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Abstract

In this study, we focus on in-plane and out-of-plane crystallinities of the MgB: superconductor. These
two structural properties were evaluated in terms of peak broadening at lower angles in the X-ray diffraction.
The angular behavior of the in-plane and out-of-plane peaks was used to compare it with the corresponding
behavior estimated in the case of several crystallite sizes (that affect the in-field superconductivity of MgB,).
We propose that this comparison allows a simple evaluation to provide insight into the individual influences
of in-plane and out-of-plane crystallinities on the in-field critical current density (without needing to
calculate numerical values of crystallite sizes and lattice strains of fabricated MgB; materials). For this study,
we used MgB» samples sintered at different temperatures. The sintering conditions affected not only the
crystallinities but also the phase compositions. The behavior of the compositions, including amorphous

phases, was also evaluated by using a quantitative analysis for X-ray diffraction results.
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1. Introduction

Innovative applications, such as in the power grids across Europe and hybrid energy storage systems
combined with hydrogen technologies [ 1-4], have been the focus of studies on MgB, materials (e.g., wires,
tapes, and cables). The polycrystalline materials have been developed to have high performance of critical
current density (J;), especially in magnetic fields. To further enhance their transport performance, a
profound understanding of the material crystallization/formation is indispensable. It is well known that the
crystal structure of MgB, consists of magnesium (Mg) and boron (B) layers [5,6]. These two types of
elemental layers are stacked alternately along the c-axis direction in the hexagonal lattice (Supplementary
Fig. S1 in the Supporting Information). The layered crystal structure is very simple. The electronic structure
responsible for the superconductivity is a complex structure, however, which contains quasi-two-

dimensional (quasi-2D) ¢ bands parallel to the in-plane direction and nearly three-dimensional (3D)  bands



[7-10]. The dimensionally different bands do not interact strongly, and hence, two different superconducting
energy gaps coexist [11-14]. The unique electronic structures form through in-plane covalent/metallic
bonding (within the B layer) and delocalized metallic/ionic bonding (between the B-Mg-B layers) [7—
10,15,16]. The different bonding states forming the layered crystal structure cause the anisotropies of
structural disorder (where atomic/ionic arrangements are weakly or locally disordered compared with well-
ordered arrangements), as reported in our previous study [17]. The disorder anisotropies can be evaluated
by their in-plane and the out-of-plane crystallinities, which are characterized by their grain sizes, lattice
strains, and crystallite sizes. These structural properties can affect the in-field performance of J. and critical
current (/o) in terms of charge carrier scattering and/or vortex pinning. In particular, the out-of-plane strain
and size have the potential to play an important role in the in-field transport properties in polycrystalline
materials [17-19]. This is because the transport current moves through out-of-plane as well as in-plane
interfaces between grains/crystallites. Elucidating the nature of the crystallinities in the two directions is
thus of paramount importance in developing MgB: materials, which have a unique structure consisting of
dimensionally different bands.

Evaluation of the crystallinity of MgB, materials has been performed so far by considering isotropic
models in most cases [20—24], including our past study [25]. From the viewpoint of the anisotropy, we
focused on and quantitatively evaluated the in-plane and the out-of-plane structural properties for disordered
MgB, materials in our previous study [17]. The quantitative analytical method that we used is complicated,
however, and includes a somewhat arbitrary (but reasonable) assumption that the strain and size
distributions follow Gaussian and Lorentzian curves. Moreover, there has still been much less work on
evaluation of the anisotropic crystallinity in MgB, materials. In this study, we introduce a qualitative and
simple method for easy evaluation of the in-plane and the out-of-plane crystallinities. This evaluation
approach also enables an indirect comparison of the crystallite sizes of fabricated samples with the
coherence lengths for the ¢ and # bands in highly crystalline structures. This comparison is conducted
through structural characterization in terms of peak broadening at lower angles in X-ray diffraction, and

hence make it possible without needing to calculate numerical values of crystallite sizes and lattice strains



of the fabricated samples. The comparative analysis helps us to ascertain whether structural disorder
(especially that caused by smaller crystallite sizes) influences the in-field superconductivity. In addition, the
disordering of the material structure usually involves an increase in the content of amorphous phases, which
were not considered in our previous study [17]. Accordingly, we have also performed a quantitative
composition analysis to investigate the relationship between the phase content and the in-field transport

performance in this study.

2. Experimental

The crystallinity of MgB, materials (focused on in this study) decreases as the sintering temperature is
reduced. This change in crystallinity is universal and occurs whether the material is in bulk, wire, or powder
form. To investigate the structural and material properties, including crystallinity, both MgB, wire and
powder samples were used. Different sintering temperatures for the samples were also employed to change
their crystallinity. The fabrication methods are described below. The wire and powder samples were
prepared through in situ processes using iron (Fe) tubes, Mg powder (spherical and elliptical shapes, an
average size of 16 um, Hana AMT), amorphous B powder (purity of 98.5 %, median size of 288 nm [26],
Pavezyum), and pyrene (CisHi0) powder (purity of 98%, Sigma-Aldrich). The hydrocarbon material was
used for carbon doping to enhance the in-field J. performance [27]. The doping level, x, reflecting a molar
ratio of 1:2—x:x/16 between Mg, B, and C;cH,o, was set at 0.10. The three powders of Mg, B, and Ci¢Ho
were mechanically mixed in a tumbler mixer. The mechanical processing was performed at a rotation rate
of 40 rpm for 30 minutes in a glove box with an argon (Ar) atmosphere. The mechanically mixed powder
was used to fabricate both MgB, powder and wire samples. The rest of the fabrication process for the wire
samples is explained below. The mechanically mixed powder was poured into Fe tubes in air. The filled
tubes were deformed into round wires 1.0 mm in diameter by using a draw bench. The mechanically
deformed wires were sintered to form the MgB: phase in their cores. The sintering processes were carried
out in a tube furnace with flowing Ar gas at 100 standard cubic centimeters per minute (sccm). The sintering

