 is a constant
and f, is the characteristic frequency. Several typical
power spectral density W (f) curves are shown in Fig. 5.
In these figures points are experimental data, solid lines
are the best fits to A[1+(7mf/f.)*]"!, and f, in each

W.J. YEH AND Y. H. KAO

oS

FS

10 - ~ v
g 5 fc =10.3kHz {I0° fe=11.5 kHz
o~ r 1 5T
E, 10 " 1 r
s 5 107t
= - (a) 5r (b)
107 2 i rs r
9) 5 10 15 0 5 10 15
f (kHz) f (kHz)
fo =42.9kHz 1
|O .
o 5 10 15~ 0 20 40 60
f (kHz) f (kHz)
10°° -
~ 5 fe £16.7kHz ]
::N c *16.7kHz
E ol .
Q 5- -
S _te
10-7 N
0 5 10 15 0 5 10 15
f (kHz) f (kHz)

FIG. 5. Set of power spectra in the quasilinear region ob-
tained with various samples at different temperatures, magnetic
fields, and current densities. Dots are data points, and solid
curves represent best fits to the data by the form
A[1+(mf/f.)*]7"; f. is obtained from the best fit. (a) Sample
1, T=2.99 K, H=325 Oe, and I=0.53 A. (b) Sample 6,
T=3.86 K, H=78 Oe, and I =0.4 A. (c) Sample 2, T =3.447
K, H=227.5 Oe, and I =0.46 A. (d) Sample 2, T=3.447 K,
H =227.5 Oe, and I1=0.7 A. (e) Sample 7, T=3.447 K,
H =159.3 Oe, and I =0.6 A. (f) Sample 2, T=3.86 K, H =91
Oe, and I =0.4 A. The detection loop dimensions for (b) are
1 X 4mm?; all others are 0.2 X 4mm?.

figure was obtained from the best fit. The detection loop
for Fig. 5(b) was 1 X4mm?, and the detection loop for all
other figures in this set was 0.2X4mm? Power spectra
in Figs. 5(c) and 5(d) were taken from the same sample at
the same temperature and magnetic field, but with
different current densities. Note that the frequency scale
in Fig. 5(d) is larger than that of Fig. 5(c). We have accu-
mulated a large number of power spectra at different tem-
peratures, magnetic fields, and current densities with
different sizes of detection loops; most of them are well
fitted by the Lorentzian expression. A few of them show
some low-frequency deviation; Fig. 5(f) is a typical case
where the data points fall below the Lorentzian curve in
the low-frequency region of the power spectrum. This
low-frequency reduction may possibly suggest some
long-range correlation in the process, implying that the
flux bundles may form a somewhat more regular pattern
in some samples.

From Figs. 5(c) and 5(d) it can be seen that when the
current density J is increased the characteristic frequency
J. also increases. In order to investigate the relationship
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FIG. 6. Plots of f. vs (J —J,) obtained with sample 7 at
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straight lines represent least-squares fits to the data.

between f, and J, we plot f,. versus (J—J,) using tem-
perature and magnetic field as parameters. Figure 6 is a
plot of f, versus (J —J) taken from the sample 7 at vari-
ous magnetic fields, and the temperature was kept con-
stant at 3.447 K. This plot demonstrates a linear relation
between f, and (J —J,). The straight lines in the plot
represent least-squares fits to the data. The slope of the
straight line increases as the magnetic field as increased.
Figure 7 is a plot of f, versus (J—J,) taken from the
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FIG. 7. Plots of f. vs (J —J,) obtained with sample 1 at
h =0.5, with the temperature as a parameter. The solid straight
lines represent least-squares fits to the data.
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sample 1 at different temperatures, while the reduced
magnetic field 4 (=H /H_,) remains constant at 0.5.

