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Many efforts are under way to control the structure of heterointerfaces in nanostructured composite
materials for designing functionality and engineering application. However, the fabrication of
high-quality heterointerfaces is challenging because the crystal/crystal interface is usually the most
defective part of the nanocomposite materials. In this work, we show that fully dense insulator
(MgO)/semiconductor(Mg,Si)/superconductor(MgB,) nanocomposites with atomically smooth and
continuous interfaces, including epitaxial-like MgO/Mg,Si interfaces, are obtained by solid phase
reaction between metallic magnesium and a borosilicate glass. The resulting nanocomposites
exhibit a semiconductor-superconducting transition at 36 K owing to the MgB, nanograins
surrounded by the MgO/Mg,Si matrix. This transition is followed by the intergrain phase-lock
transition at ~24 K due to the construction of Josephson-coupled network, eventually leading to a
near-zero resistance state at 17 K. The method not only provides a simple process to fabricate dense
nanocomposites with high-quality interfaces, but also enables to investigate the electric and
magnetic properties of embedded superconducting nanograins with good intergrain coupling.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954875]

I. INTRODUCTION

The field of nanocomposites stimulates the study of
multiphase material consisting of nanoscale (=100nm)
materials with different mechanical, electric, magnetic, and
optical properties.' The potential of nanocomposites lies
in their multifunctionality, i.e., the possibility of realizing
unique interactions of properties that are unachievable with
traditional bulk materials.*® However, the efforts to realize
the potential are challenging due to a number of factors,
including the distribution in size and dispersion of the
nanoscale constituents and the crystallographic quality of
their interfacial structures need to be considered.” As for
ceramic-based nanocomposites, various sintering techni-
ques, such as spark plasma sintering (SPS)" and hot isostatic
pressing (HIP)® have been employed to obtain dense nano-
composite materials with improved interface quality.
Although the above sintering techniques are promising, the
atomistic mechanisms responsible for the grain boundary
diffusion phenomena are often too complex to be controlled,
sometimes leading to unwanted grain growth.”'® In that
sense, an approach alternative to conventional sintering
techniques is desirable for further development and
improvement of nanocrystalline ceramics.'' In this work,
we propose a method to synthesize fully dense nanocompo-
sites using solid phase reaction between metallic magnesium
and bulk borosilicate glass. Since borosilicate glass includes
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SiO, and B,0; as glass forming oxides, the reactions are
expected to proceed as follows:'*!?

4Mg + SiO, — 2MgO + Mg, Si, (1)
4Mg + B,O3 — 3MgO + MgB,. 2)

We find that nearly 100% dense nanocomposite consisting
of MgO (insulator), Mg,Si (semiconductor), and MgB,
(superconductor) is obtained without performing post-
sintering heat treatments. Also, the reactions lead to a self-
grown periodic layered structure consisting of alternating
MgO- and MgSi,-rich layers. We further reveal that atomi-
cally coherent interfaces are formed at the boundary of the
MgO- and MgSi,-rich layers. The resulting composite
shows a rather low resistivity of a few Qcm at room temper-
ature although it comprises more than 40 vol. % of MgO.
Moreover, the nanocomposite shows a semiconductor-
superconducting transition at 36 K irrespective of a small
volume fraction of MgB, in the composite. Resistive and
magnetic measurements demonstrate that the superconduct-
ing transition proceeds in two stages, namely, the intragrain
transition at 36 K due to the embedded MgB, nanograins
and the intergrain transition at ~24K induced by the
Josephson coupled network over the MgO/Mg,Si/MgB,
nanostructures. Thus, the present approach can pave the
way towards the creation of high-quality MgO/Mg,Si/MgB,
interfaces, and the related strong Josephson junctions
consisting of physically remote but electrically connected
MgB; nanograins.

Published by AIP Publishing.
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Il. EXPERIMENTAL PROCEDURES

The dense MgO/Mg,Si/MgB, nanocomposite was pre-
pared by reacting metallic Mg with sodium borosilicate glass
with a typical composition of 68Si0,-24B,05-8Na,O
(mol. %) at 700 °C for 5h under Ar environment. The com-
position of the glass was selected because of the following
reasons. When the amount of B,O; becomes higher than
30-40 mol. %, the glass becomes softer and more fluid
during reaction with Mg. This prevents the formation of
well-ordered interfaces in the product. On the other hand, a
clear superconducting transition was not observed when we
used the glass with B,O3 concentration below ~20mol. %.
In this work, Na,O was added to facilitate stable glass forma-
tion because metastable two-liquid immiscibility generally
occurs in the binary Si0,-B,0; system.]4 As will be shown
below, Na,O is likely to be expelled from the reaction zone
during reaction between Mg and the glass, and the resulting
composite consists practically of MgO, Mg,Si, and MgB..