conditions of the wires were 600 °C, 625 °C, 640 °C, 660 °C, and 695 °C for 8 h. These sintered wires were



used as MgB, wire samples in this study. The weights of each wire sample remained almost the same before
and after the sintering. The lengths and the core sizes of each fabricated wire were approximately 100.6 cm
and 0.00203 cm?, respectively. The weight of the mixed powder used for each wire fabrication was 0.3 g.
From the above data, the core density of each sample was estimated to be 1.5 (+ 0.1) g/cm?, which is
approximately 58% of the theoretical density of 2.6 g/cm? for MgB,.

The rest of the fabrication process for MgB, powder samples is explained below. The mechanically
mixed powder mentioned above was put into iron tubes in a glove box with an Ar atmosphere. Both ends
of the tubes were then pressed with a bench vice. The enclosed tubes were placed in a tube furnace with
flowing Ar gas at 100 sccm. The gas-flow furnace was operated under the same sintering conditions that
were used for the wire samples. After the sintering processes, the powder samples were extracted from the
enclosed tubes. The extracted powders were used as MgB, powder samples in this study. These fabrication
methods for the powder and wire samples are the same as those shown in our previous study [17]. Further
information can be seen in the previous article, which describes the details of the mixing conditions (e.g.,
the total amount of raw powders, the ball-to-powder mass ratio, the mixing motion, and the materials of
mixing tools).

Measurement methods described below were used to examine structural and superconducting properties
of the wire samples. The grain structures of the samples were investigated by field-emission scanning
electron microscopy (FE-SEM, FEI, Apreo S HiVac). Elemental analysis for the samples was performed by
using an energy dispersive spectroscopy (EDS) detector (Burker, XFlash 6-100). Void structures of the
samples were observed by optical microscopy (OM) (Zeiss, Axio Observer). Transport critical currents of
the samples were measured at a temperature of 4.2 K under liquid helium (He) immersion cooling. The
transport properties at 20 K were also recorded using a He gas-flow cryostat. The transport currents at 4.2
K and 20 K were supplied by a higher current power supply (Agilent, 6680A) and a lower current power
supply (Hewlett Packard, 6671A), respectively. By using the former supply and the latter supply, the applied
transport currents for the samples were increased from 0 A up to a maximum of 411 A and from 0 A up to

a maximum of 7 A, respectively. These transport measurements of the samples were conducted by the



standard four-probe method and under an applied field of 5 T. The electric field criterion to determine the
critical currents was set at 1.0 pV/cm. The transport J. for each sample was determined by taking the ratio
of the critical current to the cross-sectional area of the wire core for the corresponding sample.

The MgB, powder samples were investigated by measurement methods described below. X-ray
diffraction (XRD) patterns of the samples were collected over a wide range of angles up to 145°. The
obtained patterns were analyzed through Rietveld refinement. The structural analysis was performed using
the VESTA program [28] and the RIETAN-FP program [29]. Through this analysis, calculated XRD
patterns fitted to the experimental data were obtained. The broadening of the XRD peaks caused by lower
crystallinity was evaluated in terms of integral breadth (which is defined by dividing the integrated intensity
of the diffraction peak by its height). Amorphous phases of the samples were quantitatively evaluated by

XRD analysis through the following simple equation [29-35]:

w, =1- prp' (D

where w, and w,, are the weight fractions of the amorphous phases and each crystalline phase, respectively.
As can be seen on the right side of the above equation, the quantitative evaluation requires the total quantity
of weight fractions for all the crystallized compositions present in a sample. The individual contents of the
crystalline phases can be estimated through Rietveld refinement of the XRD patterns, including an additive
that serves as an internal standard material [29-31]. For this purpose, silicon (Si) powder (National Institute
of Standards and Technology (NIST), 640¢) was mixed with our powder samples sintered at different
temperatures (as mentioned above). The mixtures including the standard material were scanned during the
XRD measurements. The obtained XRD patterns were also analyzed using Rietveld refinement through the
VESTA program [28] and the RIETAN-FP program [29] for the quantitative evaluation of the phase

contents mentioned above.

3. Results and discussion

Fig. 1 shows the XRD patterns of the powder samples. The diffraction patterns were found to include



highly intense and sharp peaks (denoted by the symbols of upright triangles). This peak behavior arises from
the Si phase, which was added for the quantitative XRD analysis, as explained in section 2. The Si phase
was identified using a diffraction data set provided by NIST, which produced the Si powder. Apart from
this additional phase, the crystalline compositions present in the samples were identified using the XRD
patterns. The phase identification revealed that the samples consisted of MgB, phase with minor impurities
of MgO and unreacted Mg, as briefly mentioned in our previous study [17]. The identification of these
phases was performed using powder diffraction files (PDF) of MgB, (PDF#38-1369), MgO (PDF#004-
0829), and Mg (PDF#35-0821). Here, the details of the crystalline impurity phases are discussed. Diffraction
peaks of the MgO phase in the XRD patterns were observed at around 62°, as denoted by the arrow in Fig.
1. The peak intensities were very weak and remained almost constant despite the sintering at different
temperatures. In contrast to this independent behavior, the diffraction peaks of the unreacted Mg phase
(denoted by the inverted triangles) became stronger when the sintering temperature decreased. The upturn
in the peak intensity may also be indicative of an increase in the content of unreacted amorphous B particles,
which cannot be detected as distinct diffraction peaks due to their lack of long-range order. The increase in
the amorphous content may contribute to elevation of the background intensity in XRD patterns, as shown
in Supplementary Fig. S2.

