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Magnetic measurements carried out on MgB, superconducting round wires have shown that the
critical current density J.(B,) in wires sheathed by iron can be significantly higher than that in the
same bare (unsheathed) wires over a wide applied magnetic field B, range. The magnetic behavior
is, however, strongly dependent on the magnetic history of the sheathed wires, as well as on the wire
orientation with respect to the direction of the applied field. The behavior observed can be explained
by magnetic interaction between the soft magnetic sheath and superconducting core, which can
result in a redistribution of supercurrents in the flux filled superconductor. A phenomenological
model explaining the observed behavior is proposed. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1763224]

I. INTRODUCTION

The current-carrying ability of superconductors has been
long debated since practical applications became viable. The
dissipation-free current flow in type-1l superconductor can
exist in either the Meissner state within the magnetic field
penetration depth \ or in the Shubnikov (mixed) state as long
as the magnetic vortices are pinned. The field operational
range of the Meissner state is usualy too small and super-
currents too weak to satisfy practical needs. Hence an enor-
mous effort has been made to find ways to reinforce the
vortex pinning, which determines the maximum dissipation-
free currents in the superconductors in the Shubnikov state.
An additional method for further enhancing the current-
carrying ability of superconducting strips was suggested in a
series of recent theoretical works by Genenko et al.>? It was
shown that thin superconductors placed in a soft magnetic
environment with a high magnetic permeability can exhibit
transport currents higher than those which would be nor-
mally obtained in the critical state. This situation was re-
ferred to as the overcritical state. A maximum overcritical
current 1°¢ higher than the critical current | by a factor of
~7 was estimated to be likely obtained in some practical
cases.’ However, the strips require a peculiar geometrical
shape of the magnetic environment within which the strips
should be situated.>® This obstacle made it difficult to
achieve and experimentally test this magnetic method.

Promising horizons for testing and employing the mag-
netic environment method for enhancement of the current-
carrying ability have been opened up by MgB, supercon-
ducting wires sheathed by magnetic materials such as iron
(Fe).>"° Indeed, round MgB, superconducting wires sheathed
in iron seem to exemplify objects which are quite simple to
fabricate and deal with. Previous works have aready re-
ported on the observation and benefits of the magnetic
shielding effect for round MgB, wires.>* The shielding ef-
fect has been long known for a shell of highly permeable
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material.® However, the interaction between the ferromag-
netic iron sheath and the superconductor produces numerous
prominent new electromagnetic effects if the wire is placed
in an externaly applied magnetic field B,.>* Among the
most intriguing are: (i) asharp drop in 1,(B,) at small fields
and a plateau in the intermediate field region obtained in
transport experiments, in which the applied magnetic field
was superimposed on the applied transport current;® (i) a
strong magnetic-history dependence of the magnetization be-
havior as a function of the applied field observed in magnetic
experiments, in which only an external field was applied.*

In this work, we focus on issues related to the magnetic-
history-dependent effects induced by the interaction of the
superconductor and the magnetic sheath in the case where
only an external field is applied. In the following section we
describe the experimenta procedures employed in this work.
In Sec. Il we provide results obtained for the case of the
field applied perpendicular (Sec. II1 A) and paralel (Sec.
I11 B) to the round wire axis. In Sec. IV A, which is the main
part of the paper, we discuss the magnetic-history-dependent
results and propose a model to explain the observation of an
overcritical state. The behavior of virgin zero-field cooled
magnetization curves is considered in Sec. IV B. The influ-
ence of thermomagnetic flux-jump instabilities is described
in Sec. IV C. In the last section we summarize the results
obtained in this work.

