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We investigate vortex matter in a proximity-coupled Mg/MgO/MgB, nanocomposite with ~30 vol. %
of MgB, using magneto-optical imaging, scanning superconducting quantum interface device microscopy,

and pinning-force analysis. This nanocomposite was prepared by spark plasma sintering (SPS) of the
MgO/MgO/MgB, mixture powders obtained from a solid-phase reaction between Mg and B,0; [Uchino et al.,
Phys. Rev. B 101, 035146 (2020)]. The resulting nanocomposite is characterized by scale-free (or fractal)
distributions of MgB, components and the atomically clean MgO/MgB, interfaces. It is also found that high
SPS temperature (1200°C) is the key to improve the proximity-induced superconducting properties of the
Mg/MgO/MgB, nanocomposite. This proximity-coupled system acts as a fully phase-coherent superconductor
with isotropic pinning and strong superfluid phase stiffness irrespective of the low volume fraction of MgB,. Our
results demonstrate that in contrast to the case of conventional granular superconductors, the grain boundaries
in the present system carry high critical currents and have high vortex-pinning efficiency, implying an excellent
phase-coherent capability of the proximity-coupled fractal network.

DOI: 10.1103/PhysRevB.108.155146

I. INTRODUCTION

When a normal metal (N) and a superconductor (S) are put
in contact, their electronic properties are modified within the
range of the coherence length, leading to the superconducting
proximity effect [1,2]. Previously, the effect of the proxim-
ity effect on the superconducting critical temperature 7, was
intensively investigated using various S/N systems [3,4]. An
essential criterion for observing the proximity effect is that
the size or thickness of the individual components of the S/N
systems should be less than their respective coherence lengths
(&s and &y ), which is known as the Cooper limit. According to
this criterion, &g is the distance up to which the pair-breaking
effect of the Copper pair operates in the superconducting side,
whereas &y represents the distance in which superconductivity
“leaks” into the normal region. Recently, however, anoma-
lously long-range proximity effects extending over a distance
far beyond the coherence length have been observed in a vari-
ety of S/N/S nanostructures with clean interfaces [5—12], even
showing a surprisingly uniform superconducting gap in the N
region [5]. These phenomena are in contrast to a quick decay
of induced gap observed for a conventional S/N junction [1].
Although the true physical origin of such exotic proximity
effects is not known, it is most likely that the Andreev reflec-
tion [13,14], which creates phase-coherent electron/hole pairs
in the N region, and the related collective phase-coherence
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state play a vital role. As for SNS double-sided junctions,
for example, Andreev reflections can occur at both interfaces
multiple times to result in the coherent charge transport across
the junctions [3]. Note also that when a magnetic field is
applied to these proximity-induced superconducting regions,
quantized vortices, which we here term “proximity vortices,”
are supposed to be created [15-21]. Although the vortices
in tunnel Josephson junctions are believed to be coreless
[15], recent theoretical and experimental investigations have
provided evidence that the magnetic flux penetrated in long
diffusive S/N/S junctions [18-20] or some grain boundaries
[21] is quantized to form proximity vortices containing cores
with suppressed gaps. Hence, it is interesting to investigate
the nature of flux patterns and the related critical current
distributions in these exotic proximity systems. However, no
detailed report has been published on such issues, nor on
the role of pinning force on the structure and properties of
proximity vortices.

In this work, we investigate the superconducting and
flux-pinning properties of proximity-coupled superconduc-
tors by using a Mg/MgO/MgB, fractal nanocomposite with
~30 vol. % MgB,, which can be viewed as a fractal assembly
of long diffusive SNS junctions near or below the perco-
lation threshold. Recently, we [22] have shown that such a
fractal system behaves as a bulk type-II-like superconductor

©2023 American Physical Society
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from electrical, magnetic, and transverse-field muon spin ro-
tation (TF-uSR) measurements irrespective of the low volume
fraction of superconducting (MgB,) nanograins, exhibiting
anomalously enhanced proximity effect. In this nanocompos-
ite, a large amount of the vortices generated by an applied
field are supposed to be proximity vortices. Hence, the present
nanocomposite system can be used to explore the nature of
proximity vortices and their pinning behavior. We here ex-
plore the flux patterns by means of magneto-optical (MO)
imaging and scanning superconducting quantum interference
device (SQUID) microscope methods. We also analyze the
field and temperature dependence of the pinning force on the
basis of a scaling law for flux pinning.

II. EXPERIMENTAL PROCEDURES

The bulk forms of the Mg/MgO/MgB, fractal nanocom-
posites were synthesized by the solid-phase reaction of Mg
and B,O3 powders under Ar atmosphere at 700 °C, followed
by a subsequent spark plasma sintering (SPS) procedure un-
der vacuum, basically according to the procedure reported in
Ref. [22] (for details, see Supplemental Material [23]). The
only difference in the sample preparation process between
previous and present works is the SPS sintering temperature,
which was set to 650 °C in Ref. [22]. In the present work,
the sintering temperature was raised to 1200 °C to prepare
samples with higher density and better proximity-induced su-
perconducting properties, as will be shown below.

