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BINARY MOLYBDENUM COMPOUNDS:
PROMISING MATERIALS FOR NOVEL
PHYSICS OF SUPERCONDUCTIVITY
AND PRACTICAL APPLICATIONS

This review article summarizes recent progress in low-temperature properties of bi-
nary molybdenum-based alloys and intermetallic compounds, focusing mainly on
superconductivity characteristics reflecting novel physics as well as possible appli-
cations. We present experimental data proving two-band/two-gap nature of some
superconducting compounds. As argued, the binary Mo—Re alloys with rhenium
predominance represent an ideal and rare test system where related compounds with
different Re/Mo ratios can be either centrosymmetrical or noncentrosymmetrical,
leading in the latter case to possible mixed superconducting pairing. It is demon-
strated that two MoC phases, namely, a-MoC and y-MoC phases, are topologically
nontrivial in their bulk and surface band structures, while amorphous MoSi and
MoGe superconductors are among highly-promising materials for different super-
conductivity applications. We conclude the review with a brief discussion of new
ten-dencies in computer modelling of the structure and properties of binary com-
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pounds, using as an example recently discovered stoichiometric MoBi, compound,
and practical prospects for already known and studied molybdenum-based super-
conductors.
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1. Introduction

Molybdenum is a shiny, silvery metal with medium density and moder-
ate hardness (5.5 Mohs). It has the sixth highest melting point of all
elements at 2623 °C. Among all engineering materials, it has the lowest
thermal expansion coefficient and a rather high thermal conductivity.
Stainless steel is the main application of molybdenum in modern indus-
try. Molybdenum in steel is an alloying element that provides a signifi-
cant increase in corrosion resistance. This property is mainly employed
in building industry. In more severe conditions, where chlorinated sea-
water is a corrosive agent, grades with 6 or even 28 percentage of mo-
lybdenum are applied in steels or nickel-base superalloys, respectively.
In the chemical industry, most of the molybdenum is used in the manu-
facture of catalysts and lubricants. Molybdenum catalysts belong to the
group of heterogeneous catalysts, which together account for 80 per-
centage of the global catalyst market. Totally, these employments ac-
count for circa 90 percentage of the total use of molybdenum.

This review summarizes recent progress in low-temperature proper-
ties of binary Mo-based alloys and intermetallic compounds, focusing
mainly on the superconductivity characteristics reflecting novel physics
as well as possible applications in superconductor electronics, whose
prospects due to unique combinations of thermal and electrical conduc-
tivity, thermal expansion, high-temperature strength, and environmen-
tal stability are just opening up to researchers [1]. It should be noticed
that semiconductor-manufacturing equipment has long relied on molyb-
denum for components that require chemical stability, strength at ele-
vated temperatures, and compatibility with corrosive process media. In
particular, ion sources employ Mo because it resists reaction with do-
pant gases and erosion by the plasma inside the chamber. In molecular
beam epitaxy machines, molybdenum is used as shutters, substrate car-
riers, and other internal components of the vacuum chamber. Physical
vapour deposition processes require a material with high rigidity and
flatness to ensure accurate reproducibility of the etched structure. It
has been found that molybdenum does meet these requirements [1].

This paper aims to provide an up-to-date compendium of the avail-
able results on (sometimes-unique) physical properties of superconduct-
ing Mo alloys, physics behind them, and promising applications in su-
perconducting electronics. The latter field of electronics is based on
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functional electronic circuits incorporating active (nonlinear) and pas-
sive (linear) elements that are superconducting below the critical tem-
perature T.. Such circuits may exhibit unique characteristics and per-
formance not attainable by conventional semiconductor electronics.
However, as was emphasized by A.I. Braginski in his recent overview
[2], the necessity of cooling to and operating at cryogenic temperatures
is the main penalty that severely limits practical employments and con-
strains the superconducting electronics to remain a niche technology.
As a result, it will be used only in cases of the extreme advantage in
some particular cases (for example, as ultra-sensitive detectors of small
magnetic fields) or when operation at very low temperatures is neces-
sary for quantum performance (quantum computing). As for niche ap-
plications, besides SQUIDs (superconducting quantum interference de-
vices) and quantum computers, we can mention ultrafast routers for
communication networks, analogue-to-digital converters working in the
microwave field and ultrasensitive digital receivers, which have no
counterparts in the semiconductor world. Concerning quantum informa-
tion science and technology, the greatest attention in this regard is at-
tracted by superconducting quantum bits (qubits), electronic circuits com-
prising lithographically defined Josephson junctions, inductors, capaci-
tors, and interconnects. Due to their potential for lithographic scalability,
compatibility with microwave control, and operability at nanosecond
time scales, they have moved to a leading position among related solid-
state realization of basic elements for a quantum computer. A progress
in this field is evident due primarily to improvements in their design,
fabrication, and, importantly, their constituent materials and interfaces.