Il. EXPERIMENTAL DETAILS

The magnetization measurements on MgB, supercon-
ducting wires sheathed by iron were performed with the help
of a Quantum Design MPMS superconducting quantum in-
terference device (SQUID) magnetometer within an applied
magnetic field range of |B,/<5T at different temperatures
and two field orientations with respect to the cylindrical wire
axis: perpendicular and parallel. The results of the measure-
ments on sheathed wires are compared to those carried out
under absolutely the same conditions but on bare wires. A
bare wire was obtained by careful and thorough mechanical
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FIG. 1. The magnetization hysteresis loops of the iron sheath measured
above T, a T=43K for perpendicular and parallel field orientations. The
saturation fields B are defined at the crossing of the extensions (dotted
lines) to the linear parts of the curves.

removal of the iron sheath from the wire so that the super-
conducting volume of the core remained nearly the same.

The Fe-sheathed MgB, superconducting wires were
made by employing the powder-in-tube technique and using
an in situ Mg+2B powder reaction approach for forming the
MgB, superconducting core.” The wires investigated in this
work were similar to those described in Ref. 4.

Ill. EXPERIMENTAL RESULTS

The magnetic response of the Fe-sheathed wiresis domi-
nated by the ferromagnetic signal of iron not only above, but
also below the critical temperature T, .* T,=38.6 K has been
measured for our samples at B,=2.5mT. To elucidate the
superconducting contribution of the core below T., we have
subtracted the Fe-sheath contribution measured above T,
(Fig. 1). The ferromagnetic loop of the sheath contribution
exhibits insignificant hysteresis (not visible on the scale in
Fig. 1), which is the characteristic behavior for soft magnetic
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materials. The measured loops for the perpendicular (paral-
lel) field orientation provide the coercitive field of
|Bei|=1.1(1.5) mT. The remnant magnetization is |M,|
=5(37) X 10° A/m. The maximal magnetic permeability of
the iron before the saturation is u/wy=6(46), where u, is
the permeability of free space.

In this section we present the superconducting contribu-
tion of the magnetization curves as a function of the applied
magnetic field for the Fe-sheathed MgB, wire. We compare
these results with corresponding curves obtained for the bare
superconducting core having no Fe-sheath, i.e, no Fe-
induced signal subtraction was needed. Zero-field cooled
(ZFC) and field-cooled (FC) types of magnetization mea-
surements were carried out. The ZFC state of the sample was
achieved by cooling it through its critical temperature at B,
=0T. By FC state we imply that measurement started at
|B,/=5T, which is either >B,; at T<25K or >Bj, a T
=25K. B, is defined at the field where the descending and
ascending branches of the magnetization merge.

The measured curves are shown in Fig. 2 for perpendicu-
lar and in Fig. 3 for parallel orientations. Every graph for
each temperature contains curves measured under the follow-
ing conditions. (i) ZFC magnetization curves measured from
B,=0T to 1.0 T for the Fe-sheathed MgB, wire are plotted
by large solid circles. (ii) FC magnetization loops, measured
starting from B,=5 T sweeping to B,=—5 T and then back
to B,=5T, are plotted by large open circles. In order to
directly visualize the influence of the iron sheath, we carried
out the same measurements for the bare wire obtained after
the removal of the sheath from the same measured wire.
Note that the direct comparison is valid since the supercon-
ducting volume of the sample remained nearly unchanged.
These results are plotted by notably smaller (diamond) sym-
bols and thicker connecting lines: (iii) the solid diamond
symbols are ZFC measurements performed at the same con-
ditions as in case (i); (iv) the open diamonds are FC mea-
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FIG. 3. The magnetization curves
measured for parallel field orientation
with respect to the wire axis. The leg-
end is the same as described in the
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surements obtained as described for case (ii). For clarity,
only the positive applied field half of the curves in the first
and fourth quadrants are shown, because the other half is
inversely symmetrical with respect to the m axis and does
not contain additional information.

Numerous thermomagnetic flux jumps are observed at
T<15K as can be seen in Figs. 2 and 3. Nevertheless, they
do not obscure the analysis of the data not only because the
remaining temperature range (15K<T=<T,) is sufficiently
broad, but also because the overcritical effect discussed in
this paper does not significantly change below T=30K as
will become clear from Sec. IV A. The flux jumps are further
discussed in Sec. IV C.