A sodium borosilicate glass with the composition of
68510,-24B,05-8Na,O (in mol. %) was prepared using a
conventional melt-quenching method. Commercial powders
of SiO,, B,0O3, and Na,CO3; were mixed and melted in a
platinum-rhodium crucible at 1400-1500°C for 2h. The
melt was then poured onto a steel plate and was annealed at
600 °C for 24 h. The resulting glass was cut into cubic pieces
with a size of 10 x 10 x 10mm and polished with cerium
oxide. Then, the cubic glass sample and ~1 g of Mg powders
were put in a cylindrical alumna crucible with an internal
diameter of 36 mm and a height of 27 mm. This crucible was
located inside a larger rectangular (90 x 90 x 50mm) alu-
mina crucible, which was closed with a 4-mm thick alumina
lid. This set of crucibles was placed in a box-type electric
furnace. The furnace was evacuated to a pressure down to
~30Pa and purged with argon. In order to promote the reac-
tion between Mg and sodium borosilicate glass, the tempera-
ture of the furnace was raised to 700°C at a rate of
~10°C/min and kept for 5h under flowing argon environ-
ment. After the heating process, the reaction layer with a
thickness of ~0.5 mm was developed at all the six surfaces
of the cubic glass sample. We then removed the reaction
layers from the unreacted region of the glass. As a result, we
obtained granules of samples with sizes of approximately 1
to 2mm. For structural and property characterization, we
used these granular samples.

The density of the sample was measured by a helium
pycnometer (Shimadzu, AccuPyc II 1330). Powder X-ray
diffraction (XRD) patterns were obtained with an X-ray dif-
fractometer (Rigaku, SmartLab) using Cu Ko radiation
(wavelength 1=1.5418 A). For the XRD measurements, the
sample granules were further crushed into fine powder.
Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) spectroscopy were conducted with a scanning
electron microscope (JEOL, JSM-5610VS) with an EDX
spectrometer. X-ray photoelectron spectroscopy (XPS) was
carried out with a XPS spectrometer (Ulvac-Phi, PHI X-tool)
utilizing Al Ko X-rays (1486.6eV). High-resolution trans-
mission electron microscopy (HR-TEM) measurements
were performed with a (scanning) transmission electron
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microscope (JEOL, JEM-2100F) equipped with an EDX
spectrometer and a high angle annular dark field detector
(HAADF) operated at an acceleration voltage of 200kV. An
ion slicer was used to obtain a thin section for transmission
electron microscopy (TEM) measurements. A commercial
superconducting quantum interference device (SQUID) mag-
netrometer (Quantum Design, MPMS-XL) equipped with the
reciprocating sample option (RSO) was used for magnetiza-
tion measurements. For the SQUID measurements, several
pieces of granular samples (1-2 mm in size) were weighted
(51.20mg) and mounted on a plastic sample holder. Thus,
the effect of sample orientation with respect to the applied
filed on magnetization is averaged out and hence cannot be
evaluated. Magnetization (M) in a zero-field-cooled (ZFC)
states was measured by cooling the sample initially in a zero
field to 2K, and ZFC magnetization was recorded in an
applied magnetic field (H) as the temperature is increased.
When the temperature reached 300 K, the sample was gradu-
ally cooled under the applied filed to obtain the field-cooled
(FC) magnetization. The M(H) curves ware measured at
several different temperatures after zero-field cooling. All
the M(H) curves given in this work are shown after correct-
ing for the diamagnetic component of the sample at 40K.
A four-terminal contact configuration was used for
temperature-dependent resistivity measurements of the peri-
odic layered structure. Four-terminal contacts were fabri-
cated on the cross section of the product along the direction
parallel to the layered structure. During the resistivity meas-
urements, the temperature was varied from 4.2 to 300K
using liquid helium.

lll. RESULTS
A. Structural characterization

Figure 1 shows a typical X-ray diffraction (XRD) pat-
tern of the reaction zone. The XRD pattern exhibits the dif-
fraction peaks corresponding to MgO, Mg,Si, and MgB,,
confirming that the reaction proceeds according to Eqgs. (1)
and (2). The Scherrer formula yields a lower limit of the
grain sizes of 30, 45, and 15 nm for MgO, Mg,Si, and MgB,,
respectively. No diffraction peaks related to sodium-
including materials were detected. We also confirmed from
X-ray photoelectron spectroscopy (XPS) measurements that

T T

H MgO (30nm)
® Mg,Si (45nm) ]
v MgB; (15nm) ]

Intensity (arb. units)

35 40 45 50 55 60 65 70
26 (degree)

