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Abstract — Recently it was reported that the critical
current densities measured by four probe method in multi-
filamentary Nb-Ti and Nb3Sn wires depended on the his-
tory of increasing and decreasing external magnetic field.
In this report, dc magnetization and four probe resistive
measurements were carried out for Nb-Ti multifilamentary
wires, and critical current densities in the filament and ma-
trix were separated. The Campbell method was also used
for measuring the history effect of critical current density
in the matrix. The history dependence was found only for
the current density induced in matrix due to the proximity
effect. This close correlation between the proximity effect
and history effect shows a similarity to the phenomenon
in high-T, superconductors. The possible reason for the
history effect in critical current density is discussed.

I. INTRODUCTION

It has been empirically known that the critical cur-
rent density in bulk superconductors is a unique function
of the external magnetic field and temperature. However,
it has been reported that the critical current density has
different values depending on the history of the magnetic
field and temperature in high-T, superconducting materi-
als with weak links[1, 2] and some kind of multifilamen-
tary metallic superconducting wires[3]. That is, the value
of critical current density in increasing magnetic field pro-
cess is smaller than that in the case of decreasing process.
For high-T, superconductor, the history effect of critical
current density is qualitatively explained to be caused by
different magnetic flux distributions inside grains depend-
ing on the history of external magnetic field[1].

In the multifilamentary wires with small sizes of fila-
ment diameter and filament spacing, superconducting fila-
ments are weakly coupled through matrix due to the prox-
imity effect. This similarity of weak link with high-T, su-
perconductor may suggest that the history effects in the
multifilamentary wire and high-T, superconductor origi-
nate from a similar mechanism.

In this report, history effect of critical current den-
sity in superconducting Nb-Ti multifilamentary wire was
investigated in detail. The magnetization hysteresis from
the filament, matrix and inhomogeneity were separated
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from the twist pitch dependence of the wire magnetization
and the result of four probe measurements. The Campbell
method was also used to confirm the history dependent
critical current density in the matrix. The reason for the
history dependent critical current density is is discussed.

II. EXPERIMENTS

Specimens investigated are Nb-47 wt%Ti multifila-
mentary wires with Cu matrix. The initial volume ratio
of copper to Nb-Ti is about unity. After a repetition of
combination of cold drawing and heat treatment at 400 °C
for 80 hours for three times, specimens were twisted with
the pitch, Iy, of 1.46, 2.96 and 6.02 mm. The common
specifications of the specimens are listed in Tab. 1.

The dc magnetization of the sample was measured
from signals detected by two pick up coils with sweeping
external magnetic field. The sample of L ~ 4 m in length
was wound on a Bakelite hollow cylinder of 33 mm in outer
diameter with a constant interval of 2 mm. The external
magnetic field was applied along the coil center up to 1 T
with various sweep rates.

The critical current density of the filament, J.;, was
measured by four probe resistive method. The sample of
0.3 m in length was wound spirally on a cylindrical holder
and the interval of the voltage-tap was 0.2 m. The electric
field criterion for determination of the critical current was
5.0 x 1078 V/m. The external magnetic field was applied
perpendicular to the transport current.

The history effect of the critical current density was
investigated by comparing following two critical current
densities. After the external magnetic field was increased
up to By, the critical current density was measured by four
probe method (J.g). Then the external magnetic field was
slightly changed by the amount of B, and returned to the

Table 1. Common specifications of samples

wire diameter Dy (mm) 0.144
filament diameter dy(pm) 1.26
filament spacing dy(pm) 0.31
the number of filaments N; 4152
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initial value By. The critical current density after this field
excursion was measured (J,.). If the critical current density
depends on the history and is smaller in the increasing field
process as is usually observed, J./J.o is expected to be
larger than unity for positive By, values, while it will be
equal to unity for negative B, values.

The history effect of the matrix critical current den-
sity was measured by the Campbell method. The external
dc and superposed ac magnetic fields were applied simi-
larly to the magnetization measurement. The frequency
of the ac magnetic field was 35 Hz. All the measurements
were carried out at 4.2 K.

III. RESULTS AND DISCUSSION

Magnetic field dependence of the magnetization hys-
teresis for various twist pitches is shown in Fig. 1. The
measured magnetization hysteresis is divided into four con-
tributions:

(1)

In the above AM; is the magnetization of the filaments
given by

AM = AMj + AM, + AM; + AM,.

(2)

where A is a volume fraction of the superconducting fila-
ments in the wire. AM, is the magnetization of the matrix
due to the proximity effect and AM; is the magnetization
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Fig. 1 Observed AM for various twist pitches, [,, and
AM; estimated from Eq.(2). Broken line represents
AM in the limit of [, — 0 and the difference be-
tween broken line and AM gives AM;.
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Fig. 2 Dependence of AM on [, for various values of B,.

due to the inhomogeneities inside the wire such as, sausag-
ing, bridging between filaments, breakage of filaments, su-
perconducting matrix islands and so on. The last term in
Eq. (1), AM,, is the magnetization due to the eddy cur-
rent in the matrix and is proportional to the sweep rate
of the external field, |dB,./dt|. AM, can be neglected for
sufficiently low sweep rates. In the present case, magneti-
zation was independent of the sweep rate in the range of
|B.| =3 ~ 51 mT/s.