The structural, morphological, electrical, and magnetic
properties of the thus obtained Mg/MgO/MgB, nanocom-
posite have been investigated using x-ray diffraction (XRD),
field-emission scanning electron microscopy (FESEM), and
high-resolution transmission electron microscopy (HR-TEM).
The perpendicular component of the magnetic flux den-
sity was explored by MO imaging and SQUID microscopy.
Details of the measurements are given in Supplemental
Material [23].

II1. RESULTS

A. Basic structural and superconducting properties

From the XRD pattern and the Rietveld pattern fitting,
the composition of the nanocomposite obtained by SPS at
1200 °C was found to be MgO 75.8 wt. %, MgB, 23.7 wt. %,
and Mg 0.5 wt. % [Fig. 1(a)], corresponding to the approx-
imate volume fractions of MgO 69%, MgB, 30%, and Mg
1%. According to the Scherrer equation, the average crys-
talline sizes of MgO, MgB,, and Mg are 42, 40, and 29 nm,
respectively. For comparison, we show in Fig. 1(b) the XRD
pattern of the sample obtained by SPS at 650 °C reported in
our previous paper [22]. The weight fraction of Mg (MgB,)
decreases (increases) as the sintering temperature of SPS in-
creases from 650 to 1200 °C. We also found that that the
densification ratio, which is defined as the ratio between the
observed bulk density and the ideal density, increases from
79.4 to 96.7% with increasing SPS temperature from 650
to 1200°C. These changes in the composition and density
probably result from the fact that as the sintering process
proceeds at temperatures higher than ~1000 °C, magnesium
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FIG. 1. XRD pattern and output from quantitative Rietveld anal-
ysis of (a) 1200°C SPS sample and (b) 650°C SPS sample [22].
Lower curve is difference between observed data and calculated
intensity at each step, plotted on same scale. Inset in (a) shows typical
high-resolution TEM (HR-TEM) image of MgO/MgB, interface for
1200 °C SPS sample.

is evaporated (the boiling point of magnesium is around
1090 °C), resulting in a highly dense body of the sintered
sample consisting mostly of MgO and MgB,. It should be
noted, however, that even after SPS at 1200 °C, the interface
between the MgO- and MgB,-rich regions is still atomically
clean and free of defects and voids, as seen in a HR-TEM
image [see the inset of Fig. 1(a)]. This clean interface will
be essential to induce a robust and long-range proximity
effect [5-12]. We then performed elemental mapping on
the 1200 °C SPS sample using FESEM/energy-dispersive x-
ray spectroscopy (EDX) imaging and scanning transmission
electron microscope (STEM)/EDX imaging techniques. The
complex nanostructures of the present sample are recog-
nized by FESEM/EDX imaging and STEM/EDX imaging
[Fig. 2(a)]. We see hierarchical micro/nanostructures con-
sisting of highly complicated MgO-rich domains surrounded
by barely interconnected MgB,-rich regions irrespective of
magnification. This hierarchical structural complexity across
many scales is reminiscent of fractal patterns [24], similar to
the case of the 650°C SPS sample [22]. The fractal dimen-
sion of boron estimated from a box-counting method is ~1.8
[Fig. 2(b)]. Thus, the fractal distribution of MgB, as well
as the clean heterointerface characteristics are retained in the
1200 °C SPS sample.

Figure 3(a) shows the temperature-dependent resistivity
of the 650 and 1200°C SPS samples in the temperature
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FIG. 2. (a) FESEM/EDX and STEM/EDX overlay images of 1200 °C SPS sample in different magnifications; red = B, green = O, blue =
Mg. White box in FESEM/EDX images indicates appropriate location used for next-higher magnification image. (b) Box-counting analysis
for boron distribution in FESEM/EDX images shown in (a). Logarithmic plot of N vs r, where r is dimension of voxels and N is number of
voxels containing EDX signal, obtained from FESEM/EDX images with magnifications of 1000x, 10 000x, and 50 000 x. Fractal dimension

or box-counting dimension D = —log N/log r is obtained from least-square fit to data.