A. Perpendicular orientation

The curves shown in Fig. 2 exhibit magnetization behav-
ior measured in magnetic fields applied perpendicular to the
cylindrical axis of the wire at different temperatures. Strik-
ingly, one finds numerous discrepancies between the magne-
tization behavior of the Fe-sheathed and bare wires. Obvi-
oudly, these discrepancies are the consequences of the
influence of the ferromagnetic sheath. We can divide these
conseguences into two categories: temperature dependent
and temperature independent. It is natural to attribute the
temperature independent consequences to the nonsupercon-
ducting property of the iron sheath, whereas the temperature
dependent consequences can be related to an interaction be-
tween the ferromagnetic sheath and the superconducting
core.

To the first category, we can undoubtedly attribute only
one temperature-independent effect, which becomes obvious
by direct comparison of the corresponding magnetization
curves for the Fe-sheathed and bare wires. The difference is
clearly seen below B;=0.34T marked by the dotted line in
Fig. 2. By is the saturation field of the magnetization for the
ferromagnetic response of the Fe-sheath defined above T in
Fig. Linasimilar way asin Ref. 4. The magnetic behavior of

the sheathed wire below | By| exhibits zero magnetization for
the ZFC branch and strongly suppressed (down to zero) mag-
netization for the FC branch. However, the behavior of the
bare wire shows the largest values of the magnetization at
B.=<|B,| for the FC loops (masked by the flux jumps below
15 K) and rapidly increasing diamagnetic magnetization for
the ZFC branch. In the sheathed wire, up to |B4| all the
magnetic energy within the volume of the wire is spent on
alignment of magnetic domains inside the iron sheath and no
energy is left to affect the superconductivity in the core. In
other words, due to a magnetic permeability of the sheath a
magnetic shielding effect occurs. The shielding in similar
samples has been visuaized in Ref. 4 with the help of
magneto-optical imaging. Note that in the ZFC curve of the
shielded wire the Meissner state is shifted to a higher field,
compared to the corresponding bare wire curve, by ~0.34 T.
Therefore, the experimental first pseudo critical field BY; for
the shielded wire can be defined as

B =Bc1tBs. @

The shift enables thefirst critical field B, ~0.06 T8 in MgB,
superconductor to be exceeded by a factor of ~5.6.

To the second category of the T-dependent effects we
can attribute the following features observed in Fig. 2.

(1) A clear overcritica state is observed at T=15K.
This phenomenon is the most striking among al the ob-
served effects. By the overcritical state here we imply that
the maximum width of the hysteresis loops of the sheathed
wire is aways larger than the corresponding width of the
magnetization in the bare wire. The width of the loopsiswell
known to be directly proportional to the critical current den-
sity J..

(2) A suppression of the superconductivity occurs at
B.>B,(T). B,(T) isthefield at which the overcritical state
vanishes, i.e., the ascending branch of the sheathed wire
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FIG. 4. Irreversibility fields for the sheathed and bare wires in the parallel
and perpendicular orientations. Due to the maximum field limitation of the
SQUID magnetometer, the values of B;, exceeding 5 T could not be
reached. This is shown by the dotted line for the bare wire at T<25K.

crosses the corresponding branch of the bare wire (see Fig. 2
for B, definition).

(3) The irreversibility field of the sheathed wire is
smaller than that of the bare wire at al temperatures (see Fig.
4).

(4) The zero-field cooled (virgin) magnetization curve
of the Fe-sheathed wire in increasing magnetic field is only
shifted due to the iron screening effect, but its magnetization
value in the minimum is comparable to the corresponding
value of the bare wire, unlike the FC ascending branch case
described in Case (1).

(5) The FC branches of the sheathed wire experience a
strong magnetic history dependence. In contrast to the mag-
netization behavior of the bare wire, the ascending branch
has much higher absolute values of the magnetization com-
pared to those of the descending branch at all temperatures.

(6) The thermomagnetic flux-jump instabilities in the
sheathed wire appear over a wider field range and at higher
temperatures than in the bare wire.

