communications materials

Article

https://doi.org/10.1038/s43246-024-00465-9

Observation of nonvolatile magneto-
thermal switching in superconductors
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Yuto Kinoshita®, Masashi Tokunaga ®° & Yoshikazu Mizuguchi®'

Applying a magnetic field to a solid changes its thermal-transport properties. Although such magneto-
thermal-transport phenomena are usually small effects, giant magneto-thermal resistance has
recently been observed in spintronic materials and superconductors, opening up new possibilities in
thermal management technologies. However, the thermal conductivity conventionally changes only
when a magnetic field is applied due to the absence of nonvolatility, which limits potential applications
of thermal switching devices. Here, we report the observation of nonvolatile thermal switching that
changes the electron thermal conductivity when a magnetic field is applied and retains the value even
when the field is turned off. This unconventional magneto-thermal switching arises in commercial Sn-
Pb solders and is realized by phase-separated superconducting states and resultant nonuniform
magnetic flux distributions. This result confirms the versatility of the observed phenomenon and aids
the development of active solid-state thermal management devices.

Thermal switching is a growing and crucial component of thermal
management" because heat flow control is essential to achieve high effi-
ciencies in electronic devices. In particular, thermal switching without
mechanical motion is important to control the heat flow in solids; metal-
insulator transition’, electrochemical interactions’, electric fields’, and
magnetic fields® (H) have been used to switch the thermal conductivity () of
materials. Magneto-thermal switching (MTS) is a promising technology
because a huge MTS has been observed in spintronic multilayer films™* and
superconducting materials™'’. After investigations on various MTS mate-
rials, the MTS ratio (MTSR), which is defined as [x(H)—x(0)]/x(0), now
exceeds 1000% without observation of nonvolatile characteristics of MTS in
the superconductors. If nonvolatility with a large MTS whose x(H) value can
be maintained at zero fields after experiencing H are obtained, they can
provide a new pathway to achieve efficient thermal management in solids. In
this study, we show that conventional (commercial) Sn-Pb solders exhibit a
nonvolatile MTSR of 150%, which is defined as [x(0, demagnetized)— (0,
initial)]/x(0, initial).

MTS of superconductors is achieved below its superconducting tran-
sition temperature (T.) by forming Cooper pairs in the superconducting
state, where the Cooper pairs do not transfer heat, which results in the
reduction of carrier x. The MTSR of superconductors can be extremely
large; MTSR > 1000% has been confirmed in highly pure Pb'’. This large
MTSR has been achieved using the difference in electron thermal con-
ductivity (k) between the superconducting and normal states. Although the

working temperature of superconductors is quite low, they are potentially
suitable for the thermal management of low-temperature electronic
devices'"'"”. However, pure superconductors do not exhibit nonvolatile
characteristics related to x, in the H dependence of «. It should be noticed
that there is a report on nonvolatile MTS in a type-II superconductor Nb in
the mixed states”, and the nonvolatility is caused by the changes in the
lattice thermal conductivity () in its mixed states; at higher temperatures,
the fluxes also affect x'"’. However, the nonvolatile MTS mainly based on
the changes in j, in the superconducting mixed states is highly sensitive to
purity”"’; hence, achievement of nonvolatile MTS using the changes in x
between superconducting and normal conducting states is desired for
application. In this study, we investigate the MTS characteristics of Sn-Pb
solders and observe that simple solders exhibit nonvolatile MTS based on
Ka. We conclude that the mechanism of nonvolatile MTS in the solders is
based on trapped magnetic flux, as discussed later. Flux trapping in Sn-Pb
solders was investigated through magnetization measurements several
decades ago'*", in which the Sn—Pb solders were simply regarded as type-II
superconductors. However, the Sn-Pb solders are actually composite
(phase-separated) materials composed of two type-I superconductors with
different T, i.e., Sn (T. = 3.7 K) and Pb (T = 7.2 K). Here, we propose that
such composite superconductors trap magnetic flux nonuniformly and give
rise to nonvolatile MTS.