In order to reveal the relationship between the charac-
teristic frequency f. and the geometry of the detection
loop, two sets of measurements were made. In each of
these sets we had similar samples and the same external
conditions (temperature and magnetic field), with the
same shape but different sizes of the detection loop. Plots
of f. versus (J —J,) for different loops are shown in Figs.
8 and 9. The geometry of the detection loop for each of
the measurements is shown in the inset of the figure. In
Fig. 8 the length and width of the detection loop for
configuration A are both twice as big as those of
configuration B. If the shot-noise model® were used, the
characteristic frequency f, should depend on the width
W of the loop and the velocity v of the flux lines in accor-
dance with f.=v/W; hence the loop with a larger width
should lead to a lower characteristic frequency when the
velocity remains constant. Since the external conditions
for the two configurations were the same, the velocities
should be about equal for the same current density. Ob-
viously, our experimental results are inconsistent with the
consequence of the shot-noise model.

The effect of the length of the loop on the characteris-
tic frequency can be seen more clearly in Fig. 9(a), in
which the width was kept constant while the length was
changed. The results show that a shorter length leads to
a lower characteristic frequency. Measurements for
loops with constant length but different widths show that
f. remains practically unchanged. The difference in f,
shown in Fig. 8 is believed all due to the length variation.
The {8V, ?-versus-I curves for configurations B and 4 in
Fig. 9(a) are depicted in Figs. 9(b) and 9(c), respectively.
These curves show that the signal amplitudes for both
cases are nearly the same in the high-current region, sug-
gesting that the moving flux bundles in these two
configurations are of similar size.
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FIG. 8. Plots of f. vs (J —J,) obtained with two different
detector configurations. All the data were taken at 77=3.86 K
and H=78.0 Oe, A4 for sample 5 and B for sample 6. The
configurations of the detection loop are shown in the insets.
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FIG. 9. (a) Plots of f. vs (J —J,) obtained with different
lengths of the detection loop. All the data were taken at
T=3.447 K and H =227.5 Oe, A for sample 2 and B for sam-
ple 3. The configurations of the detection loop are shown in the
insets. (b) The {8Vy )-vs-I curve for B. (c) The {8V )-vs-I
curve for 4.

The measurement of f, with various lengths and
widths of the detector loop also lends experimental sup-
port to our earlier assumption that the presence of a su-
perconducting Nb detector loop atop the sample has a
negligible effect on the observed flux-flow noise. In prin-
ciple, it may be argued that the Nb wire could present a
potential barrier to the motion of fluxons in or out of the
detector loop, possibly as a result of local disturbance of
field distribution in the immediate neighborhood of the
Nb wire or penetration of some fluxons into the Nb wire.
Although these possible contributions of the Nb loop are
difficult to check quantitatively, our results clearly indi-
cate that the width of the detector loop used in the
present experiment was always large enough that f, actu-
ally remained unchanged when the detector width was
varied while its length was kept constant. Or the flux-
flow phenomena that took place in the sample observed
in the present experiment were practically not influenced
by the Nb wire. Hence our results, and the interpreta-
tions of flux-flow noise henceforth (see Sec. V), are in-
dependent of the possible minor perturbation due to the
presence of the Nb detector loop.

I®

2. Power spectra in the near-onset region

Instead of the Lorentzian shape, the power spectral
density can become inversely proportional to frequency
in the near-onset region as shown in Fig. 10. All data
were taken at the peak positions of the {8V )-versus-I
curves. The straight lines in the figure are guides for
eyes. Because of the frequency limitation of our power-
spectrum analyzer, we could not measure power spectral
density lower than 200 Hz. In the 200 Hz-to-15 kHz fre-
quency range of our measurements, the slopes of these
straight lines are close to —1. Although 1/f-type noise
was observed in some previous flux-flow noise studies,®’
no detailed explanation was given. The present experi-
ment shows that different types of power spectra (1/f
and Lorentzian types) can be observed in the same flux-
flow system. This observation also provides some clues
for the explanation of the 1/f noise in flux motion (see
Sec. V).