FIG. 1. X-ray diffraction pattern of the reaction zone recorded using Cu Ko
radiation (wavelength 4= 1.5418 A). Bragg peaks of MgO, Mg,Si, and
MgB, phases are indicated. From the full-width at half-maximum of the
Bragg peaks and the Scherrer formula, the sizes (lower limit) of MgO,
Mg,Si, and MgB, are estimated to be 30, 45, and 15 nm, respectively.
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MgO rich layers
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B and Si are present as boride and silicide anions, respec-
tively, and no signals are detected in the energy region of the
Na Is photoelectrons (Fig. S1'°). It is hence probable that
most Na ions, possibly in the form of Na,O, are expelled
from the reaction zone into the unreacted glassy phase during
the reaction. If we assume that the glass with the composi-
tion of 68Si0,-24B,03-8Na,0 (mol. %) reacts fully with Mg
via Egs. (1) and (2), and neglect the contribution from the
sodium-related materials, we can estimate the composition
of the product as 69 mol. % MgO, 23 mol. % Mg,Si, and
8mol. % MgB,. Assuming the 69MgO-23Mg,Si-8MgB,
(mol. %) composition (or 43Mg0-49Mg,Si-8MgB, vol. %),
we can calculate the ideal density (2.72 g/cm®) of the product
from the molar mass and density of the constituent materials.
We found that the sample density measured with a helium
pycnometer (2.68-2.73 g/cm®) agrees well with the ideal
density, suggesting that the product is highly dense nano-
composites with no micropores and cracks.

Figure 2(a) shows a scanning electron microscope
(SEM) image of the cross section of the reaction zone. As
expected from its density, the product does not have any
volume defects and pores in the micrometer length scale.
One also sees from the SEM image that the reaction zone is
characterized by the periodic layered structure with the
apparently smooth (wider) and rough (narrower) layers. We
found that these periodic layers structures are created all
over the reaction zone. Energy dispersive X-ray (EDX) anal-
ysis demonstrated that the wider and narrower layers consist
mainly of MgO and Mg,Si, respectively (Fig. 2(b)). Such
periodic layer formation has previously been reported to
occur during solid-state displacement reaction between Mg
and pure silica (SiO,) glass.'>'® However, the microscopic
layer morphology and detailed growth kinetics of the peri-
odic layer formation have not been fully understood.'>'%®
For a detailed understanding of the periodic layered struc-
tures, we further carried out transmission electron micros-
copy (TEM) observations. TEM investigations show that the
narrower layer consists of relatively large crystallites with a
size of a few um (Fig. 3(a)). Selected area electron diffrac-
tion (SAED) measurements of the narrower layer yield
a [110] zone axis SAED pattern of Mg,Si (left image in
Fig. 3(b)). This indicates that the main component of the nar-
rower layers is Mg,Si, in consistent with the results of SEM/
EDX analysis. On the other hand, the wider layer comprises

J. Appl. Phys. 120, 015102 (2016)

FIG. 2. (a) Schematic representation of
the reaction zone created on the sur-
face of the cubic glass sample and a
typical low-magnified SEM image of
the cross section of the reaction zone.
(b) High-magnified SEM image of the
reaction zone and the corresponding
EDX elemental mapping images of
Mg, Si and O. From the EDX analysis,
the wider and narrower layers are
attributed to the MgO and Mg,Si-rich
layers, respectively.

nanograins with grain sizes of several tens of nanometers
(Fig. 3(a)). The corresponding SAED pattern shows ring-like
diffraction spots attributed to MgO, Mg,Si, and MgB, nano-
grains (right image in Fig. 3(b)). Bright-field scanning TEM
(BF-STEM) image (Fig. 4(a)) and the EDX elemental map-
ping (Figs. 4(b)-4(d)) illustrate that the O (blue) and Si-rich
(green) regions are mutually exclusive to each other to form
maze-like domain structures (see also an overlay mapping of
O and Si in Fig. 4(e)). Note also that the B-rich regions
(cyan) are present among the MgO and Mg,Si nanograins
(Fig. 4(f)). It should also be worth mentioning that the above

(a) MgoSi rich MgO rich

MgO rich

FIG. 3. (a) Low- (top panel) and high-magnified (bottom panel) TEM
images of alternating MgO and Mg,Si-rich layers. (b) SAED patterns of the
Mg,Si-rich layer (left panel) and the MgO-rich layer (right panel). The spot-
ted diffraction pattern of the Mg,Si-rich layer corresponds to the [110] zone
axis, whereas the ring-like pattern of the MgO-rich layer indicates the coex-
istence of MgO (circled in yellow), Mg,Si (circled in green), and MgB,
grains (circled in red).
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features noted for the narrower and wider layers are similarly
observed for all the alternating layers in the sample. From
these TEM and EDX analyses and additional high-angle an-
nular dark-field scanning TEM observations (HAADF-
STEM) shown in Fig. $2,'° we can conclude that the wider
layers are composed of MgO/Mg,Si/MgB, nanocomposites
in which MgB, nanograins are dispersively embedded in the
interconnected MgO and Mg,Si nanograins. In what follows,
however, we will refer to the wider layer as the MgO-rich
layer just for the sake of simplicity.

Figure 5(a) shows a typical high-resolution TEM
(HRTEM) image of the interface between the MgO and
Mg,Si-rich layers. One sees from Fig. 5(a) that the (111)
planes of both MgO and Mg,Si phases are aligned in the same
direction, implying a high lattice coherence at the interface.