B. Parallel orientation

The curves shown in Fig. 3 exhibit magnetization behav-
ior measured with the magnetic field applied parallel to the
cylindrical axis of the wire at different temperatures. Apart
from the orientation, the measurement conditions for the
curves in each graph are identical with the corresponding
conditions for the transverse orientation. However, one can
clearly see significant discrepancies between the magnetiza-
tion behaviors obtained for these two orientations (Figs. 2
and 3).

The temperature-independent effect of magnetic screen-
ing is still there due to the finite length of the sample, al-
though it is far from being so prominent as in the transverse
orientation. The saturation field of the ferromagnetic iron
sheath Bs=0.065T for the longitudinal orientation is much
smaller than in the transverse case. Therefore, in agreement
with Eqg. (1), Bj,<BE, . This magnetic anisotropy of By is
likely to be a consequence of the mechanical deformation
process during the wire fabrication. Structurally, the process
most probably elongates the iron grains in the sheath in the
direction of drawing. Magnetically, the structural strains de-
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veloped in the sheath during the mechanical deformation
force the magnetization easy axis of the iron to be parallel to
the cylindrical axis of the wire.

As to the temperature-dependent effects, which arise due
to the interaction between the magnetic sheath and the super-
conducting core, we point out the following peculiarities in-
herent to the field applied parallel to the wire (Fig. 3).

(i) No overcritical state is observed.

(ii) The superconducting signal of the Fe-sheathed wire
is suppressed compared to the signal of the bare wire over
the entire field range.

(iii) Theirreversibility fields are smaller not only thanin
the bare wire, but also than in the case of the perpendicular
orientation (Fig. 4).

(iv) The virgin curve behavior is similar to that de-
scribed in case (4) of the transverse orientation.

(v) The magnetic-history-dependent effect is similar to
that described in (5) for the transverse case.

(vi) The thermomagnetic flux-jump instabilities are also
similar to case (6) for the perpendicular orientation.

IV. DISCUSSION

The temperature-independent case of the iron screening
effect israther straightforward for both field orientations, and
it has been described and visualized in our previous work.*
In this work, we deal with the temperature-dependent phe-
nomena which arise from the interaction between the sheath
and the superconducting core.

A. Overcritical state

The most scientifically interesting and practically impor-
tant effect obtained in this work is the overcritica state ob-
served in the case of the applied field perpendicular to the
sheathed wire axis (Fig. 2). In general, the existence of the
overcritical state as a result of an interaction between a su-
perconducting strip and a soft magnetic environment was
predicted in Ref. 2. The main idea is that for some environ-
ment configurations the supercurrent profile over the strip
can be redistributed so that the supercurrent is pushed from
the flux-filled strip edges to the central flux-free part of the
strip, resulting in a total overcritical current 1°°>1.. The
most pronounced enhancement of the current was found for
an open convex magnetic cavity. The cylindrical cavity was
shown to be a less favorable configuration for a current en-
hancing redistribution. Note that in our case the core is situ-
ated inside a cylindrical cavity [see Fig. 5(a)]. It was further
shown® that if a strip is squeezed between two parallel mag-
nets, forming a ** sandwichlike” configuration, it can lead to a
significant undesirable current enhancement at the strip
edges. The enhancement at the edges would eventually lead
to an overal | . degradation in the strip, which eliminates any
possibility for the occurrence of an overcritical state. In our
case, the sheath can also be considered to be parallel to the
core in the vicinity of points A and B [see Fig. 5(c)]. The
supercurrent redistribution is possible in the strips since the
Meissner shielding currents can flow over the entire surface
of the thin superconductor.? The only controversial experi-
mental indication for the occurrence of the overcritica state
in strips has been recently reported for YBa,Cu;O; films by
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FIG. 5. (a) A cross section of a MgB, wire sheathed in iron obtained with
the help of scanning electron microscopy. The diameter of the sheathed wire
is =1.5 mm, while the diameter of the core is =1.0 mm. (b) An interface
area at high magnification exhibiting a 6.2-9.1 um thick white layer of
MgO. The electromagnetic schematics of the sheathed wire cross section are
shown for transverse (c) and longitudinal (d) field orientations. The super-
conducting core in the transverse orientation can be approximated as a stack
of strips with their own Meissner shielding currents confined within each
strip (c). The dotted line in (c) shows a hexagonal approximation of the
core-sheath interface. The white circular arrows in (d) denote shielding cur-
rents for the longitudinal orientation. (e) Similarities of different magnetic
environments for the wire and an isolated strip (see text).