Deviations from the 1/f-type distribution were also
observed. To illustrate the deviations, a set of power
spectra is depicted in Fig. 11(a). This set of data was
taken from one sample with fixed temperature and mag-
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FIG. 10. Power spectra measured in the near-onset region.
All the data were taken at {8V ) peak positions. (a) Sample 4
at T=4.03 K, H=182 Oe, and I =0.018 A. (b) Sample 4 at
T=4.03 K, H=143 Oe, and I=0.142 A. (c) Sample 4 at
T=4.22 K, H=52 Oe, and I1=0.13 A. (d) Sample 2 at
T=3.45K, H=2950e,and I =0.395 A.
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netic field, but at different current values. The solid lines
in the figure are guides for eyes. Figure 11(b) is the
(8Vy ?-versus-I curve corresponding to the conditions
for Fig. 11(a). The positions indicated by arrows corre-
spond to current values where the power spectra in Fig.
11(a) were taken. The results show that both the shape
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FIG. 11. (a) Series of power spectra taken from sample 4 at
T =4.22 K and H =52 Oe, with the current values shown in the
figure and also indicated by arrows in (b). (b) The {8Vy )-vs-I
curves corresponding to the power spectra shown in (a) with the
specific current values indicated by arrows.

and amplitude of the power spectrum are very sensitive
to current values. Curve b in Fig. 11(a) was measured at
a low {8V ) value between two peaks; its amplitude is
lower than that of curve ¢, which was taken at a nearby
peak position. The shape of the power spectrum at the
peak position is very close to that of the 1/f noise, while
at the bottom position it deviates appreciably from the
1/f-type distribution, as shown by curve b. Curve a in
Fig. 11(a), which was obtained from the first peak (near
critical current) position, is an exception: It is close to
the Lorentzian-type distribution. For the sake of com-
parison, the power spectrum at the beginning of the
quasilinear region is also shown in Fig. 11(a), as indicated
by curve d, which shows the Lorentzian distribution.
The 1/f noise has long been a puzzling problem in solid-
state physics; despite a large number of work done on this
subject,’! a satisfactory general explanation has yet to be
found. The 1/f noise in our experiments is discussed in
Sec. V.

IV. MODEL FOR FLUX-FLOW NOISE
IN THE QUASILINEAR REGION

A very important quantity for calculating the noise-
power spectrum is the autocorrelation function, which is
defined as

Y, T)=(Y()xY(t+T)), (2)

where Y (¢) is a physical quantity under consideration.
For a statistically stationary system, (¢, T) should be in-
dependent of ¢, which means ¥(¢,T)=y(T). The auto-
correlation function is related to the power spectrum
W (f) of Y () by the Wiener-Khintchine theorem*

wif)=4[ 0°° W T)cos2mfT)dT 3)
and
D= [ “W( eos2ufTidf . )

In the present experiment, we tried unsuccessfully to
explain our results by using the shot-noise model® or the
modified shot-noise model by Clem.?° First of all, none of
these models relates noise with the Lorentzian spectra.
Second, the shot-noise model predicts that the charac-
teristic frequency should decrease as the width of the
loop is increased and be independent of the length of the
loop; our experimental results give just the opposite, as il-
lustrated in Figs. 8 and 9. These observations are impor-
tant clues in the construction of our model described in
the following.

A schematic diagram representing the experimental ar-
rangement is depicted in Fig. 12 where the dots represent
the flux bundles and the rectangle represents the detec-
tion loop. The boundary of the sample is not shown in
the figure. The direction of the current in the sample is
parallel to the long side of the rectangular loop; the flux
bundles move in a direction perpendicular to both H and
J. If one bundle enters the loop followed by a bundle
leaving the loop, a rectangular pulse appears at the out-
put. This forms the basic mechanism for the pulse sig-
nals detected in our system.
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FIG. 12. (a) Schematic representation for flux flow and a
detection loop. (b) A schematic representation of an ideal
SQUID output voltage as a function of time.