range from 2 to 300 K. The onset of superconductivity is
observed at 38.4 K for both the samples, in basic agree-
ment with that observed from single and polycrystalline
MgB, [35-44] (see Table I). This result implies that the
onset temperature of superconductivity is governed by the
intragrain superconducting properties of MgB, and is hardly
affected by the proximity effect. In the conventional S/N
systems in the Cooper limit, 7. shows a sudden decrease
as dn/ds increases due to the proximity effect, where dn
and dg are the size (or thickness) of the N and S regions,
respectively. However, such a decrease in 7; is not observed
for the S/N systems with ds much larger than &5 [3,45,46]
because the suppression of the supercurrent occurs on the S
side with a depth of ~&g and is negligible for the system

of ds > &s. As will be shown below, the coherence length
of the 650 and 1200°C SPS samples are 6.3 and 5.5 nm,
respectively (see Table I), which are far smaller than the aver-
age crystalline size of MgB, in the nanocomposites (~40 nm).
This may account for the observation that the superconducting
onset temperature is not decreased by the proximity effect.
Although the superconducting onset temperature is almost
identical between the 650 and 1200 °C SPS samples, the zero-
resistivity temperature increases from ~33 to ~36 K with
increasing SPS temperature. Hence, the proximity-induced
superconducting properties are strongly influenced by the
structural and interfacial properties of the normal matrix,
possibly via the change in the phase-coherence length in
the N region. It is probable that the interfacial properties of

TABLE I. Comparison of physical parameters with poly- and single-crystalline MgB,.

T. (K) AT (K) H¢1(0) (Oe) He(0) (kOe) £(0) (nm) A(0) (nm)
650°C SPS* 38.4° 5.0° 96 83.5 6.3 252
1300 °C SPS 38.4° 2.3° 580 110 55 89
Poly-crystalline
MgB, 39,51 37¢ 1,°0.5¢ 300,9 320¢ 1254 5.2¢ 140¢
Single crystalline
MgB, 38.6,¢ 37.9* 0.3! lab 220" 4507 lab 198, 136" ab 6.5, 10" lab 76, 821
38.8! lc 630, 5341 llc 778 341 llc2.5.¢3" llc 370

aReference [22]; *Obtained from the resistivity measurements; “Reference [35]; “Reference [36]; “Reference [37]; ‘Reference [38]; eReference
[39]; "Reference [40]; {Reference [41]; IReference [42]; Reference [43]; 'Reference [44].
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FIG. 3. Comparison of superconducting properties between
650°C [22] and 1200°C SPS samples. (a) Temperature-dependent
resistivity. (b) Zero-field-cooling (ZFC) and field-cooling (FC) mag-
netic susceptibility (4 x) curves under applied field of 10 Oe. Upper
panel shows magnification of lower panel around transition temper-
ature region. Inset in lower panel shows schematic illustration of
cuboid sample used for magnetic measurements. Field was applied
along long side of sample to minimize effect of demagnetizing fields
(for details, see Methods in the Supplemental Material [23]).

MgO/MgB,, rather than those of Mg/MgB,, will play a more
vital role in inducing the proximity-induced superconductivity
since Mg hardly exists in the 1200 °C SPS sample.

In the field-cooling (FC) and zero-field-cooling (ZFC)
susceptibility curves [Fig. 3(b)], we also observe a supercon-
ducting onset at 38.0 K for both the samples. In the ZFC
susceptibility curve of the 1200 °C SPS sample, the value of

47 x is decreased sharply below the onset temperature and
becomes almost constant at temperatures lower than 35.0 K,
showing a transition width of AT, =3 K. However, the
650 °C SPS sample does not show such a sharp transition but
exhibits a gradual decrease in 47 x with decreasing tempera-
ture for both the ZFC and FC curves. Here, we should note that
the lowest-temperature ZFC magnetic susceptibility (47 x)
of these samples slightly exceeds the ideal value of perfect
diamagnetism (—1), which may be due to the neglect of the
demagnetization correction. In this work, the DC magnetiza-
tion measurements were carried out for a square cuboid-shape
sample with dimensions of 1 x 1 x 5mm?® by applying a
magnetic field along the long side of the sample to reduce
possible demagnetizing effects [see also the inset of Fig. 3(b)].
In this configuration, the resulting effective demagnetization
factor D is estimated to be ~0.05 [25]. This means that when
the applied field is 10 Oe, the strength of the internal field
is increased to ~10.5 Oe. If we perform the demagnetization
correction using D = 0.05, the lowest-temperature values of
47 x for these samples become more closer to the ideal value
of —1. Hence, it is most likely that a nearly perfect diamag-
netism is realized in these nanocomposite at sufficiently low
temperatures, as was already demonstrated in our previous
TF-uSR measurements [22] and will be also shown in the
MO observations later. We should also note the FC curves
show a very low Meissner fraction (< ~1%) for both the
samples. These features are not observed in MgB, single
crystals [39,40] but are often observed in MgB, polycrys-
talline samples with strong pinning [38,47]. The above results
indicate that the nanocomposite samples can be regarded as
bulk type-II superconductors with strong pinning.