The observed XRD patterns of the powder samples were analyzed by Rietveld refinement. The
calculation results are plotted as white curves in Fig. 1. Their white plot lines can be seen on the black and
red curves in the figure. The calculated patterns were found to be well fitted to the experimental data. The
fitted results provided quantitative information on the sample compositions, as shown in Fig. 2. The
compositional structures were characterized in terms of crystalline and amorphous phases. The latter content
can be affected by the residual B phase, as explained in the previous paragraph. The weight fraction of the
amorphous phases exhibited an exponential-like rise with decreasing sintering temperature (see Fig. 2). A
similar trend was also observed for the weight fraction of the unreacted Mg phase. These upward changes
in the remaining impurities may directly influence the formation of the MgB; phase in the samples. In fact,

the MgB: phase content logarithmically decreased due to the correlation with their residual effects, which



were enhanced by reducing the sintering temperature. In contrast to the large change of these phase contents
mentioned above, the content of the MgO phase remained almost intact. Accordingly, the metal oxide is
chemically stable against the reaction temperatures for MgB, materials, unlike the other phases. The stable
oxide, even when functioning as pinning centers of vortices or serving as current-blocking obstacles, does
not contribute to any significant change in the observed J; performance for the wire samples, which were
sintered at different temperatures, as explained later.

The transport J. performance of MgB, materials may depend not only on the impurity phases, but also
on the crystallinity, including the structural behavior of grain/crystallite boundaries. The latter properties
can be characterized by lattice strain and crystallite size. The structural states can be evaluated by a simple
XRD analysis, as described in the following. It is well known that an observed XRD pattern is determined
by contributions from the lattice strain, crystallite size, and instrumental conditions. The latter contributions
to the broadening of XRD peaks can be removed through utilization of a pseudo-Voigt function, which
linearly combines the Gaussian and the Lorentzian functions [36]. This mathematical model is often
employed to evaluate the integral breadth (f.s) for the observed diffraction peaks through Rietveld
refinement. The refinement results of the diffraction peaks used in this study are shown in Supplementary
Fig. S3. In our previous study [17], the diffraction-angle dependence of fos was employed to graphically
display different anisotropic effects of more- and less-disordered MgB; structures. The Sobs focused on here
is characterized by the pseudo-Voigt distribution, which is nearly identical to the peak shapes of Voigt
functions [37]. The Voigt model consists of a convolution of the Gaussian and Lorentzian functions. The
integral breadths (8c,0bs and S obs) of the two constituent components can be estimated using the Sobs values
[36]. The estimated breadths include the two instrumental contributions (fg,inst and Srnst) in terms of the
Gaussian and the Lorentzian distributions. The instrumental effects on fg s and fiobs behavior can be

excluded using the following relations that hold because of the convolution theorem.

([;G,obs)2 = (ﬁG,sample)2 + ([;G,inst)2 2)

ﬁL,obs = ﬁL,sample + ﬁL,inst (3)



The excluded values (£ sample and i samplc) can be used to obtain the intrinsic integral breadth (Ssamplc), Which
is determined by the structural properties of the samples [36]. To estimate the Ssmpie Values using the above-
mentioned analysis, the calculated values obtained in this study are shown in Supplementary Tables S1-S5
in the Supporting Information.

Fig. 3(a) shows the fmplc Values of the MgB, peaks indexed as 00/, which arise from the out-of-plane
structural states formed at different temperatures. In the formed structures, the lattice strain and crystallite
size can affect the fsample behavior, but only the size effect strongly contributes to the peak broadening at
lower diffraction angles. The size broadening fsi.. for integral breadth on a 26 scale can be expressed by the
following equation [38]:

KA
DcosO '’

Bsize = 4

where /4 represents the X-ray wavelength used for the XRD measurement and D represents the volume-
weighted mean thickness perpendicular to the diffraction planes when the Scherrer constant X is set to 1.0.
The thickness is the mean size of coherently diffracting domains within grains, which is why D is commonly
identified as the crystallite size. Referring to the crystallite boundary, D is also interpreted as the mean
periodic distance between boundary defects. Such defects characterized by D decrease the mean free path
for charge carriers and can reduce the coherence length (e.g., in terms of the Pippard model). 35 nm and 50
nm were selected as D values for comparative evaluation. The size effects are plotted in Fig. 3(a), as denoted
by blue and purple dashed lines. The selected sizes are almost the same as the out-of-plane coherence lengths
for the 7 bands, which have been experimentally reported or can theoretically be estimated for clean MgB,
samples reported in the literature [39,40] (see the lengths (¢ and &G ) listed in Supplementary Tables S6
and S7 of the Supporting Information). Here, the clean samples are defined as having well-ordered crystal
structures without significant distortion or many defects. The clean structures can be regarded as a standard
for comparison to evaluate how effective the crystallite sizes of our samples are in improving the in-field
superconductivity. For example, when the out-of-plane structures were formed at the sintering temperatures