If we talk about materials, then, according to Braginski’s expres-
sion [2], Nb remains to be the superconductor material workhorse with
T.~ 9 K and conventional spin-singlet s-wave superconductivity that is
well suitable for circuit operations typically at 4.2 K—the temperature
when liquid helium boils at normal atmospheric pressure. Other conven-
tional superconductors with much lower T, than Nb are widely applied
in radiation and particle detectors and in qubits. Those with T, higher
than that of Nb have not yet found widespread use. More than three
decades passed since the discovery of first high-temperature supercon-
ductors did not bring the desired success in building electronic devices
based on them, because process control at the sub-10-nanometer scale is
required to make high-quality Josephson junctions out of these materials.

Molybdenum is an unremarkable low-temperature superconductor
with a critical temperature T, = 915 mK in the bulk state and somehow
above value of 999 + 11 mK for Mo films with thickness of above 35—
40 nm [3]. There are a few reports of the T, enhancement in amorphous
thin films of Mo deposited at liquid helium temperature [4, 5]. In Ref.
[6], the authors reported disorder induced superconductor—insulator
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transition in molybdenum nanocrystalline thin films deposited at room
temperature using DC magnetron sputtering under varying argon pres-
sure. The grain size was tuned using deposition pressure as the only
control parameter. In addition to the transition into an insulating state,
they observed enhancement in T, that depended upon the grain size and
disorder in the films. The transition temperature initially increased
with decreasing grain size up to values slightly above 5 K and then de-
creased, possibly due to the lack of coherence between neighbouring
grains, thereby exhibiting a dome-shaped T -versus-deposition pressure
phase diagram [5]. Notice that increasing disorder by reducing particle
size is known to increase or decrease T, depending on the coupling
strength and the density of states at the Fermi level for a certain super-
conductor. Weakly coupled type-I superconductors as Al, Sn, In or Re
in the disordered state demonstrate an increase in their 7', while type-II
superconductor with intermediate or strong coupling like Nb and Pb
reveal decreased superconducting gaps and T, with reduction in particle
size, see related references in Ref. [5]. The strong effect in molybdenum
suggests that alloying is able to stabilize the relatively high-T, 6 phase
and therefore to create novel superconducting materials useful for basic
and applied research.

The main content of the review is divided into sections according to
different alloying elements, rhenium, germanium, carbon, and silicon.
The goal of each section is to highlight the exciting advances and future
opportunities in the context of superconducting materials research. We
also survey the most important concepts of related theoretical formal-
ism in order to familiarize the reader with the necessary background for
interpreting nontrivial spectroscopic findings in the Mo-based systems.
In the second section, we discuss Mo—Re alloys, the most studied mate-
rials among binary alloys exhibiting two-gap behaviour, and explain,
why two-band/two-gap superconductors are of particular interest in
fundamental and practical terms (to complete the picture, in the third
section, we provide evidences of two-band superconductivity in the ter-
nary molybdenum—boron—phosphorus Mo,PB, compound). In the second
section, we also argue that the binary Mo—Re alloys with rhenium pre-
dominance represent an ideal and rare test system where related com-
pounds with different Re/Mo ratios can be either centrosymmetrical or
noncentrosymmetrical, leading in the latter case to possible mixed pair-
ing. The fourth chapter turns attention to two examples from a rich
MoC phase space, namely, a-MoC and y-MoC phases, which are topo-
logically nontrivial in their bulk and surface band structures. The fifth
section deals with amorphous MoSi and MoGe superconductors, which
are among highly promising materials for different superconductor ap-
plications. We conclude the review with a brief discussion of new ten-
dencies in computer modelling of the structure and properties of binary
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compounds, using as an example newly discovered stoichiometric MoBi,
compound, and perspectives for already known and studied Mo-based
superconductors.

2. Molybdenum-Rhenium Alloys
2.1. Basic Properties

Binary Mo,_ Re, alloys are known to cover the full range of solid solu-
tions and exhibit a rich phase diagram. While pure molybdenum and
rhenium form body-centred-cubic (b.c.c.) and hexagonal close-packed
(h.c.p.) structures, respectively, two other solid phases appear at inter-
mediate Re/Mo ratios, namely, a tetragonal -CrFe phase and a cubic
a-Mn one [6]. It is interesting that the latter phase is a noncentrosym-
metrical crystal structure that can be stabilized by annealing the sample
over one week at 1400 °C in argon or hydrogen atmosphere. Mechanical
and normal-state resistive properties of the compounds depend on which
element is dominant. Mo-rich alloys are rather malleable while Re-rich
compounds turned out to be extremely hard, and their electrical resis-
tivity is much smaller than on the Re-rich side, thus, demonstrating the
better metallicity of the b.c.c.-W-type phase. These two examples show
a close relationship between the crystal structure and the basic charac-
teristics of the Mo, Re, alloys.