We next explored the initial M(H) ZFC curves to estimate
the temperature dependence of the lower critical fields of
the 1200 °C SPS sample [Fig. 4(a)]; the extrapolated value
at zero temperature H.;(0) is estimated to be 580 Oe [see
the inset of Fig. 4(a)], which is substantially larger than that
obtained for the 650 °C SPS sample (H.;(0) = 96 Oe [22]; see
Table I). This indicates that the magnetic flux is more difficult
to penetrate into the 1200 °C SPS sample. One also sees from
Table I that the H.;(0) value for the 1200 °C SPS sample is
comparable to or even higher than those reported for MgB,
single crystals [41,42] and polycrystals [36,38]. As will be
shown in Sec. III B, the magnetic flux penetrates the 1200 °C
SPS sample gradually and homogeneously above H.; rather
than avalanching into it, which is often the case with MgB,
polycrystals.

The magnetoresistivity measurements were performed to
evaluate the upper critical field H, of the 1200°C SPS
sample [Fig. 4(b)]. In this work, H(T) was defined as the
applied field for which the sample resistance measured at 7'
is 10% of the normal state value. We found that the H.,(T')
curve shows a positive curvature near T, as also observed
in the Hy(T) curve of the 650°C SPS sample [22] and
MgB, polycrystals [36-38] as well as the Hc‘lzab curve of
MgB, single crystals [39,40]. Such a positive curvature of
H,(T) has also been observed in transition-metal borocar-
bides [48-51] and has been interpreted in terms of clean-limit
type-1I superconductors. As reported in Ref. [51], this temper-
ature dependence can be described by the simple expression
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FIG. 4. (a) Initial ZFC M(H) curves of 1200°C SPS sample
obtained at 2, 30, and 35 K. Black line indicates linear fit in low-field
region, showing Meissner line. Point of departure from Meissner line
is indicated by arrow, which represents lower critical field H,;. Inset
shows H; as function of temperature along with linear fit of data.
(b) Resistive superconducting transition in different applied fields
(from bottom right to top left) from O to 70 kOe in steps of 10
kOe. Inset shows temperature dependence of upper critical field
H_, defined as field for which sample resistance is 10 % of nor-
mal state value. Solid line represents fit of function H.(T) =
Hcg(O)(l—T/TC)H“. Fitted values of H,,(0) and « are 110.0 kOe and
0.21, respectively.

He(T) = Hyp (0)(1=T/T,)'+ [see the solid line in the inset
of Fig. 4(b)]. The parameter « >0 describing the positive
curvature of H.,(T') characterizes the sample quality and be-
comes 0 in the case of the dirty limit. The fitted values of
H(0) and « are found to be 110.0 kOe and 0.21, respectively.
The fitted o value is almost comparable to those of the 650 °C
SPS sample (o = 0.28) [22], MgB; polycrystals (¢ = 0.25 —
0.32) [52], and YLu;_,Ni;B,C (e = 0.10 — 0.25) [51], im-
plying the absence of impurity scattering in these samples. On
the other hand, the H,,(0) value obtained for the 1200 °C SPS
sample is appreciably higher than that reported for the 650 °C
SPS sample (H(0) = 83.5 kOe [22]; see Table I). Note also
that the H.,(0) value for the 1200 °C SPS sample is similar
to that of MgB, polycrystals (H(0) = 125 kOe [36,37]; see

(@) )

N

w
T
L

-
T
1

RH (10719 m3/C)
w
Hole carrier density (1022 cm™
N

1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T(K)

FIG. 5. (a) Temperature dependence of Hall coefficient Ry. (b)
Temperature dependence of hole carrier density calculated from
1/eRy. Measurements were performed for 1200 °C SPS sample.

Table I) and is slightly smaller than Hs”(0) of MgB, single

crystals (H ¥ (0) = ~140 — ~200 kOe [39—41]; see Table I).
This suggests that the coherence length of the vortices in the
1200°C SPS sample is shorter than that in the 650°C SPS
sample and becomes comparable to that of MgB, polycrys-
tals. If we apply the Ginzburg-Landau (GL) theory to the
1200 °C SPS sample and use the lower [H,; (0) = 580 Oe] and
upper [H»(0) = 110 kOe] critical fields, the penetration depth
A and the coherence length & are estimated to be 89 and 5.5
nm, respectively (for details of calculations, see Supplemental
Material [23]). The obtained value of & is almost equal to that
of MgB, polycrystals (§ = 5.2 nm [37]; see Table I), as ex-
pected, and the large GL parameter (k = */; ~ 16) calculated
for the 1200 °C SPS sample is consistent with the type-II su-
perconducting behavior. However, the A value is appreciably
shorter than that reported for MgB, polycrystals (A = 140 nm
[37]; see Table I). Since the 1200°C SPS sample consists
of 30 vol. % of MgB,, it can be assumed that the MgB,-
rich regions accommodate 30% of vortices as conventional
Abrikosov vortices. This inversely means that 70% of vortices
are nucleated in the MgO-rich regions as proximity vortices.
A shorter penetration depth can be viewed as a characteristic
feature of proximity vortices in the 1200 °C SPS sample, as
will also be discussed in Sec. IV.