of 640 °C and above, the Sumple Values at lower diffraction angles approximately match the S, values



estimated in the simulated cases of 35 nm and 50 nm (Fig. 3(a)). This implies that the crystallite sizes,
corresponding to the mean periodic distances along the out-of-plane direction, are nearly comparable to the
simulated lengths (35 nm and 50 nm). The mean distances between the crystallite boundaries are not very
different from the coherence lengths for the z bands in the clean samples. In addition, the out-of-plane
crystallite sizes became much shorter in the samples sintered at 600 °C and 625 °C, as indicated by
significant increases in the Ssmpic Values at lower diffraction angles (denoted by the red arrow in Fig. 3(a)).
Such highly disordered structures (which also include the lattice strain) compared to clean samples can be
identified as effective states for the reduction of the out-of-plane coherence length, which may contribute to
improvement of the in-field superconductivity for the z bands. This effect is important for polycrystalline
MgB, materials, if the in-field supercurrent along the c-axis direction affects the global critical current
performance.

The above comparative method focusing on the crystallite size can be applied to evaluation of the in-
plane structures, which can be characterized by the fsample behavior of the MgB, peaks indexed as 4k0 (h #
0). Fig. 3(b) shows the Ssmpic behavior for the samples sintered at different temperatures. The size effects of
10 nm, 40 nm, and 50 nm are also plotted in the figure. The former and the latter two sizes selected here
almost correspond to the in-plane coherence lengths for the ¢ and the 7 bands, respectively, in the clean
samples that are compared as references [40—42] (see the lengths (£2P, &l(’,, ab " and E&%) listed in
Supplementary Tables S6 and S7 of the Supporting Information). It turns out that the S, values obtained
in the simulated cases of 40 nm and 50 nm are likely to fall below or approach the lower-angle results of
the Ssample behaviors for the samples (Fig. 3(b)). Since the simulated sizes are set to comparable distances of
the coherence lengths for the 7 bands in clean samples, the crystallite sizes of our samples can be determined
to be small enough to enhance the in-field superconductivity for the # bands. Compared to the coherence
length for the ¢ bands in clean samples, however, the in-plane crystallite sizes were too large. This is
apparent from the huge gap between the fSsmpic curves for the samples and the fi,. curve estimated in the
simulated case of 10 nm, as denoted by the black arrow in Fig. 3(b). From the size relation revealed by the

comparative evaluation, it is concluded that the coherence length for the ¢ bands is not strongly impacted
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by the relatively large crystallite size alone. Since long-range ordering of the crystallized structure is
disordered not only by the crystallite boundaries, but also by the lattice strain, the latter rather than the
former can be recognized as a determining factor that can give rise to the improved performance observed
in the in-field J. properties of our wire samples, as described later. Thus, the above comparative method
helps to clarify whether the structural states of crystallites are effective in improving the in-field
superconductivity for multi-band MgB, materials.

The in-field transport performance can be influenced by grain size as well as crystallite size and lattice
strain. The grain structures of the wire samples sintered at 600 °C, 625 °C, and 695 °C were evaluated by
FE-SEM observations. Fig. 4(a—c) shows the observed results for the wire cores. It was found that hexagonal
or hexagonal-like grains were formed in the core structures. The crystal grains can be characterized by their
hexagonal size and height (Fig. 4(d)). The former and latter are presumed to correspond to the grain sizes
along the in-plane and the out-of-plane directions for the MgB: phase, respectively, which has a hexagonal
lattice in its layered crystal structure (Supplementary Fig. S1 in the Supporting Information). The observed
crystal grains grew anisotropically, as can be seen from the apparent differences between the in-plane size
(the hexagonal size) and the out-of-plane size (the height) (Fig. 4(a—c)). The anisotropic growth mechanism
and the influence on grain-boundary pinning were explained in our previous study [17]. Here, several
hexagonal or hexagonal-like grains with small heights were evaluated by FE-SEM observations.
Interestingly, the heights outlined by the light-blue squares in Fig. 4(a, b) were comparable to or below the
size ranges of 35 nm and 50 nm, which approximately equate to the out-of-plane coherence lengths for the
7 bands in clean samples (Supplementary Tables S6 and S7). Such short distances between grain boundaries
(in addition to the out-of-plane crystallite size and lattice strain) may contribute to improving the in-field
performance of the z-band superconductivity.

Besides the potential positive effect, different grains associated with negative contributions are also
mentioned here. Such grain structures were found especially in local areas of the wire core sintered at 600
°C. A secondary electron image of the local structures is shown in Fig. 4(e). The observed result revealed

that several grains were not highly crystalline, as denoted by the yellow arrow in the figure. To investigate
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the elemental composition, two positions, Spot 1 and Spot 2, in the grain structure were targeted. EDS
spectra collected from Spot 1 and Spot 2 are shown in Fig. 4(f) and (g), respectively. The spectral patterns
were found to include four peaks for elements of B, C, O, and Mg. The elemental compositions in atomic
percent (estimated from the spectral patterns) are listed in the insert tables of Fig. 4(f) and (g). Interestingly,
a high concentration for the element B was detected especially for the grains at and around Spot 1. The
atomic ratio of B/Mg is approximately 8.6, which is much higher than the initial ratio of 1.9 (=1.9/1.0) used
for the sample fabrication. In addition, as can be verified from Fig. 4(i—k), the atomic ratios for Spot 3 and
Spot 4 in hexagonal or hexagonal-like grains are 2.1 and 1.7, which is much lower than that for Spot 1. The
grain morphologies at and around Spot 1 are rather close to spherical and spherical-like shapes of amorphous
B particles, as can be seen in Fig. 4(h). These similar shapes, in connection with the EDS results, imply that
the spherical and spherical-like grains in Fig. 4(e) are unreacted or partly reacted B particles. Such residues
from the raw powder decrease the formation of the superconducting phase in polycrystalline MgB, materials,
as explained in connection with the XRD results. In addition, the small grains, like the residues, were not
well connected in the core structure (Fig. 4(e)). The low-connectivity regions, likely due to locally
incomplete reactions, reduce the effective cross-sectional area for the transport current in the wire core, even
if the grains consist of only the MgB: phase.

