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Abstract—A brief review of synthesis methods of MgB, and the effect of alloying and thermomechanical
treatment on the structure and properties of MgB, is presented. The review observes the production methods
of MgB,-based wires and cables and their applications and perspectives of potential use. Deposition methods
of MgB, films and on the possibility of application of MgB, films in electronics and for fundamental research
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INTRODUCTION

The superconductivity of the MgB, magnesium
diboride was discovered in January, 2001, by Japanese
scientist J. Akimitsu from the Aoyama Gakuin Uni-
versity; this information was published in Nature in
March 1, 2021 [1]. The superconducting transition
temperature, 7,, of MgB, is ~40 K and is the highest
temperature for low-temperature superconductors.
The crystal structure of MgB, is formed by alternating
layers of boron and magnesium atoms. The lattice
parameters of the hexagonal unit cell are a = 3.086 and
¢ = 3.524 A [1]. It was confirmed that the finding was
to some extent occasional [2—4]; however, the interest
that was aroused by the finding was great. Already
seven months after the information about the super-
conductivity of MgB,, the results of more than
260 studies of this superconductor were reported in
the conference in Sendai (Japan). Works were started
in laboratories around the world, which resulted in a
huge increase in the number of reports about various
properties of MgB,. They covered the isotopic effect
[6], thermodynamic and transport properties [7],
band structure of energy states [8, 9], critical current
density [10, 11], and alloying [12] and pressure [13]
effects. The initial agiotage was mainly based on the
fact that, first, MgB, is the simple intermetallic com-
pound of two inexpensive elements. Second, in con-
trast to the superconductivity of cuprate high-tem-
perature superconductors (HTSCs), the supercon-
ductivity of the compound is realized via the
traditional electron—phonon coupling mechanism.
The prospects of application of MgB, in practice
seemed to be more promising as compared to those of
HTSCs even despite the fact that T, = 40 K is substan-
tially lower than 7, = 160 K observed in HTSCs. The

most direct evidence of the phonon mechanism is the
isotropic effect, according to which the decrease in 7,
with increasing isotropic mass of the superconductor
indicates the lattice participation in the superconduc-
tivity [14]. The BCS mechanism was also confirmed
by photoemission spectroscopy [15], scanning tunnel
microscopy [16], and neutron scattering measure-
ments [17].

What is so remarkable about MgB, that has
attracted the attention of scientists around the world?
Already since the finding, it became clear that its
properties are unique from the viewpoint of physics,
and MgB, is not a common superconductor. Usually,
a superconductor at a temperature below 7 is charac-
terized by the existence of a single temperature-depen-
dent energy gap A(T) such that, in order to splita Coo-
per pair into two quasiparticles, the minimum energy
2A(T) is required. The MgB, compound is character-
ized by two such gaps; one of them has A(0) ~ 2 meV,
and the other has A(0) ~ 7 meV [2, 18]. Both the gaps
obey the temperature dependence predicted by BCS
theory and disappear at the same temperature 7.
According to the BCS theory, 2A (0) = 3.53 kT, [14].
In this case, two energy gaps, be they independent,
should correspond to two 7, temperatures that are 15
and 45 K, respectively [19]. However, the interelec-
tron interaction determines the existence of coupling
between two gaps, which leads to the same 7, close to
40 K.

Both these gaps appear owing to the existence of
two energy bands, ¢ and 7, in which boron atoms are
located [9]. According to data of [20], the 6—m inter-
band electron scattering with impurities is extremely
low mainly because of differences in the symmetry of
their charge-density distributions. This low interband
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Fig. 1. Structure of MgB, containing graphite-like B layers
separated with hexagonal close-packed Mg layers [5].

scattering distinguishes MgB, from the other super-
conductors with several energy bands, in which the
interband scattering usually blurs the immanent char-
acteristics of bands.

The existence of two energy gaps was found quickly
and confirmed by many experiments, which include
measurements of the specific heat [21, 22], point-con-
tact spectroscopy [23], photoemission spectroscopy
[24], and scanning tunnel microscopy (STM) [25].
Studies performed with thin films also played their
part in the observation of two energy gaps. For exam-
ple, two different energy gaps that disappear at the
same T, were found for MgB, thin films by tunnel
spectroscopy [26]. According to data of [27], the spec-
tra of two energy bands depend on tunneling direc-
tions. The existence of two gaps (two superconducting
order parameters) in MgB, with their inherent Joseph-
son coupling and phase difference [28] leads to new
effects that do not exist in single-gap superconductors.
For example, in MgB,, the collective excitation corre-
sponding to small fluctuations of the phase difference
between two order parameters or the so-called Leggett
mode can exist. There is a number of assumptions that
the observed Leggett mode can be reached with thin-
film MgB,-based devices, such as Josephson transi-
tions in MgB, [29], Andreev contacts, and Josephson
transitions between MgB, and a superconductor with
a single energy band [30, 31].

The two-band superconductivity model was first
suggested in the end of the 1950s [32]; however, MgB,
is the first superconductor for which two-gap effects
are pronounced [2, 19]. Problems related to the two-
band superconductivity are discussed in detail in [14].

Along with the high T, temperature of MgB, that is
~40 K, it has the simple crystal lattice, high coherence
length, high critical current density, very low residual
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resistance, and relatively low cost of starting compo-
nents used for the synthesis. All these factors make
MgB, very attractive for the application in supercon-
ductors, in particular, in electronics.

In this review, synthesis methods of MgB,, the
effect of alloying and thermomechanical treatment on
the structure and properties of MgB,, and production
methods for MgB,-based wires are considered. Pros-
pects of application of MgB,-based wires and cables
for power lines are also discussed. Moreover, the prin-
ciples of MgB, film growth and successful deposition
methods used for the preparation of MgB, films and
possibility of applying MgB, films in electronics as
well are reported in this work.

SYNTHESIS AND CRYSTAL STRUCTURE
OF MgB, AND SUPERCONDUCTORS
BASED ON IT

Crystal Structure of MgB,

The magnesium diboride classified among layered
binary compounds, has a simple A1B,-type hexagonal
structure (space group P6/mmm), which is typical of
diborides (Fig. 1). Boron atoms in the crystal lattice
form graphite-like layers that are arranged one above
the other without shifting and are separated by hexag-
onal closed-packed planes of magnesium atoms.
Boron atoms are arranged at the centers of trigonal
prisms, vertexes of which are occupied with magne-
sium atoms. Borides of Mg, Al, Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, V, Fe, and rare-earth metals crystallize
with the formation of this structure type, which also is
called the AlB, aluminum boride structure type.

According to X-ray diffraction data available in
numerous studies, the lattice parameters of MgB, at
room temperature are a = 3.08 and ¢ = 3.52 A. Insig-
nificant differences in the lattice parameters can be
related to manufacturing peculiarities and preparation
conditions of this compound.

Methods of Synthesis of Magnesium Diboride

Since the discovery of the superconductivity in
MgB,, hundreds of studies were carried out in the
fields of both manufacturing technology and investi-
gation of the characteristics of superconductors based
on this compound. Much of the results of these studies
are observed in reviews [5, 33—35].

Methods most widely used for manufacturing the
magnesium diboride-based superconductors are the
“powder in tube” (in situ and ex situ) and “magne-
sium diffusion” [36]. The production methods of
composite magnesium diboride-based superconduc-
tors and the advantages and disadvantages of the
methods are considered in the next chapter related to
the production of MgB, wires.
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To directly prepare the MgB, compound, there are
several widely used methods present in any modifica-
tion; these are the pulsed laser deposition (of film),
infiltration, direct synthesis of powders (bulk sam-
ples), thermal explosion, and high-temperature high-
pressure synthesis of single crystals. Each of the pro-
cesses has its own advantages and disadvantages with
respect to both the properties of materials and devel-
oping the used technology. Despite the variety, all the
methods assume the occurrence of solid-phase reac-
tion between Mg and B. The majority of studies of
bulk MgB, samples deal with the material prepared
from reacted Mg and B powder mixture (direct syn-
thesis of powders). In this case, the stoichiometric
mixture of a B powder with micron-sized particles and
a Mg powder (Mg + 2B) is placed in a hermetically
sealed tube and is annealed at 800—1000°C and higher
for a long time in an argon atmosphere [10, 37]. Since
Mg is the highly volatile element, it is reasonable to
perform annealing in sealed ampules under a high
inert gas pressure. Figure 2 shows the phase diagram of
the Mg—B system [38]. The compounds that are stable
at room temperature and are well understood are
MgB,, MgB,, and MgB, [39, 40].

Authors of work [41] selected three stages of the
formation of the MgB, polycrystalline phase within
different sintering temperature ranges, which preset
the synthesis conditions and lead to corresponding
superconducting properties. Initially, the MgB, phase
appears at ~530°C in the microscopic scale and, after
that, macroscopic areas appear within a narrow tem-
perature range from 653 to 660°C; in this case, some
amounts of residual magnesium and boron remain to
a temperature of 700°C. The optimum temperature
range of sintering to form the MgB, phase is deter-
mined to be from 750 to 900°C.

When studying the effect of the synthesis tempera-
ture on the grain size and grain-boundary morphol-
ogy, which, in turn, affect the superconducting prop-
erties of a bulk sample, it was found that the best trans-
port properties (J, = 10* A/cm? at 4 T) are ensured by
the synthesis at 950°C [42].