Here, we briefly introduce the magnetic flux trapping in super-
conductors. Superconductors are mainly categorized into type-Iand type-II,
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based on the difference in their reaction to applied H'. In type-I super-
conductors, perfect diamagnetism is observed up to the critical field (H,),
and the superconducting states are quickly suppressed by applying further
fields. Therefore, magnetic flux is expelled from ideal type-I super-
conductors in their superconducting state. Type-II superconductors have
two critical fields: a lower critical field (H,,) and an upper critical field (H,).
At H<H,, perfect diamagnetism is also observed in type-II super-
conductors, but at H; < H < H,, the magnetic flux can coexist with the
superconducting states. The magnetic flux inside the type-II super-
conductors is quantized, where the vortices with a normal-conducting core
(and a lattice of vortices) are formed'®. The observation of nonvolatile MTS
based on i, in ND is related to this phenomenon. The vortices have been
detected experimentally and investigated by various techniques'”*’. Further,
thin type-I superconductor films also exhibit vortex states when the film
thickness is very thin or the films contain weak pinning centers’"*>. Another
phenomenon of trapped magnetic flux was observed in a superconductor
hollow cylinder or ring”. Because of the shielding supercurrents in the
superconducting cylinder, fluxes are trapped inside the cylinder. This
phenomenon occurs in both type-I and type-II superconductor cylinders. In
the solders, magnetic fluxes would be trapped in the Sn regions by this
mechanism, which is achieved by shielding currents in the Pb regions. Then,
the Sn regions start conducting normally (non-superconducting) because of
the trapped field of H > H,. (Sn). Although the mechanisms behind the flux
trapping are known, unexpectedly strong flux trapping in a bulk composite
composed of type-I superconductors with different 7. would provide new
insights into the functionalities and applications of superconductors.

Results

Nonvolatile magneto-thermal switching in Sn—-Pb solder

The most important result of this work is the observation of nonvolatile
MTS based on the modification of x, in Sn-Pb solders. It is widely known
that solders are phase-separated composites, but the utilization of unique
superconducting states emerging in the phase-separated solders has not
attracted much attention. Here, we show the nonvolatile characteristics of
MTS at T=2.5, 3.0, and 4.2 K as examples. The schematic images of the
concept of nonvolatile MTS in solders are shown in Fig. 1. At the initial state
(Fig. 1a), the whole sample is superconductive, and the « is low due to the
suppression of carrier heat transfer. At H > H,, the superconducting states of
the solder are totally suppressed (Fig. 1b), and « is increased by the revival of
thermal conduction by charge carriers. The nonvolatility of MTS is observed
by reducing H after experiencing a large H. As shown in Fig. 1c, high « is
retained even after removing external fields (at H = 0 Oe), which is achieved
by the magnetic fluxes trapped in the Sn regions. The nonvolatility of x

a H=0(zZFC) b H>H,

Magnetic field

Carrier
heat transfer

Cooper pair
(no heat transfer)

Fig. 1 | Schematic images of nonvolatile magneto-thermal switching observed in
commercial solder (Sn45-Pb55). a Initial state with low thermal conductivity (k)
after zero-field cooling (ZFC). The schematic image of a switch (OFF) denotes the
low-« state. b State under a magnetic field (H) higher than the critical field (H,).
Magnetic field lines can penetrate whole samples because both Pb and Sn are in

implies that several Sn grains lose the bulk nature of superconductivity and
are close to normal-conducting states because of the trapped magnetic
fluxes. The mechanism of nonvolatile MTS in the solder is different from
that in Nb"’ where vortices modify #j,.. In addition, the trapping of a large
number of magnetic fluxes in the Sn regions of Sn—Pb solders had not been a
common understanding in the field of pure and applied science of
superconductors.

We measured the temperature and field dependences of « for com-
mercial Sn45-Pb55 solders using a four-probe method (Fig. 2a). Figure 2b
shows the temperature dependences of x measured at H = 0 Oe after zero-
field cooling (ZFC) and field cooling under H = 1500 Oe (FC). In addition,
the FC data measured at H = 1500 Oe are plotted together with data mea-
sured at H=0 Oe (after ZFC and FC). The difference in the x-T curve
appears below 7 K, which is due to the emergence of superconductivity in
the solder (at T for Pb; see magnetization data shown in Fig. 3a). As shown
in Fig. 2b, we find that the ZFC and FC data exhibit clear differences when
these measurements are performed after removing the applied magnetic
field (H=0Oe) in the measurement system. At H=1500Oe (FC), the
decrease in x at low temperatures was totally suppressed because the
superconducting states of the solder were destroyed. Because the FC
(H =0 0Oe) data exhibited an intermediate trend between ZFC (H =0 Oe)
and FC (H=1500 Oe), it is clear that magnetic fluxes, less than 1500 Oe,
were trapped in the solder sample after the FC under 1500 Oe.