Apart from the grain characteristics, voids limiting the transport performance were evaluated for the
wire samples. The void evaluation was carried out using optical microscopy. Fig. 5(a—f) shows optical
images of cross-sectional areas of the wire samples. As can be seen in Fig. 5(a), the cross-sectional structure
consists of two main regions: an Fe sheath and a wire core. The latter region at higher magnification for
each sample is shown in Fig. 5(b—f). The observation images were found to include areas with a metallic
luster like gold and dark areas such as black. The former and the latter indicate relatively dense areas and
large voids, respectively. The red squares shown in Fig 5(b—f) are also provided as a guide to identifying
voids in the observation images. It was observed that the wire cores include numerous voids. The void
structure is a typical feature of MgB, wires in the case of in situ fabrication [43]. The void formation is

caused by Mg diffusion into areas of B powder to form the MgB; phase during the sintering process. As can
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be seen in Fig. 5(b—f), the void morphologies did not drastically change between the wire samples sintered
at 600—695 °C (unlike the case of a clear reduction in the number of large voids [44]). Despite the observed
similar structures, however, the transport J; at 4.2 K in a magnetic field of 5 T was approximately doubled
by reducing the sintering temperature, as shown in Fig. 6. The reason for using the field of 5 T as our
measurement condition is that the J. performance (especially at 20 K) becomes severely degraded when the
crystallinity of the MgB, phase increases [45]. An enhanced effect on the in-field J. due to a lower
temperature for the sintering was also seen in the measurement results even at 20 K and 5 T (Fig. 6). It was
obvious that these transport properties are quite sensitive to the sintering conditions, which diminish the
crystallinity of the MgB, phase, for example in terms of crystallite size, as indicated by the Ssamplc behaviors
at lower diffraction angles (Fig. 3). The disordered structures are most likely responsible for the enhanced
performance of the in-field superconductivity, as explained from the viewpoint of the mechanism in the
above paragraphs. It should also be noted that although a positive effect on the in-field J. at 5 T was obtained
by the low-temperature sintering, the crystallization process involves increases in the contents of partially
reacted or unreacted phases (Figs. 2 and 4). Thus, better control of the residues while forming smaller
grains/crystallites is thought to be one of the next issues that should be addressed in further development of

MgB; materials.

4. Conclusions

In this study, we have concentrated on the analysis and characterization of MgB, materials with respect
to their crystallinity and phase compositions. The latter properties were quantified, considering both
crystalline and amorphous phases. The quantitative results revealed a logarithmic decrease in the content of
the MgB, phase when the sintering temperature was reduced. However, the sintering effect with the carbon
doping also diminished the crystallinity of the boride phase. These structural changes may ultimately lead
to enhancement of the in-field J. properties at 4.2 K and 20 K for MgB, materials. The material structures
responsible for the enhanced performance were also evaluated by our proposed method, in which clean

samples having high crystallinities are used for comparison. This comparative approach enabled simple and
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qualitative characterization of the in-plane and out-of-plane disorder/crystallinity in the layered crystal
structure of MgB». The structural characterization helped to determine whether the disordered states are
effective for enhancing the in-field critical current performance of MgB, materials that have unique
electronic states caused by dimensionally different bands. Therefore, for further understanding and
development of the multi-band materials, the comparative method presented in this study is useful as an

analytical option.
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Figure captions

Fig.1. XRD patterns of mixtures of the MgB, powder samples and the Si powder. The latter powder is used
as an internal standard material for XRD analyses. The former powders were sintered at 600 °C, 625 °C,
640 °C, 660 °C, and 695 °C for 8 hours. The lines of red and black plots are the observed XRD patterns of
the mixtures. The thin gray lines, overlapping the red and black lines, are the calculated patterns obtained
by Rietveld refinement. The Miller indices (kk/ = 100, 101, 002, 110, and 102) denote peaks of the MgB,
phase. The upright triangles, inverted triangles, and arrow denote the Si phase, Mg phase, and MgO phase,
respectively.

Fig. 2. The relationship between sintering temperature of the MgB, powder samples and their phase
compositions. (a) Temperature dependence of the weight fraction of the MgB: phase. (b) Corresponding
dependences in the case of impurity phases. Impurities are the amorphous phases, unreacted Mg phase, and
MgO phase. All weight fractions plotted in this figure were evaluated using Rietveld refinement and