There are experimental data in [43, 44], which
indicate that one of the mechanisms of the formation
of the MgB, phase at high temperatures (~1000°C) is
the liquid-phase mechanism, according to which solid
boron dissolves in liquid magnesium and, after reach-
ing the composition close to the stoichiometry, the
formation of MgB, crystals starts. This mechanism
explains the observation of layered and “dendrite-
like” structures in this compound in assuming that
dense areas result from the primary solidification,
whereas the loose areas contain secondary solidifica-
tion products and impurity phases (Fig. 3).

Since results of many studies definitely indicate the
possible losses of Mg in the course of the reaction
between Mg and B at high temperatures, the low-tem-
perature synthesis of MgB, is far more interesting from
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Fig. 2. Temperature—composition Mg—B phase diagrams
at pressures of (a) 1 atm, (b), 1 Torr, and (c) 1 mTorr [38].

the viewpoint of the increase in J, owing to improving
both the grain coupling (increase in the density) and
flux pinning [45].

A number of studies are focused on searching for
methods for increasing the critical current density and
improvement of the structure of bulk MgB, supercon-
ductors at the expense of optimization of sintering
conditions. The use of two-stage sintering (at 775°C
for 3 hin a pure argon atmosphere and subsequent sin-
tering at 660°C for 24—100 h) showed that all samples
subjected to repeated sintering are single-phase and
characterized by an abrupt superconducting transition
with 7, = ~37 K. In this case, J, increases as the time
of repeated sintering increases (the maximum critical
current density J, = 170 kA/cm? at 20 K was observed in
a sample repeatedly sintered at 660°C for 100 h) [46].
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Fig. 3. Layered structure (SEM) of a dense area in a MgB,
sample and dendrite-like structure (SEM image, second-
ary electron mode) of MgB, [44].
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The main disadvantage of the direct synthesis of
powders consists in the fact that the high density of the
prepared compound cannot be reached. In part, this is
related to limitations upon mechanical densification
of the initial powder mixture; even at the maximally
possible density of the Mg + B mixture, the porosity of
the synthesized ceramics anyway is high. This disad-
vantage does not take place in the case of synthesis
methods called reactive infiltration of liquid magne-
sium; the essence of the method consists in the
impregnation of preliminarily formed porous skele-
ton, which is formed from the more refractory compo-
nent, with the molten low-melting component. In
[47, 48], a boron powder was placed in an iron tube
around a solid magnesium rod. After that, the iron
tube was welded and heated at 900°C for 1 h. Magne-
sium melts and reacts with boron to form the high-
density MgB, compound. Moreover, the infiltration
method is unique since it allows one to produce dense
big configurations having a complex geometry, which
are difficult to prepare by traditional sintering meth-
ods [49]. Figure 4 shows the schematic diagram of the
synthesis process of massive MgB, samples by the
infiltration method [49].

The undesirable evaporation of magnesium during
synthesis of MgB, can be substantially suppressed and
the material with the best functional characteristics
and a density of ~98% of the theoretical value can be
obtained using high-pressure engineering [50—52].

One more method used for the fabrication of the
MgB, compound is the synthesis of the Mg + 2B mix-
ture under thermal explosion conditions. Impurity
oxygen is assumed to be the substantial factor that
affects the kinetics and mechanism of the MgB, for-
mation. In the course of the synthesis under thermal
explosion conditions at a heating rate exceeding
150 deg/min, the oxide film does not have time to be
formed on the surface of magnesium particles; as a
result, the reaction Mg + 2B — MgB, occurs via the

(b)

Ceramic lining

Fig. 4. (a) Schematic diagram of infiltration and growth and (b) appearance of MgB, disk prepared by the method [49].

PHYSICS OF METALS AND METALLOGRAPHY Vol 122 No. 12 2021



MgB,-BASED SUPERCONDUCTORS: STRUCTURE AND PROPERTIES

mechanism of reaction diffusion, and the spontaneous
ignition temperature of the mixture was found to be
below the melting temperature of magnesium [53—55].

Upon synthesis of the MgB, compound, special
attention is paid to the size and morphology of initial
powder particles and their chemical purity since it
determines the compactibility, sintering ability, and
service properties of the material. It was noted in a
number of studies that, along with the temperature,
pressure, and time of sintering, the quality and mor-
phology of initial powder affect the sintering mecha-
nism [56, 57]. The problem consists in the fact that the
sufficiently wide ranges of the purity and sizes of used
powders exist, and, unfortunately, their characteristics
are not always discussed in detail in the literature; this
makes difficult the estimation of the structure and
properties achieved in published works.

One more serious problem of the MgB, compound
prepared from the mixture of Mg and B powders is the
above mentioned problem of contamination with sec-
ondary phases, in particular, MgO that, on the one
hand, undoubtedly is the limiting factor for J.. On the
other hand, the effect of magnesium oxide on the
properties of MgB, depends on the size and location of
inclusions. When MgO particles are not located at
grain boundaries, which is typical of the synthesized
MgB,, and are uniformly distributed within grains,
nanosized MgO inclusions can be considered as effi-
cient pinning centers [58]. Authors of works [59, 60]
assume that MgO, Mg(B,0),, and higher boride
nanoinclusions are adequate pinning centers and favor
reaching the high values of J,.

Thus, to prepare the superconductors with the high
critical current density, it iS necessary not only to
develop optimal synthesis conditions, but also to select
the subsequent thermomechanical treatment condi-
tions that ensure the optimum amount of pinning cen-
ters (grain boundaries, nanoparticles, etc.). To form
the corresponding structure, various methods of cold
and hot deformation are used [61, 62]. As a result of
cold deformation under a high pressure in a “toroid”
chamber and on Bridgman anvils and subsequent
annealing of deformed samples, the critical current
density was increased by three times as compared to
that in the initial state (to 6.7 x 10* A/cm? at 30 K)
[63]. Moreover, the use of high pressures leads to the
fact that the magnesium oxide and higher magnesium
borides are present in the structure of the MgB, com-
pound in the form of fine inclusions 10—70 nm in size,
which act as the pinning centers [64]. In [65], the
structure of bulk MgB, compound subjected to upset
at room temperature and subsequently annealed at
650°C was studied. The obtained material is charac-
terized by the dense nano-sized structure of the MgB,
matrix phase with adequate intergrain coupling and
uniform distribution of fine MgO inclusions ~10 nm
in size (Fig. 5).
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Fig. 5. TEM images of the structure of MgB, ceramics
after reduction (P = 6.5 GPa) and annealing at 750°C for
1 h: (a) bright-field image and ring electron-diffraction
pattern; (b) dark-field image taken in (111)\go marked
with aperture; and (c) dark-field image taken in reflec-
tions (101)p4p, and (200) 10 marked with aperture dia-
phragm [65].

Alloying

In order to increase the critical currents, which the
MgB,-based superconductor can have, the alloying as
the alternative way is used in order to introduce
defects. Alloying element atoms occupy either Mg or B
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Fig. 6. Micrograph (SEM image) of MgB, alloyed with
3.0% Ho,03. Upper inset is micrographs and bottom inset
is EDX spectra for nanoparticles shown in the micrograph
(TEM) [75].

sites; therefore, it is of importance to know the loca-
tion of alloying element atoms in order to determine
the role of alloying elements in increasing the critical
current density (J,). The positive effect on the increase
inJ, in the MgB, ceramics is observed, in particular, in
alloying with carbon in the form of carbon nanotubes,
nanodiamond, and other carbon-containing addi-
tions, for example, such as SiC [66—68]. Metallic
additions, in particular, Ag, Ti, Ta, Zr [68—70] can
also lead to a substantial increase in J..

The improvement of superconducting characteris-
tics of a bulk composite (MgB,-nano-diamond pow-
der) additionally alloyed with Ag was demonstrated in
[68]. It was found that AgMg nanoparticles introduced
into the matrix are efficient pinning centers. The
ceramics alloyed with 4.0 wt % Ag exhibits the highest
value J, = 389 kA/cm? at 20 K. It was reported in [71]
that the MgB, ceramics alloyed with carbon, which
was prepared by infiltration with B,C and SiC used as
the carbon sources, contains the Mg(B, _ ,C,), and
B,C phases and exhibits the substantial increase in J.,,
in particular at the lower temperature and in higher
fields. Detailed microscopic studies of the effect of
alloying with carbon during heat treatment of MgB,-
based wire (wires were sintered at 650°C for 30 min in
a high-purity argon atmosphere) were performed in
[72]. The authors have found that the magnesium
vapor enters into boron shielded with carbon and
forms nanocrystalline MgB,-phase nuclei. After that,
the growth of these particles and their merging take
place. In this case, carbon atoms are forced out of
MgB, phase grains; however, a small amount of resid-
ual carbon generates the formation of stacking faults,
which is accompanied by lattice distortions. Thus, the
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authors conclude that the alloying with carbon leads to
the appearance of crystal imperfection and improve-
ment of superconducting properties. Moreover, it is
noted that carbon prevents the boron agglomeration;
as a result, the dense superconducting core of the wire
forms.