Figures 2c—f display the x-H curve measured at T=2.5, 3.0, 4.2, and
8.0 K. Here, error bars are not displayed for clarity, but the data with error
bars are displayed in Supplementary Fig. 1. No MTS was observed at
T=8.0K because the temperature was higher than T of the solder. At
T=2.5K,aclear MTS was observed in the initial increments of H from 0 to
1700 Oe. Further, by decreasing H from 1700 to —1700 Oe, « slightly
decreases but does not reach the initial value of k¥ at H=0 Oe. At around
—800 to —1000 Oe, an anomaly is seen, which is related to the critical field
(Supplementary Fig. 2). By increasing H from —1700 to 1700 Oe, a similar
anomaly was observed between 800 and 1000 Oe, but the value of x never
returned to the initial value. The x-H data clearly shows the nonvolatile
MTS characteristic in the solder. The nonvolatile MTSR was about 150%, as
shown in Fig. 2c. At T'= 3.0 and 4.2 K, similar nonvolatile MTS trends were
observed, while the MTSR decreased with increasing temperature. One of
the reasons why nonvolatile MTS was observed at T=4.2K (>T. of Sn)
would be explained by the partial suppression of the superconducting states
of the Pb regions by the trapped fluxes. Another reason would be weak
superconducting states in the Sn regions achieved by the proximity effects in
the initial state at T = 4.2 K. After field experience, Meissner states cannot be
achieved due to the presence of trapped fluxes. Comparable MTS

Trapped
magnetic flux

// Cooper pair

(no heat transfer)

normal conducting states. In this state, x is high (ON). ¢ State at H = 0 after
experiencing H > H... Pb is in the superconducting state, and the magnetic field lines
do not penetrate the Pb regions. Fluxes trapped in the Sn regions cannot be released
even at H = 0, which results in the suppression of bulk superconductivity in the Sn
regions. In this state, nonvolatile MTS with high x (ON) can be observed.
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Fig. 2 | Nonvolatile magneto-thermal switching characteristics of the flux-core-
free solder (Sn45-Pb55). a Schematic image of the measured sample with a cross-
sectional area of 0.88x1.10 mm’. Ty and Ty denote two thermometers. The pur-
chased solder with a diameter of 1.6 mm was polished into a uniform rectangular
bar. b Temperature (T) dependence of x. The open red circles are data measured at

H =0 Oe after ZFC. The filled red circles are data measured at H = 0 Oe after field
cooling under H = 1500 Oe: the sample was field-cooled from 10 K to 2.5 K, and the
data were taken after reducing the external field. The blue open circles are data
measured at H = 1500 Oe after FC under H = 1500 Oe. c—f, k-H curves measured at
T=25,3.0,4.2,and 8.0K.

characteristics were obtained for an Sn45-Pb55 solder wire in an as-
purchased form with a @1.6 mm cross-section (Supplementary Fig. 3).
Furthermore, we examined the MTS on a flux-cored solder with a different
composition (Sn60-Pb40) and observed similar nonvolatile MTS (Sup-
plementary Fig. 4). Therefore, nonvolatile MTS is a common behavior in
various Sn—Pb solders.

Characterization of superconducting properties and phase
separation of Sn—Pb solder

To understand the causes of nonvolatile MTS in solders, the super-
conducting properties were investigated by measuring the magnetization
(M) and specific heat (C). Figure 3a, b shows the T dependence of M
measured at approximately 10 Oe after ZFC and FC (under 1500 Oe); ZFC
data exhibits diamagnetism below 72K, but FC data exhibits

ferromagnetic-like signals below 7.2 K. Similar significant differences in the
M-T between ZFC and FC have been observed in type-II superconductors;
for a recent observation example, superhydrides (hydrogen-rich super-
conductors) exhibit similar ferromagnetic-like M-T behavior after FC*.
This behavior is explained by the trapped flux in the type-II super-
conductors. In contrast, our Sn—Pb solder sample was composed of type-I
Sn and Pb, which is clearly different from the former case. As shown in
Fig. 4, the elemental mapping analysis revealed that there are phase-
separated Sn and Pb regions with a typical size of 5-20 pm. In the um-scale
order, the superconducting states of Pb can penetrate the Sn region, which
causes the single-step superconducting transition shown in Fig. 3a. Instead,
the FC data in Fig. 3b exhibits a ferromagnetic-like behavior with a tran-
sition temperature of 7.2 K, which is the T, of Pb. This suggests that mag-
netic fluxes were trapped in the solder at temperatures below T, of Pb. As a
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Fig. 3 | Superconducting properties of the solder Sn45-Pb55. a,b T dependence of
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field cooling under 1500 Oe (FC). ¢, d M-H curves measured at T'=2.5, 3.0, and
4.2 K. e H dependence of inner magnetic flux density (B). f T dependence of residual
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specific heat estimated by C (0 Oe) - C (1500 Oe) in the form of C/T. Both FC and
ZFC data are taken at H = 0 Oe after FC under 1500 Oe and ZFC, respectively. The
superconducting transition of Sn (T, = 3.7 K) is seen in the ZFC data only.