Equation (1).
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Fig. 3. Structural behavior characterized by fsumpe 0f the MgB, peaks in the XRD patterns for the MgB,
powder samples. (a) The relationship between diffraction angles (two theta) and Ssampie Of the out-of-plane
peaks indexed as 001, 002, 003, and 004 in Akl. (b) The corresponding relationship in the case of the in-
plane peaks indexed as 100, 110, 200, 210, and 300 in /4kl. The Ssmple values plotted in these figures were
evaluated by removing the contribution of instrumental conditions from the S5 values of the MgB, powder
samples, which were sintered at 600 °C, 625 °C, 640 °C, 660 °C, and 695 °C for 8 hours. The green, blue,
orange, and purple dashed lines plotted in these figures are Ssample curves when crystallite sizes are 10 nm,
35 nm, 40 nm, and 50 nm, respectively. These calculated curves (shown by the dashed lines) were obtained
using Equation (4) and used for comparison with the fsamplc curves of the MgB, powder samples at lower
diffraction angles (where only the effect of the crystallite size strongly contributes to the Ssumpie values). The
red arrow denotes that when the sintering temperature was 600 °C or 625 °C, the famplc Values of the out-of-
plane peaks at lower diffraction angles became much higher than those in the case of the crystallite sizes of
35 nm and 50 nm. The black arrow denotes that the fsumple Values of the in-plane peaks at lower diffraction
angles were much smaller than those in the case of the crystallite size of 10 nm.

Fig. 4. (a—c) Secondary electron images of grain structures inside the cores of the wire samples sintered at
(a) 600 °C, (b) 625 °C, and (c) 695 °C. Grains observed in these areas have the shape of hexagonal or
hexagonal-like prisms. The light-blue squares denote the sides of the hexagonal or hexagonal-like prisms.
(d) Schematic depiction of the height and hexagonal size of a crystal grain shaped with a hexagonal structure.
(e) A secondary electron image of a low-connectivity region in the core of the wire sample sintered at 600
°C. This region includes spherical and spherical-like grains denoted by the yellow arrow. The positions
shown by Spot 1 and Spot 2 were targeted for EDS microanalysis. (f, g) EDS spectra collected from Spot 1
and Spot 2. (h) A secondary electron image of boron powder used as a raw material for the fabrication of
the wire samples. (i) A secondary electron image of a well-connected region in the core of the wire sample
sintered at 600 °C. This region includes hexagonal-like or hexagonal grains. The positions shown by Spot 3
and Spot 4 were targeted for EDS microanalysis. (j, k) EDS spectra collected from Spot 3 and Spot 4. The

images (a—c) and (h) have the same scale length of 100 nm. The images (e) and (i) have the same scale
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length of 500 nm. The tables inserted in Fig. 4(f), (g), (j), and (k) show the analytical results of elemental
compositions obtained from the EDS spectra for Spot 1, Spot 2, Spot 3, and Spot 4, respectively. The
elements detected from the EDS spectra were Mg, B, C, and O.

Fig. 5. (a—f) Optical images of cross-sectional areas of the wire samples sintered at (a, b) 600 °C, (c) 625 °C,
(d) 640 °C, (e) 660 °C, and (f) 695 °C. The cross-sectional areas were polished before the optical observations.
The image (a) has a scale bar of 200 um (denoted by the white line) and shows two main regions: an Fe
sheath and a wire core. The latter region is further magnified. The observation results at a high magnification
for all the wire samples are shown in the images (b—f). Areas characterized by a gold-colored metallic luster
denote dense regions. Dark areas, denoted by the red squares, are voids. The images (b—f) were collected at
the same magnification. This means that these images have the same scale length of 50 um, as shown by
the white lines.

Fig. 6. Transport J. at 5 T as a function of sintering temperature for the wire samples. The measurement
temperatures were 4.2 K and 20 K. The measurement at the latter temperature was conducted by using a He

gas-flow cryostat. The former temperature was maintained using liquid He immersion cooling.

Intensity (a.u.)

Two theta (deg.)

Fig. 1.
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Supplementary Fig. S1. (a, b) Schematic illustrations of the periodic structure in MgB; crystals for (a)
overhead and (b) lateral views. These illustrations were drawn using the VESTA program [28]. The light
gray and black spheres denote Mg and B atoms, respectively. The red, green, and blue arrows denote the
a-, b-, and c-axis directions, respectively. Mg and B layers are stacked alternately along the c-axis

a

direction in the crystal structure of MgB..
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Supplementary Fig. S2. XRD patterns of the powder samples sintered at 600 °C, 625 °C, 640 °C, 660 °C,
and 695 °C for 8 hours. The XRD measurements were performed without the addition of the Si powder,
unlike the case of Fig. 1. The lines of black, blue, green, orange, and red plots are the observed XRD
patterns. The Miller indices (447 =001, 100, 101, 002, 110, 102, 111, 200, 201, 003, 112, 103, 202, 210,
211, 300, 203, 004, and 212) denote peaks of the MgB, phase. The upright triangles and the arrow denote
the Mg phase and the MgO phase, respectively. A semi-log plot of the intensities for the XRD patterns is
also inserted in the figure. The inserted figure is used here to clarify the background behaviors in the XRD
patterns. It was found that the background intensity is elevated with a decrease in the sintering
temperature. This phenomenon reflects an increase in the content of amorphous phases that cannot be
detected as distinct peaks in the XRD patterns. In addition, lowering the sintering temperature strongly
reduced the peak intensities of the MgB, phase and increased the peak intensities of the Mg phase. This
means an increase in the content of unreacted Mg. The increased presence of the unreacted phase may
lead to a rise in the content of amorphous B phase that comes from amorphous B powder used as a starting
material. The increase in the amorphous phase can contribute to the elevation of the background intensity.
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Supplementary Fig. S3. The calculated patterns obtained by Rietveld refinement for the XRD peaks of
the powder samples sintered at 600 °C, 625 °C, 640 °C, 660 °C, and 695 °C for 8 hours. The lines of black,
blue, green, brown, and red plots are the observed XRD patterns, which are the same as those shown in
Supplementary Fig. S2. The thin gray lines, overlapping the black, blue, green, brown, and red lines, are
the calculated patterns obtained by Rietveld refinement. The Miller indices (74l = 001, 100, 101, 002, 110,
102, 111, 200, 201, 003, 112, 103, 202, 210, 211, 300, 203, 004, and 212) denote peaks of the MgB»
phase. The upright triangles and the arrow denote the Mg phase and the MgO phase, respectively.
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Supplementary Table S1. The estimated values of 26, Bobs, Br.obs, 5G,obss PLiinsts SG,insts PLsamples SG,sample, and
Psample TOr the in-plane and the out-of-plane peaks in the XRD pattern in the case of the powder sample
sintered at 600 °C for 8 hours. Details about the definition and calculation of these values are explained in

