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Magnetostriction of a large slab of conventional NbTi superconductor,
with a diameter of about 6 mm, was investigated by the strain gauge tech-
nique. At the temperature of 4.2 K and in the external magnetic field of
several T we found irreversible magnetostriction of an order of 1075, where
the number means the relative changes of the slab diameter. This large mag-
netostriction is accompanied by giant magnetostriction jumps, caused by
thermomagnetic avalanches. These thermomagnetic avalanches also cause
giant jumps of the surface magnetization, which can be observed by using
the Hall probes. The results were analyzed in the framework of the pinning
induced magnetostriction model.

PACS numbers: 74.25.Qt, 74.70.Ad, 75.80.+q

1. Introduction

Magnetostriction of several conventional superconductors was, for the first
time, investigated by Brandli in late sixties of the twentieth century [1]. However,
the investigated conventional superconductors were characterized by high purity
and also by low critical current density. The experimentally observed magne-
tostriction was relatively low, of an order of 10~7, and no magnetostriction jumps
were observed. Pinning induced magnetostriction model was, for the first time,
proposed by Ikuta et al. to explain giant magnetostriction of a large single crystal
of high temperature BipSroCaCusOg superconductor [2]. According to this model
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the magnetostriction of the superconductor depends on both the critical current
density and the sample dimensions. Pinning induced magnetostriction is large in
large superconducting samples characterized by strong critical current densities.

Large superconducting samples characterized by strong critical current den-
sities are also susceptible to the occurrence of thermomagnetic instabilities called
flux jumps. Flux jumps are problematic from the viewpoint of practical applica-
tions of the superconductors, because they may drive the superconducting sam-
ple into a normal or, at least, into the resistive state [3]. By decreasing sample
diameter it is possible to avoid flux jumping. Hence, commercially available su-
perconducting leads are made as composites, consisting of a large number of thin
superconducting wires surrounded by a matrix, made from a normal metal. Such
composites are not susceptible to the flux jumps and one may also expect their
magnetostriction to be very small.

According to the pinning induced magnetostriction model flux jumps in-
duce giant jumps of magnetostriction. Giant magnetostriction jumps were, for
the first time, discovered in large crystals of high temperature superconductors
[4, 5]. Recently, we have discovered giant magnetostriction jumps in conventional
NbzAl superconductor [6], which, in comparison to other conventional supercon-
ductors, is characterized by relatively strong critical current density and large
second critical field, H.o. In our present work we investigate magnetostriction and
magnetostriction jumps in a large slab of conventional NbTi superconductor.

2. Experimental technique

Our NbTi-50% superconductor was obtained during a technological process,
described in Refs. [7, 8]. This technological process leads to a large amount of
non-superconducting inclusions of a-Ti phase, which act as pinning centers. From
the cylinder obtained after the extrusion process, we cut a parallelepiped with
dimensions 6 x 10 x 10 mm3. During our experiments the external magnetic field
was parallel to one of the 10 mm edges of the investigated sample. The external
magnetic field was also parallel to the axis of the original cylinder.

In our magnetostriction experiments we measured the relative changes of the
slab diameter in the external magnetic field. We applied the strain gauge tech-
nique. One of the strain gauges was glued onto the surface of the investigated
sample. The second strain gauge was glued onto the surface of a reference sam-
ple. The reference sample was made from quartz. These two strain gauges were
connected to the two arms of AC resistance bridge.

Surface magnetization measurements were done by using two Hall probes.
The Hall probes were made from tin doped InSb films [8]. One of the Hall probes
was placed in the center of the 6 x 10 mm? face of our parallelepiped. This
face was perpendicular to the external magnetic field. This Hall probe measured
the local surface induction, Bgu.f, at the surface of our slab. The second Hall
probe measured the induction of the external magnetic field, Bext = pttoHext- The
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difference between the signals from our two Hall probes was proportional to the
local surface magnetization, Mgyt = Bsurf — Bext-

We performed our experiments in superconducting magnet with the maximal
attainable field of 12 T. The magnetic field was swept with the rate of 1 T/min.
We measured magnetostriction and local surface magnetization at the temperature
of 4.2 K. During measurements, the investigated sample was immersed in liquid
helium.

3. Experimental results

Figure 1 presents a hysteresis loop of the transverse magnetostriction of our
NbTi slab, taken at 4.2 K. The maximal external magnetic field applied in this
experiment was about 12 T. As one can see in Fig. 1, in the external magnetic field
of several T we have found large, of an order of 1075, irreversible magnetostric-
tion. In the external magnetic field higher than the irreversibility field, Hj.,, the
observed magnetostriction curve becomes reversible. In our case Hj, ~ 11 T.
The behavior of the magnetostriction hysteresis loops of type II superconductor
is very similar to that of the well known hysteresis loops of magnetization and
can be well understood in the framework of the pinning induced magnetostriction
model [2]. In Fig. 1 one can also see giant magnetostriction jumps. Most of the
magnetostriction jumps occur in the external magnetic field lower than about 3 T.
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Fig. 1. Transverse magnetostriction hysteresis loop of the 6 x 10 x 10 mm® NbTi-50%
slab, taken at 4.2 K with the external magnetic field parallel to the slab surface. After
cooling in zero external magnetic field, the external magnetic field was first increased to
12 T (the ZFC curve), then decreased to —12 T and, at the end, increased to zero.