The samples used are polycrystalline alloys of In-Pb
with a large number of bulk defects and grain boundaries,
as well as surface defects. All of these may act as pinning
centers for flux lines. If the current passed through the
sample is below the critical current, all the flux lines are
pinned by these pinning centers, which may be viewed as
potential barriers for the flux lines. The Lorentz force is
balanced by the pinning force, although the potential bar-
riers from different kinds of pinning centers are not the
same. When the current is increased, flux lines should
build up at the pinning centers and form bundles until the
Lorentz force plus the forces between flux lines exceed
the pinning force. This condition determines the critical
current for flux motion or the onset of a voltage in the su-
perconductor. There is no reason to assume that all flux
lines depin at the same critical current. In fact, the com-
plex structure in the near-onset region is caused by
different kinds of pinning centers giving rise to different
current values needed for depinning.

When the current is sufficiently large to bring the sys-
tem to the quasilinear region where the Lorentz force is
much larger than most of the pinning forces, the
difference between pinning centers becomes less impor-
tant. In this region it is reasonable to assume that all the
flux bundles have nearly the same velocity. It is also pos-
sible that these bundles may be ordered; thus their
motion could become correlated.

To calculate the flux-flow noise power, one would
necessarily resort to some simplifying approximations.

Let us first consider a small detecting loop which only
detects a more or less one-dimensional chain of flux bun-
dles. If all the bundles are of the same size, their motion
with nearly the same velocity in the same direction will
give rise to square-wave pulses in the detector output [see
Fig. 12(b)]. It has been tacitly assumed that each enter-
ing (leaving) event is followed by a leaving (entering)
event; thus the bundles are not totally independent of
each other.

This simple model shows that the characteristic fre-
quency of the square-wave output is independent of the
detector width W. Since the detector contains many flux
bundles, the average duration of the square-wave pulses
can be much shorter than the transit time W /v for each
individual bundle to cross the detector.

Now let us extend the length L to contain more flux
bundles in the detector, as shown in Fig. 12(a), assuming
once again that all the bundles are of the same size and
move in the same direction with nearly the same velocity.
If the sample is homogeneous, it is likely that the proba-
bility of two same events (two flux lines both entering or
both leaving the detector loop) to follow each other
should be smaller than the probability of two different
events following each other (i.e., one flux line entering
and another one leaving or vice versa). Our assumption
that different events are following each other, as in the
one-dimensional chain model discussed above, should
still be a good approximation. Hence the detector output
for the two-dimensional flux flow in the same direction
should also exhibit largely square-wave pulses, although
the frequency is clearly much higher than that of a single
chain. This is in contrast to the case of completely ran-
dom events where it is well known that the characteristic
frequency is independent of the number of occurrences
per unit time. The point is due to the fact, as in the
present model, that the pulses are not entirely random in
relation to one another since a sharp voltage increase
must always follow a sharp decrease and vice versa.

For a simple calculation of the noise power, the follow-
ing assumptions were made: (i) All flux bundles move in
the same direction with the same velocity. (ii) The bun-
dles are of the same size. (iii) An entering (leaving) event
is followed by a leaving (entering) event. (iv) Any event
causes an abrupt jump of 2V at the rf SQUID output.
(v) Successive events (either entering or leaving) are un-
correlated.

Based on the above assumptions, the ideal ac signal at
the SQUID output is a sequence of random-width
square-wave pulses with amplitude V. If we assume
f. as the average number of pulses per second, the auto-
correlation function can be shown* to take the following
form:

WD)=Viexp(—f DI1—f,T+(f.T)?/2— -]
=Viexp(—2f.T) . (5)
The corresponding noise-power spectrum can be calculat-

ed by using the Wiener-Khintchine theorem [Eq. (3)] to
yield
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W(f)=4V2 fowexp( —2f, T)cos(2mfT)dT
=QVE/fI+(mf/f 7. 6

There are several features we can see immediately from
the structure of the power spectrum. It has a
A[1+(mf/f.)*]" ! shape, which is consistent with our
experimental data. The characteristic frequency f,
should indicate the average total number of bundles
entering (or leaving) the loop per second. The noise
power at zero frequency, W (0), is inversely proportional
to f. and proportional to VJ%,. This model not only ex-
plains our results in the quasilinear region, but also forms
a basis for the explanation of the 1/f noise in the near-
onset region.