In [70], it is reported about the investigation of bulk
MgB, superconductors alloyed with 10 at % Ti (T, =
36.54K)and 10at % Zr (T, = 37.10 K). The upper crit-
ical field for samples alloyed with the above metals,
which was determined by the resistive method and
extrapolated to 0 K, is 28 T. The upper field is substan-
tially higher than that for the unalloyed MgB, (=20 T
at 0 K). The irreversibility fields are substantially
higher than that for pure MgB, and reach, for exam-
ple, for MgB, with 10 at % Ti, 15 T at 7.5 K. The crit-
ical current densities increase by 2 times and more at
20 K as compared to that for pure MgB,. Moreover, in
this study, results obtained after neutron irradiation of
samples which indicate the substantial improvement
of their transport properties, in particular, at low tem-
peratures and in high magnetic fields, are reported.
The authors note that the alloying of MgB, with tita-
nium and zirconium increases the upper critical field,
irreversibility fields, and critical current densities,
whereas the transition temperature slightly decreases.
Defect structures that result from the neutron irradia-
tion also are efficient and lead to almost identical
results whatever the fact that the material is alloyed
with Ti and Zr or unalloyed. The alloying effect of
these additions on the superconducting properties and
microstructure of sintered bulk MgB, materials was
studied in [73]. It was found that Ti and Zr produce
beneficial effect on the sintering process, which man-
ifests itself in improving the grain coupling. Bulk sam-
ples of MgB, ceramics alloyed with Ti were synthe-
sized, in the structure of which fine particles 10 nm in
size were observed, and the high value of J, was

reached; it is more than 1 MA/cm? at 0 T and 20 K.
The authors relate the increase in J, to the very good
intergrain coupling and high density of pinning cen-
ters, which is formed by grain boundaries and MgO
nanoparticles.

Polycrystalline MgB, samples alloyed with Ti, Zr,
and Hf [74] were fabricated by hot pressing method;
the samples showed the increase in the critical current
density from 1.9 x 10° A/cm? (0% Ti) to 5.6 X 10° A/cm?
(5 at % Ti) in the eigenfield at 10 K.

Some difficulties in synthesizing the alloyed MgB,
compound were noted in a number of studies. Many of
the elements selected as impurities form their own
borides. For example, rare-earth metal oxides do not
substitute for Mg and B atoms. The substitution could
lead to lattice distortions and, therefore, changes in
the lattice parameter; instead, the metals react with
Mg and B with the formation of rare-earth borides.
When the borides are formed in the form of nanosized
precipitates within MgB, grains (Fig. 6), they act as
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pinning centers and increase J, [75, 76]. The effect of
additions of graphite oxide and oxides of a number of
rare-earth metals (Re = La, Sm, Eu, Gd, Tb, and Ho)
on the superconducting properties of MgB, are con-
sidered in [77]. It was shown that the critical current
density and upper critical field substantially increase
in alloyed samples; in this case, the critical tempera-
ture, T, is almost unchanged. In this work, different
mechanisms of the magnetic flux pinning in alloyed
samples were studied; it was found that the point pin-
ning is the dominant mechanism in samples with the
added graphite oxide, whereas the pinning at grain
boundaries is the dominant mechanism in samples
prepared with adding rare-earth metals.

Thus, during heat treatment, ReO reacts with Mg
and B and forms nanosized ReB, inclusions. When
these inclusions are located at MgB, grain boundaries,
they act as the growth inhibiting substance and decel-
erate the MgB, grain growth; as the inclusions are
present within grains, they have corresponding
nanoscale sizes and can act as flux pinning centers.
Thus, both the effects, namely, the grain refining and
generation of additional pining centers favor the
increase in J,, [78].

In all the considered studies, the alloying with rare-
earth oxides positively affects the MgB, compound
(the alloying was considered by authors as relatively
uniform); however, it is sufficiently difficult to relate
the changes in the superconducting properties with
additions of alloying impurities when a sample is inho-
mogeneous. In particular, the inhomogeneous distri-
bution of an alloying addition can lead to the fact that
some range of T, can be observed due to the impurity
concentration. In [79], MgB, single crystals were
grown by the high-pressure method. The substitution
of aluminum for magnesium in the single crystals
leads to the stepped decrease in T, which indicates the
possible appearance of phases characterized by differ-
ent 7.

The considered technologies demonstrate the
main directions in developing the production methods
of the magnesium diboride; however, the comprehen-
sive pattern is not suggested. In particular, many
applied approaches are directly related to the creation
of concrete superconducting structures and devices,
which are considered in individual sections of the
review.

MgB,-BASED WIRES AND CABLES:
MANUFACTURE AND APPLICATION

Atrticles based on the MgB, superconductor are
produced in the form of thin films, ribbons, and wires
for the application in electronics, in magnetic and
electrotechnical devices. Let us consider the prospects
of application of MgB, wires.
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Application of MgB, Conductors

Magnesium diboride-based superconductors are
mainly used for the creation of magnetic systems of
medical tomographs, electric motors, and generators
[80, 81]. The first industrial application of MgB, is the
magnetic resonance imaging systems based on the
MgB, ribbon, which are developed in ASG Supercon-
ductors (Leading Superconducting Technology,
Columbus Superconductors, which is a world leader
in advanced manufacturing technologies of long wire
MgB,-based superconductors), and Paramed (Laser
Technology Center for Medicine). To 2017, 28 systems
are operated in hospitals and clinics around the world.
Their manufacture has required the 18-km multifila-
mentary MgB, ribbon produced by ex situ method
[82]. MgB, magnetic resonance imaging magnets are
designed for the diagnostics of osteoporosis [83] and
scanning of the human brain [84].

In fact, the MgB, superconductors have been
ready, for several years, for application in power engi-
neering, but are still not used on a large scale. Cur-
rently, the application of MgB, is limited mainly by
demonstration and special-purpose applications in
low (<5 T) magnetic fields and at temperatures to 15—
20 K. Unfortunately, MgB, cannot always compete
with HTSCs, such as cuprate superconductors
(BSCCO-2223) and rare-earth barium-copper oxides
(ReBCO) in fields in which liquid nitrogen cooling is
beneficial. When the cost and electric characteristics
of industrial MgB, wires at 15—20 K in medium and
low fields become comparable with the characteristics
and cost of Nb—Ti at 4.2 K, MgB, could substitute for
Nb—Ti.

In Japan, in terms of a project related to the impor-
tation of a great amount of liquid hydrogen by ship-
ping from Australia, an MgB,-based detector
equipped with an external heater was designed. The
detector, owing to good dynamic characteristics, can
be used for measuring the tilting of the free surface of
transported liquid upon rolling of the transporting
ship. In the course of the experiment, synchronous
measurements of the liquid level, temperature, pres-
sure, ship traffic and accelerations, and tests for quick
depressurization were performed [85, 86].

The most valuable solution of the problem related
to the high energy flux transfer (dozens and hundreds
of GW) for long distances (thousands kilometers) is
“hybrid” hydrogen energy mains, in which, along with
transportation of liquid hydrogen by a cryogenic main,
the energy transfer by superconducting dc cables is
realized. It is known that hydrogen is classified among
the most efficient energy carrier, has the highest
energy density among the other fuels, and exhibits
good cooling properties in the liquid state. The evapo-
ration heat of boiling hydrogen is 446 kJ/kg, whereas
the evaporation heat of liquid helium and nitrogen is
20.28 and 199.1 kJ/kg, respectively. “Free of charge”
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chill in hydrogen flow allows one to use superconduct-
ing cables in cryogenic mains for the electricity trans-
mission, which substantially increase the energy flux
transmission density [87]. For the first time, an exper-
imental sample for the hybrid electric main was cre-
ated in Russia in 2011 by a team of scientists from the
Institute of Nanotechnologies of Microelectronics,
Russian Academy of Scientists, All-Russian Scientific
Research and Development Cable Institute, and Mos-
cow Aviation Institute [81].

The European Project “Space Radiation Super-
conducting Shield” (SR2S) is aimed at developing a
large superconducting toroidal magnet intended for
protecting the human environment against the cosmic
ionized irradiation during prolonged cosmic flights. In
designing this magnet, MgB, conductors with a tita-
nium coating were used [88, 89].

Currently, the superconducting high-current lines
supplying superconducting magnets in super-power
High-Luminosity Large Hadron Collider (HL-
LHC), which are developed in CERN (European
Organization for Nuclear Research), is the most
attractive applied project for MgB, in the world. The
MgB, cables comprised the assemblage, each of which
is ~100 m long and carries a current of 18 kA, are fab-
ricated from round MgB, conductors with a total per-
missible output current capacity of ~150 kA at 20 K
[90]. The development of round MgB, conductor,
which is more suitable for the assemblage and has
electric characteristics and mechanical properties that
allow one to use the conductor in high-current cables,
was started in cooperation with CERN and Columbus
Superconductors. The ex situ conductor is 1 mm in
diameter. It consists of 37 superconducting filaments,
each of which has an equivalent diameter of ~60 um;
the filaments are twisted at a pitch of 100 mm. The
MgB, filaments fabricated from a high-purity boron
powder are surrounded by a niobium barrier and inte-
grated in a nickel core. The Monel matrix surrounding
the core is covered with copper and the copper surface
is covered with tin. The cable structure is described in
detail in [91]. The “Columbus Superconductors” has
fabricated 80 km of wires and delivered them to CERN
by pieces more than 500 m in length. Hundreds of
measurements performed in CERN and “Columbus
Superconductors” using short wire samples con-
firmed the uniformity and correspondence of electric
characteristics, for which a minimum critical current
of 186 A at 25 K and 0.9 T is required. The in-depth
study of mechanical characteristics of wires and cables
made from twisted conductors was also performed in
CERN. The application of the developed cables in the
LHC is planned in 2024 when all equipment related to
the HL-LHC will be mounted. The total amount of
the MgB, wire required for the serial production of
superconducting assemblages is ~1000 km [82, 92].