fact, we observed the broadening of the temperature dependence of resis-
tivity under magnetic fields (Supplementary Fig. 2). The trend is commonly
observed in superconductors with magnetic flux trapping™. The fact sug-
gests that the trapped fluxes are thermally fluctuating, which is consistent
with the result shown in Fig. 3b.

To further characterize the magnetic properties, the H dependence of
magnetization (4nM) was measured at T'=2.5, 3.0, and 4.2 K (Fig. 3¢, d),
where the data was corrected by a demagnetization factor. With decreasing
temperature, the size of the 4nM-H hysteresis becomes larger, which sug-
gests the enhancement of a critical current density (J.) and critical field.

However, we noticed there was no large change between T'=3.0 and 4.2 K.
As T, of pure Sn is 3.7K, the absence of a large change in the 4nM-H
hysteresis at around 3.7 K indicates that the characteristics of the emerging
superconducting currents are governed by Pb in the solder. To further
understand what is happening in the solder under magnetic fields, we
plotted inner magnetic flux density (B), which is given by B = H + 4nM, in
Fig. 3e. When the solder was zero-field-cooled to T'=2.5 K, the initial B-H
curve exhibited perfect diamagnetism (Meissner states) up to about 500 Oe.
Then, B becomes equal to H, which indicates the suppression of the
superconducting states at H >700 Oe. When decreasing the field from
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Fig. 4 | pm-scale phase separation of Pb and Sn in the solder. a Scanning-electron microscope (SEM) image on the polished surface of the solder (Sn45-Pb55).
b, ¢ Elemental mapping by energy-dispersive X-ray spectroscopy (EDX). d Line profiles of the compositions of Sn and Pb along the white arrow in (c).

H>10000e, an anomaly appears at H ~700Oe, where the super-
conducting states of Pb emerge, and magnetic fluxes are trapped inside the
solder. Even at H =0 Oe, the B remains a large value of ~500 G, which is
consistent with a previous work"”. Based on those facts, we concluded that
magnetic fluxes with B ~ 500 G can be trapped after FC or application of H
greater than 700 Oe in the solder, and the flux trapping in the Sn regions is
the origin of nonvolatile MTS.

To prove the assumption above, we measured the temperature
dependence of zero-field specific heat (C) after ZFC and FC (under
1500 Oe). The results, including the data measured under a magnetic field
(H=1500 Oe), are summarized in Supplementary Fig. 5. In Fig. 3f, the C
data in the form of C/T after removing normal states values, estimated by
subtracting the data at 1500 Oe, are plotted as a function of temperature. As
shown in Supplementary Fig. 5, from the analysis of low-temperature C at
H=15000e using the low-temperature approximation of
C=yT+ BT* + 8T>, Debye temperature (6) and electronic specific heat
coefficient (y) were estimated as 128.8(4) K and 2.14(5) mJ K mol ™/,
respectively. As 6, for Pb and Sn are about 105 and 199 K*°, respectively, the
obtained 6, for the Sn45-Pb55 solder would be reasonable. For both ZFC
and FC data at H = 0 Oe, jumps at T, of Pb were observed; the large value of
the specific heat jump AC/yT, ~ 1.4 for the Pb regions (42% in molar ratio to
Sn) is clearly greater than the value expected by weak-coupling BCS model”’
(AC/yT,.=1.43), which is consistent with the strong-coupling nature of Pb
and alloyed Pb**. Noticeably, the jump at T, of Sn (T ~ 3.7 K) corresponding
to the emergence of the superconducting states of Sn was observed only for
the ZFC data, suggesting that the Sn regions do not undergo a bulk super-
conducting transition with a large entropy change after FC. Therefore, the
trapped fluxes should be mainly present in the Sn regions. We did not
observe a clear decrease in the amount of FC magnetization until after at
least two days, as shown in Supplementary Fig. 6, which evidences strong
trapping of fluxes and merit when using this phenomenon in applications.