It is useful to measure the Hall coefficients (Ry) of the
1200 °C SPS sample to identify the type of charge carrier and
its density in the normal state [Fig. 5(a)]. We found that Ry is
positive and increases with decreasing temperature, followed
by a sudden decrease at temperatures below 30 K, as in the
case of pure MgB, bulk samples [53]. This not only implies
that the major carrier is the hole derived possibly from MgB,
nanograins, but it also elucidates that the MgO-rich regions act
as a good conducting matrix, also contributing the realization
of the proximity effect at temperatures below ~38 K. Al-
though the true mechanism of the conduction of the MgO-rich
regions is not clear at present, long-range electron transfer
between oxygen-vacancy defects in the MgO-rich regions
[54] may play a role of normal conductors in the conduction
process. We should also note that at 100 K, the net hole density
n,, is estimated to be 1.3 x 10*? cm =3 [Fig. 5(b)], which is an
order smaller than that of pure MgB, (1, ~2 x 10% cm™3
[53] ), in harmony with the low volume fraction (~30%) of
MgB; in the present nanocomposite.
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ZFCto 5K b (a) ZFC to 30 K (b) T=30K
(@  H=1000e (b)  1=2000e H = 420 Oe 500

H =400 Oe

FIG. 6. MO observations after ZFC 1200°C SPS sample to 5
K and applying magnetic field of (a) 100, (b) 200, (c) 300, and
(d) 400 Oe. Edge of sample is indicated by dashed white line.

B. MO imaging measurements

Using the 1200 °C SPS sample, we performed a series of
zero-field-cooled MO measurements on the plate sample with
dimensions of 5 x 5 x 1 mm?® to explore the flux-penetration
behavior. In the MO images, the penetration of the flux is
imaged as bright areas, whereas the flux-free area stays dark.
We found that in agreement with a high H,, value [H.;(0) =
580 Oe], magnetic flux hardly penetrates into the sample on
applying magnetic field H up to ~400 Oe at temperatures
below 10 K except along the diagonal cracking created ac-
cidentally during surface polishing (Fig. 6 and Movie S1 in
Ref. [23]), demonstrating the achievement of the perfect dia-
magnetism at such low temperatures. When the temperature
is increased to 30 K, magnetic flux penetration from the four
edges can be recognized in the present experimental condi-
tions (Fig. 7(a) and Movie S2 in Ref. [23]). A notable feature
in this case is a rather smooth flux front [see the upper panel
in Fig. 7(a)], unlike the case of ordinary polycrystalline and
granular samples into which magnetic flux easily penetrates
along the grain boundaries [33,55]. Figure 7(b) shows the
flux-density B profiles at 30 K obtained during the ramp-up
stage of H. The flux gradient is almost constant irrespective
of H, especially for H > 280 Oe, in agreement with the Bean
critical-state model [56], yielding the local critical density J.
of 1.0 x 10* A/cm2 from the flux gradient (uoJ. = dB/dx).
This value agrees well with that obtained from the magnetiza-
tion measurements at 30 K, as will be shown later. Smooth
flux fronts are also recognized in the MO images during
the ramp-up and ramp-down stages of H in the temperature
range up to 35 K (Movies S3 and S4 in Ref. [23]). However,
when the temperature is set to 36 K or above, the flux den-
sity becomes almost comparable to the applied field over the
whole surface (Fig. 7(c) and Movies S5 and S6 in Ref. [23]).
This not only indicates that at 36 K the proximity-induced

\ Jg =1.0x10% A/cm?
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— 360
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FIG. 7. MO observations after ZFC of 1200°C SPS sample.
(a) MO image of sample ZFC to 30 K and applying magnetic field
of 420 Oe. Edge of sample is indicated by dashed white line. Upper
panel shows enlarged image of red box region. (b) Typical profiles of
flux density at 30 K near edge of sample with increasing H from
0 to 420 Oe. (c) Temperature dependence of flux-density profiles
observed in applied field of 280 Oe. In (b) and (c), dashed vertical
line indicates sample edge. Flux density near sample edge exceeds
applied field due to demagnetizing effect.

J. becomes virtually zero, but it also demonstrates that the
constituent MgB, grains, which are supposed to be still in the
superconducting state at such temperatures, cannot effectively
pin the vortices.