The HL-LHC program has created the European
initiative project FP7 BESTPATHS (abbreviation of
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Beyond State-of-the-Art Technologies for Power AC
Corridors and Multi-Terminal High Voltage Direct
Current Systems), according to which, currently, the
full-scale power network for 320 kV is developed. The
MgB, cable system is intended for the transmission of
an electric power of 3.2 GW and a current of 10 kA at
20 K. The studied cable has the same geometry
(18 MgB, filaments spirally twisted around a copper
core [91]) and the used scheme of wires is similar to
that used in the cables developed for the HL-LHC
CERN project [92]. This is the joint project realized
by 40 leading European countries in the field of sci-
ence and industry, which is supported by the Seventh
Framework Program for Research of the European
Commission [93].

In terms of the project, an experimental individual
sector of distributive power grid, the so-called DEMO
5, was created. This is the first attempt to use MgB, as
the superconductor for HVDC cables [94].

Among the possible applications, the potential use
for the future tokamak IGNITOR should be noted.
The main idea of the project is to reach conditions for
the ignition of thermonuclear plasma only with the
ohmic heating at the expense of a current passing in
the toroidal direction without the involvement of pow-
erful facilities for the additional heating. The
IGNITOR is based on copper coils operating at cryo-
genic temperatures ~30 K at the expense of forced gas-
eous helium flow. The promising aspects of project
IGNITOR are the creation of high-volume high-field
magnetic systems using a cryoresistive conductor, a
unique multifunctional energy complex, a system for
the physical and technological diagnostics of dense
thermonuclear plasma, and a system for intelligent
control of processes occurring in plasma. This project
can initiate the application of MgB, in thermonuclear
fusion technologies [82].

Production Methods of MgB, Wires

The following production methods of magnesium
diboride-based superconducting wires exist: “powder-
in-tube” (PIT) and magnesium diffusion methods;
they were considered in the section related to the syn-
thesis methods for the magnesium diboride. The pro-
duction of MgB,-based superconductors by PIT
method can be realized by two ways. In the first case,
the method is called in situ; in this case, as the initial
powder, the magnesium and boron mixture is used,
and the superconducting compound forms as a result
of the synthesis of finished conductor in a temperature
range 600 to 700°C, which corresponds to the so-
called low-temperature synthesis. In the case of the ex
situ method, the MgB, compound is synthesized in
advance. For this purpose, the direct synthesis of the
magnesium and boron mixture is realized in a tem-
perature range above the melting temperature of mag-
nesium; this is the so-called high-temperature synthe-
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sis. After that, the prepared powder is used to produce
composite wires, in which the superconducting fila-
ments are formed from the magnesium diboride pow-
der [95]. Both the in situ and ex situ methods have
advantages and disadvantages. The low cost and avail-
ability of the magnesium and boron mixture and the
sufficient simple way of introduction of alloying ele-
ments are the advantages of the in situ method; the
disadvantage is the prolonged annealing of finished
articles for the formation of superconducting phase.
The advantages of the ex situ method are the higher
density of superconducting core and the absence of
the necessity to perform prolonged annealings since
the core is filled up with the finished superconductor.
The disadvantage is the complicated and labor-con-
suming method for the production of MgB, powder of
required composition with the optimum granule sizes.

In [96], a combined in situ and ex situ method was
used; in this case, the advantages of each of the meth-
ods are realized. In terms of this study, the alloyed
magnesium and boron mixture (in situ) and the fin-
ished MgB, powder (ex situ) were used to produce
samples of wire (MgB,), + (Mg + 1.99B + 0.01C), _,
where x=0, 0.3, 0.5, 0.7, and 1.0. In [96], the effect of
the ratio of in situ and ex situ powders on the phase
composition, structure, critical temperature (7,), and
critical current (J,) of the produced superconductor
was studied. The study of the microstructure showed
that the amount of Kirkendall pores decreases as x
decreases; therefore, the density of superconducting
core increases. One of the factors of the increase in the
density is the ability of magnesium from the in situ
powder to close cracks and enhance the coupling
between the in situ and ex situ areas. The samples with
x = 0.5 and x = 0 have the highest and lowest tempera-
ture, T, = 38.54 and T, = 37.26 K, respectively. The
other samples have the intermediate temperatures 7.
The sample with x = 0 exhibits the highest value of J_,
whereas the samples with x = 0.7—1.0 have the lowest
values of J, in magnetic fields of 4—10 T. This is
explained by the authors as the effect of alloying and
by the presence of cracks. The other samples have the
intermediate values of J.

Authors of [97] have suggested the production
method of MgB,/Cu wire that exhibits improved cur-
rent characteristics; the double-core method is used.
The essence of the method consists in the fact that the
in situ core is located inside the conductor, whereas
the ex situ core is located from the outside; the wire is
covered with a copper shell. Figure 7 shows the cross-
section of the wire.

This method allowed the authors to improve the
current carrying ability of the conductor as compared
to that of the analogous reference in situ wire by
3.5 times and ensures the critical current density J, =
1.2 x 103> A/cm? at 6 T. The authors assume that the
main cause for the improvement of the current carry-
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Fig. 7. Cross section of wire with two cores [97].

ing ability is the fact that the outside core prevents the
reaction of starting materials of the inside in situ core
with the copper shell during heating.

The diffusion method is of interest owing to the
fact that it allows one to produce conductors with the
higher current carrying ability as compared to that of
conductors produced by PIT method. The internal
and external diffusion methods exist. The internal dif-
fusion method consists in the following. A magnesium
rod is placed in the center of a metallic shell, and a
boron powder is filled up around the rod. In the case
of external diffusion of magnesium, a boron powder is
located in a magnesium tube with the external shell
made from, for example, iron or another metal suit-
able for this purpose. During thermomechanical treat-
ment, magnesium diffuses into the boron layer sur-
rounding magnesium with the formation of the super-
conducting phase. The authors of [98] have fabricated
7-filamentary conductors by internal magnesium dif-
fusion (IMD). A pure magnesium rod 2 mm in diam-
eter was put into a Ta tube. The space between the
magnesium rod and Ta tube was filled up with the
mixture of boron powder with 10 wt % SiC. After roll-
ing and drawing, seven cuts of unifilar conductors
were combined and put into a tube made from the
Cu—10 wt % Ni alloy. After that, the composite com-
prising seven cores was subjected to cold rolling in
passes and to drawing. The total reduction of area of
the initial composite to 7-filamentary conductor was
~95%. The 7-filamentary conductor was heated at
640°C for 1 h in an argon atmosphere to crystallize
MgB,. The authors relate the increase in the critical
current of the wire prepared by IMD method, as com-
pared to that of the wire prepared by PIT method, to
the microstructure of the wire. The superconducting
layer is the dense polycrystalline MgB, compound
with a grain size of 20—200 nm. Within the layer, fine
MgO and Mg,Si particles 10—30 nm in size are dis-
persed. In this case, the outer area near the Ta shell
consists of unreacted B and SiC powders, fine MgO
particles, and small pores. The pore sizes for the IMD
MgB, conductor are less than those for the PIT MgB,
conductor. The oxidation of Mg in the course of IMD
process leads to the formation of fine MgO particles,
which can be efficient fluxoid pinning centers.

The authors of [99] produced conductors, by IMD
method, with the critical current density J, = 1.07 %
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Table 1. Composition (vol %) of MgB, wire

Method | Nb | Cu | Ni | Cu—Ni | NbNi; | MgB,
Ex situ 15 — 17 46 6 16
In situ 30 13 | — 38 - 19

103 A/cm? and engineering critical current density J, =
1.67 x 10* A/cm? at 10 T and 4.2 K. The critical cur-
rent density, which exceeds the highest values of J,
previously found for IMG conductors by 3.5 times,
was explained by the authors by the correct selection
of B powder, fraction density, and growth mechanism
of the MgB, layer.

High-Current MgB, Cables

The production of long composite superconductor
is the very complicated and multifarious process.
Manufacturers face difficulties in choosing deforma-
tion methods, deformation rate, and conditions of
intermediate annealings. Wrong decisions in choosing
technological treatment conditions can lead to failure
of the composite as a whole.

Authors of [100] studied the mechanical properties
of MgB, wire fabricated by ex situ and in situ method
after uniaxial tensile loading at room temperature (7;)
and at 77 K and the effect of this loading on the degra-
dation of the critical current. The composition of the
wire is given in Table 1.

At 77 K, wires can withstand the higher stresses as
compared to those withstood at room temperature. In
order to explain what factors affect the degradation of
conductors, lattice distortions of various components
of wire and their structure after loading were studied in
[100]. The microstructure of cross-sections of fila-
ments varies in accordance with the degree of loading.
It was shown that Cu and Ni introduce only insignifi-
cant contribution to the strength of wire, whereas Cu—
Ni alloys and Nb are characterized by some elasticity
and increase the mechanical strength of wire. The
authors assume that the strength of MgB, wires upon
drawing can be increased at the expense of armoring
with corrosion-resistant steel.