employing the magneto-optical imaging technique.® Over-
critical Meissner currents were locally obtained by inversion
of the Biot-Savart law in the region next to magnets set
perpendicular to the film but not on the middle of the film
which contradicts the theoretical prediction.? Moreover, no
global investigations, such as magnetization or transport
measurements, have been carried out. Indeed, the geometri-
cal configuration for which the overcritical state was pre-
dicted to exist in strips is extremely difficult to realize in
practice.

The situation is completely different in our case of the
bulklike wire, which is a redlistic, easy to manufacture con-
figuration of MgB, round wires sheathed by iron. In the su-
perconducting core of the wire the supercurrents flow only
within the magnetic field penetration depth A, unless the su-
perconductor is filled with the magnetic flux. According to
Ref. 2 the flux-free Meissner state is a physically important
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FIG. 6. Normalized critical current densities calculated from measured mag-
netization loops for (a) perpendicular and (b) parallel field orientation. The
large open symbols are used for the curves measured for the bare wire,
whereas the smaller solid symbols and thick connecting lines denote the
behavior of the sheathed wire. The arrow points at a flux jump. The dotted
lines mark B for both orientations.

condition for overcritical currents to exist. Nevertheless, in
spite of being bulklike, having direct contact with parallel
magnets and carrying out our experiments on the wiresin FC
state we are able to clearly show that the overcritical state
does exist in the wires (Fig. 2).

In Fig. 6(a) we directly compare critical current densities
of the bare and sheathed wires, calculated from the critical
state model for a cylinder in a perpendicular magnetic field.
As can be clearly seen, in a certain magnetic field interval
varying with temperature the (over)critical current density
J2¢ of the sheathed wire is significantly higher than J,. for the
bare wire. Moreover, its maximum value J¢5,., , occurring at
the field BJ° which is dlightly larger than B, is even higher
than J.(0,T). Unfortunately, it is impossible to compare
critical current densities at B,<|B|, since due to the mag-
netic screening effect a rapidly vanishing superconducting
signal is measured. As a result no real J¢ at B,<|B| is
available in the case of magnetic measurements.

To explain the overcritical state developing in a round
wire confined in a cylindrical magnetic environment (Fe-
sheath) we have constructed a phenomenological model
which can be described with the help of the schematic in Fig.
5(c). In the case of the field applied perpendicular to the wire
axis we assume that Meissner shielding currents flow within
quasi-two-dimensional planes. The wire can then be consid-
ered as a stack of strips tightly packed in the cylindrical
cavity. Indeed, the relationship between magnetic field and
current density in an isolated “bulk’ strip in a perpendicular
B, was shown to be easily transformed to the corresponding
relation in the strip-array system'® with each strip having a
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FIG. 7. Critical current density enhancement at B,= B3¢ at which the maxi-
mum enhancement occurs as a function of the normalized temperature. The
dotted line marks the expected enhancement at lower temperatures over-
shadowed by flux-jump instabilities. The inset shows the normalized J.(B,)
graph for T=35K in the perpendicular orientation, similar to those exhib-
ited in Fig. 6(a).

thickness equal to the effective penetration depth for these
strips.! The possibility of this transformation also implies
that the field-current behavior of the entire bulk core can be
derived from that of an isolated, centrally situated strip.