The authors of Ref. [7] measured electronic band dispersions for
Mo, Re, samples with x € [0; 0.25], applying angle-resolved photoemis-
sion spectroscopy, and calculated electronic densities of states for such
alloys. Computational simulations, using the first-principles Korringa—
Kohn—Rostoker coherent-potential approximation method, revealed the
following changes in the density of states caused by the addition of Re:
an overall shifting down due to the presence of the extra electron of Re
and gradual widening and rounding of the sharp structures. Experimen-
tal data [7] showed that the bulk and most surface electronic bands shift
relative to the Fermi level systematically and approximately rigidly
with Re concentration. This result means that the rigid band model, in
which the band structure and the density of states for the solvent metal
remain unchanged upon alloying with a solute metal, is applicable to the
molybdenum—rhenium alloys discussed below.

The latter statement characterized the general effect of alloying on
the electronic structure of the Mo—Re samples but not its details. One
of such deviations often named Lifshitz topological transition is an elec-
tronic topological effect that takes place in this system. Their idea can
be traced back to the work by Ilya Lifshitz who related a change in the
topology of the Fermi surface €(p) = ¢, of a pure metal subjected to elas-
tic strains to anomalies in thermodynamic quantities of metals [8] (see
also Refs. [9] and [10]). The effect is arising due to the continuous

356 ISSN 1608-1021. Prog. Phys. Met., 2021, Vol. 22, No. 3



Binary Molybdenum Compounds: Promising Materials for Superconductivity

variation of some parameter (e.g., pressure or impurity concentration),
due to which the difference z = ¢, — ¢, (here, ¢, is the critical energy, at
which the topology of the constant energy surface changes, ¢, is the
Fermi energy) passes through zero continuously. This leads to a change
in the Fermi-surface connectivity, for example, the appearance of a new
cavity or the rupture of a connecting neck when an external parameter
is varied. At the temperature T = 0 K, the grand thermodynamic poten-
tial Q acquires an irregular correction 8Q = —alz|*2, and that is why this
effect is sometimes called the 2%-order phase transition [9], referring to
the Ehrenfest’s terminology. At k,T << g, related anomalies manifest
themselves not only in the thermodynamic characteristics of metals, but
also in superconducting characteristics, as was evidenced by Brandt et
al. in the paper [11] just by analysing pressure induced changes in su-
perconducting properties of TI-Hg alloys.

In fact, topology and alloying are often closely intertwined in con-
densed matter physics. In both cases, one seeks to characterize not the
details of a particular band structure or disorder configuration, but the
basic physics of the phenomenon. Returning to the Mo, Re_ alloys, we
are referring to detailed first-principles calculations of their bulk elec-
tronic structure by Skorodumova et al. [12] who predicted two Lifshitz
topological transitions occurring near the middle of the N—H-line in the
bulk Brillouin zone at 2 and 6% Re concentration. Comparison of Fermi
surfaces for pure Mo and Mo, ,;Re,,; in Ref. [7] confirmed it by revea-
ling the van Hove singularity at 5% rhenium concentration, i.e., very
close to the theoretical predictions [12]. Recent results of resonant
photoemission spectroscopy experiments [13] proved the existence of
two electronic topological transitions at critical Re concentrations of
x,; =0.05 and x_, = 0.11.

It is known that the addition of rhenium to molybdenum improve
the ductility of the material. The stress required to produce a fixed
amount of strain higher than 3% is minimal around x = 0.07 [14]. Smith
et al. [15] found phonon softening along the N-H-direction of the
Brillouin zone when Mo—Re alloys undergo the Lifshitz transition, and
it is just the location where a pocket of the Fermi surface appears when
more than 5 at.% of rhenium is added to molybdenum [7]. Electronic
states of the small group of carriers are localized due to the random
potential introduced in the system when the composition is changed
[16]. This effect should be very small and its detection requires very
sensitive techniques. The author of Ref. [16] revealed large oscillations
in the pressure dependence of T, and in certain temperature derivatives
of the normal-state thermoelectric power and resistivity and argued
that the localization of electrons filling the new states due to the topo-
logical changes of the Fermi surface causes the observed oscillations in
related characteristics. The localized states against a background con-
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tinuum give rise to Fano resonance in photoemission spectroscopy meas-
urements, which were detected in the Mo, Re, system for x > x,, = 0.05
[183]. This observation was interpreted as the result of the electron-like
states localization in the newly appeared Fermi pocket. Now let us dis-
cuss how the changes in the topology influence superconducting proper-
ties of the alloys.