In order to study the structure of the magnetostriction jumps in more details,
we have also registered the magnetostriction hysteresis loop with the maximal
applied external magnetic field of about 2.8 T, and this loop is shown in Fig. 2. In
Fig. 2 it is clearly seen that during each jump the diameter of the investigated slab
changes rapidly, approaching the value, which the sample has after cooling in zero
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external magnetic field. This diameter corresponds to Ad/d = 0 in Fig. 2. After
a sudden magnetostriction jump the dimensions of the sample change relatively
slowly. While the external magnetic field is changed, after the jump, by about
0.3 T the magnetostriction, Ad/d, approaches to the value which was observed
before the jump. The structure of the observed magnetostriction jumps is similar
to the jumps of the magnetization, caused by the thermomagnetic avalanches [3].
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Fig. 2. Transverse magnetostriction hysteresis loop of the 6 x 10 x 10 mm® NbTi-50%
slab, taken at 4.2 K with the external magnetic field parallel to the slab surface. The
external magnetic field was first increased to 2.8 T, then decreased to —2.8 T and, at

the end, increased to zero.
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Fig. 3. The hysteresis loop of the surface magnetization, Mgy, of the 6 x 10 x 10 mm?®
NbTi-50% slab, taken at 4.2 K. The magnetization was measured by using Hall probes,
one of which was placed in the middle of the 6 x 10 mm? face, perpendicular to the

external magnetic field.

Figure 3 shows the hysteresis loop of the surface magnetization of the inves-
tigated NbTi slab, taken at the same conditions as the magnetostriction hysteresis
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loop, shown in Fig. 1. In Fig. 3 one can see giant jumps of surface magnetization.
The jumps of the surface magnetization occur in the same range of the external
magnetic field as the jumps of the magnetostriction. The irreversibility field of the
loop shown in Fig. 3 is the same as that of the loop shown in Fig. 1.

In the external magnetic field higher than about 5 T one can see in Fig. 3
that the measured M, ¢ signal begins to oscillate in external magnetic field. The
amplitude of these oscillations increases with increasing external magnetic field.
However, the observed oscillations are not connected with the properties of the
investigated NbTi sample, but with the properties of the applied Hall probes.
This phenomenon is caused by the Shubnikov—de Haas oscillations of the Hall
voltage. In the case of the applied Hall probes and in the investigated range of
temperatures and magnetic fields, the Shubnikov—de Haas oscillations are usually
smaller than 0.25% of the total Hall voltage [9]. However, the full compensation
of these oscillations was in our experiment impossible and they are visible as tiny
waves of the Mu¢(Hext) signal. This signal was several orders of magnitude lower
than the signals taken from each of the applied Hall probes, separately.

4. Analysis and discussion

We used the results of our surface magnetization measurements, presented
in Fig. 3, for the estimations of the critical current density as well as for the
simulations of the magnetostriction curve in frames of the pinning induced mag-
netostriction model. The estimation of the critical current density is usually done
on the basis of magnetic moment measurements. However, large superconducting
samples, like our NbTi slab, cannot be put into commercially available magnetome-
ters. Hence, for the estimations of the critical current density another techniques
must be used.

According to the critical state model [10], critical current density is propor-
tional to the slope of the magnetic field profile in the investigated sample. In the
case of an infinite slab in the external magnetic field parallel to its surface the
critical current density, je, is given by the equation: j.(z) = _%aggc)’ where
x is the coordinate perpendicular to the slab surface. Neglecting demagnetizing

effects and assuming the superconducting sample to be fully penetrated by the
magnetic flux and the density of the screening current, equal to j., to be constant
over the whole sample volume, we may calculate |j.| = Mgure/od, where Mgyt is
the surface magnetization measured in our experiment in the center of a slab with
diameter 2d. At the temperature of 4.2 K and in zero external magnetic field, this
estimation gives the critical current density of 5.3 x 103 A /cm?.

The relative changes of an infinite slab diameter, Ad/d, caused by the pin-
ning forces can be calculated according to formula [2]:

Ad 1 ¢
T g, [P B (1)

where E is the Young modulus and Bext = ttgHext 1S the induction of the external
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Fig. 4. Transverse magnetostriction hysteresis loop calculated in the framework of the
pinning induced magnetostriction model by using the surface magnetization data, pre-

sented in Fig. 3. The Young modulus was assumed to be £ = 80 GPa.

magnetic field. The integration in Eq. (1) can be easily done, if we assume the
slope of the magnetic field profile, 9B(x)/dx, to be constant over the whole sample
volume. If we make the same assumptions as in the above described estimation of
the critical current density, we can transform Eq. (1) into the following one:

% = F]-MOMsurf <Bext + ;Msurf) . (2)
We used this simple equation for the simulation of the magnetostriction curve
presented in Fig. 3. In our simulations we used the Young modulus E =
80 GPa [11]. The width of the simulated hysteresis loop of the magnetostriction
(Fig. 4) is smaller, however, of the same order of magnitude as the experimental
one (Fig. 1). The visible in the strong magnetic field oscillations of the simulated
magnetostriction curve result from the Shubnikov—de Haas oscillations of the Hall
voltage, as we discussed earlier. The structure of the simulated magnetostriction
jumps is similar to the experimental ones (see Fig. 1 and Fig. 2).

5. Conclusions

Giant magnetostriction and magnetostriction jumps also occur in conven-
tional NbT1i superconductor. These phenomena occur if the superconducting sam-
ple is large and, additionally, characterized by strong critical current density. Sur-
face magnetization measurements can be directly used in order to simulate mag-
netostriction curves. This method of simulations is particularly useful in the case
of large superconducting samples, whose magnetic properties cannot be studied
by other experimental techniques.
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