In our case, the strips at the top (A) and bottom (B) of
the cavity [Fig. 5(c)] experience the undesirable parallel
magnet configuration with only one side exposed to the Fe-
sheath (magnet). On the other hand, these strips shield the
centrally situated ones from the parallel magnet influence.
The central strips would then experience only the interaction
with the Fe-sheath located at the sides of the strips, which
would form the geometry of an open concave cavity with the
opposite curvature to the convex configuration. However,
one can consider the unified linear approximation shown in
Figs. 5(c) and 5(e) for the curvatures of the concave and
convex cavities. More similarities between the wire and the
strip for different magnetic environment configurations are
shown in Fig. 5(e). The diameter of the wire and the width of
the strip are kept at the 1.5 ratio to preserve the ratio between
the wire and the strip considered in this work and in Ref. 2,
respectively. Thus, it is legitimate to expect to obtain similar
values of the current enhancement in both cases. The en-
hancement of the critical current density to the maximum of
the overcritical current density J2° obtained for the case of
the convex cavity is given by?

Jg¢ 1 wD

NV ey

D=1.0mm is the superconducting core diameter and a
=6.2—-9.1um is the distance between the core and the
sheath. As revealed by scanning electron microscopy (SEM),
a layer of presumably MgO is formed on the interface be-
tween the Fe-sheath and the MgB, core [Fig. 5(b)].2% Substi-
tuting the maximum J¢9,,/J.=1.6 enhancement ratio ob-
tained in the experiment at B3 and T<30K, we can find a
ratio D/a and compare it to the one obtained with the help of
SEM. It turned out that D/a~ 112 obtained from substituting

J¥ . 1J.=1.6 into Eq. (2) isin a good agreement with the

C,max

172

)
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dimensional ratio obtained by SEM investigations. This fact
can indicate the similar origins of the current enhancement in
our case and in the case of a superconducting strip.2

It is worth noting that according to Eq. (2) the Jg5a/Je
ratio is independent of temperature. This independence is
also observed in our experiment at temperatures below 30 K
(Fig. 7). The behavior of the J. enhancement below T
=15K which is overshadowed by the flux-jump instabilities
is expected to remain constant as shown by the dotted linein
Fig. 7. Strikingly, the ratio is drastically boosted up to one
order of magnitude at temperatures approaching T.. Thiswe
attribute to the consequences of the magnetic screening ef-
fect. Indeed, at T=30K, By, in the sheathed wire is rapidly
approaching Bg. Below Bg, the core is unaffected by field
alteration. Within B;<B,<B;,, the wire experiences the in-
terplay between the rapid J2° enhancement and the proximity
of Bj,, leading to a sharp J2¢ peak near B;,, (see theinset in
Fig. 7). On the contrary, the J. dependence of the bare wire
monotonically decreases and vanishes at B;,,. These differ-
ences in the J.(B,) behavior lead to large enhancement val-
ues in the vicinity of T..

In the case of the field applied parallel to the wire axis
[Fig. 5(d)], no overcritical state is measured [Figs. 3 and
6(b)]. This is because for this orientation no supercurrent
redistribution takes place due to cylindrical symmetry [Fig.
5(d)]. In the fields B,> B, the Fe-sheathed samples expe-
rience the well-known Bean-like field and current profiles
similar to those in the bare wire. This is also in agreement
with the prediction in Ref. 2. In fact, J; of the bare wire is
higher than that of the sheathed wire [Fig. 6(b)], which might
be associated with the local suppression of the superconduc-
tivity by the magnetic material. The difference between per-
pendicular and parallel field orientation is a strong support in
favor of the supercurrent redistribution from edges [of the
strips depicted in Fig. 5(c)] towards the central area of the
superconducting core.