2.2, Effect of the Topology Changes on Superconductivity
2.2.1. Superconducting Characteristics

All Mo, Re, alloys are superconducting with critical temperatures T,
exhibiting three different regions. To date, the Mo-rich side of the sys-
tem was studied by different techniques (see Refs. [7, 17] and refer-
ences therein). Systematic study of the full range of polycrystalline
Mo, ,Re, solid solutions was done in Ref. [6]. It was found that T, values
vary nonmonotonically with Re concentration, with the maximum value
of 13 K being achieved for x = 0.4 [6, 18] without a change in the crys-
tal structure. According to Ref. [13], it is an evident manifestation of
the link between the electronic topological transitions in the Mo—Re
system and superconducting properties. To reveal possible effect of the
electronic density of states N(g), the authors of Ref. [18] performed
related calculations and obtained that the Fermi level of Mo and the
low-x alloys lies around a valley in the density of states and there is a
small peak just above the Fermi level E,. When Re is alloyed with Mo,
the fine features are smeared out due to disorder effects and the energy
dependence of the electronic density of states shifts to negative (lower)
energies as it should be in a rigid-band model due to charge transfer
from Re to Mo. The variation of N(g;) as a function of x is shown in
Fig. 1 with marker lines showing x_, = 0.05 and x_, = 0.11 corresponding
to two topological transitions expected for this system. We see that N(e;)
slightly decreases for x = 0.025 as compared to x = 0 and then grows
sharply as x is increased up to x = 0.10. For x > 0.10, N(g;) increases
with x, but with a much slower rate compared to x < 0.10. At x = 0.40,
N(gp) drops again in contrast to the T (x) dependence. It means that the
electronic density of states is not the only factor governing the critical
temperature behaviour.

The elemental molybdenum is a compensated metal with higher mo-
bility of holes than that of electrons [19]. Rhenium has one extra elec-
tron in comparison with molybdenum and its addition increases the
number of electrons leading to crossing a new band by the Fermi level.
In Ref. [18], it was shown that the appearance of Re 5d-like states at
the Fermi energy above x_, creates scattering of electrons between them
and the rest of the bands through the electron—phonon interaction. This
phonon-assisted interband scattering [18] leads to the enhancement of
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Fig. 1. Electronic density of states (DOS) at the Fermi level in Mo,  Re, as a function
of x. Two vertical lines correspond to x_, = 0.05 and x_, = 0.11, which in one’s turn
correspond to two topological Lifshitz transitions. Adapted with permission from S.
Sundar et al., New J. Phys., 17: 053003 (2015). Copyrights 2015 Author(s), licensed
under a Creative Commons Attribution 3.0 Licence [18]

Fig. 2. Electron—phonon coupling constant A vs. the rhenium concentration x in
Mo,_ Re,. Triangles represent A values estimated from a strong-coupling relation for
the heat-capacitance jump ACg at T = T, and circles represent A values found from
the normal-state data combined with band-structure calculations. Adapted with per-
mission from S. Sundar et al., New J. Phys., 17: 053003 (2015). Copyrights 2015
Author(s), licensed under a Creative Commons Attribution 3.0 Licence [18]

the electron—phonon coupling constant A = 2_[: a’F(0)o 'do, the dimen-

sionless parameter characterizing the strength of the coupling of a spe-
cific electronic state to the whole phonon spectrum F(w), a?(®)F(®) is
the Eliashberg spectral function [20]. As a result, first, the critical tem-
perature T, grows and, second, multiband superconductivity emerges
[21, 22]. Using the heat capacitance C(T) measurements, the authors of
the paper [18] determined the jump AC4 at T, and estimated A(x) depend-
ence shown in Fig. 2. Let us stress again that enhanced T, along with
the two-gap superconductivity in the Mo, Re,  alloys are generated by
the presence of the new Fermi pockets formed due to electronic topo-
logical transitions.

2.2.2. Lifshitz Transitions and Multiband Superconductivity

Now, we shall discuss why the two inherent features of the Mo—Re al-
loys, a topological Lifshitz transition and two-gap superconductivity,
may considerably enhance the transition temperature to the supercon-
ducting state and possibly do it in the discussed compounds. From the
superconductivity viewpoint, it is important that the proximity of the
Fermi surface to van Hove singularities drastically enhances interaction
effects and can lead to the emergence of a flat band, where all the states
have the same energy [23]. Since the flat band has a huge density of
electronic states, this may considerably increase the transition tempera-
ture T.. G.E. Volovik [24] argued that this effect might be responsible
for high-T, superconductivity observed in pressurized hydrides just at
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pressures when the system is close to the Lifshitz transition. Another
origin of the enhanced T, can be a Lifshitz transition between type-I
Weyl and type-II Weyl points [25, 26]. Notice that, in ordinary super-
conductors, the singular density of electronic states emerging at the
transition point generates nonanalytical behaviour of superconducting
parameters as a function of the external factor modifying the shape of
the Fermi surface [10, 27].