(a) Mg2Si interface MgO (b)

Mg2Si

(c)

(111)
0.366 nm

(d)

interface [

(111)

(an) 0.243 nm

0.366 nm |

Ow
Jsi

MgO

.(002) ©(002)

interface
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Max
Min
FIG. 4. (a) BF STEM image of the
MgO-rich layer and the corresponding
EDX elemental mapping images of (b)
Mg (red), (c) O (blue), (d) Si (green),
EDX Max (e) overlay mapping of O and Si and
(® B (cyan).
.
Min

The lattice relationship between the two crystalline phases can
also be investigated by the fast Fourier transform (FFT) analy-
sis of the TEM images (Fig. 5(b)). As expected, the FFT of the
Mg,Si region (see the left image in Fig. 5(b)) yields basically
the same pattern as seen in the SAED of the Mg,Si region of
the Mg,Si-rich layer shown in Fig. 3(b). On the other hand, the
FFT of the MgO region of the MgO-rich layer shows two
diffraction spots attributed to the (111)-type planes (see the
two red arrows in the right image in Fig. 5(b)). The FFT of
the interface region (see the middle image in Fig. 5(b)) is the
superposition of those of the Mg,Si and MgO regions and
illustrates the alignment of the (111)-type planes of these two
crystalline phases; that is, the 111-type spots of MgO are
located at the exact center between the 111- and 222-type spots
of Mg,Si.

FIG. 5. (a) HR-TEM image of the
interface between MgO and Mg,Si-
rich layers. (b) FTT of the HR-TEM
images of the Mg,Si-rich region (left
panel), the MgO-rich region (right
panel), and the interface region (mid-
dle panel). The red arrows correspond
to the diffraction spots originated from
MgO (111) planes. (¢) A magnified
view of the HR-TEM image of the
interface between MgO and Mg,Si-
rich layers. (d) A 2D schematic illus-
tration of the DME-like structure by
atomic models of Mg,Si and MgO. (e)
A typical HR-TEM image of the MgO/
Mg,Si interface in the MgO-rich
region.
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Detailed inspection of the HRTEM image (Fig. 5(c))
reveals that the interface consists of three MgO (111) and
two Mg,Si (111) planes, resulting in nearly perfectly
matched atomic planes with a spacing of 0.73nm. This
derives from the nearly integer ratio of the (111) d-spacing
of MgO and Mg,Si crystals (0.243 nm/0.366 nm =0.664
~ 2/3). Considering that MgO and Mg,Si belong to the same
space group of Fm 3 m, we can expect that the 2/3 lattice
matching is realized for all the (/kl) planes, or all the [uvw]
directions, at the interface (see the corresponding in-plane
atomic structure in Fig. 5(d)).

In thin film growth processes, epitaxial growth is possi-
ble as long as the lattice misfit between the film and substrate
is less than ~10%."® It has recently been demonstrated, how-
ever, that even when a lattice misfit of a given material com-
bination is quite large (more than ~10%), epitaxial growth
could also be possible on the condition that integral multiples
of major lattice planes match across the interface.”® This
type of epitaxial growth is called domain matching epitaxial
(DME) growth,?® which is promising for obtaining a coher-
ent or dislocation-free heterostructure in large-lattice mis-
match systems.”*>* Thus, the present 2/3 lattice matching
at the Mg,Si/MgO interface can also be regarded as a type of
DME. To our knowledge, this is the first report demonstrat-
ing the self-growth of the DME-like interface, since the
DME growth generally requires an elaborate and precise
control of the deposition conditions such as the deposition
rate, the substrate temperature, and the orientation of the sub-
strate.”’>> A formation mechanism of the periodic layers
with the DME-like interface will be discussed in Sec. IV A.

We next investigate the structural and interfacial proper-
ties of the MgO-rich regions consisting of MgO, Mg,Si, and
MgB, nanograins. Figure 5(e) shows a typical HRTEM
image of the interface between Mg,Si and MgO nanograins
in the MgO-rich regions. An ideal DME-like interface as
seen in Fig. 5(a) was not observed in Fig. 5(e); however, the
interface between the Mg,Si and MgO nanograins is rather
continuous, showing no discrete grain boundaries. This sug-
gests that the atomically smooth MgO/Mg,Si interfaces are
present in the MgO-rich region as well. Unfortunately, the
MgB,-related heterostructures cannot be unambiguously
recognized by the present HRTEM measurements because of
the low concentration of MgB,. As will be shown below,
however, a clear semiconductor-superconductor transition
along with intergrain Josephson coupling transition is
observed in the present nanocomposite. This implies that
high-quality MgO/Mg,Si/MgB, heterointerfaces are created
in the MgO-rich region.

B. Electrical properties

We then move on to the electrical properties of the
nanocomposite. To evaluate the resistivity of the periodic
layered structure, four-terminal contacts were made on the
cross section of the product along the direction parallel to
the layers. We then measured the resistivity in the tempera-
ture region from 300 down to 4.2 K. As shown in Fig. 6, the
room temperature resistivity is ~5 Q cm. This value is about
two orders of magnitude higher than that of bulk Mg,Si

J. Appl. Phys. 120, 015102 (2016)
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FIG. 6. Electrical resistivity of the cross section of the product as a function
of temperature along the direction parallel to the periodic layered structure.
The inset shows a magnified view around the transition region, illustrating a
two-step transition. The higher and lower-transition temperatures are
denoted as T, and T,,, respectively. T, is tentatively defined as the point
where extrapolations of the linear portions of the resistivity curve intersect.