In [101], the correlation between the critical cur-
rent J, and structure of unifilar MgB, composites sub-
jected to cold drawing and annealing at 600 and 700°C
for 71 h was studied. As the grain size increases with
increasing annealing time, the critical current density
decreases monotonously and nonlinearly. The mag-
netic field applied both in perpendicular and longitu-
dinal directions leads to the untimely degradation of
conductors, which is related by the authors to the for-
mation of intergrain films and MgO particles at
boundaries. This leads to the decrease in the intergrain
conductivity. Thus, the destroyed coupling between
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MgB, grains in the superconducting conductor leads
to the increase in the dependence of J, on the field.

The thermal stability of a superconducting device is
the important quality, whatever the field of application
of conductor. In the case of overheating of the con-
ductor, the temperature of the conductor can increase
locally to values that exceed the temperature at which
the separation of the transport current between the
superconductor and metals present in the composite
starts. In this case, the heat is generated at the expense
of the Joule effect, and the transition of the whole sys-
tem from the superconducting to normal state can
occur. In [102], the study of the thermal transport
properties of multifilamentary MgB, ribbons differing
in the structure and composition of materials are stud-
ied. The longitudinal and transverse components of
the thermal conductivity were measured and the effect
of the field on the heat conductivity was studied. Dif-
ferent constituent materials and types of stabilization
of conductors allowed the authors to compare the
constructions of MgB, ribbons and thermal properties
of these wires and, thus, to obtain information on opti-
mizing the thermal stability of superconductor. The
stability in the case of local overheatings of ribbons can
be improved at the expense of either use of copper with
the high residual resistance or increase in the volume
specific heat of conductor via the selection of suitable
materials for the matrix.

To stabilize the wire at cryogenic temperatures
against the thermal surge, a shell component charac-
terized by the high electrical and thermal conductivi-
ties is desirable. The selected shell or composite mate-
rial substantially affect the current carrying ability of
MgB, wires, which is due to the cold resistance, ability
of the shell to react with Mg and B, and compatibility
of thermal contraction of conductor and composite.
Not all combinations of materials are suitable for the
shells. The conducting materials, such as Cu, can act
as the parallel shunt for improving the thermal stabil-
ity. However, the materials such as Cu and Ni are
highly reactive for Mg in conductors fabricated by the
in situ method; because of this, a barrier is needed in
order to avoid the formation of reactive layers between
the conductor and shell. Traditional barrier materials,
such as Nb and Ta, have disadvantages such as the
lower coefficient of thermal expansion as compared to
that of MgB,. This can lead to microcracks and densi-
fication of filament during cooling from the heat-
treatment temperature to the operation temperature if
the slight compression of barrier material is not com-
pensated by outer shell with the higher compression.
The authors of [103] achieved the engineering trans-
port critical current density J, = 55 kA/cm? (J, =
387 kA/cm?) at 4.2 K and 3 T for the MgB, wire fabri-
cated by the in situ method with Nb barrier and Cu
stabilizer that was armored with corrosion-resistant
steel; the wire thickness was only 164 nm. The critical
current densities of 7-filamentary MgB,/Cu conduc-
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Fig. 8. Critical current of 1- and 7-filamentary MgB,/Cu conductors with different outer and filament diameters at 4.2 K as a
function of the magnetic field. Inset shows the decrease in J,, at 5 T as the filament diameter decreases [103].

tors of different diameters are lower than J (B) for the
unifilar conductor and decreases as the filament
diameter decreases. The decrease in J, is due to the
fact that the Cu shell tends to react with Mg present in
the conductor; as the conductor diameter decreases,
the fraction of reaction layer in the total volume of
conductor becomes higher. Moreover, in the case of
additional deformation stages, the geometry of fila-
ments worsens since copper is too soft to hold the fil-
ament shape with the powder Mg and B mixture
(Fig. 8).

The current input in a superconducting wire is an
important problem. In [104], temperature-dependent
current carrying properties of superconducting MgB,
wires with the copper and iron shells were studied via
the estimation of the length of current transfer from
the matrix into superconducting area through a high-
resistance barrier layer in different cross sections and
the combination of section areas of superconducting
core, barrier, and inside metallic shell. The term “cur-
rent transfer length” (CTL) is defined in [105]. The
lowest CTL (~0.2 mm) was obtained for wires in the
Fe shell (MgB,)/V/Fe) for all studied combinations of
the section area over the wide temperature range (10—
25 K) as compared to that of wires in the Cu shell
(MgB,/V/Cu). The change in the CTL with changing
operating temperature is not high for both types of the
studied superconducting wires. The calculated values
of CTL of the MgB,/V/Fe superconducting wires are
less than 1 mm for all the studied combinations at all
operating temperature. The estimation of the density
of heat flow generated in the metallic shell assumes
that electric loss is lower for the superconducting wires
with the Fe shell. Thus, the result of the study shows
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that the MgB,/V/Fe combination can be favorable for
manufacturing superconducting wires.

It was shown in [106] that additional mechanical
deformation of MgB, cable before heat treatment
leads to the substantial increase in the critical currents
at the expense of the improved MgB, core density;

J.(42K, 10 T)and J, 20 K, 5T) = 1 x 10* A/cm?.

The effect of high-pressure cold deformation and
subsequent high-temperature recovery annealing on
the grain size of bulk MgB, samples is discussed in
[64]. Despite the slight increase in the grain size, the
annealing of deformed MgB, leads to the increase in the
critical current density by ~3 times as compared to the
values observed for the initial state (to 6.7 X 10* A/cm?
at 30 K); this is related by the authors to the healing of
cracks as a result of deformation and increasing cou-
pling between MgB, phase grains.

The structure of the core of unifilar MgB,/Cu,Nb
composite with a critical current of 427 A (0 T, 4.2 K;
J. > 10° A/cm?), which was prepared by the ex situ
method, was studied in [107]. Two types of MgB, crys-
tals were observed; these are large and very dense crys-
tals with the low oxygen content (2—8 at %) and frac-
tion of small loosely coupled crystallites characterized
by the low magnesium and boron contents and high
oxygen content (4—21 at %). It was shown that the
fraction with loose grains negatively affects the critical
current density.

The problem of the firm adherence of MgB, grains
to each other is discussed in [108]. This study was per-
formed in terms of the modernization of LHC in
CERN in order to use MgB, wires in high-current
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Fig. 9. Cross section of MgB, wire [91].

cables. It is known that the mechanical properties of a
material used for the fabrication of cable are a key for
the determination of the cable construction and man-
ufacturing conditions. The authors estimated the
Young modulus of MgB, filaments extracted from
composite ex situ wires. Two types of round wires were
selected. One of the wires comprises 30 MgB, fila-
ments each of which is surrounded by niobium barrier
in Ni matrix. The copper core is located in the center
of wire; Monel (Ni—Cu alloy) is located in the outer
layer. This wire was used for manufacturing a cable
prototype 10 m long with a current load of 3.5 kA at
27.5 K. The other wire consists of 37 MgB, filaments,
a Nb barrier around each of the filaments, a Ni matrix,
and Monel in the outer layer. The central copper core
in the wire is substituted by MgB, filament. The Cu
stabilizer is added galvanically and does not enter into
cross-section. Filaments consisting of MgB,, Nb, and
Nb—Ni were extracted by chemical etching of the
wire; their Young modules, which were determined by
tensile tests of single filament, are 114 and 122 GPa,
respectively. In assuming that Ni;Nb in single filament
has an arbitrary orientation, the Young modulus of
MgB, filaments extracted from wires of two different
geometries is 62 and 84 GPa, respectively. These val-
ues are substantially lower than the values available for
very dense bulk MgB,. Based on these results, the
authors assume that MgB, filaments are substantially
porous.

The study [91] is devoted to the investigation of
mechanical properties of new-generation round MgB,
wires. In recent years, cooperative investigations per-
formed by CERN and Columbus Superconductors led
to the development of several configurations of MgB,
wires. This study was aimed at reaching the best super-
conducting properties for high-current MgB, cables
for the modernization of LHC in CERN (HL-LHC
program). In addition to good electrical characteris-
tics, the superconductor must have the adequate
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(a)
1/2T,
Strand_1

Strand_2

Fig. 10. (a) Schematic image of 2-filamentary cable with
indicated twist pitch (7, p) and half-twist pitch (1/2T, p).
(b) Portion of cable 1 m long consisting of Cu core and
18 MgB, filaments [91].

mechanical strength with allowance for possible
stresses during operation and, in particular, during
cabling. Thus, the study of the mechanical properties
of MgB, wires is critical for designing a cable and its
functional use. All results discussed in [91] are
assumed to be used for the optimization of 18-fila-
mentary MgB, cable configuration in terms of pro-
gram HL-LHC. The critical current was measured at
4.2 K in a field of 3 T using a wire fabricated by the ex
situ method from 37 MgB, filaments and subjected to
deformation. Figure 9 shows the cross section of the
wire. It was found that the decrease in the critical cur-
rent by 5% takes place at 0.35% deformation. Tensile
tests and the estimation of the Young modulus (E =
151 £ 2 GPa) and yield stress (o, 0.2% = 244 £
3 MPa) were performed at room temperature. The
critical bending radius and critical pitch strands were
determined taking into account the mechanical char-
acteristics of the wire at room temperature and at
4.2 K. The superconducting cable 1 m long consisting
of the copper core and 18 MgB, filaments was fabri-
cated by twisting (Fig. 10). The wires and extracted
conductors were tested at 4.2 K in a field of 3 T. The
measurements showed the absence of degradation of
the critical current to the twist pitch 7}, = 170 mm.