The observed magnetization hysteresis becomes small
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Fig. 3 B, dependence of J., and J.;
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Fig. 4 ac penetration depth as a function of ac magnetic
field amplitude in increasing and decreasing dc mag-
netic field at B, = 0.1 T.

according as the twist pitch is decreased. AM; and AM;
do not depend on the twist pitch, [, in Eq. (1), while
AM, is approximately proportional to I, as[4]

2
T Dw
L p===1 14
+{5) ] 2l
where J,, is the critical current density in the matrix due
to the proximity effect. In Eq.(3), A, represents a volume

fraction of the matrix in multifilamentary region and is
given by

2
AM, = SodmdpJeply

(4)

2
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and A, is a volume fraction of the multifilamentary region
in the wire,

Ap=1—-

A
I_AP‘ (5)

Figure 2 which is a replot of Fig. 1 shows the twist
pitch dependence of magnetization for various external
magnetic fields, B.. Since (7Dw /2l,)? is of the order
of 10-? and is negligibly small under the present exper-
imental conditions, AM, is approximately proportional to
l,. Hence, J, can be estimated from Eq. (3). Figure 3
shows B, dependence of J.,. The values of J.; observed
by four probe method under increasing magnetic field pro-
cess are also plotted in the same figure. Strictly speaking,
the present J.; is slightly different from the critical cur-
rent density in the filament, since it contains the matrix
current. However, J., is sufficiently smaller than J.; and
the error in estimation of J.; is negligible.
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Fig. 5 Normalized critical current density J./J.o after field
excursion by B,, from B, = 0.15 T. J.q is the crit-
ical current density at initial increasing magnetic
field process.

If the B, dependence of J., at low magnetic fields is
approximately expressed as

Jop 0 BT, (6)

7 = 1.3 is obtained. On the other hand, the v value of J.;
is ¥ = 0.44. Therefore, J., decreases rapidly according to
an increase of magnetic field, since induced superconduc-
tivity in the matrix is easily broken by magnetic field. A
typical value of J., at B, = 0.1 T is 2.1 x 108 A/m? which
is 150 times smaller than the value of J.; = 3.1 x 10'°
A/m?.

Figure 4 represents the observed ac penetration depth
as a function of external ac magnetic field amplitude in
increasing and decreasing of processes dc magnetic field
process measured by the Campbell method at B, = 0.1
T. The slope of solid lines is proportional to 1/J.,. It is i
observed that J., in decreasing magnetic field process is |
approximately 4 times larger than that in increasing mag-
netic field process. This measurement gives J., of the same :
order of magnitude with the results obtained from Eq.(3).

The result of normalized critical current density after -
the excursion of external magnetic field is shown in Fig. 5.
However, any remarkable difference is not observed within
an experimental error. This means that the history effect |
occurs only for J,. If so, the history dependence of the
mean critical current density is estimated to be very small.
That is, J./J.o in Fig. 5 is expected to exceed unity only
by 0.003 which is too small to detect exactly. :

Therefore, the history effect of the critical current -
density in the wire is expected to become measurable if

:



J.p has sufficiently large value. In fact, the history effect
was observed for a wire with the filament diameter and
filament spacing 3 ~ 4 times smaller[3] than in the case of
the present work. It is needed to investigate, therefore, the
case of noticeable proximity effect.

The above results clearly show that the history effect
appears in induced superconducting current in matrix due
to the proximity effect but not in J.; in superconduct-
ing filaments. This suggests a close correlation between
the proximity effect and history effect. This close corre-
lation can also be found in existing experimental results:
A remarkable history effect of the critical current density
has not been observed in conventional bulk superconduc-
tor or multifilamentary wire which do not show apprecia-
ble proximity effect. In addition, the history effect is likely
to become remarkable according as the filament diameter
decreases. The similarity that both the proximity and his-
tory effects tend to diminish at higher magnetic field is also
compatible with the above hypothesis.

The close correlation between the proximity effect and
history effect in multifilamentary wires suggests a simi-
larity to the history effect due to weak links in high-T,
superconductors. The critical current density in weakly
superconducting regions is history dependent in the both
cases. The similarity to high-T, superconductors may sug-
gest that closed loops of large current in inhomogeneous re-
gions, such as swelled parts in sausaged filaments or bridges
between filaments, affect the weakly superconducting re-
gion through their dipole magnetic fields. However, this
dipole field is estimated to be too small to give rise to
appreciable effects.

Therefore, the mechanism which brings about the his-
tory effect in multifilamentary wire is open. What cannot
be understood in the observed quantities in the present
measurement is AM;. AM; can be estimated from the dif-
ference between AM in the limit of [, — 0 which is shown
by the broken line in Fig. 1 and AM;. As aforementioned,
A M; is considered to originate from inhomogeneities inside
the wire. However, if the sausaging, bridging and break-
age of filaments are the candidate for responsible inho-
mogeneities, AM; is proportional to the abovementioned
dipole field and remains finite even under high magnetic
fields. However, observed AM; decreases with increasing
field and disappears at the field above 0.5 T. Therefore,
AM; is not the contribution from simple inhomogeneities
but is considered to be strongly connected to the proximity
effect. It is necessary, therefore, to clarify the mechanism
which brings about AM;, which is expected to be closely
connected to the mechanism of history effect in multifila-
mentary wires.

IV. CONCLUSION

The history effect of the critical current density in su-
perconducting Nb-Ti multifilamentary wires was investi-
gated by using several methods. The magnetization of the

sample was divided to the contributions from the filaments,
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matrix due to the proximity effect and inhomogeneities of
the wire. The critical current density in the matrix mea-
sured by the Campbell method was found to be history
dependent. However, the history effect was not observed
for the critical current density in the filament. This result
shows a close correlation between the proximity effect and
history effect and suggests a similarity to the correlation
between the weak link and history effect in high-T, super-
conductors. However, the mechanism of history effect is
not clear at this stage.
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