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Unusually regular flux jumps are reported in the mixed state of niobium. The most promi-

nent experimental effects produced by these flux jumps are thermal spikes. The effect of
the flux jumps on the ultrasonic attenuation coefficient is also reported. The regularity of

of the interval between the flux jumps is believed to be caused by a surface barrier.

The

thermal spikes are interpreted as being due to avalanching of the flux lines at the surface

barrier.

We have observed some unusually regularly 3%; S 120
spaced thermal spikes, which are produced by flux ’
jumps, in a cylindrical niobium sample of 3 in, 120
length and 1 in. diam with an approximate resis- 1o
tivity ratio of 150 and a transition temperature 03 denoen ), TIABK] g
T, =9.21 °K. Magnetization measurements have 297
been performed on this sample which show steps %88
in the magnetization coincident with the thermal * 219 3
spikes. Thermal spikes '~? and ultrasonic atten- ¥ 320 <
uation effects 3~° caused by flux jumps have been é 193 é
previously reported in type-II superconductors, & 2'8; ;
but the flux jumps did not have the present regu- E %?g LE
larity. However, some of the reported %° flux g3 <
jumps showed other kinds of periodicity. zl.gg

Reversible measurements using transverse ul- )
trasonic waves on this sample have already been brar
reported. ° For the measurements reported here, Ig5- Freeene 120
the ends of the cylindrical niobium sample were 202 T- 1% 110
polished in addition to being spark cut. Figure 1 2 A , -
shows ultrasonic attenuation data obtained with lon- o 15 Hjl?e ) 45 €0

gitudinal waves at various temperatures on this
niobium single crystal. Both the temperature of
the sample and the ultrasonic attenuation coeffi-
cient are recorded as functions of magnetic field.
The data taken at 1, 65 °K prominently show the
unusually spaced thermal spikes. It can also be
seen in this figure that there are ultrasonic spikes

2

FIG. 1. Recordings of ultrasonic attenuation and
temperature as a function of magnetic field for four
temperatures: (a) T=4.25°K, (b) T=2.94°K, (c) T
=1.95°K, and (d) T=1.65°K. The attenuation measure-
ment is for the seventh echo of a longitudinal wave
propagated in the [ 111] direction. dH/dt =25 G/sec.

2804



2 REGULAR FLUX

600 T T T T
450} .
I T=148°K
-
& 300} -
x
1
o
x
X
T=2.34 K
150 -
o
£
Jo
T
0 2 K
L
n
FIG. 2. Field interval between temperature spikes

shown in Fig. 1 versus (1/z).
been designated n=1.

The largest spike has

and steps coincident with the last few thermal
spikes. All the data reported in Fig. 1 were

taken with increasing magnetic field at a rate of
dH/dt =25 G/sec starting from a virgin sample.
The thermal behavior is independent of the type of
ultrasonic wave generated. In fact it is indepen-
dent of the ultrasonics entirely. Figure 1(a) shows
that there was only a slight heating as one went
through H_, at 4. 25 °K., As the temperature was
lowered, as shown in Figs. 1(b)-1(d) a step appeared
in the attenuation, Preceding this step, however,
were temperature spikes which increased in am-
plitude as the field was increased and vanished
above H,,. As one sees by referring to Fig. 1(d) ,
these temperature spikes are most pronounced at
the lower temperatures, The three largest tem-
perature spikes have a one-to-one correspondence
with the attenuation steps. For the smaller tem-~
perature spikes there appears to be no correspon-
dence, This is due to the low sensitivity of the
particular ultrasonic echo that was used. When a
much later echo was used, a one-to-one corre-
spondence was observed, Now, if one labels the
last and largest spike as » =1, the next largest as
n=2, and so forth, » increasing with decreasing
field, and at the same time one measures the field
interval between spikes, i.e., AH,=H,-H,,,, one
obtains the relationship shown in Fig. 2. This is
only a representation that we have chosen to fit the
data, and we do not mean to imply that it is the
only relationship which might fit them. If we mea-
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sure the slope of these lines, H; = (H,,—H,M)/(l/n)
=nAH,, namely, AH, =H,/n, for the data as plot-
ted in Fig. 2 and for other similar graphs, we ob-
tain the points shown in Fig, 3. This is a plot of
H,; versus the reduced temperature 7/T,. The
rate of change of the magnetic field used in obtain-
ing these data varied from about 9 to 70 G/sec.
For these different rates, the field at which the
temperature spikes occurred seemed to be inde-
pendent of the rate. For all these experiments,
the magnitude of the temperature spikes was a
monotonically increasing function of the spacing
between spikes, These data were obtained first in
an ultrasonic investigation using previously de-
scribed apparatus!! and repeated in an ac-type
magnetization probe'? in which the sample was sup-
ported in a nylon cup and kept in good contact with
a carbon thermometer,

It is evident in Fig. 1 that the temperature spikes
are superimposed on a gradual increase in temper-
ature, This gradual increase depends on the rate
of change of the external magnetic field., As the
rate is lowered, this temperature change is de-
creased. We believe that this background heating
is probably due to eddy currents. There are ob-
vious changes in the shape of the background heat-
ing in the mixed state and at H,,. We construe this
to be evidence for the fact that part of the back-
ground heating is connected with eddy currents in
the mixed state of the niobium single crystal.