Discussion

To explore the possibility of initializing (ON-to-OFF switching) x using
magnetic field control, we focused on the characteristic point of the B-H
loop, as shown in Fig. 3e. Coming back from positive high H, B crosses the

H=00e line with finite positive B. Then, B reaches zero at —470 Oe.
Therefore, we investigated whether B can return to the origin (H, B) = (0 Oe,
0G). Figure 5a shows the M-H loop when measuring M at
H=0— 1500 — 0 — —470 — 0 Oe; orange arrows in Fig. 5a, b explain this
field experience process. 4mM reaches the origin position of the loop, and the
inner magnetic flux density B also reaches its origin, as shown in Fig. 5b.
These results indicate that certain magnetic-field controls can return net B to
the initial value. We expected a reduction in x due to the recovery of
superconductivity of the Sn regions using the same magnetic field control,
but, as shown in Fig. 5¢c-e, x does not reach the initial value. Those results
imply the absence of bulk superconductivity in the Sn regions even in the
statet of net B=0G achieved after the process of
H=0— 1500 — 0 — —470 — 0 Oe. From the results on net B and «, we
concluded that local B does not become zero, where the compensation of
fluxes parallel to +H and -H resulted in net B = 0 G. Although we have not
directly measured the direction of trapped fluxes (and/or vortices) of the
solder, the coexistence of fluxes with opposite directions can be assumed
from the results. As magnetic field control cannot achieve initialization of «
in the solders, other methods should be developed to achieve nonvolatile
MTS with initialization functionality. Heating up to T > T (T'> 7.2 K for the
solder) or flowing current greater than the critical current density will work
to reset the flux-trapping states and initialize the x value, because of breaking
the superconducting states. In Fig. 5f, the temperature evolution of «
measured at H = 0 Oe after FC (1500 Oe) is shown. The initialization of x by
increasing the sample temperature to T > T is achieved.

To further obtain experimental proofs for the flux trapping in the Sn
regions, we performed magneto-optical (MO) imaging for the Sn45-Pb55
solder at T'=2.5 K. The obtained images are shown in Supplementary Fig. 7.
Image (i) corresponds to the initial state after ZFC where no magnetic flux is
trapped. When the magnetic field is H = 1500 Oe, greater than the critical
field of the solder, um-order structures are observed in image (ii). These
structures indicate the uniform presence of magnetic fluxes in the normal
conducting states. After decreasing H to 0 Oe, magnetic fluxes are expelled
from the Pb regions and trapped in the Sn regions only. In image (iii), we
observe blurriness of the structures and the emergence of contrast different
from image (ii). By applying negative H, reversed trends are seen. In image
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Fig. 5 | Minor loop measurements and initialization of «. a, b H dependence of
4nM and B at T = 2.5 K for the solder (Sn45-Pb55), measured when H was swept
between 1500 Oe and —470 Oe. See the arrows for the guide for measurement order.
¢, H dependence of «, measured when H was swept from 0 to 1500 Oe (red), from
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initial x cannot be recovered by any magnetic-field control. d, e Measurement
number dependence of H and « at T=2.5K, extracted from the data in (c).

Measurement number

f Initialization of x by heating the sample above T.. Measurement number depen-
dence of k, T'and H. First, the ON state was produced by applying H = 1500 Oe and
reducing the field to zero at T'= 2.5 K (measurement number: 1-9). For numbers
10-24, temperature was gradually increased to T'= 8.0 K. Then, temperature
decreased to T'= 2.5 K for numbers 25-40, and the initial x is recovered as indicated
by the dashed line.

(iii), the light parts would be Pb-rich regions, and the dark parts would be
Sn-rich regions. Because of the inhomogeneous distribution of Sn regions,
we just observed the blurriness and the changes in contrast. If magnetic
fluxes are trapped at the grain boundaries, the MO image should show a
uniform image in the flux-trapping states. Therefore, the present results can
exclude the scenario of trapping at the grain boundaries. To obtain further
evidence of the magnetic fluxes in the Sn regions, investigation with other
techniques is needed to directly observe trapped fluxes in the solders.

For the future application of this phenomenon, the tunability of
nonvolatile MTS is preferred. Here, we investigated the Sn-content
dependence of nonvolatile MTS (Supplementary Fig. 8). For Sn90-Pb10,
clear nonvolatility is not observed, but for Sn10-Pb90, nonvolatile MTS of ~
300% is observed. In addition, the x values change with changing Sn
amount. Furthermore, we evaluated minor-loop characteristics of x-H for
the Sn45-Pb55 solder (Supplementary Fig. 9). As shown in Supplementary
Fig. 10i, nonvolatile MTS is determined by the maximum field. The tun-
ability of nonvolatile MTS by composition and magnetic field provides new
thermal management functionalities.