We next carried out the MO observations after field cooling
in H of 100 Oe to 30 K in the central area (135 x 135 um?)
of the sample, where the effect of sample edge is supposed
to be neglected. Figure 8(a) demonstrates the resulting MO
image, showing a rather homogeneous perpendicular flux
distribution B, of ~100 G [see also the inset of Fig. 8(a)].
Note, however, that such a homogeneous flux distribution of
~100 G is almost retained even after switching off the field
[Fig. 8(b)]. This allows us to confirm that the vortices are
strongly pinned over the whole area of the sample. In other
words, large enough normal regions become superconducting
due to the proximity-induced superconductivity, leading to
sufficiently strong pinning forces throughout the whole area
of the sample. Since B, obtained from a thick-plate sample
is generated mainly by the sum of a two-dimensional vor-
tex current flow in the near-surface region [33], a numerical
inversion of Biot-Savart law can provide a map of the semi-
quantitative current distribution in the sample surface [32]
(for details, see Supplemental Material [23]). Figures 8(c)
and 8(d) show a mapping of the corresponding current vec-
tors calculated by using the MO image shown in Figs. 8(a)
and 9(b). In the FC state, no net current flows through the
sample [Fig. 8(c)], meaning that all the local vortex currents
virtually cancel out due to the high homogeneity in the flux
distribution. In the remanent state, however, there exists the
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FIG. 8. MO images of 1200°C SPS sample in central area
(135 x 135um?) of sample after (a) FC to 30 K in applied field
of 100 Oe and (b) subsequent switching off field. Insets in (a),
(b) show flux-density profiles along white dashed line in respective
MO images. Current distribution patterns calculated by using MO
image shown in (a) and (b) are given in (c) and (d), respectively.
Arrow length represents magnitude of absolute current density.

region where the current flows continuously and windingly
through the surface [Fig. 8(d)]. This indicates that the local
circulating vortex currents do not completely cancel out due
to the random and irregular distribution of the pinned vortices.
It is probable that the resulting critical current density in
the proximity-induced superconducting regions is so high to
induce the long-range current flow whole through the sample,
which is consistent with a bulk type-1I-like superconducting
behavior.

C. Scanning SQUID microscopy imaging measurements

In a type-II superconductor, magnetic flux is quantized in
units of flux quantum @,. It is hence interesting to investigate
whether the magnetic flux trapped in the present nanocom-
posite is quantized or not. In order to clarify the issue, we
observed scanning SQUID microscopy (SSM) images of the
1200 °C sample field cooled to 3 K in 5 mOe, as shown in
Fig. 9(a). The observed SSM image reveals random distri-
butions of bright dots with high magnetic flux density. Also,
we found that each bright dot has a magnetic flux @ corre-
sponding to 1 flux quantum @, within the uncertainty of the
measurement system, which was confirmed by integrating the
observed B, values around the dot (see Fig. S1 in Ref. [23]).
Similar to the case of the MO images mentioned earlier, we
can evaluate the local current distribution from the SSM image
using a numerical inversion scheme of Biot-Savart law. It
should be noted, however, that the calculated current distribu-
tion does not correspond to the real spatial scale of the vortex
current because of the limited spatial resolution (typically a

FCto 3K
(a) H=5 mOe

FW to 36 K

(c) FW to 34 K (d) He & mOe

H=5 mOe

Bz B,

(mG) (mG)

i 50 50
0 0

FIG. 9. (a) Scanning SQUID microscope (SSM) image of
1200°C SPS sample taken after FC to 3 K in 5 mOe. (b) Super-
currents calculated from SSM image shown in (a). Insets represent
local current distribution of white box region in forms of 3D false
color image (upper inset) and current vectors (lower inset). Images
(c), (d) show SSM images taken after field warming (FW) to (c)
34 K and (d) 35 Kin 5 mOe.

few micrometers) of the SSM technique [57,58]. The spatial
resolution is limited by the size of the pickup loop (10 um),
and by the distance between the pickup loop and the sample
(about 5 um). Consequently, the images represent the perpen-
dicular magnetic field a few micrometers above the surface of
the sample convoluted with the geometry of the pickup loop,
resulting in the spatial resolution of a few micrometers. We
therefore show the current distribution in Fig. 9(b) just for
a qualitative morphological description of the vortex current
derived from the MO image shown in Fig. 9(a). One can
recognize typical features of a vortex structure, i.e., a cen-
tral current-free region and its surrounding circulating current
[see the insets of Fig. 9(b)]. After measuring the SSM image
shown in Fig. 9(a), we then field warmed the sample to 36 K,
keeping the applied field at 5 mOe. The resulting temperature-
dependent SSM images are given in Figs. 9(c) and 9(d).
Although the border of the bright dots becomes blurred with
increasing temperature, the dot pattern is still preserved at
temperatures up to 34 K [Fig. 9(c)]. When the temperature
reaches 36 K, however, the dot signature is erased and is
replaced with a nearly homogeneous pattern [Fig. 9(d)]. This
observation is fully consistent with the temperature-dependent
change in the MO images mentioned earlier. Hence, the bright
dots shown in Fig. 9(a) can be regarded as proximity-induced
quantized vortices that are pinned randomly in the N regions.

