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We investigate the magnetic-field hysteresis effect on a critical current (/) of Sn-Pb solders by focusing on flux trapping states. A clear difference
in I, is observed between the zero-field-cooled (ZFC) and field-cooled (FC) states. The [, for the FC sample is 127.7 A which is larger than
Ie = 107.8 A for the ZFC sample at H = 300 Oe. Through investigation of /. and magnetization, we propose that the phase-separated
superconducting alloys can show clearly enhanced /; by flux trapping, and the exotic states are potentially available for designing superconducting
applications. © 2026 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

critical current (/) is the maximum current that a
A superconductor can carry while maintaining its

superconducting state. /. improvement of practical
superconductors has been an important research objective for
a long time.'™ However, recently, nonreciprocal I, char-
acteristics have been of interest as superconducting diode
effect.®™ Furthermore, I, can be essential for memory-
device applications using superconductivity.'” To accom-
modate these emerging applications, further development of
techniques for controlling and modifying /. characteristics is
necessary. In this work, we examine magnetic-field (H)
sensitivity to transport I. of well-known phase-separated
superconducting alloys, Sn-Pb solders.

The Sn-Pb solders are phase-separated alloys with Sn and
Pb microstructures, and magnetic fluxes are trapped after
field experience.''™'* Using the flux-trapping states below
the transition temperature (7.), nonvolatility of magneto-
thermal switching is achieved.'*'® In particular, a larger
field is trapped in Sn-poor concentrations including a Sn10-
Pb90 solder, which is the studied material of this work. The
lower-T, Sn regions are surrounded by the higher-7, Pb
regions, and magnetic fluxes are strongly trapped in the Sn
regions by the supercurrents in the Pb regions. In our
previous study, the effects of flux-trapped Sn-Pb solders on
low-temperature electrical and specific heat measurements
have been discussed.'*'® The previous studies reported
negative effects, such as the broadening of superconducting
transition of Sn wire due to flux trapped in Sn-Pb solder
joints. In contrast, in this study, we explore positive
utilization of the flux-trapping states of Sn-Pb solders to
develop superconducting applications. Here, we demonstrate
that the /. of Sn-Pb solders can be tuned by flux-trapping
amount, which will be useful for developing supercon-
ducting diodes or memory devices based on new strategy.

We used a Sn10-Pb90 (wt.%) round solder wire with a
diameter of 1.65 mm (Sasaki Solder Industry). The transport
I. was measured using a standard four-probe method
[Fig. 1(a)]. Both ends of the solder wire were mechanically
fixed to the current terminals.'” The voltage taps were
bonded using silver paste and protected with adhesive tape.
The distance between the voltage taps was about 3.0 cm. To
avoid deformation of the sample wire due to Lorentz force, it

was fixed to the sample holder with glass cloth adhesive tape.
The applied external magnetic field (H) was perpendicular to
the current flow (sample length direction). The measure-
ments were performed in liquid He, and the /. was evaluated
using a criterion of 1.0 pV, which corresponds to
0.33 pV cm'. The primary purpose of this study was the
clarification of the effect of flux trapping [see Fig. 1(b)] on
the transport I, properties.'*™'® Therefore, we compared the
data measured after field cooling (FC, after flux trapping)
and zero-field cooling (ZFC). To achieve ZFC states, the
sample was heated to 7 > 10K, which is higher than
T.=17.2K, at H= 0 and cooled to 4.2 K. For the FC data,
the sample was cooled at H = 30000e or the field of
H = 3000 Oe was applied at T = 4.2 K, where the same flux-
trapping states can be obtained. After ZFC or FC processes,
the H was fixed to the target fields (H = 300, 400, 500, and
600 Oe). For H below 200 Oe, I. was not measured because
an abrupt sample quench caused a discontinuous voltage
jump far beyond the 1.0 uV criterion, making it impossible to
identify the I..