A record of both the temperature of the sample
and the ultrasonic attenuation coefficient while the
magnetic field is changed through a complete cycle
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FIG. 3. Slopes Hy=(H,-H,,)/(1/n) versus reduced
temperature T/T, with T,=9.21°K. The He! gas pres-
sure was approximately 10 u.
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FIG. 4. Thermal (solid line) and acoustic (dashed line) hysteresis in the niobium sample No. 2 reported. The T°K
curve has been shifted to the left 0.17 kG (as shown).

is shown in Fig, 4. The cycle starts from the
virgin state up through +H,, (curve 1) and back down
through zero (curve 2) to -H,, (curve 3), then up
through zero (curve 4), and finally to +H,, (curve 5).
At this temperature, no spikes occur on both the
initial increase and decrease of the magnetic field.
After the polarity of the field is reversed, the
niobium is no longer in the virgin state and the
spikes start to appear. (For clarity, the temper-
ature curves have been shifted to the left by about
0.17kG.) Curves 1, 2, and 4 show no thermal
spikes. There are parts of these curves which
show cooling indicative of the magneticaloric effect
reported!® on reversible niobium,

All these data (the points in Fig. 3) were ob-
tained with about 10 u He* transfer gas in the sam-
ple chamber. ! When this pressure is increased,
as is necessary to achieve the condition 7/ T,
=0. 15 the amplitude of the spike decreases and
the otherwise observed regularity disappears.

This is shown in Fig, 5. At all temperatures, the
spike amplitude decreased with increased pressure,
finally disappearing around 100 i, In the other
limit of Fig. 3, the range 7/7T, ~0. 3, the degree
of regularity could not be measured because the
spike separation became comparable to the spike
width, Thus, above 7/T, =0, 3 there were a few

spikes present. Above 7/T, =0, 425 the spikes dis-
appeared completely and the curves became
smooth,

Although there seems to be no adequate theoret-
ical explanation for these effects, a qualitative dis-
cussion of them will be presented next, As was
mentioned earlier, there is considerable evidence
that the thermal and ultrasonic spikes coincide with
flux jumps. A possible explanation for these flux
jumps is that there is a surface barrier to flux
penetration, Thus the internal and external mag-
netic fields are not in equilibrium., When the dif-
ference between the two fields is sufficient to over-
come the surface barrier, magnetic flux lines
start to penetrate the sample irreversibly, produc-
ing heat which in turn lowers the barrier and one
has an “avalanche” effect until equilibrium between
the external and internal fields is attained. Once
this occurs, there is no longer a mechanism for
heating and the niobium crystal comes to thermal
equilibrium with its surroundings, The thermal
contact is weak when there is less than 10 u of he-
lium gas in the chamber and strong when the he-
lium pressure inthe chamber is greater than 30 p 14
As yet the field and temperature dependence of
this barrier has not been theoretically predicted.
When one starts with a virgin sample, the flux
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FIG. 5. Temperature spikes in niobium at different
pressures, as shown. Data obtained at 10 u are shown
in Fig. 1.
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jumps do not appear above 7/7T, ~0,425. If the
barrier picture is reasonable, then it is possible
that above this temperature, either energy or tem-
perature fluctuations are sufficient to overcome the
barrier. Following this type of reasoning then,
strongly thermally coupling the niobium sample to
its surroundings by increasing the helium gas pres-
sure in the container should produce larger energy
fluctuations, which in turn make flux penetration
more erratic, and since now the thermal contact is
stronger, thermal equilibrium is reached more
rapidly and thus the magnitude of the thermal spikes
is decreased., We have searched for this effect in
four other niobium samples with smaller resistivity
ratios and, although we did find flux jumps, they
did not exhibit any regularity under any circum-
stances although the search involved the temper-
ature region 1, 3-4, 2 °K and the pressure region
from less than 10 to more than 100 p. As with the
regular flux jumps, the value of dH/d¢ had no ef-
fect. Therate was variedbetween the limits 12-50
G/sec in this part of the investigation,

The question should be asked: Is this a spurious
effect ? Insofar as this sample is concerned, it is
not. The effect has been reproduced over a span of
2 years. Therefore, we present these results,
because we believe that the regularity of these flux
jumps should yield a theoretical clue about the de-
tails of the mechanism for irreversible flux pene-
tration in type-II superconductors which exhibit a
more complicated periodicity.
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UThere are three major means of heat transfer from
the niobium sample through the copper holder to the
wall of the evacuated sample chamber, which is im-
mersed in liquid helium. These are radiation, heat
conduction through solid material, and heat conduction
through helium gas. Heat transferred by radiation or
by conduction through the solid material is independent
of helium gas pressure. The radiation process is
several orders of magnitude smaller than heat conduc-
tion through the solid material. The heat transferred
by conduction due to helium gas from the copper mate-
rial is nearly independent of the pressures used in this
experiment. These pressure changes will affect the
heat transfer between the niobium sample and the copper
material surrounding it, and will also change the heat
capacity of the gas in the immediate vicinity of the sample,
thus also making the gas an effective heat reservoir.