Our model is somewhat similar to the chain model® in
which the bundles are assumed to move along the same
path in a chain across the width W. An increase of L
therefore leads to an increase in the characteristic fre-
quency due to the presence of more chains.

V. DISCUSSION
A. Bundle size

One important quantity we would like to obtain from
the flux-flow noise measurements is the bundle size ®.
According to our simple model, when a bundle enters the
detection loop, it gives rise to a voltage jump of +2V at
the SQUID output; © can then be derived from the
noise-power spectrum [Eq. (6)] extrapolated to zero fre-
quency, viz.,

W (0)=const X ®2/(2f,) . (7

This is also the method used by other investigators to ob-
tain the bundle size.

The variation of W(0) can be compared with power-
spectra measurements. Figure 13 shows the power spec-
tra taken from the same sample at two sufficiently large
but different current values with otherwise the same con-
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FIG. 13. Power spectra obtained with sample 2 at 7 =3.447
K and H =227.5 Oe for two different current values.
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ditions. The bundle size does not change significantly in
the high-current region. The lower value of W(0) at
higher current is mainly due to an increase of f,.

Because of the way the power-spectrum measurement
was made in log scale, W(0) is not sensitive to small
changes in the external conditions. Sometimes there was
a low-frequency reduction in the power spectrum, which
made it difficult to obtain an accurate value of W(0). As
a result, it is not very reliable to determine the bundle
size from the power-spectrum measurement. According
to our model, the peak-to-peak amplitude of the voltage
flip in the quasilinear region is proportional to the bundle
size; hence a more direct way to obtain the bundle size is
to measure the amplitude of the noise directly. In the
quasilinear region, the value of {8V ) is proportional to
the average bundle size; therefore, the real bundle size
can be determined after calibrating the response of the
detection loop with a known input flux. This is illustrat-
ed in Fig. 14, which shows the average bundle size versus
the reduced magnetic field with the temperature as a pa-
rameter while J —J, is kept constant. The bundle size is
expressed in units of the flux quantum @, (=ch /2e).
The lower limit of this measurement is due to the intrin-
sic noise of the SQUID, which is approximately 16 mV in
the present experimental configuration. This number is
equal to the response of the SQUID to eight flux quanta.
Therefore, only signals greater than eight flux quanta can
be determined in our experiments.

The bundling of the flux lines is mainly caused by pin-
ning effects. If the pinning potential barrier is too high
for single flux line to overcome, the flux lines may gather
as a bundle until they can move over the barrier. The
forces driving the bundles against the pinning barrier in-
clude the Lorentz force due to the transport current and
the repulsive force between the flux lines inside and out-
side the individual bundle. Both forces increase as the
bundle size builds up, until the total force is large enough

500
{s00
200} aBo &/ 0,
a0 {200
100} a a
<8Vg>(mV) ° 4 a {100
50} ° s O
o a 450
o
20} o % Bog
o a
420
10} ° a
410
sk 0 1:=0.95
a 1:0.88 s
2+ D 1=0.79
42
|+
00 02 0.4 06 08 1.0
H
h=H
Heo

FIG. 14. Average ac voltage {8V ) and bundle size vs re-
duced magnetic field with the temperature as a parameter. Data
were taken from sample 6 at I —I;=0.25 A. The bundle size is
expressed in units of the magnetic-flux quantum P,
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to move the bundle over the pinning barrier. For a given
type of barrier, the minimum bundle size necessary to
overcome flux pinning at the onset of flux motion there-
fore decreases with increasing transport current.