The presence of a second band in the electronic spectrum of a super-
conductor can have many other important consequences. In particular,
an increased number of degrees of freedom in the condensate wave func-
tion may generate totally novel phenomena concerning the response to
external perturbations that are lacking in single-gap superconductors.
Such effects are that of relative phase and pair densities fluctuations in
the distinct condensates predicted by Leggett [28] or the appearance of
interband phase-difference solitons [29]. The presence of multiple bands
qualitatively changes the nodal structure of a time-reversal-symmetry-
breaking superconductor. Specifically, expected line or point nodes of
an even-parity superconducting gap are replaced by two-dimensional
Fermi surfaces of Bogoliubov quasi-particles, which are topologically
protected [30]. Expectation of fundamentally new phenomena owing to
multiband superconductivity stimulates the search for new materials
clearly exhibiting the presence of, at least, two distinct gaps in the su-
perconducting state.

The multiband nature of most functional materials, promising for
practical applications, may not be reduced to a trivial increase in the
number of adjustable parameters but is rather more fundamental. This
fully applies to superconducting metals, for which a multiband modifi-
cation of the Bardeen—Cooper—Schrieffer (BCS) theory was proposed in
1959 [31] but remained practically unclaimed until the discovery of su-
perconductivity in magnesium diboride at the beginning of this century.
In this material, two distinct groups of carriers with fundamentally dif-
ferent properties were discovered for the first time. The two energy gaps
in the spectrum of elementary excitations below the critical temperature
of the superconducting transition differ by almost three times [32].

The subsequent discovery of superconductivity in the iron-based
superconductors [33] has contributed essentially to the conjecture that
high-temperature superconductors are fundamentally multi-band and
there is a certain correlation between T, and proximity of the electronic
structure of such metals to the topological transition of the Lifshitz’s
type [84—36]. Despite solid experimental evidence for such a correlation
and certain efforts of theorists [10, 37], there is still no microscopic
theory able to explain key mechanisms of this relationship and to pro-
vide specific recommendations for increasing T, by controlled modifica-
tion of the metal band structure.
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At the same time, numerous experiments on magnesium diboride
revealed lot of unconventional results such as a positive curvature of
the upper critical field near T, a shoulder in the specific heat at inter-
mediate temperatures, significant anisotropy of various characteristics,
etc. Such unexpected behaviour does not necessarily mean two-band sce-
nario but can also emerge from strong anisotropy in single-band materi-
als, from non-s-wave gap symmetries, from a second superconducting
phase, and other effects [38]. Therefore, the main goal of related ex-
periments is to distinguish features arising from two-band effects from
those of a completely different nature. Systematization and testing ex-
periments for new samples, more simple than high-T_, superconductors,
are vital for elucidating the impact of multiband effects on supercon-
ductivity. We believe that Mo—Re alloys can be one of them.

2.2.3. Heat Capacity and Superfluid Density of States in Mo—Re Alloys:
Experimental Evidences for Two-Band Superconductivity

In the paper [21], the authors presented a detailed study of temperature
and magnetic field dependences of the magnetization M and heat capac-
ity C in Mo,_,Re, alloys with x = 0.25 and 0.4, i.e., above two topological
transitions in the Fermi surface. Note that the Mo, ;Re, , alloy was iden-
tified as a strong coupling superconductor with the ratio of an energy
gap A, = A(T = 0 K) to T value 2A,/(k,T,) = 5.0, which is well above the
value of 3.52 predicted by the BCS theory of a weakly-coupled super-
conductor [39]. The normalized values of the heat-capacity jump at T,
ACg/(yT,) (yT is an electronic contribution to the normal-state heat capa-
city), are of about 1.7 and 2 for the Mo, ,;Re, ,; and Mo, ,,Re, ,, samples,
respectively [21]. These values are substantially higher than the BCS
value of 1.43 pointing out again that superconductivity in the binary
Mo,_Re, alloys with x > x_, is at least nontrivial.