(~0.07 Q cm).>** This increase in resistivity most likely
results from the presence of insulating MgO nanograins in
the MgO-rich layers. These MgO nanograins are expected to
act as tunneling barriers with tunneling resistance.?® The
resistivity of the sample shows the negative temperature
coefficient in the 40-300K region, indicating that the semi-
conducting Mg,Si phase in the Mg,Si- and MgO-rich layers
is responsible for the electric transport properties in this tem-
perature region. Upon further cooling, a transition from a
semiconducting to a superconducting state is observed at
T=36K, which is slightly lower than the well-recognized
superconducting transition temperature (7,.) of the bulk
MgB, (T. =39 K).?” Note also that the slope of the resistivity
versus temperature changes at ~24 K (see the inset of Fig.
6), suggesting the presence of a second transition. In what
follows, we refer to the higher and lower transition tempera-
tures as T¢; (36K) and T, (24 K), respectively. When the
temperature of the system drops below ~17K, the sample
eventually shows near-zero (<10~* Q cm) resistivity.

C. Magnetic properties

To further explore the superconducting properties of the
material, we measured the temperature (7) dependence of the
magnetic moment (M) of the composite under different exter-
nal magnetic fields (H). Figure 7 shows one of these observa-
tions for zero field cooling (ZFC) and field cooling (FC)
processes at H =2000 Oe (for the M(T) curves measured at
different fields, see Fig. S3'°). Both the ZFC and FC curves
become diamagnetic from the onset temperature of 36 K, in
agreement with T, obtained by the resistivity measurement.
The ZFC and FC curves show the same temperature depend-
ent magnetization in a wide temperature region from 36 to
~20K. The point in which ZFC and FC curves separate is
defined as the irreversibility temperature (Tm).zg’29 Such a
wide reversible temperature range has not been observed pre-
viously from bulk MgB, but from low-dimensional supercon-
ductors, such as cuprate superconductors,”*>%*! in which
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FIG. 7. Temperature dependent magnetization curve under a field of
2000 Oe. FC and ZFC denote the field cooling and zero field cooling, respec-
tively. The inset shows the irreversibility line obtained by performing ZFC
and FC measurements under different applied fields from 5 to 5000 Oe. The
solid line shows the fitting result using the power low, H o« [1— T;.(H)/
T.(0)]". The fitted value of n=5.1 for T.(0) =36 K.

adjacent superconducting (CuQO,) layers are weakly coupled
by the Josephson effect. We found that as shown in the inset
of Fig. 7, the field dependence of T;.(H) obeys a simple
power law of the type, H o< [1—T;(H)/T.(0)]" (n=5.1), simi-
lar to the case of cuprate superconductors.”* ' Furthermore,
we found that the magnetization M(H) curves have an
extremely small or null hysteresis in the temperature region
from 36 to ~20K (Figs. 8(a) and S4'9), confirming that the

J. Appl. Phys. 120, 015102 (2016)

present samples are pinning-free superconductors with re-
versible magnetization characteristics in the temperature
region from 36 to ~20K.

The temperature dependence of the initial M(H) curves
is also worth investigating. In the temperature region from
36 to ~25K, the initial M(H) curve (taken after zero-field
cooling) is a straight line under applied magnetic fields at
least up to ~20000e (Figs. 8(b) and S5(a)'%). The initial
slope becomes steeper as the temperature of the system
decreases (see also the inset of Fig. 8(b)). The point of depar-
ture from linearity on the initial M(H) curve represents the
lower critical field H.,, which marks the vortex penetration
into the superconductor. In the present nanocomposite, the
H.; value is estimated to be ~2000QOe. The observed H;
value is much larger than that of the MgB, single crystal
(10-30Oe) in the same temperature region of about 25 to
30K.*?

These magnetization properties, i.e., reversible magnet-
ization characteristics, a large increase in H.;, and the tem-
perature (7T) dependent M(H) slope, can be reasonably
interpreted on the basis of the assumption that the size d of
the individual MgB, grains is smaller than the penetration
depth A. It has been well documented that when d <24, its
magnetization reduces to x (d/ /)? due to appreciable pene-
tration of the applied field, leading to fully reversible M(H)
curves.**** Since the crystallite size of MgB, in the present
nanocomposite is estimated to be 15nm and the 4 values of
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bulk MgB, are longer than ~100nm for temperatures above
25 K,**? the condition of d < 2 will certainly be fulfilled in
the temperature region from 25K to T,; (36 K). It should be
noted, however, that such ideal reversible magnetization has
not been observed from particulate assemblies of compacted
MgB, nanocrystals with sizes of ~15nm because of the
presence of grain boundaries,’® which normally exhibit a
strong pinning effect.’’ Thus, in the present nanocomposites,
atomically clean interfaces with low surface and grain
boundary barriers are expected to be present, in agreement
with the results of TEM measurements.