D. Pinning-force analysis

To get further insight into the origin of the pinning, we
performed the pinning-force analysis of the 1200°C sam-
ple using the critical current density J. derived from the
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FIG. 10. (a) Critical current density J. of 1200 °C SPS sample measured at 2 and 30 K obtained from corresponding M(H) hysteresis loops
given in inset. Solid lines are fits of data to Eq. (1), showing fitted values of (oH,. (b) Normalized pinning-force f, curves at 2 and 30 K.
Lines are fits to power law f, o< h”(1—h)?. Inset demonstrates Kramer plots, J*>H%% vs j10H.

height of the magnetization loop AM [inset of Fig. 10(a)]
on the basis of the Bean model [51] (for details see the
Supplemental Material [23]). The J; values in zero magnetic
field are ~1 x 10° and ~3 x 10* A/cm? at 2 and 30 K,
respectively [Fig. 10(a)]; the latter value is in reasonable
agreement with that obtained from the MO images shown in
Fig. 7(b). We also found that similar to pure MgB, samples,
the field dependence of J. is well fitted with the following
equation: J. o [1—H/Hiy*//HHy:, where Hy, is a fitting
constant and also represents the field at which J. — 0, i.e.,
an irreversibility field [55,59,60]. This equation was originally
developed for isotropic superconductors in which a dominant
pinning mechanism is grain-boundary pinning [61]. We also
found that the reduced pinning force f, = F},/F), max almost
obeys a scaling law of f, o ho's(l—h)z, where F, = poHJ,,
Fp max 1s the maximum pinning force, and 4 is the reduced
field h = H/Hjy, as shown in Fig. 10(b). This scaling behav-
ior with p ~ 0.5 and ¢ = 2 along with a well-defined linear
behavior of the Kramer plot [JCO'SH 025 vs woH; see the inset
of Fig. 10(b)] allows us to confirm that the isotropic pinning
due to grain boundaries is the main cause of pinning as in
the case of pure polycrystalline MgB, samples where grain
boundaries do not limit the current flow [55]. This result is
consistent with the long-range current flow across the grains
shown in Fig. 8(d).

IV. DISCUSSION

In the conventional MgB, composites, heteroboundaries
behave as weak links with substantially lower critical currents,
deteriorating a global superconducting phase coherence as the
volume fraction of MgB, decreases below ~50% [62,63].
Hence, it is likely that in the present nanocomposite, the hi-
erarchically constructed structures and the clean MgO/MgB,
interfaces induce an anomalously long-range proximity effect

within the fractally connected Josephson network, leading to
the observed global-phase coherence. We suggest that the
solid-phase reaction between Mg and B,0; plays a vital role
in creating the fractal and self-organizing morphology with
clean MgO/MgB; interfaces [22]. In order to confirm this, we
prepared the Mg/MgO/MgB, nanocomposite having similar
compositions with the fractal nanocomposite by SPS of a
simple mixture of commercial Mg, MgO, and MgB, powders
[Fig. 11(a)] and investigated its structural and superconduct-
ing properties. We found that the resulting bulk composite
does not have a self-similar structure, but rather consists sim-
ply of MgB,-rich and deficient regions [Fig. 11(b)]. Also, this
simple mixture composite has a lower zero-resistivity tem-
perature (Fig. 12), imperfect magnetic shielding [Fig. 13(a)],
and weaker vortex pinning [Fig. 13(b)] as compared with
the fractal nanocomposite. It is probable that the proximity-
induced superconducting regions are developed in some parts
of the simple mixture composite as the sample shows zero
resistivity at ~34 K and a gradual decrease in the ZFC mag-
netic susceptibility at temperatures below 20 K. However, the
degree of phase coherence is imperfect and is much lower
than that realized in the fractal nanocomposite. These results
support our arguments that the strong global-phase coherence
is realized in the present nanocomposite with complex and
self-organizing structures with atomically clean interfaces.

In considering the origin of the global-phase coherence,
it is interesting to compare the results between the 650 to
1200 °C SPS samples. As noted earlier, the A(0) value of the
1200 °C value is substantially shorter than that of the 650 °C
SPS sample. We should note that A(0) is a good measure of the
superfluid phase stiffness Jg [64—08], i.e., the energy associ-
ated with the phase rigidity of the superconducting coherence.
In Josephson coupled systems and/or superconductors with
small superfluid density, Js becomes lower than the supercon-
ducting energy gap A, and, accordingly, the value of T as
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FIG. 11. (a) XRD patterns of simple mixture composite prepared
by same SPS condition as that of 1200°C SPS sample using ap-
propriate mixture of commercial Mg, MgO, and MgB, powders.
Molar ratio of Mg/MgO/MgB, in starting mixture powder was
so controlled as to yield similar composition to that of fractal
nanocomposite. Results of Rietveld quantitative analysis are shown.
(b) FESEM/EDX overlay images of simple mixture composite in
different magnifications; red = B, green = O, blue = Mg. White
box in left image indicates appropriate location used for higher-
magnification image shown in right panel.

well as its systematic variation from one material to another
is controlled by Jg [64—68]. Similarly, the proximity-induced
superconducting transition in our samples is also expected to
be phase driven, due to the large volume fraction of the normal
regions. Now, Js can be defined by [26,65]
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FIG. 12. Comparison of resistivity between 1200 °C SPS sample
(fractal nanocomposite) and simple mixture composite.

where a is the length scale over which the phase fluctuates, m*
is the effective mass of the electron, e is the electronic charge,
and ng is the superfluid density given by

m*c?