In the quasilinear region, we have found that {8V )
decreases monotonically with increasing current. This
result suggests that the average bundle size may actually
decrease, probably as a result of splitting of large bundles
into smaller ones. The decrease in {8V ) is slower for
high-current values, suggesting that the bundle size will
eventually reach a lower limit.

In the near-onset region, since several different kinds of
pinning centers are involved, the size of moving bundles
can be quite nonuniform; {8V ) shows large fluctua-
tions, and therefore it cannot be reliably used to obtain
the average bundle size. By detailed examination of oscil-
loscope traces such as shown in Fig. 3(b), the height of
voltage jumps in this region is roughly 3 to 4 times larger
than that in the quasilinear region, indicating that the
bundle size is also about 3 to 4 times larger than those
shown in Fig. 14.

Figure 14 shows that the bundle size decreases as the
magnetic field is increased, because an increase in mag-
netic field represents a decrease of the separation and
stronger repulsive force between flux lines; hence this
should lead to a decrease of the bundle size. Similarly,
the effective pinning barrier decreases as the temperature
is raised, also resulting in a decrease of the bundle size, as
shown in Fig. 14.

B. Number of observed flux bundles

We have also obtained N, the number of moving flux
bundles from the observed voltage flips per second, and
compared it with the total number of flux-line changes in
the detection loop per second, N, calculated from the
dc voltage. N, and N, can be estimated from

N =f.P (8)
and

Ncalc = V/(DO . (9)

Both quantities are expressed in units of ®,. Taking Fig.
5(e) as an example, f, is equal to 16.7 kHz, the flux bun-
dle size is equal to 98®,, V is equal to 33 uV, and the
length of the detection loop is equal to half of the dis-
tance between the voltage leads; hence N, =1.64X10°
flux quanta per second and N, =8.0X10° flux quanta
per second.

These results show that only a small fraction of the to-
tal moving flux lines contribute to the observed noise.
This suggests that when the flux lines are set in motion,
only a small fraction of the flux lines form bundles large
enough to be detected by the present SQUID detector.
Other flux lines either move in the single-flux quantum
state or in small bundles which cannot be detected by the
present setup. This result is also consistent with the pic-
ture given by Dirks and Heiden.!*

C. Peaksin {8V ) and 1/f noise

The most striking feature of the {8V} )-versus-I curve
is the structure of peaks in the near-onset region. The re-
peatable feature of these peaks reveals some intrinsic
properties of the superconductor. We have found that
the 1/f noise is also related to these peaks.

In each superconductor sample, different kinds of pin-
ning centers appear as different potential barriers to the
flux lines. The depinning energies for different pinning
centers are not the same. In our system there are several
kinds of pinning centers which may include bulk defects,
grain boundaries, and surface defects. Any specific sharp
jump in the {8V, )-versus-I curve indicates that some
flux bundles start to depin from one kind of pinning
center, and the current at this point represents the ap-
parent subcritical current for this particular kind of pin-
ning. The density and strength of pinning centers are
strongly dependent on the morphology and metallurgical
conditions of the sample; hence the detailed fine struc-
tures of this curve are not the same for different samples.
Nevertheless, the general feature is always similar for all
the samples investigated.

In the near-onset region, because the critical currents
for various pinning centers are not the same, the effective
forces on flux bundles at different pinning centers could
be quite different, and the velocities for different bundles
should also be different, especially at the {8V ) peak po-
sitions. When some bundles just start to move, the veloc-
ity of these bundles could be very low, while other mov-
ing bundles may have already acquired high velocities.
The assumptions in the model used to explain the quasi-
linear region therefore become invalid in the near-onset
region. The probability for two or more voltage-jump
events of the same kind to follow each other may become
large, or even dominant. The amplitude of the signal
arising from these successive events of the same kind can
be several times larger than that caused by a single volt-
age jump. In Fig. 3(b) this kind of overlap is clearly visi-
ble; this gives rise to the large amplitudes of voltage fluc-
tuations at the subcritical-current positions.