Careful investigation of the initial M(H) curves further
reveals that an additional diamagnetic component begins to
emerge in the low applied field region with decreasing tem-
perature below ~26K (see Figs. 8(c), S5(b), and S5(c)").
The absolute value of the M(H) slope of this newly emerging
diamagnetic component, which will be referred to as compo-
nent A, is at least two orders of magnitude larger than that of
the preexisting diamagnetic component, called component
B. The deviation from linearity of component A occurs at
much lower magnetic fields as compared with that of compo-
nent B, indicating that the Meissner state related to compo-
nent A is only stable under very small applied fields. Note
also that the width of the M(H) loop increases considerably
near the zero field region with decreasing temperature (Figs.
8(d) and 8615). These observations demonstrate that the
magnetization behavior of component A is highly irreversi-
ble in contrast to that of component B. Furthermore, the
M(H) loops related to component A show the central peak at
H =~ 00e (see also the inset in Fig. 8(d) and the insets in
Fig. S6").

IV. DISCUSSION

A. Formation model of the periodic layers with domain
matching epitaxy (DME) like interface

We have shown from the SEM and TEM measurements
that the periodic layered structures are created as a result of
the reaction between Mg and a sodium borosilicate glass.

J. Appl. Phys. 120, 015102 (2016)

The narrower layers consist of micrometer-sized crystallites
of Mg,Si, while the wider layers are composed of nanograins
of MgO (main component), Mg,Si, and MgB, (see Figs. 2
and 3). These features are recognized all over the reaction
zone, indicating that the basic reaction scheme for the forma-
tion of the periodic layers is not changed with reaction time.
As noted earlier, such a periodic layered structure has also
been reported to be formed in the Mg/SiO, system, and sev-
eral formation mechanisms have been proposed previ-
ously.'>'*""® Thus, we first consider the previous models
concerning the formation of alternating MgO- and Mg,Si-
rich layers in the Mg/SiO, system.

Although a full consensus has not been reached, it is
most likely that the periodic layer formation is derived from
the difference in the diffusion rate between Si and Mg in the
product.16 In what follows, we will explain the mechanism
on the basis, mainly, of the model proposed by Gutman and
his coworkers. '

At the reaction front between Mg and SiO,, the follow-
ing exothermic reaction initially occurs (Fig. 9(a)):

Si0, + Mg — Si + MgO. 3)

The resulting Si reacts further with Mg, leading to the
formation of Mg,Si by

Si + 2Mg — Mg, Si. @)

According to the ternary Mg-O-Si diagram, no stable
interface exists between Mg,Si and SiO, (Refs. 16-18).
Consequently, Mg,Si will nucleate away from the SiO,/
MgO interface. This leads to the formation of a pair of MgO-
and Mg,Si-rich layers (Fig. 9(b)). The growth rate of the
Mg,Si phase depends on the supply rate of the Si atoms from
the reaction front between Mg and SiO, to the MgO/Mg,Si
interface. However, the diffusivity of Si atoms in MgO is
expected to be quite low.'® Accordingly, the growth rate of
the Mg,Si phase becomes slow by increasing the thickness
of the intervening MgO-rich layer. As a result, some of the
Si atoms, along with MgO, newly formed from Eq. (3)

Mg2Si rich

(@) (b)

SiO2

Mg

MgO rich
Si +2Mg — Mg2Si

FIG. 9. Schematic representation of
periodic structure formation in the Mg/
SiO, system on the basis of the model
proposed by Gutman and his
coworkers.'®

Mg2Si rich

SiO2
] .
MgO+Si
SiO2+Mg — MgO+Si
Mg2Si rich
(c) g2ol ric (d)
SiO2 Mg SiO2

|

Mg

\

Mgg+Si/
MgO rich
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cannot move toward the MgO/Mg,Si interface but are accu-
mulated near the reaction front (Fig. 9(c)). This indicates
that when the thickness of the MgO-rich layer reaches a cer-
tain critical value, the existing MgO- and Mg,Si-rich layer
cease to grow. Note, however, that long-range diffusion of
Mg atoms through the reaction zone is possible; that is, Mg
atoms continue to be supplied from the surface toward the
reaction front. When a sufficient amount of Mg atoms is dif-
fused into the reaction front, Mg,Si can newly nucleate away
from the SiO,/MgO interface (Fig. 9(d)), as in the case of
Fig. 9(b), resulting in another set of MgO- and Mg,Si-rich
layers. Further development of alternating MgO-rich and
Mg,Si-rich layers in the Mg/SiO, system can thus be
expected. The thickness ratio of the thus formed MgO-rich
and Mg,Si-rich layers will be governed by a number of dif-
ferent factors, including the growth rate of the Mg,Si phase
and the diffusion rates of Si and Mg.