Here, we demonstrated that Sn—Pb solders exhibit nonvolatile MTS by
utilizing the superconducting states of Pb and flux trapping in the Sn
regions. In the solders, the coexistence of two superconducting phases with
different T.., T. = 7.2 K for Pb and T, = 3.7 K for Sn, gives rise to nonvolatile
MTS based on the changes in «. In addition, the trapped fluxes large
enough to suppress bulk superconductivity of the Sn regions are essential for
this phenomenon; hence, B> H, for Sn was the preferred condition in the
present case. The concept that superconductor composites can work as
nonvolatile MTS materials is quite simple and applicable to various pairs of
superconductors. For example, using high-T. superconductors in the

nonvolatile MTS composite would increase the working temperature of the
nonvolatile MTS phenomena by making a composite with metals, alloys, or
intermetallic compounds. Optimizing phase-separation conditions should
enhance the switching ratio and flexibility of nonvolatile MTS.
Furthermore, since the Sn-Pb solder is widely used in electrical wiring,
the large nonvolatile thermal switching and magnetic flux trapping in the
solders should significantly affect low-temperature transport measurement
techniques that were believed to have already established. Therefore,
understanding the magneto-transport phenomena in solders is essential for
reliable transport measurements at low temperatures under magnetic fields.

Methods

Samples

We used commercial solders: flux-core-less Sn45-Pb55 solder wires
(¢1.6 mm, TAIYO ELECTRIC IND. CO., LTD.) and flux-cored Sn60-
Pb40 solder wires (¢0.8 mm, HOZAN). The data shown in the main text
was taken on a polished sample of Sn45-Pb55 solder wire. The purity of the
Sn45-Pb55 solder wire was investigated by X-ray Fluorescence (XRF), and
the actual Sn ratio was confirmed as 43.84(2)% in the weight ratio and
Sng ssPby 42 in the molar ratio. The Cu impurity with a weight ratio of 0.2%
was detected by XRF. The Sn10-Pb90 and Sn90-Pb10 solders with 99.9%
purity were purchased from SASAKI SOLDER INDUSTRY CO., LTD.

Characterization

Scanning-electron microscope (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) were used to analyze chemical compositions on the surface
of the solders. The images for Sn45-Pb55 shown in the main text were taken
using Carl Zeiss Cross-Beam 1540ESB and those for Sn60-Pb40 were taken
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using TM3030 (Hitachi Hightech). XRF was performed using JSX-
1000S (JEOL).

Physical property measurements
Thermal conductivity (k) was measured by means of a Physical Property
Measurement System (PPMS, Quantum Design) with a thermal transport
option (TTO) using a four-probe steady-state method with heater, two
thermometers, and base-temperature terminal. The lengths between two
thermometers attached to the measured samples were 55.5 mm for the
Sn45-Pb55 rectangular bar with a cross-section area of 0.88 x 1.10 mm’
(reported in the main text), 65.0 mm for the Sn45-Pb55 wire with a
¢1.6 mm in diameter (reported in Supplementary Fig. 3), and 44.5 mm for
Sn60-Pb40 (reported in Supplementary Fig. 4). Due to the limitation of the
sample-room space of the TTO stage, the sample was screwed to store inside
with four probes, a heater, two thermometers, and thermal base. The typical
measurement duration for a single measurement was 30 s. The main result
(k-H at 2.5 K) was measured manually (not in a sequence mode) to check
the temperature stability and the reliability of the relaxation curves.
Magnetization was measured by a superconducting quantum inter-
ference device (SQUID) magnetometry on Magnetic Property Measure-
ment System (MPMS3, Quantum Design) with a VSM mode. Specific heat
was measured on PPMS by a relaxation mode. The sample was attached to a
stage using APIEZON N grease. Electrical resistivity was measured on
PPMS by a four-probe method under magnetic fields.

Magneto-optical imaging. For magneto-optical imaging, we used
PPMS and an infinity-corrected objective lens inserted into the sample
space by the microscope which is set above the PPMS at approximately
1 m from the sample position”. The images shown here were prepared by
subtracting the images taken at T'= 8.0 K (normal state) from those taken
at T=2.5 K and normalized by data taken at T=8.0 K.

Data availability
All relevant data are available from the corresponding author upon rea-
sonable request.
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