The 1/f noise is also related to the spread of velocities
of the moving flux bundles. According to the model
developed for the quasilinear region, the power spectrum
should be Lorentzian for a specific subgroup of bundles
of the same size and with the same velocity, i.e.,

w()=(P>r/2)[1+(mfr)*]}, (10)

where 7=1/f,.. The total-power spectrum generated by
all the bundles can be obtained by integrating Eq. (10)
over a distribution of 7 to yield

W)= [w(fg(rdr, (11)

where g (7) is a distribution function for 7. The actual
distribution function is dependent on the structure of pin-
ning centers and very sensitive to the current value. In
order to fit the 1/f noise obtained in the near-onset re-
gion, the method first used by van der Ziel®? for analyzing
the noise in semiconductors is employed. We assume the
simplest possible form for g (), namely,
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(r)= A/T, 11=7=T1, (12)
gir= 0, otherwise ,

where A is a normalization constant. Integrating Eq.
(11) with the above form for g (1), we obtain

W (f)=(A®*/27f)[arctan(nfT,)—arctan(7f7,)] .
(13)

By adequately choosing 7, and 7,, we can reproduce the
1/f shape of W (f) in the frequency region of interest.
We note that the data points sometimes show small de-
viations in the middle of the 1/f-noise curve, as can be
seen from curves a, b, and d in Fig. 10. The reason for
this deviation can be explained by a modified distribution
function. A possible distribution to account for this devi-
ation is to define g (7) in two separate 7 domains. This
distribution seems very plausible from physical con-
sideration. When the system is near or at a {8V ) peak
position, there are certain bundles already in motion with
sufficiently high velocity, while some other bundles just
start to move with low velocity. Because the lack of bun-
dles moving with velocities between these high and low
values, a deviation can appear in the middle of the power
spectrum. The data can be fitted by assuming
g(r)= A/T, TIS.’I‘STZ and 7;=57=7, (14)
0, otherwise .

As an example, the data of curve a in Fig. 10 were fitted
this way. The result is shown in Fig. 15. Dots are data
points, and the solid curve is obtained with 7,=5X 1073
sec, 7,=8X 107 % sec, 7;=6X 10~ * sec, and 7,=4X 103
sec, respectively. The deviation structure in the middle
of the curve is reproduced. The value for f =2/(7,+1,),
which corresponds to the high-speed group, is approxi-
mately 15 kHz. This value is consistent with the data ob-
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FIG. 15. Results of fitting the data points of curve a in Fig.
10. The dots are experimental data. See text for details.
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tained in the quasilinear region. The good fit supports
our assertion that the distribution function for two
separate groups of flux bundles can account for the devia-
tions in the 1/f noise.

When some flux lines move faster than the others,
there should be a drag force between them. This interac-
tion causes the difference between the velocities of
different groups of bundles to decrease very rapidly as the
current is increased away from the peak position; this re-
sults in the fast decrease of the amplitude of {8V ). It
also leads to a deviation from the 1/f-type noise-power
spectrum at the minima positions in the {8V} )-versus-I
curves. It should be remarked that according to the
model developed above, the velocities of all moving bun-
dles are low at the onset of {8V ), the spread of veloci-
ties is small, and the power spectrum should be more like
the Lorentzian shape. This is borne out in our experi-
ment, as shown by curve a in Fig. 11(a).

In the near-onset region, the bundle sizes are different
too. This will also contribute to the deviation from the
Lorentzian type of power spectrum. But in light of the
analysis presented above as well as the good fits of experi-
mental data, we believe the spread of velocities is the
main cause for the occurrence of the 1/f noise in the
present experiment.