In [90], the fabrication process and critical current
characteristics of 30-filamentary superconducting
MgB, wire and superconducting cables with the (6 + 1)
structure, which are based on the wire fabricated by
the in situ PIT method, are described. The wire for
MgB, precursors was prepared by traditional PIT
method in Nb tubes. After that, Nb tubes with the Mg
and B powders were placed into Cu tubes. The assem-
bled unifilar Cu/Nb/Mg—B composites were rolled
and drawn to hexagonal rods 2.65 mm in cross-section
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width. Thirty unifilar composite rods and seven Nb—
Cu rods of the same size we assembled in a Monel
tube. Subsequently, the assembled multifilamentary
composite facing was subjected to rolling and drawing
with required annealings to a final diameter of 1.0 mm.
Six 30-filamentary MgB, precursor wires assembled
around single copper wire located in the center were
twisted to form cables with 3 different twist pitches.
Results of metallographic analysis show that the
30-filamentary MgB, wire has the adequate homo-
geneity along both transverse and longitudinal direc-
tions, whereas the critical current (/) and the critical
current density (J;) at 4.2 K and 4 T reach 82.6 and
7.3 x 10* A/cm?, respectively. For the superconduct-
ing MgB, cable with the (6+1) structure and the twist
pitch 7, = 50 mm, / reaches 467 A at 4.2 K and 4 T.
After twisting, the existence of eigenfield of tested
cable does not decrease /., of the MgB, wire. This study
shows that the MgB, superconducting cables are of
practical importance.

To sum up the section, it should be noted that
MgB, still attracts the interest of investigators owing to
its fundamental physical properties and practical
applications. The leading world companies produced
the superconducting wires, such as Columbus Super-
conductor (Italy), Hypertech (USA), Hitachi (Japan),
WST (China), KAT (Korea), currently, fabricate
MgB,-based wires of different standard sizes by differ-
ent methods, and new developments for fabricating
superconducting MgB, wires and cables are per-
formed.

SUPERCONDUCTING MgB, FILMS

The second most promising practical application
of magnesium diboride-based materials is supercon-
ducting electronics. The basis for the use of supercon-
ducting compounds in electronic devices is prepara-
tion technologies of thin films and heterostructures
based on them, which are deposited on dielectric sub-
strates. The progress in developing MgB, thin films
results from the success in overcoming a number of
serious difficulties that include the volatility of Mg and
phase stability of MgB,, low sticking coefficients of
Mg at high temperatures, and reactivity of Mg for oxy-
gen [109].

Because of the extraordinary chemical reactivity of
magnesium, the preparation technologies of MgB,
thin films are based on the deposition of evaporated
components of MgB,. These methods include the
coevaporation of the components using resistive vapor
sources and the evaporation of one of the components
with the resistive vapor sources and evaporation of the
other component with an electron beam, laser deposi-
tion followed by ex situ annealing, molecular-beam
epitaxy, magnetron sputtering of targets, and hybrid
physical—chemical vapor deposition (HPCVD). Cur-
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Fig. 11. Pressure—temperature phase diagram for the
atomic ratio Mg : B xy;,/xg = 1/2. The composition win-
dow marked as Gas + Mgng corresponds to the MgB, film
growth [111].

rently, HPCVD is one the most challenging methods;
it allows one also to realize the epitaxial growth [110].

Deposition of MgB, Films

The deposition process of MgB, films is difficult
owing to the following factors.

Since Mg is volatile and MgB, decomposes at high
temperatures at the insufficient vapor pressure of Mg,
the most important requirement for the deposition of
MgB, films at high temperatures is to provide the high
Mg vapor pressure.

According to the pressure—temperature phase dia-
gram (Fig. 11), the window of corresponding to the
growth of MgB, films (marked as Gas + MgB, region)
is in line with the very high Mg vapor pressure that is
necessary to ensure the thermodynamic stability of
MgB,. For example, the deposition at a temperature of
750°C, which is desirable for growing epitaxial thin
films, calls for a Mg pressure of more than 44 mTorr
(1 mTorr = 0.133322 Pa). A decrease in the deposition
temperature leads to the violation of the crystal struc-
ture of films. For example, the Mg pressure necessary
for the phase stability is ~10~® Torr at 300°C. The
deposition of MgB, is the process that occurs with the
participation of volatile elements; the MgB, film com-
position can be controlled automatically until the Mg
partial pressure is within a sufficiently wide growth
window, and the Mg : B ratio is more than 1:2 [109].
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To grow pure MgB, films, it is of high importance
to prevent the contamination of them with oxygen and
carbon in growing. Magnesium actively reacts with
oxygen; it was shown that the deposition of MgB, at
250—300°C and a background pressure (arbitrary
pressure of pure nitrogen) of 3 X 108 Torr leads to the
formation of insulating films. The oxidation of Mg
decreases the efficient Mg vapor pressure and results
in the formation of MgO that prevents the growth of
MgB, grains. This leads to the formation of a nano-
crystalline structure [112] and low superconducting
properties. The contamination with carbon in the
course of the film growth is related to its presence in
the starting materials, in particular, in targets used for
sputtering or laser ablation and decreases the critical
temperature (7,) of MgB,. However, the oxidation
[110] and alloying with carbon [113, 114] can favor the
increase in the MgB, upper critical field.

Annealing of Films in Mg Vapor

The first successful method realized for the prepa-
ration of high-quality MgB, films is the deposition of
film precursors of boron and Mg—B mixture at low
temperatures and their annealing in Mg vapor at high
temperatures. The film precursors can be prepared by
pulsed laser deposition [26], magnetron sputtering
[115], electron-beam evaporation [116], thermal evap-
oration [117], chemical vapor deposition (CVD) [118],
and screen printing [119]. The annealing of film pre-
cursors often is performed in a hermetical chamber at
a temperature of more than 850°C using metallic Mg
pieces. This ensures the high Mg vapor pressure that is
required for the phase stability at the high temperature
of the process.

Thin MgB, films prepared in the course of a two-
stage process that includes the deposition and anneal-
ing are epitaxial [120]. The superconducting proper-
ties of these films are also the best: 7, ~ 39 K [26, 115]
and the very high critical current density J, that
exceeds 107 A/cm? in zero magnetic field [121]. How-
ever, often it is difficult to avoid the contamination
with oxygen and carbon, which takes place upon
deposition of film precursor. Oxygen enters into the
films, because of the low background vacuum during
deposition, and carbon is present in the starting mate-
rials. The use of CVD and hydrogen as the carrier gas
and diborane (B,Hg) as the boron source allowed one
to prepare high-purity boron films [122]. The anneal-
ing in Mg vapor is carried out in a pure Ar atmosphere
in hermetical carbon-steel tube. The 3 um MgB, film
prepared in such a way on a SiC substrate exhibits the
abrupt superconducting transition at 40 K, a low
residual electrical resistivity of 1.2 u€2/cm, and suffi-
ciently high residual resistance ratio (RRR) equal to
10, which indicates the fact that the film is uniform
and pure.
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A variant of the two-stage annealing is the anneal-
ing of film precursor in situ after its deposition in Mg
vapor that forms locally from excess Mg present in the
film precursor. The film precursors and MgB,, Mg +
MgB, or Mg + B multilayers are deposited in a tem-
perature range from room temperature to 300°C by
pulsed laser deposition [112, 123], sputtering [124],
thermal evaporation [117], and electron-beam evapo-
ration [125]. After that, they are heated in the growth
chamber to different annealing temperatures and for
different times to form the MgB, phase that does not
decompose (the local Mg vapor pressure varies in the
course of annealing and, finally, drops). This calls for
the careful balance between the processes. The MgB,
films prepared in such a way often are nanocrystalline
and exhibit a lower T, temperature [112, 123].

Physical Deposition from Vapor

The MgB, superconducting films can be prepared
by at-once in situ deposition that was first demon-
strated in [126] by pulsed laser deposition at 400—
450°C. The deposition of MgB, films at low tempera-
tures allows the authors to avoid the necessity of the
high Mg vapor pressure. In order to prevent the con-
tamination with oxygen, an ultrahigh-vacuum back-
ground pressure that is more than 10~8 Torr is required
[127—129]. It is shown that it is of importance to use
the pure Mg metal source in order to avoid the con-
tamination with oxygen and carbon. In [128, 129], to
deposit the MgB, superconducting films, the molecu-
lar beam epitaxy was used; the substrate temperature
was in a range from 150 to 320°C. For the film depos-
ited on the substrate at 320°C, T, ~ 36 K. The authors
of [130] showed that the MgB, grain size in such films
can reach 400 A.