As for the present Mg/borosilicate glass system, it is
most likely that two-phase periodic layers are formed in a
manner similar to the Mg/SiO, system. Indeed, preferential
nucleation and growth of Mg,Si are highly expected in the
TEM images shown in Fig. 3(a). We should note, however,
that the composition of the MgO-rich phase created in the
Mg/borosilicate glass system is more complex than that in
the Mg/SiO, system. That is, in the Mg/borosilicate glass
system, the MgO-rich phase consists of MgO, Mg,Si, and
MgB,. Considering that MgB, exists as a liquid phase at
temperatures of ~700°C,*® we suggest that the MgO-rich
phase exists as a liquid-like viscous state during the reaction,
which is carried out at 700 °C under Ar atmosphere. On the
other hand, Mg,Si in the Mg,Si-rich phase will always exist
as a solid phase because the melting temperature of pure
Mg,Si is 1102 °C.** We hence assume that in the Mg/borosi-
licate glass system, a liquid-like viscous MgO-rich phase is
sandwiched by adjacent solid Mg,Si-rich phases during the
reaction at 700 °C (Fig. 10(a)). Maze-like domain structures
observed in the EDX elemental mapping images of the
MgO-rich phase (Fig. 4) are consistent with the above
assumption because such structures are typically produced
by spinodal decomposition of incompressible binary fluid
mixtures.*® The reason for this assumption is that domain
matching epitaxy (DME) like structures are observed at the
interface between the MgO- and Mg,Si-rich phases. If the
assumption is valid, the formation of the DME like interface
can be interpreted in terms of the process similar to liquid
phase epitaxy (LPE).*! The thermodynamic driving force for

(a) (b)

solid phase

liquid-like MgO rich
viscous phase (MgO+Mg,Si

solid phase

solid phase

T~700 K
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LPE is generated by cooling the system below the liquidus
temperature of the liquid-solid phase diagram.** Thus, it can
be assumed that the DME like growth of MgO occurs on the
Mg,Si “substrate” during cooling of the system (Fig. 9(b)).

B. Superconducting properties of the
MgO/Mg,Si/MgB, nanocomposite

We have shown in Sec. IIIB that the present MgO/
Mg,Si/MgB, nanocomposite exhibits a two-step resistive
superconducting transition characterized by 7.; (36 K) and
T.» (24K). Similar two steps of the transition have been
found in polycrystalline cuprate superconductors, and the
feature is explained on the basis of a granular superconduc-
tor.*? An upper transition temperature defines the tempera-
ture in which Cooper pairs appear in the respective grains,
whereas a lower one reflects the temperature below which
superconducting grains are connected by Josephson effect,
resulting in a true zero-resistance superconducting state. This
model of a granular superconductor is most likely applied to
the present nanocomposite system. That is, T, (36 K) and
T, (24 K) will correspond to intra- and intergrain supercon-
ducting temperatures, respectively, of the MgB, nanograins
embedded in the MgO-rich layers.

It has previously been recognized that intergrain transi-
tion will not happen in granular composites unless the super-
conducting grains are in intimate physical and electrical
contact.***® Indeed, superconducting transition is not nor-
mally observed in a granular composite system in which
the volume fraction of superconducting grains is below
~50%.**~*° In the present nanocomposite, however, percola-
tion channels consisting of “physically” connecting MgB,
nanograins would not be expected to exist. This is because
the volume fraction of MgB, in the MgO-rich layer is less
than ~20 vol. %, which is estimated from the volume com-
position of the reaction layer (43MgO-49Mg,Si-8MgB,
vol. %). Here, we should recall that rather good heterointer-
faces are formed in the present nanocomposite. It is hence
probable that high-quality Josephson junctions with a low
normal state (intergrain) resistance Ry are created in the
MgO-rich layers. In addition, the MgO nanograins in the
MgO-rich layers will act as tunneling barriers with low tun-
neling resistance. The present reactions are carried out under
Mg-rich and O deficient conditions in Ar atmosphere, and
accordingly, a number of oxygen vacancies are expected to
be present in the MgO nanograins. These intrinsic defects
can provide conduction channels in the MgO-rich layers via

FIG. 10. Schematic representation of
the formation of the DME-like interface
in the Mg/borosilicate glass system.

DME-like
MgO/Mg2Si interface

T~300 K
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electron tunneling,”®*"*® leading to a decrease in Ry.
Consequently, a high Josephson coupling energy Ej is
expected since Ej can be expressed via Ry as*?0

whA(T) (A(T))
E = h
= DeaRy MM\ 24T )

®)

where A(T) is the temperature dependent energy gap, e is the
electron charge, kg is the Boltzmann’s constant, and 7 is the
Planck’s constant divided by 2n. When the Josephson-
junction coupling energies rise above the thermal energy kgT
and the Coulomb charging energy E., the phases of the
superconducting wave function on the various grains are
locked together to give long-range phase coherence and zero
resistance.*>* Thus, we suggest that at temperatures below
T.», the condition for the intergrain phase-lock transition,
ie., E, kgT < Ej, is satisfied, resulting in the construction of
the three-dimensional (3D) Josephson junction network in
the MgO-rich layers where the MgB, nanograins are embed-
ded. As a result of the strong intergrain coupling, the whole
of the MgO-rich layers could be transformed into a super-
conducting state, and a huge increase in the superconducting
volume fraction is expected. This will result not only in the
second superconducting transition defined as T, but also in
the strong diamagnetic signals in the low magnetic field
region (component A) at temperatures below ~24K (see
Fig. 8(c)).