Figure 3 exhibits the temperature dependence of the ratio AC,/(yT,)
for the two Mo—Re compounds studied in Ref. [21]. The dotted lines in
Figs. 3, a and b represent Cy(T) behaviour in the superconducting state
with a single isotropic superconducting gap A,/k; = 19.0 £ 0.5 K for the
Mo, .sRe, ,; alloy and A,/k, = 26.5 £ 0.6 K for the Mo, ,Re, ,, alloy. We
can see that experimental values of C./(yT,) at low temperatures are
systematically higher than calculated ones. Next, the authors fitted ex-
perimental data using an equation for a two-band superconductor

C(T) _ G | ) CalD)
VT, 1T, T,

[ sTc c

(¢Y)

with C¢(T) and Cgy(T)—contributions to heat capacity from the small
(A,) and the large (A)) superconducting gaps, a = v./(y, + 7,) defines the
fraction of the small gap, v,, are related normal-state coefficients. Now,
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Fig. 3. Temperature-dependent electronic heat capacity in the superconducting state
plotted vs. the T/T, ratio for Mo, ,;Re, ,; (@) and Mo, ,,Re, ,, (b). Lines fit experimen-
tal data (open symbols) within single-gap (dotted lines) and two-gap (solid lines)
theoretical approaches. Reprinted with permission from S. Sundar et al., J. Phys.
Condens. Mater, 27, No. 4: 045701 (2015). Copyright 2021 IOP Publishing Ltd. [21]
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Fig. 4. Temperature-dependent superfluid DOS plotted as a temperature function
for Mo, ,;Re,,; (a) and Mo, 4 Re, ,, (b). Lines fit experimental data (open symbols)
within single-gap (dotted lines) and two-gap (solid lines) theoretical approaches.
Adapted with permission from S. Sundar et al., J. Phys. Condens. Mater, 27, No. 4:
045701 (2015). Copyright 2021 IOP Publishing Ltd. [21]

the resulting solid lines are perfectly consistent with the measured Cy(T)
data (see Fig. 3) where the values of A,, A, and o are indicated. Notice
that already in an earlier study of the temperature dependence of elec-
tronic heat capacity in Mo, ¢, Re, ,, alloy [39], a clear deviation from the
single-gap behaviour was observed, while not analysed. It is evident that
the existence of two superconducting gaps eliminates the discrepancy
between theory and experiment.

Magnetization-vs.-magnetic field measurements at various tempera-
tures made it possible to estimate the upper critical field H_,(T) depend-
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ences as the field in the isothermal M—H-curves, at which the irrevers-
ible magnetization M giving rise to a hysteresis loop, reduces to zero. It
was found that the temperature impact on H , estimated using the Wer-
thamer—Helfand—Hohenberg model matches with the experimental
curves only at temperatures close to T,. The lower critical field H,,
below which a type-II superconductor remains in the Meissner’s state,
was found analysing dM(H)/dH dependences. For a superconductor in
the local limit with £(0) << A, §(0) and A are coherence length and pen-
etration depth, the normalized superfluid density py(7T) reads as [21]

22(0)  H,(T)

T) = = . 2
P =551y = H,0) @)

For a single-gap superconductor, py(7T) is given by [40]:
po(T) =1+ 2 Ny (e, TYA/ (e, T)/de)ds ®)

with the Fermi—Dirac distribution function f(¢) and the normalized den-
sity of single-particle states in a superconductor:

N,(c,T) = Re (;] : (4)

Je? = A(T)?

Dotted lines in Figs. 4, a, b show the temperature dependence of nor-
malized superfluid density calculated using Eq. (3) for an isotropic sin-
gle-gap superconductor with A)/k; = 15.5 £ 0.5 K for the Mo, ;;Re, ,;
alloy and A,/k; = 20.5 £ 0.4 K for the Mo, ;,Re, ,, alloy. Similar to Fig. 3,
the estimated theoretical curve matches well with the experimental data
at high temperatures while a marked deviation observed at low tem-
peratures indicates possibility of the two-gap superconductivity. Acting
like above (see Eq. (1)), the authors [21] got an excellent agreement be-
tween the two curves with parameters A, A, and o indicated in Fig. 4.
These values noticeably differ from those in Fig. 3. Possibly, this is
caused by the fact that the superfluid density estimated from H , is a
local property whereas heat capacity is a bulk characteristic [21].

2.2.4. Junction Spectroscopy of Mo—Re Alloys:
Experimental Evidences for Two-Band Superconductivity

In our opinion, the above arguments regarding a two-band/two-gap sce-
nario in superconducting Mo—Re alloys (Figs. 3 and 4) only hint at their
presence, while it would be desirable to obtain the related information
from experiments that could give direct evidence of the two gaps with-
out additional calculations. Tunnelling and point-contact spectroscopies
are such techniques able to interpret the measured characteristics qual-
itatively without involving complex model concepts. The junctions used
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Fig. 5. Simulated differential
conductance vs. voltage for
zero-temperature coherent quan-
tum transport across a one-di-
mensional N/B/S-trilayer with
various barrier transparencies.
Curves’ shapes are controlled
by the parameter Z. Two ex-
treme limits, corresponding to
a point contact (Z = 0) and a
tunnel junction (Z >> 1), are il-
lustrated schematically. Repro-
roduced with permission from
S. Volkov et al., Appl. Nanosci.,
22 February (2021). Copyright
2021 Springer Nature [44]