Figure 1(c) shows the current dependence of voltage (V-I)
of the Sn10-Pb90 solder wire measured at 7 = 4.2 K. The red
and blue symbols represent the data taken for the FC and
ZFC states, respectively. Noticeably, at H = 300 and 400 Oe,
the FC and ZFC data exhibit clear differences, while the FC
and ZFC data at H > 400 Oe are comparable. The FC sample
(with flux trapping) shows a larger /. than ZFC. The I values
determined at 1.0 pV are plotted in Fig. 2 as a function of H.
At H = 3000e, we obtained I, = 127.7 A for FC and
I. = 107.8 A for ZFC, resulting in a difference of 19.9 A.
Similarly, at H = 400 Oe, the I is 68.1 A for FC and 57.8 A
for ZFC, showing a difference of 10.3 A. In addition, there is
a difference in the sharpness of the transition near the /.. In
the ZFC data, a gradual increase in voltage below I is seen,
which suggests that the intermediate states are present, and
the motion or instability of magnetic flux grows at lower
current. In contrast, the FC data shows robustness of the
zero-resistivity states up to /.. The different behavior should
be related to the states of the magnetic fluxes.

Figure 3(a) shows the H dependence of magnetization
(47M) measured after ZFC at T = 4.2 K. A typical hysteresis
curve with a critical field of ~ 600 Oe was observed. The
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Fig. 1. (a) Configuration of four-terminals method. (b) Schematic images of flux-trapping states (ZFC and FC) of a Sn-Pb solder. (c) Current
dependence of voltage.

140 T T T difference in magnetization profiles between the ZFC and FC
—— FC cases. The estimated 47zM and I, are summarized in Table I.
120 —o— ZFC _ Figure 4 shows schematic images of flux in the sample
interior in each state. In this article, in the state where pinned
flux and unstable intermediate-state flux coexist, we speci-
100 T fically define the state of the pinned fluxes as the flux-bound
state (FBS). In the FBS, magnetic fluxes are strongly pinned
80 - within the Sn regions and protected by the supercurrents in
< the surrounding Pb regions. Figure 4(a) depicts trapped flux
:o in flux-trapping state. Figure 4(b) illustrates the coexistence
60 i of pinned flux in FBS and mobile flux in intermediate state.
Figure 4(c) shows flux in intermediate state. Here, we
40 - discuss the cause of the difference in /. at H = 300 and
400 Oe between the FC and ZFC cases. As shown in Fig. 3,
the initial slope of 47M -H up to around 400 Oe shows the
20 i Meissner states of a type-I superconductor, which means, at
Sn10-Pb90 H = 300 and 400 Oe, the ZFC sample maintains the
(0] 1 L = Meissner state and behaves like a type-I superconductor.
300 400 500 600 As the applied current increases, the superconducting state is

H (Oe)

Fig. 2. H dependence of the estimated /. of the Sn10-Pb90 solder
sample.

blue line is the initial magnetization process from H = 0 to
3000 Oe after ZFC, corresponding to the ZFC cases. The red
line shows the subsequent demagnetizing process from
H = 30000e to —3000 Oe, which represents the FC
(3000 Oe) cases. Black line represents the final upward
sweep to H = 3000 Oe. Figure 3(b) provides a zoomed
view of the middle-field region of Fig. 3(a) to highlight the
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gradually weakened mainly because of self-field generated
by the current,'® and intermediate states are formed near the
surface of the wire. The development of surface intermediate
states allows magnetic flux to invade by forming large-scale
normal-conducting intermediate states as schematically illu-
strated in Fig. 4(c). These fluxes in Pb regions are typically
more unstable and mobile than the vortices strongly pinned
in a mixed state. Therefore, the observed broadening of the
V-I transitions is related to the formation of the intermediate
states and their motion with increasing current. In the FC
cases at H = 300 and 400 Oe, however, we consider that
such formation of large-scale intermediate states does not

© 2026 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 3. (a) H dependence of 47M of the Sn10-Pb90 solder sample. (b) Zoomed plot at H = 300-600 Oe.
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Fig. 4. Schematic image of flux in the sample interior in each state. (a) Trapped flux in flux-trapping state. (b) Coexistence of pinned flux in FBS and

mobile flux in intermediate-state. (c) Flux in intermediate-state.