It has been demonstrated that in a three-dimensional
Josephson network, flux quanta penetrate the network
irreversibly in much the same way as Abrikosov vortices nu-
cleate in hard type II superconductors.’’ This gives a reason-
able account for the large magnetic hysteresis shown in Fig.
8(d). The observed central peak at fields close to 0 Oe is also
consistent with this scheme, because such a central peak fea-
ture has often been observed in granular superconductors
with good intergrain connectivity’>> and is attributed to the
intergranular supercurrents.>*

From an applied point of view, it would be useful to
evaluate the critical current density as a function of tempera-
ture T and applied field H. As for hard type-II superconduc-
tors, a magnetic critical density, J.(H), can be derived from
the width of the magnetization loop, AM(H), on the basis of
the Bean critical-state model”> described, for example, by

Je(H) o AM(H)/d, (6)

for slabs of thickness of 2d. One necessary condition for
using the Bean model is that the magnetization on ascending
and descending branches of the hysteresis loop at a given H
must corresponds to fully penetrated states. For fully pene-
trated states, shielding currents circulate in only one sense
throughout the volume of the specimen for the upper branch
of the hysteresis loop and in the opposite sense for the lower
branch. In the present layered sample, however, this condi-
tion will not be fulfilled because of the presence of the
Mg,Si-rich layers, which will be in the normal state even at
temperatures below T.,. Nonetheless, it is worthwhile to
investigate AM(H) because it will represent, although quali-
tatively, the field dependence of J. in the superconducting
MgO-rich layers of the reaction zone.

J. Appl. Phys. 120, 015102 (2016)
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FIG. 11. Width of the hysteresis loops, AM, as a function of applied field, H,
measured at different temperatures from 35 to 2 K.

Figure 10 shows a field dependence of AM(H) measured
at different temperatures from 35 down to 2 K. At a tempera-
ture of 35K, the values of AM(H) are quite small over the
entire H region investigated, confirming the weak pinning
nature of the respective MgB, nanograins just below T.;. As
the temperature is decreased to 30K, one sees a peak in the
H region around 5000 Oe. The peak intensity increases and
its position shifts to higher fields with further decreasing
temperature, as in the case of the peak in the corresponding
M(H) loops (see also Fig. 8(a)). That is, the peak features
observed in AM(H) and M(H) show a similar temperature
and field dependence in terms both of the peak position and
the intensity. This indicates that the intragranular magnetiza-
tion, which will prevail in the temperature region from 7
(36K) and T., (24K), tends to become irreversible with
decreasing temperature especially at magnetic fields at which
the vortex begins to penetrate into the respective MgB,
nanograins. Thus, we consider that the peak feature in Fig.
11 is induced by the intragranular screening currents. When
the temperature is decreased below ~20K, a large increase
in AM(H) occurs in the low field region below ~1000 Oe.
This corresponds to the appearance of component A in the
M(H) curves shown in Figs. 8(c) and 8(d). The observed de-
velopment in AM(H) most likely results from the intergranu-
lar screening currents in the assumed three-dimensional
Josephson network. It should also be noted that even at a
temperature of 2K, a shoulder peak is observed in the H
region around 8000 Oe, hence showing a transition from
intergranular to intragranular superconducting screening.
Thus, the field and temperature dependence of AM(H) is use-
ful to identify superconducting screening on different length
scales.

V. CONCLUSIONS

We demonstrate that fully dense MgO/Mg,Si/MgB,
nanocomposites consisting of alternating MgO- and Mg,Si-
rich layers are fabricated by solid phase reaction between
Mg and a sodium borosilicate glass. Thus, the obtained



015102-10 Ueno et al.

nanocomposites are characterized by atomically smooth
interfaces. In particular, epitaxial-like growth is observed at
the interface between the MgO- and Mg,Si-rich layers.
MgB, nanograins are present dispersively in the MgO-rich
layers. The resulting MgO/Mg,Si/MgB, nanocomposites
exhibit a semiconductor-superconductor transition at 36 K,
which is followed by a second superconducting transition at
~24 K. The observed two step transition can be interpreted
in terms of the intra- and intergrain superconducting transi-
tions. We suggest that the expected high-quality heterointer-
faces and the related vacancy-assisted tunneling processes
induce “electrically” interacting MgB, nanograins to form
global superconducting coherence, which can drive the
normal state MgO-rich layers into superconducting state irre-
spective of the small volume fraction of MgB,. Thus, the
present nanocomposites with high-quality interfaces provide
a unique granular electronic system, in which MgB, nano-
grains are physically isolated but are electrically interacted
to each other, leading to global superconducting coherence
via intergrain Josephson coupling.
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