for studying superconductors are usually formed by two metallic elec-
trodes (at least, one of them is superconducting) divided by resistive,
usually nanoscale region. Its task is to take over the entire voltage drop
V applied to the setup creating thus a difference Ap = p; — py in chemical
potentials of the left (L) and right (R) electrodes. Modifying the drop
value, we are changing Ap = eV and, thereby, probing energy spectra of
unoccupied and occupied states in the excitation spectra of the junction
electrodes.

Applying this idea, two extreme junction-spectroscopy techniques
(tunnelling and point-contact) differ in the ways of creating the inter-
layer between two metals often called a weak link. A simplest version of
the high-resistive interlayer is a narrow constriction between two wide
electrically conducting regions, whose width is comparable to the electro-
nic wavelength A, (see the inset in Fig. 5). The conductance G of such
device known as a quantum point contact can be as small as G, =
= 2e*/h = 77.5 unS—the universal conductance quantum [41]. This rela-
tion is valid for truly atomic dimensions when two bulk metals, reser-
voirs of electrons in local equilibrium, are connected by a quasi-one-di-
mensional single-atom constriction [42]. The G value grows with increa-
sing the width w of the electron waveguide, through which a small in-
teger number of transverse modes N ~ 2w/, can propagate at the Fermi
level E,. Tunnelling spectroscopy that played a central role in the experi-
mental verification of the microscopic theory of superconductivity in
traditional superconductors represents an opposite case of the interface
transparency. Conventional tunnel junction shown schematically as an
inset in Fig. 5 is planar with a several nm-thick oxide interlayer; an area
prohibited by classical mechanics for electrons at the Fermi level of electro-
des and, for this reason, often named a barrier (B). Hence, the difference
between two main techniques is to a great extent quantitative, namely,
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probabilities for charges to be transferred between junction electrodes
in a certain quantum channel is near unity for the point-contact spec-
troscopy, while it is much less than unity in the tunnelling approach.

The most popular model to calculate the differential conductivity of
the N/B/S-contact with a barrier of arbitrary transparency G(V) =dI(V)/
dV, the derivative of the current I across the contact with respect to the
voltage V applied to it, is that proposed by Blonder, Tinkham, and Klap-
wijk (BTK) [43]. The model assumes ballistic and one-dimensional char-
acter of the charge transport through a contact of N (normal) and S
(superconducting) metals with a nanometer-thin scattering potential lo-
calized at the N/S-interface. Its effect is usually considered by intro-
ducing a potential barrier with a thickness d, and the decay length [,
inside it. For a strong inequality d, << [, transmission ¢ and reflection
r amplitudes read t =i/(i — Z) and r = Z/(i — Z), where i is the imaginary
unit (see the details in the paper [44]).

Ultimately, the parameter Z determines the probability of electron
transmission through the barrier D = 1/(1 + Z?) in the normal state as
well as the reflection probability R =1 — D = Z2/(1 + Z?). The way of
further calculations to find the ratio of differential conductance in su-
perconducting G¢(V) and normal G, states is described in detail in the
work [45]. Possible effect of inelastic-scattering processes in the super-
conductor is taken into account by introducing a constant imaginary
part in the electronic energy E — E + il', where I' is known as the Dynes
parameter [46]. As a result, we have three adjustable parameters in a
single-band superconductor, the energy gap A, the interface scattering
efficiency Z, and the Dynes parameter I'. In the case of a two-band su-
perconductor, this number increases to seven: A, A, Z,, Z, I}, I', and,
finally, the weighting factor w, < 1 (w, = 1 — w,), which specifies the
relative contribution of the two bands to the measured curve G(V) =
= wG (V) + w,G(V) [46].