the manuscript. In this table, £, &, and [ are Miller indices for the diffraction peaks of the MgB, phase.
Note that two angle units (deg. and rad) are used in this table.

h k l 29 ﬁobs ,BL,obs ﬁG,obs ,BL,inst. ﬁG,inst ﬂL,sample ﬂG,sample

(deg.)  (deg.)  (deg). (deg.) (rad) (rad) (rad) (rad) (deg.)

ﬁ sample

0 0 1 2527 0.59 0.51 0.19  0.00113 0.00104 0.00774 0.00320 0.53
I 0 0 3356 0.50 0.38 0.21  0.00122 0.00100 0.00540 0.00361  0.44
0 0 2 51.88 0.83 0.81 0.06  0.00146 0.00093 0.01270 0.00053  0.73
1 1 0 60.01 0.84 0.63 0.38  0.00158 0.00090 0.00937 0.00650  0.78
2 0 0 7054 0.99 0.88 0.29  0.00176 0.00087 0.01351 0.00497  0.90
0 0 3 8202 1.22 1.04 041  0.00200 0.00084 0.01609 0.00715 1.13
2 1 0 99.62 1.59 1.33 0.57  0.00250 0.00079 0.02066 0.00990 1.49
30 0 120.03 2.29 1.85 0.89  0.00350 0.00065 0.02876 0.01544 2.16
0 0 4 122006 2.39 1.97 0.87  0.00365 0.00062 0.03078 0.01522  2.24
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Supplementary Table SZ- The eStimated ValueS Of 29, ﬁobs, ﬁL,obs, ﬂG’obs, ﬁL,inst, ﬁG,inst, ﬁL,sample, ﬂG,sample, and
Psample for the in-plane and the out-of-plane peaks in the XRD pattern in the case of the powder sample
sintered at 625 °C for 8 hours. Details about the definition and calculation of these values are explained in

the manuscript. In this table, 4, &, and / are Miller indices for the diffraction peaks of the MgB, phase.

Note that two angle units (deg. and rad) are used in this table.

5 i l 29 ﬁobs ,BL,obs ﬁG,obs ,BL,inst. ﬁG,inst ﬁL,sample ,BG,sample

(deg) (deg) (deg). (deg) (rad)  (rad) ~ (ad)  (rad)  (4eg)

ﬁ sample

0 0 1 2527 0.57 0.54 0.10  0.00113 0.00104 0.00828 0.00148  0.49
1 0 0 3356 0.49 0.38 0.20  0.00122 0.00100 0.00537 0.00337 0.43
0 0 2 5189 0.81 0.77 0.15 0.00146 0.00093 0.01191 0.00246  0.72
1 1 0 60.00 0.81 0.61 0.35 0.00158 0.00090 0.00909 0.00605 0.74
2 0 0 7053 0.95 0.84 0.28  0.00176 0.00087 0.01297 0.00485  0.87
0 0 3 8204 1.25 1.07 041  0.00200 0.00084 0.01663 0.00714 1.16
2 1 0 99.60 1.55 1.30 0.54  0.00250 0.00079 0.02028 0.00935 1.45
3 0 0 120.00 2.20 1.75 0.88  0.00350 0.00065 0.02710 0.01528  2.07
0 0 4 12210 2.29 1.76 0.98  0.00365 0.00062 0.02703 0.01701  2.15
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Supplementary Table S3- The eStimated ValueS Of 29, ﬁobs, ﬁL,obs, ﬂG’obs, ﬁL,inst, ﬁG,inst, ﬁL,sample, ﬂG,sample, and
Psample for the in-plane and the out-of-plane peaks in the XRD pattern in the case of the powder sample
sintered at 640 °C for 8 hours. Details about the definition and calculation of these values are explained in

the manuscript. In this table, 4, &, and / are Miller indices for the diffraction peaks of the MgB, phase.
Note that two angle units (deg. and rad) are used in this table.