A further support of such redistribution has recently been
provided by magneto-optical imaging.** The modified flux
profile induced by the transport supercurrent interaction with
the externally magnetized sheath has been visualized within
the MgB,, core of the Fe-sheathed wire in a similar way as it
was done in Ref. 4. The observed flux profile within the core
was compatible with the unusual enhancement of the super-
current in the middle of the core.’® This effect was observed
only in the case of the wire cooled in an externally applied
field (FC state). In addition, it is worth noting that recent
theoretical results'* have shown that in the Meissner state in
a bulk round superconductor wire, which is placed near the
flat surface of a semi-infinite bulk magnet, the sheet current
is redistributed. It is suppressed near the magnet and en-
hanced in the middle and opposite side of the wire, while the
total current of the wire remained unchanged.

A magnetic-history-dependent effect with a strongly pro-
nounced asymmetry between the FC ascending and descend-
ing branches of the magnetization is observed in the sheathed
wires for both field orientations (Figs. 2 and 3). This asym-
metry arises due to the interplay between the irreversibility
induced by pinning and the sheath permeability. Indeed, the
ascending branch always exhibits much higher values of the
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magnetization compared to the descending branch. For ex-
ample, at T=15K the maximum absolute value of the as-
cending branch at B,=0.5T is higher than the corresponding
value of the descending branch by a factor of =5 for the
transverse case (Fig. 2). Thisfactor decreases with increasing
temperature, whereas the maximum value of the descending
branch remains almost constant. At lower temperatures, one
can anticipate the maximum value of the ascending branch to
be even higher and the difference between the branches even
larger, but the magnetization behavior is strongly overshad-
owed by the thermomagnetic flux-jump instabilities. Thus,
the ascending branch behavior is attributable to the super-
conducting properties, whereas the behavior of the descend-
ing branch is basically controlled by the magnetized sheath.
Note that the signal of the descending branch is comparable
for both field orientations.

The influence of the sheath magnetization also becomes
dominating for the ascending branches above B, (T). Even-
tualy, the suppression of the superconductivity by the mag-
netized sheath leads to significantly smaller values of the
irreversibility fields compared to the bare wires (Fig. 4).

B. Virgin ZFC magnetization curve behavior

As mentioned above and clearly seen in Figs. 2 and 3,
the virgin ZFC magnetization curves for the sheathed wire
are shifted by =B with respect to the corresponding curves
for the bare wire over the entire temperature range. The in-
terval of zero-magnetization signal arising from the magnetic
screening effect® is referred to as the extended* or pseudo-
Meissner effect.” However, we would like to emphasize that
in the case of the transverse field the absolute value of the
magnetization at its minimum reproduces the corresponding
value obtained for the bare wire (Fig. 2, see T=20K). No
magnetization enhancement is observed, in contrast to the
FC ascending branch discussed in the preceding subsection.
This implies that as long as no frozen flux is present in the
superconducting core, no enhancement takes place. This is
because Meissner shielding currents are induced in the
sheathed core only within the field penetration depth at B,
=B,. In other words, if no flux is frozen in the core, no
supercurrents are present inside the bulk of the core in agree-
ment with the Maxwell equations. This means that no super-
current redistribution is possible inside the core. Therefore,
the model proposed in the preceding subsection for the ex-
planation of the overcritical state explanation is valid only
for a superconductor filled with magnetic flux. This conclu-
sion is aso in agreement with the results of the recent MO
experiments™ mentioned in the preceding subsection. The
flux density in the center of the core should be rather diluted
just above | Bg| upon increasing the field from B,=0 T in the
FC state. This diluted flux can enable the supercurrent redis-
tribution as predicted in Refs. 2, 14 for the Meissner state.
However, a further investigation has to be done in order to
understand how the presence of the flux in the supercon-
ductor comply with the theory.

In the case of the longitudina field (Fig. 3) the value of
the magnetization minimum in the virgin curves of the
sheathed wire is significantly suppressed. This can also be
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explained by suppression of the superconductivity by the
magnetic sheath. This would agree with the general explana-
tion for the magnetization behavior at this orientation dis-
cussed in the preceding subsection.