To improve the crystal structure, namely, to
improve the purity of film and its epitaxial perfection
and to reach the optimum grain size, a high deposition
temperature is necessary, which calls for the high Mg
pressure and decrease in the oxygen contamination.
This was shown in [131] via the in situ preparation of
thin MgB, films, which combines the Mg evaporation
from an intense vapor source and sputtering of B in
ultrahigh vacuum; the film deposited at a substrate
temperature of 440°C had 7, = 33 K.

The most successful physical vapor deposition
method used for growing MgB, films is the reactive
chemical evaporation (RCE) that is reported in [132].
The films were grown using a rotary heater. The high
quality of the MgB, films deposited at a temperature
of 550°C was noted. This technology allows one to
grow two-side large-area films in intermediate layers
of multilayer films.
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Hybrid Physicochemical Deposition from Vapor

Among all the deposition methods of MgB, films,
hybrid physicochemical vapor deposition (HPCVD)
was found to be most efficient. In terms of this
method, Mg vapor is prepared by thermal evaporation
of bulk pieces (physical vapor deposition), whereas
boron is taken from the B,H¢ diborane gas precursor
(chemical vapor deposition). This method ensures the
high Mg vapor pressure that satisfies the conditions of
thermodynamic stability of the phase at the deposition
temperature and uses the reducing hydrogen atmo-
sphere during deposition, which suppresses the Mg
oxidation. In the case of the original HPCVD system
realized at the University of Pennsylvania [133], a
graphite heater with the SiC coating was used to heat
both a substrate and Mg pieces located near the sub-
strate. During induction heating of the substrate to
~700°C in hydrogen (carrier gas) at a pressure of
100 Torr, bulk Mg pieces also are heated and produce
the high Mg vapor pressure near the substrate. When a
gas mixture is introduced into the reactor, MgB, starts
to grow. The deposition stops when the B,H gas sup-
ply stops, and the film is cooled to room temperature
in the hydrogen atmosphere. Figure 12 shows the
structure of the film.

The selection of substrates directly affect the qual-
ity of thin MgB, films. To prepare the MgB, film,
Al1,05-R, A1,05-C, Si(100), Si(111), SrTiO;(100),
MgO(100), and SiC(0001) are usually used. Since
MgB, has the hexagonal structure, materials with the
hexagonal structure should be used for substrates [ 134].

According to data of [135], 4H—SiC and 6H—SiC
are ideal substrates for thin MgB, films. In zero field,
J.is 3.5 x 107 A/cm? at 4.2 K and above 107 A/cm? at
25 K.

High-purity epitaxial MgB, films were prepared by
HPCVD owing to the reducing H, atmosphere and
high-purity Mg and B sources used in this technology
[133, 136]. The purity of films deposited by HPCVD is
higher than that of single crystals [137] and bulk sam-
ples. The value of T is higher than that of bulk MgB,,
because of the deformation-induced phonon soften-
ing that increases the electron—phonon interaction
[138].

In the original HPCVD system, the Mg partial
pressure is related to the substrate temperature; this
limits the substrate temperature that is no less than
~700°C, since, as the substrate temperature decreases,
the Mg vapor pressure decreases. In modern installa-
tions, during deposition of MgB, film, it is possible to
control the temperature of Mg source and, therefore,
the Mg vapor pressure is independent of the substrate
temperature.

Modified configurations of HPCVD installations
equipped with individual heaters for the Mg source
and substrate have been reported. The technique used
in [139], when the diborane is supplied in the form of
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Fig. 12. Microstructure and interface atomic structure of
cross-section of film studied by TEM: (a) TEM, bright-
field image, low magnification; (b) electron diffraction
pattern of MgB,, zone axis [1150]; (c) electron diffraction
pattern of sapphire substrate, zone axis [IOTO] (direction
of incident electron beam corresponds to that in Fig. 12b);
(d) high-resolution TEM image of film/substrate interface

with an intermediate layer (shown by an arrow) resulted
from the overlapped areas of MgO and epitaxially grown

MgB, [133].

ajet, allowed the authors to deposit MgB, films at the
very high rate (2u/min). In [140], the deposition of
superconducting MgB, films was performed from 350
to 750°C. The film deposited at 620°C has the highest
critical temperature 7, = 40.8 K and minimum resid-
ual specific resistivity. As the substrate temperature
decreases, T, decreases, whereas the specific resistivity
increases. It was noted that the film deposited at
620°C also has the best crystallinity among the sam-
ples. In [141], the pulsed laser deposition of Mg was
included in the analogous scheme with the Mg evapo-
ration source,, and the MgB, films were prepared,
which are characterized by 7, = 40 K at ~400°C.

The HPCVD method has demonstrated the effi-
ciency in manufacturing ultrathin films required for
the fabrication of superconducting nanowire single-
photon detectors (SNSPD). In [142], epitaxial ultra-
thin MgB, films from 6 to 11 nm in thickness were
grown on (111) MgO substrates by HPCVD. Their
critical temperature 7, is above 34 K, p,, g is in a range
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of 3—27 uQ/cm, and J, = (0.6—7.7) x 107 A/cm? at
2 K, which are comparable with those obtained for
ultrathin MgB, films prepared on SiC or Al,O; sub-
strates by HPCVD.

Properties of Alloyed MgB, Films in High Fields

The critical current density, J;, in a magnetic field
is an important parameter for conductors with the
high magnetic field. Pure MgB, films demonstrate the
high current density in the eigenfield. The value J, =
1.6 X 108 A/cm at 2 K was obtained in [143] for the
film prepared by HPCVD on a bridge 150 nm in width.
However, J, rapidly suppresses by applied magnetic
field, because of the weak pinning in pure films. This
is related to the fact that the main pinning mechanism
in MgB, is the pinning at grain boundaries, whereas
the HPCVD films are characterized by relatively
coarse-grained structure with a characteristic grain
size of 130 nm [138]. The effect of the grain size also is
considered in [144]. The structure of the MgB, films
prepared on single-crystal Al,O, substrates by ultra-
sonic pyrolysis was studied after ex situ and in situ
heating. The films prepared during in situ heating are
characterized by small grain size (less than 50 nm)
and, were found to exhibit the much better properties
as compared to those of films prepared by ex situ heating,
which are characterized by coarse grains (1 um). The
higher values of 7, and J_ are 36 K and 9.88 x 10° A/cm?
for the small-grained films, respectively.

The alloying with carbon of MgB, films prepared
by HPCVD leads to the substantial improvement of
the irreversibility field, H,,, and J.(H); this fact indi-
cates the increase in the flux pinning [145]. The criti-
cal current density, J,, of the pure MgB, film in the
eigenfield is very high and rapidly decreases as an
external magnetic field increases. In the case of car-
bon-alloyed films, despite the fact that J, in the eigen-
field decreases because of the decrease in both the
activation energy of vortexes and cross-section area of
current conducting layer, the filed dependence of J, is
weaker and J.(H) in high fields is substantially higher.
Moreover, changes in the microstructure, such as the
decrease in the grain size to 5—20 nm and existence of
the amorphous intergranular phase [146], favor the
increase in the pinning in the carbon-alloyed HPCVD
MgB, films. The experimental evidence of the close
correlation between the decrease in the grain size and
improvement of high-field properties were reported in
[143]. The transmission electron-microscopy (TEM)
studies showed that the carbon content in MgB, of
Mg(B, _ ,C,), grains corresponds to x < 5% and the
fact that the majority of carbon atoms comprises the
amorphous intergranular phase. In the films with
grain sizes of 5—20 nm, the spacious structural disor-
der is observed, which includes the lattice rotation
with respect to the ¢ axis and small c-axis misorienta-
tions in neighboring grains. The high electron scatter-
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ing resulted from the nanosized disorder can be the
cause for the very high H_, in carbon-alloyed HPCVD
films [146]. It is assumed that the specific microstruc-
ture of carbon-alloyed HPCVD films is the key for
their excellent properties in high magnetic fields as
compared to those of bulk carbon-alloyed MgB, and
MgB, modified by oxygen alloying and irradiation
with particles. It should be noted that the epitaxy and
texture is not necessary for reaching the best charac-
teristics in high magnetic fields. The best critical cur-
rent densities in high magnetic fields were demon-
strated for polycrystalline MgB, films prepared by
two-stage annealing, which have a grain size of 10—
20 nm and are free of epitaxial structure. It is assumed
that the increase in J, in high fields is related to the
decrease in the grain size and small MgO inclusions
[109]. For carbon-alloyed films, the alloying substan-
tially increases H, that is more than 70 T at a low tem-
perature owing to the unique microstructure consist-
ing of MgB, layers several nanometers in thickness,
which are separated by nonsuperconducting MgB,C,
layers [113].

In [110], the correlation between the structure and
superconducting properties of magnesium diboride
films prepared by magnetron sputtering and doped
with oxygen is discussed.

The density of superconducting critical current of
films reaches J, = 1.8 X 107 A/cm? in zero magnetic
filed at 10 K at the expense of Abrikosov vortex pin-
ning at MgB, O, particles formed at grain boundaries
and within grains.

MgB, Heterostructures with Other Materials

Josephson devices and integrated circuits require
the multilayered MgB, compound with the other insu-
lating and metallic materials. After successful deposi-
tion of single-layer thin MgB, films, investigations,
naturally, became focused on the deposition of multi-
layered films, in particular, MgB,/barrier/MgB,
structures. The structural, chemical, and electrical
properties at interfaces are crucial for developing
devices and circuits [147].