Table l. 47zM and I. of the Sn10-Pb90 solder sample at H = 300-600 Oe.
H(Oe) 47M (G) (FC) 47M (G) (ZFC) L (A) (EC) I, (A) (ZFC)
300 104.4 —294.7 127.7 107.8
400 22.8 —377.9 68.1 57.8
500 1.8 —267.7 16.6 16.2
600 10.0 —6.7 32 3.0

occur because of the presence of flux-line routes already-
formed by flux trapping as shown in Fig. 4(a). Even with
increasing I, the formation of intermediate states would be
limited to the outer-core regions. Therefore, I. is more
correlated to the strength of the flux pinning in the FC
case. Here, the FC state can be considered similar to a type-II
superconductor in that magnetic flux is strongly confined
locally. We note that while typical type-II superconductors
host vortices with a normal-conducting local core, the fluxes
are trapped in the pm-scale Sn regions in the FC state of the
Sn10-Pb90 solder.'” Although the mechanism of flux
(vortex) trapping is different, the relationship between I.
and flux motion should be a common scenario. Namely, the
I in the FC case is determined by the critical point where the
Lorentz force acting on the trapped flux exceeds the pinning
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force. The convergence of I. values at H = 500 and 600 Oe
further supports our scenario. At these higher fields, the ZFC
sample is out of the initial Meissner slope, indicating that
magnetic flux has already penetrated the sample interior, and
the intermediate state has been formed before the current was
applied as shown in Fig. 4(c). For the FC case, we assume
that the unstable flux in intermediate-state regions coexists
with pinned flux in FBS regions before the current applica-
tion as shown in Fig. 4(b). We estimate the flux-trapping
amount is about 400 G at H = 0 Oe from Fig. 3. In the flux-
trapping process, the internal flux density gradually de-
creases as H is lowered from H, of Pb, due to the gradual
expulsion of magnetic flux from the sample surface. At lower
fields, the intermediate states are reduced because the
internal fluxes are mostly pinned in the Sn regions under
the protection of the Pb-region supercurrents. In contrast, at
higher fields, the internal flux density exceeds the trapping
capacity, forcing the excess flux to remain in the Pb regions
as unstable and mobile flux in intermediate-state regions.
Since intermediate states are established in both the ZFC and
FC cases before the current is applied, the V-I curves
converge. We remeasured /. of the same Sn10-Pb90 solder

wire and confirmed the reproducibility of the large . for the
© 2026 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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FC state. I, ~ 70 A was observed at H = 400 Oe after FC at
10 kOe.

Reactions of superconducting states to the applied H have
been studied in various topics. In superhydride H3S, strong
flux trapping has been reported from field-memory effect on
magnetization.'” Asymmetric field dependence of I, has also
been studied in nano-scale superconducting devices and
superconducting tapes.’’>? Therefore, the sensitivity of I
to the flux-trapping direction potentially opens new pathways
for superconducting applications.

In conclusion, we measured transport /. of the Sn10-Pb90
superconducting solder wire under magnetic fields after ZFC
and FC (flux trapping). For the data at H = 300 and 400 Oe,
clear differences in I, and the V-I data were observed
between FC and ZFC. The /. for FC was larger than that
for ZFC. The enhancement of I, and the robustness of the
zero-resistivity states with flux-trapping states can be under-
stood by the type-II-like strong flux trapping in the Sn
regions in the phase-separated solder. Our results will be
useful for further understanding of superconductivity physics
of phase-separated alloys and development of exotic super-
conducting applications using sensitivity of I. to the mag-
netic-field direction through the flux-trapping phenomenon.
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