4 [er(0)]?

Hence, Js is inversely proportional to the square of A(0). One
sees from Table I that the estimated value of A(0) decreases
from 252 to 92 nm as the SPS temperature increases from
650 to 1200 °C. This decrease in the value of A(0) implies
that the phase of the global order parameter becomes stiffer
and the phase fluctuations attempting to destroy the long-
range phase correlation are suppressed. The above argument
is consistent with the fact that the superconducting prop-
erties of the 1200°C SPS sample are more robust against
temperature and applied fields than those of the 650 °C SPS
sample. Hence, it is most likely that in the present super-
conducting nanocomposites, Js, rather than A, determines
the ability to carry a supercurrent and the related vortex
properties.

If this is the case, the natural question arises: where does
this strong phase stiffness come from? Unfortunately, we do
not have an exact answer to the above question at the moment.
However, we should note that randomness or disorder may
enhance superconducting correlations under some circum-
stances [69,70], especially in systems with fractal [71-73] or
multifractal [74,75] (i.e., a mixture of monofractals) charac-
teristics. Moreover, scale-free fractal networks can induce an
enhanced positive feedback mechanism, leading to strong cor-
relation, self-organization, and network robustness [76,77].
Hence, one possible scenario for the origin of the strong
phase stiffness in the present nanocomposite is the formation
of a hierarchical network consisting of a number of closed
Andreev trajectories, in which the total phase shift is zero
or a multiple of 27r. That is, the present system can be re-
garded as a fractal assembly of Andreev loops, leading to
a strong macroscopic phase coherence throughout the sam-
ple. In such a multi-Josephson-junction loop system, flux
quantization can be monitored by using a modulated-field
microwave absorption method [78,79], resulting in the trains
of absorption peaks. The spacing of the lines in the spec-
tra is determined by a macroscopic flux quantization, which
proves the presence of superconducting current loops. Further
work is now ongoing to confirm or disconfirm the observa-
tion of periodic microwave absorption in our nanocomposite
systems.

ns(0) = @

V. CONCLUSIONS

We prepared the bulk forms of the Mg/MgO/MgB, fractal
nanocomposites by the solid-phase reaction of Mg and B,03
powders under Ar atmosphere at 700 °C, followed by a SPS
procedure at 1200 °C. The composition of the nanocompos-
ite was found to be MgO 75.8 wt. %, MgB, 23.7 wt. %,
and Mg 0.5 wt. %. The thus-prepared nanocomposite is
characterized by fractal micro/nanostructures consisting of
highly complicated MgO-rich domains surrounded by barely
interconnected MgB,-rich regions, also showing atomically
clean MgO/MgB, interfaces. We have shown from the MO
observations and the pinning-force analysis that the present

155146-9



NANAMI TERAMACHI et al.

PHYSICAL REVIEW B 108, 155146 (2023)

onset
c
(a) 38.0K
OO '_l T I UL | T T L | LI | LI
r H=100e i
oo . onset
0.2 simple mixture Tc ]
0.4 .
= r ]
R-06- .
< L ]
-0.8 .
1.0 :_ fractal _:
"t nanocomposite 1
-1 2 —_l - I L1l I L1l I L1l | 1111 I 111 I——
0 10 20 30 40 50 60
T (K)

(b)
300_""I""l'"'I""l""l'"'l""l""l""l""_
200 - T=2K fractal E

- nanocomposite]

€ 100} .

L C 1

2 o -

K ]

S -100fF ]

simple mixture]

-200 composite .

_ :....|....|....1.........|....|....|....|....|....:
300 -40 -20 0 20 40

H (kOe)

FIG.13. Comparison of superconducting properties of 1200°C SPS sample (fractal nanocomposite, blue lines) and simple mixture
composite (red lines). (a) ZFC magnetic susceptibility (4 x) curves under applied field of 10 Oe, and (b) M(H) loops at 2 K.

fractal nanocomposite behaves as if it were an isotropic
type-II superconductor in terms of magnetic flux expulsion,
penetration, and pinning irrespective of the low volume frac-
tion of MgB,. Also, the SSM images have elucidated that
proximity-induced quantized vortices are pinned randomly
in the N regions. These results demonstrate that the grain
boundaries carry high critical currents and have excellent vor-
tex pinning efficiency, resulting in the establishment of the
strong and global-phase coherence throughout the sample. A
substantially short penetration depth of 89 nm is predicted
for the present sample. This can be interpreted in terms of
the generation of the rigid superfluid phase stiffness. Our
results not only challenge our conventional understanding of
granular superconductors whose transport critical density and
pinning strength are limited by weak intergrain coupling, but
also imply a high phase-coherence capability of hierarchically
coupled proximity network.
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