D. Flicker noise

Because the SQUID we used can only be operated at
temperatures higher than 2.9 K, all of our measurements
were performed above the A point of liquid helium. The
flicker noise first studied by van Gurp> was observed at
relatively high currents. When the SQUID output was
monitored by an oscilloscope, it was very easy to identify
it. At first, it appeared as an isolated slow variation su-
perimposed on the high-frequency flux-flow noise. The
frequency of the flicker noise could be as low as 0.1 Hz.
At this point the dissipation per unit area was approxi-
mately 0.6 mW/cm?. As the current was increased, both
the frequency and amplitude of the flicker noise increase.
Figure 16 is a picture of the flicker noise taken from an
oscilloscope. The current value at which the flicker noise
started to appear always falls into the quasilinear region.
The noise in the near-onset region does not include any

50 mv

20 ms

FIG. 16. Picture of flicker noise obtained with sample 2 at
T=3.447 K, H=260 Oe, I =0.8 A, and V=785 uV. The
power dissipation per unit area under these conditions is 4
mW/cm?.
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flicker noise. The frequency of the flicker noise (about 10
Hz or lower) is much lower than that of the flux-flow
noise (a few kHz or higher); hence these two types of
noise could be easily separated in the power spectrum. In
the high-current regime, there was a sharp increase in the
very-low-frequency portion of the power spectrum, which
was due to the flicker noise; this was discarded in our
data analysis.

VI. CONCLUSIONS

We have measured the flux-flow noise in type-II super-
conductors by using a rf SQUID. Results show that the
behavior of flux flow in the quasilinear region is quite
different from that in the near-onset region.

A model was developed to explain the data for the
quasilinear region. A noise-power spectrum of the
Lorentzian type was obtained from the model and found
to be in agreement with our measurements. A numerical
estimate of the number of flux quanta, N, detected per
second was made by using the characteristic frequency f,
and the time-averaged dc voltage V. The low value of N
suggests that only a small fraction of moving flux lines
form large bundles (greater than 8®,); the other flux lines
either move in smaller bundles or in a single-flux quan-
tum state. This result supports the picture given by
Dirks and Heiden.'* According to our model, the bundle
size is proportional to the amplitude of the noise signal in
the quasilinear region, and this can be obtained directly
by measuring the ac amplitude of the SQUID output.
Our present detector is only sensitive to flux bundles
greater than 8®(; by a modified design, this sensitivity
can be improved to detect effects arising from a single
moving flux quantum.

In the near-onset region, because different kinds of pin-
ning centers have different depinning energies, the

(8Vy )-versus-I curves show several distinct peaks. Each
peak position represents the apparent critical current for
a specific kind of pinning center. This experiment shows
that the SQUID measurement also gives information
about the effects of pinning centers. The power spectra
with current biased at the {8V ) peak positions show
1/f noise, which is quite different from the power spec-
trum in the quasilinear region. The 1/ f-type noise spec-
trum was well fitted by using a model in which the veloci-
ties of flux bundles are assumed to spread over different
ranges. The reason for this velocity spreading is due to
different depinning energies associated with different
kinds of pinning. .

Our experiment shows that the noise-power spectrum
can change from 1/f type to Lorentzian type, or vice
versa, by varying the bias current. Measurements of the
flux-flow noise in superconductors not only reveal useful
information on the dynamical properties of flux motion,
but also provide a convenient way to investigate the 1/f
noise and its variations.

The technique and experimental results described in
the present paper are also applicable to the study of
high-T, superconductors. The effects of flux pinning and
weak links are very important in controlling the critical-
current density in the high-T, materials. In particular,
the grain boundaries could play a dual role of forming the
weak links as well as pinning centers. It should be of
both fundamental and technical interest to find a correla-
tion between the critical-current density of the supercon-
ductors and the dynamical state of flux flow. The greatly
improved sensitivity of detecting the onset of flux flow by
our “flux-counting method” over the usual I-V curve
measurement, as well as the noise spectrum and ac
response of the system, should provide a useful means for
understanding the flux dynamics of the high-T, super-
conductors. This work is now in progress.
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