5 i l 29 ﬁobs ,BL,obs ﬁG,obs ,BL,inst. ﬁG,inst ﬁL,sample ,BG,sample

(deg) (deg) (deg). (deg) (rad)  (rad) ~ (ad)  (rad)  (4eg)

ﬁ sample

0 0 1 2526 0.33 0.28 0.12  0.00113 0.00104 0.00377 0.00174  0.27
1 0 0 3356 0.39 0.32 0.15 0.00122 0.00100 0.00433 0.00242 0.33
0 0 2 5187 0.52 0.45 0.16  0.00146 0.00093 0.00647 0.00254  0.44
1 1 0 60.00 0.66 0.54 0.25  0.00158 0.00090 0.00778 0.00425  0.59
2 0 0 7053 0.74 0.64 0.24  0.00176 0.00087 0.00942 0.00414  0.66
0 0 3 8200 0.82 0.70 0.28  0.00200 0.00084 0.01015 0.00476 0.73
2 1 0 9959 1.22 1.02 0.43  0.00250 0.00079 0.01536 0.00743  1.11
3 0 0 120.00 1.74 1.38 0.69  0.00350 0.00065 0.02058 0.01206  1.59
0 0 4 12204 1.47 1.12 0.63  0.00364 0.00062 0.01598 0.01093  1.32
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Supplementary Table S4- The eStimated ValueS Of 29, ﬁobs, ﬁL,obs, ﬂG’obs, ﬁL,inst, ﬁG,inst, ﬁL,sample, ﬂG,sample, and
Psample for the in-plane and the out-of-plane peaks in the XRD pattern in the case of the powder sample
sintered at 660 °C for 8 hours. Details about the definition and calculation of these values are explained in

the manuscript. In this table, 4, &, and / are Miller indices for the diffraction peaks of the MgB, phase.
Note that two angle units (deg. and rad) are used in this table.

5 i l 29 ﬁobs ,BL,obs ﬁG,obs ,BL,inst. ﬁG,inst ﬁL,sample ,BG,sample

(deg) (deg) (deg). (deg) (rad)  (rad) ~ (ad)  (rad)  (4eg)

ﬁ sample

0 0 1 2526 0.34 0.32 0.06  0.00113 0.00104 0.00442 0.00020 0.25
1 0 0 3356 0.39 0.33 0.14  0.00122 0.00100 0.00446 0.00227 0.33
0 0 2 5187 0.51 0.45 0.16  0.00146 0.00093 0.00638 0.00254  0.44
1 1 0 60.00 0.66 0.55 0.23  0.00158 0.00090 0.00807 0.00393  0.59
2 0 0 7053 0.73 0.64 0.23  0.00176 0.00087 0.00944 0.00386  0.65
0 0 3 8200 0.82 0.69 0.28  0.00200 0.00084 0.01009 0.00483 0.73
2 1 0 99.60 1.19 1.00 042  0.00250 0.00079 0.01501 0.00724  1.09
3 0 0 12001 1.69 1.31 0.70  0.00350 0.00065 0.01943 0.01214 1.54
0 0 4 122.03 1.43 1.10 0.61 0.00364 0.00062 0.01558 0.01057 1.28
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Supplementary Table S5. The estimated values of 26, Bobs, BL.obs, SG,obss PLiinsts SG,insts PLsamples PG, sample, aNd
Psample TOr the in-plane and the out-of-plane peaks in the XRD pattern in the case of the powder sample
sintered at 695 °C for 8 hours. Details about the definition and calculation of these values are explained in

the manuscript. In this table, £, &, and [ are Miller indices for the diffraction peaks of the MgB, phase.
Note that two angle units (deg. and rad) are used in this table.

i k l 29 ﬁobs ,BL,obs ﬁG,obs ,BL,inst. ﬁG,inst ﬂL,sample ﬂG,sample

(deg.)  (deg.)  (deg). (deg.) (rad) (rad) (rad) (rad) (deg.)

ﬁ sample

0 0 1 2527 0.33 0.29 0.09 0.00113 0.00104 0.00397 0.00126  0.26
I 0 0 3356 0.39 0.32 0.14  0.00122 0.00100 0.00434 0.00229 0.32
0 0 2 51.88 0.50 0.42 0.18  0.00146 0.00093 0.00588 0.00296 0.43
1 1 0 60.01 0.64 0.52 0.25  0.00158 0.00090 0.00752 0.00421  0.57
2 0 0 7054 0.73 0.63 0.23  0.00176 0.00087 0.00922 0.00392  0.64
0 0 3 8201 0.80 0.67 0.28  0.00200 0.00084 0.00965 0.00482  0.71
2 1 0 9961 1.17 0.96 0.44  0.00250 0.00079 0.01424 0.00756  1.06
30 0 120.02 1.64 1.21 0.74  0.00350 0.00065 0.01759 0.01290 1.49
0 0 4 12205 1.40 1.06 0.61 0.00364 0.00062 0.01480 0.01060 1.24

Supplementary Table S6. The estimated values of the in-plane and out-of-plane coherence lengths &2,
b and £5. These values are estimated from experimental results in the literature [39,41,42].

£ al(=E80) (om) ' EEP (nm)?  &E (nm)
~10.2 ~49.6 35+ 10

! The value was estimated from the upper critical field of single crystals [41]

2 The value was estimated through imaging of the flux vortices by scanning tunnelling spectroscopy,
especially for the 7 bands [42]. The tunnelling direction and the magnetic field were parallel to the ¢ axis.
The tip scan direction was parallel to the ab plane, so that the in-plane coherence length 2P could be
evaluated.

3 The value was estimated through imaging of the flux vortices by transmission electron microscopy,
especially for the z bands [39].
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Supplementary Table S7. The calculated values of the in-plane and out-of-plane coherence lengths &35,
&b, and &§ ;. These values were obtained from the Bardeen-Cooper—Schrieffer (BCS) relation &, =

hvg/mA(0) by Brinkman’s calculation [17,40]. Here, &, vg, and A(0) are the clean-limit coherence
length, the average Fermi velocity, and the superconducting gap, respectively.

8o (om)  &65 (m) &G, (nm)

~13 ~42 ~48
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