C. Flux-jump instabilities

As we have already mentioned previously,® for MgB,
wires prepared by the in situ method the presence of the iron
sheath can lead to stronger thermomagnetic flux-jump
instabilities.’® Indeed, as can be seen in Fig. 2, the flux jumps
appear for the Fe-sheathed wire at T<15K, whereas for the
bare wire the flux jumps are absent at T=15K. Moreover,
the flux jumps in the Fe-sheathed wire extend over a much
broader field range than in the bare wire at T<10K. In the
case of the field applied parallel to the wire axis, the differ-
ences between flux-jump behaviors of the sheathed and bare
wires are present as well (Fig. 3 for T<15K). Generdly, the
low thermal conductivity of the iron sheath worsens the ther-
mal sink environment of the superconductor, compared to the
environment of the steady cold helium gas flow around the
bare core. As a consequence, the sheathed system is more
sensitive to local overheating due to vortex avalanches.®
Sheath materials, such as copper and silver, which could sta-
bilize the wires,}’ have been shown to be too soft to support
an acceptable level of critical currents and were chemically
incompatible with the in situ MgB, core preparation.”

Furthermore, taking into account the fact that the over-
critical state produces J2¢, which is significantly higher than
J¢ in the bare wires, one can presume that a stronger pro-
nounced flux-jump behavior in the sheathed wires might also
be a result of an interplay between a worsened heat sink
environment and the higher J2¢ induced by the sheath. Gen-
erally, the higher the J.., the wider is the field range for the
instabilities'® Hence, one might expect a stronger pro-
nounced flux-jump behavior over a wider field range for the
wire in a perpendicular field with J2°>J. of the wire in a
parallel field. In fact, the flux-jump behavior is quite similar
for both orientations (Figs. 2 and 3). This fact might indicate
that the Meissner shielding supercurrents near the core sur-
face are similar for both orientations. Therefore, the condi-
tion for the flux-jump appearance, basically given by local
violation of the Ampere's law

— = T Hode )

(where w is the permeability of the free space and x is the
coordinate along the flux gradient), would be controlled by
the shielding J. near the surface, but not by J2°¢ which is
achieved in the bulk of the flux-filled core as a result of the
supercurrent redistribution in the perpendicular fields.

V. CONCLUSION

In summary, we showed that an overcritical current state
exists in round superconducting MgB, wires sheathed in iron
with J3°>J. by one order of magnitude at temperatures
closeto T, . At lower temperatures the enhancement is tem-
perature independent with J_/J.=1.6. A phenomenologi-

c,max

cal model valid for around core filled with magnetic flux has
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been proposed which uncovers analogies between overcriti-
cal states in the round wires investigated in this work and in
the strips treated theoretically in Refs. 1 and 2. (i) The ex-
perimental temperature independence of Jg%,/J; below t
=0.8, (ii) the overcritical current density estimation with the
help of Eq. (2), (iii) the magnetic history dependence of the
magnetization for ZFC and FC states, and (iv) particularly
absence of the overcritical state for the parallel field orienta-
tion are the main points which indicate that the origin of the
overcritical state existence in the Fe-sheathed bulk wires is
similar to that predicted for the thin strips. The overcritical
state has been accounted for as a result of magnetic interac-
tions between the permeable iron sheath and the supercon-
ducting core. These interactions in perpendicular fields can
lead to the redistribution of supercurrents within the flux-
filled superconducting core, resulting in the appearance of
the overcritical state. We anticipate that the effects observed
should be present not only for the Fe-MgB, sheath-core wire
system investigated, but also for any kind of compatible wire
composition comprising a superconducting round core and a
soft magnetic sheath material.

The interaction of the iron sheath and superconductor
has also been shown to lead to suppression of the supercon-
ductivity, in particular, to degradation of the irreversibility
field, in the cases when the sheath is fully magnetized.

The effect of flux-jump instabilities is shown to be sig-
nificantly enhanced by the Fe-sheath. Similar flux-jump be-
haviors in the sheathed wires for both orientations can sug-
gest that J. near the surface of the core is of a similar value
for both cases. This would again indicate that the overcritical
currents, in the case of a transverse applied field, are
achieved in the bulk of the superconducting core.
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