There is information about obtained transitions, in

particular, MgB,/Al/Al,O0;/Nb [148],
NMgB,/AIN/Nb  [149], MgB,/Al,0;/V  [150],
MgB,/barrier/In and MgB,/barrier/Pb  [151],

MgB,/MgO/Au, and MgB,/Al,0;/Al [147]. These
three-layered transitions are of importance for the
demonstration of vitality of various barrier materials
and for fundamental research of two-gap supercon-
ductivity in MgB,.

Several types of weakly coupled compounds for
which only a single MgB, layer is required were stud-
ied. Nanobridges are one of the types of the weak cou-
pling [152], which form in MgB, via the nanofabrica-
tion. A focused ion beam was used for the preparation
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of nanobridges ~ 70 nm in width, 150 nm in height,
and 150 nm in length [153], and a SQUID server using
these weakly coupled transitions was fabricated, which
adequately work at 20 K [109].

In [154], extensive studies of multilayered
MgB,/Ni and MgB,/B films prepared by electron
beam evaporation were performed. The critical cur-
rent density, J,, of the multilayered MgB,/Ni and
MgB,/B films in parallel fields was found to be higher
than those of single-layer MgB, film owing to the
introduction of artificial pinning center in the form of
nanosized Ni and B layers.

Application of MgB, Films

The MgB, compound is of interest for the super-
conducting electronics mainly owing to the fact that
the high 7. temperature (40 K) of the compound
allows one to use Josephson transitions and circuits at
a temperature of above 20 K in contrast to Nb-based
superconductors that should be cold to 4.2 K. At the
same cooling capacity, a cooler for 20 K requires the
much lower power consumption, has the much lower
weight, and is substantially cheaper, as compared to a
cooler for 4 K.

The MgB, films can be used in designing RF reso-
nators. A superconducting RF resonator is a key com-
ponent of accelerators used in the high-energy phys-
ics, nuclear physics, synchrotron irradiation sources
based on storage rings and free-electron lasers. For
example, in new-generation particle accelerators, i.e.,
in the international linear collider (ILC), 16000 super-
conducting RF resonators made from pure Nb will be
used. Niobium is the material currently used for
designing superconducting RF resonators, which
exhibits impressive characteristics close to the theoret-
ical limit. The maximum accelerating field for Nb,
which corresponds to the surface magnetic field,
reaches the values of a critical RF field of 50 MV/m.
The further improvement of the characteristics of RF
resonators calls for superconductors with the higher
critical temperature (7,), higher critical RF field, and
higher thermal conductivity; an advantage by the
decrease in the cost of cryogenic technique also
should take place [109].

An advantage of the use of superconducting thin-
film coating of RF cavities also exists [155]. Since the
RF field attenuates exponentially from the supercon-
ductor surface, the properties of the cavity are deter-
mined only by the thin superconducting layer on the
cavity surface, whereas the rest of wall serves only as
the mechanical support. When a great number of cav-
ities are required, the cost of high-purity niobium can
be very high; this fact makes cavities with the thin-film
MgB, coating highly attractive. Moreover, the use of a
material, such as Cu, with the high thermal conductiv-
ity for the cavity body can ensure the better thermal
stability.
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The great potential of using MgB, in supercon-
ducting RF resonators was recognized by investigators
working in this field [156]. Some results showed the
potentially high ability of the MgB, films, which were
prepared by pulsed laser deposition and reactive selec-
tive evaporation HPCVD [157], to withstand the high
power as compared to the power withstood by Nb
films. The study of MgB, films for RF resonators has
only started. It is necessary to do much work in order
to completely understand the potential of these films
for this important application [109].

In [158], it was reported about the possibility to
form ultrathin film 4.2 nm thick, which exhibits good
superconducting properties at a critical temperature of
8 K, a specific resistivity of 1200 u€2/cm at 40 K, and
an average roughness of 0.18 nm. Such an ultrathin
MgB, film was epitaxially grown on the Al,0; sub-
strate by HPCVD method [159]. It has 7, = 34 K
(0 T), a specific resistivity of 7.90 u2/cm at 42 K, and
a critical current density of 10° A/cm? at 16 K. Accord-
ing to data of [160], the authors have been able to pro-
duce hot electron detectors, which showed the high
current density equal to 7.7 X 10° A/cm? at 4.2 K in the
400-nm bridge with a MgB, layer 30 nm thick and
detectors with the meander line 250 nm in width,
10 nm in thickness, and a critical temperature of 12 K.
Thus, the MgB, films have the capability to manufac-
ture sensor by lithography for various detectors, such
as electron bolometers, superconducting single-pho-
ton detectors, and heterodyne mixers.

In [160], the preparation of ultrathin MgB, films
on sapphire substrates and on the use of them in man-
ufacturing (by lithography) superconducting single-
photon detectors (SSPD) and heterodyne mixers with
the low noise level and high intermediate frequency
are reported. In [159], a method for the fabrication of
superconducting nanowires 320—650 nm in width and
1 or 10 um in length from ultrathin HPCVD MgB,
films 10 nm thick was suggested. The nanowires with
T, more than 34 K and J, more than 5 X 107 A/cm? at
20 K can be used for the fabrication of nanodevices
such as hot-electron bolometers (HEB) and SSPD
with high operating temperatures.

According to the data of [159], 4H—SiC and 6H—
SiC are ideal substrates for thin MgB, films. In zero
field, J. is 3.5 X 10" A/cm? at 4.2 K and is more than
107 A/cm? at 25 K.

There are known attempts to use the MgB, films in
spintronics for manufacturing current contacts for
sensors based on tunnel magnetic transitions [160].

Pure epitaxial MgB, films and the films with well-
controlled disorder will continue to be of importance
for the fundamental studies of two-band supercon-
ductivity in MgB,. In particular, the study of the MgB,
films for understanding new effects in physics related
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to two-band superconductivity will be significant
progress in exploring condensed-matter physics.

In the field of applications of high fields, the study
of causes for the substantially higher upper field, H,,,
for the carbon-alloyed HPCVD films as compared to
that of bulk samples, remains a focus of research. The
development of a conductor with the MgB, coating
and its tests under laboratory conditions are looming.
The recent breakthrough in the field of Josephson tun-
nel transitions in MgB,/MgO/MgB, opens a new
period in the use of them in multilayered schemes, for
example, in throwable switch schemes and also for
increasing the operation speed and decreasing noise as
compared to those of currently available schemes
[161].

CONCLUSIONS

This review summarizes data on the crystal struc-
ture of magnesium diboride, its synthesis methods,
and the effect of alloying on the critical current den-
sity. MgB, raised considerable attention as the super-
conductor for magnets in high magnetic fields. The
upper critical field, H.,, of pure MgB, is low, and J, is
rapidly suppressed by an external magnetic field,
because of the absence of pinning centers. The alloy-
ing substantially increases H,, owing to increasing the
amount of vortex pinning centers at the expense of
grain refining and formation of small particles based
on alloying elements, which also can serve as addi-
tional pinning centers. Moreover, the review considers
the effect of various alloying additions on the critical
current density.

Substantial progress in the production technolo-
gies of MgB, wires with the improved electrical char-
acteristics is noted. Production methods of MgB,
wires and cables and their potential for further use are
described. The first practical use of conductors based
on the MgB, ribbon is the MRT systems operating
around the world. The prospect of using the MgB,
conductors for the long-distance transfer of high-
energy fluxes by “hybrid” hydrogen energy mains is
shown.

Currently, the superconducting high-current
mains developed in CERN for supplying supercon-
ducting magnets of High Luminosity Large Hadron
Collider are the most attractive applied project for the
MgB, superconductor in the world. Project FP7
BESTPATHS deserves special attention; according to
the project, the full-scale high-energy transmission
system is developed. Among future applications, the
potential use of MgB, for IGNITOR tokamak is
noted. The significant progress of MgB, in these
directions can lead to the substitution for Nb—Ti con-
ductors.

Various methods used for the fabrication of MgB,
films are considered in this review. They includes the
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annealing of B and Mg—B film precursors in the Mg
vapor both ex situ and in situ, physical vapor deposi-
tion, and hybrid physicochemical vapor deposition.
To deposit the more pure epitaxial MgB, films, the
HPCVD method is the most successful, since it effi-
ciently meets all key requirements. The brief consider-
ation of depositions conditions was carried out; the
conditions include the sufficiently high Mg vapor
pressure that ensures the thermodynamic stability of
the MgB, phase at the deposition temperatures, oxy-
gen-free atmosphere, and pure magnesium and boron
sources.

In the field of applications in high fields, the study
of causes for the substantially higher upper critical
field (H.,) of the carbon-alloyed HPCVD films, as
compared to that of bulk samples, remains the focus of
investigations. The development and testing of a con-
ductor with the MgB, coating have top priority. Pure
MgB, epitaxial films and films with adequately con-
trolled disorder as before will be the matter of funda-
mental research in the condensed-matter physics.
Recent findings in the field of Josephson tunnel tran-
sitions in MgB,/MgO/MgB, open the possibility to
work on the application of them in multilayered
schemes, in particular, in reversible switches.

For summary, we would like to cite the authors of
[162], who said that “MgB, is the excellent present of
the nature for the condensed-matter physics.”
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