In point contacts, the channels with the highest transmission prob-
ability determine the current along the device and, as a result, the scat-
tering strength Z is nearly zero. In this case, for an electron (hole) in-
cident on the interface from the N side at energies less than the super-
conducting energy gap A, the ballistic throughput across an N/c/S-point
contact (¢ is the constriction) is dominated by a quantum process called
Andreev reflection. Its details are as follow. An electron (hole), arriving
from the N side, forms a Cooper pair in the S electrode reflecting back
a hole (electron) of opposite spin and group velocity to the incident elec-
tron (hole) but with almost equal momentum. It is clear that this effect
causes an enhancement of the conductance below the superconducting
energy gap A, and the ratio of below-gap and above-gap conductance
values equals 2 for an ideal point contact with a superconductor conven-
tional in nature.
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L Ag = 0.28 meV 2 wg = 0.31 Fig. 6. Normalized differential con-

: ductance—versus—voltage curve meas-
ured for a representative point-con-
tact sample formed by a silver tip and
a Mo, ,Re,, s alloy film (dots) com-
pared with a fitting curve (solid line).
The energy gaps differ markedly:
A, =0.28 meV and A = 1.57 meV, the
contribution of the band with a larger
gap is dominant, the measurement
-3 -2 -1 0 1 2 V, mV temperature was 4.2 K

1.6

With increasing Z, the shape of the differential conductance G (V)
for an N/I/S-trilayer changes from a flat section at [V] < A/e to peaks at
V] = A/e. From Fig. 5 illustrating these changes at very low tempera-
tures, it is clear that the Andreev-reflection mechanism that defines the
shape of the conductance spectrum for a point contact with Z ~ 0 as well
as the tunnelling transport allow us to interpret measured G(V) curves
and to reveal the energy gap value qualitatively without involving com-
plex model concepts.

We have performed two different kinds of the junction-spectroscopy
experiments using Mo—Re-based point-contacts [47] and tunnelling tri-
layers [48]. In the first case, the N electrode was made of silver; its
point contacts with the studied Mo—Re alloy were created both on film
and bulk samples. Thin alloy layers with an approximately equal concen-
tration of components, thicknesses ranging from 90 to 150 nm, and
critical temperatures about 9 K were obtained by magnetron sputtering
of a Mo, ;,Re, ,; target. Structure and phase composition of the films
were controlled by electron microscopy and electron diffraction, as well
as by x-ray diffraction. The concentration of alloy components in the
films determined using x-ray photoelectron spectroscopy with an accu-
racy of 5—6 at.% well corresponded to the target composition. Grain
size spread was found to be tiny. This uniformity contributed to high
resistance of the films to structural transformations and stable electro-
physical properties during thermal cycling. The measured differential
conductance spectra dI(V)/dV of contacts based on Mo—Re alloys with
approximately equal component contents revealed the presence of two
energy gaps—larger A, and smaller A, ones. Typical G(V) curve shown in
Fig. 6 represents a sum of two similar characteristics of N/S-contacts
with an almost ideal interface. The fitted parameters are indicated in
the figure. Notice that, due to the small area of contacts, we got infor-
mation only from individual microsize crystallites with different crys-
tallographic directions, while, say, measurements of the electronic heat
capacity for a molybdenum-rhenium alloy [21] provide characteristics
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Fig. 7. Normalized differential conductance vs. voltage measured for a representa-
tive Pb/Al oxide/Al/Mo, ,Re,,, tunnel junction (dotted curve) compared with a
fitting curve (solid line). The arrows indicate gap-related features. The energy gaps
A, = 0.5 meV and A = 2.5 meV reasonably agree with the values extracted from
point-contact experiments (see Fig. 6), the contribution of the band with a smaller
gap was dominant, the measurement temperature was 4.2 K. Reprinted with permis-
sion from V. Tarenkov et al., J. Supercond. Nov. Magn., 33: 569 (2020). Copyright
2020 Springer Nature [48]

averaged over all directions. Local changes in superconducting proper-
ties in the near-surface region may be a source of the differences be-
tween surface-sensitive techniques and those dealing with the bulk.

In Ref. [48], we presented our results for tunnelling junctions based
on Mo, ,,Re, ,, polycrystalline films. The authors of Ref. [49] found that
the native oxide of the Mo—Re alloy is grown up to thicknesses not more
than 0.5 nm and are thinner that the oxides on Mo and Re surfaces.
Therefore, in order to form a low-leakage tunnel junction on the Mo—Re
film, they had to cover it with an Al overlayer oxidized after that. Fol-
lowing the work [49], we have used artificial Al-oxide tunnel barriers
and a 100 nm-thick lead counter-electrode to form low-leakage tunnel
junctions for measurements in the gap region not carefully analysed in
previous tunnelling experiments [49]. If we are dealing with a two-gap
superconducting electrode, G(V) dependence for a tunnel junction should
exhibit a two-peak structure. Figure 7 demonstrates representative con-
ductance spectrum of the Pb/Al oxide/Al/Mo, ,,Re, ,, junctions exhibit-
ing reach fine structure with a prominent peak at 1.7 mV, a small local
maximum on a steep slope at 1.0 mV, and a distinct dip at 3.8 mV
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shown by related arrows. An analysis of the measured data based on a
complex innergap structure in transport characteristics of supercon-
ducting junctions with degraded interfaces [50] permitted to extract the
values of the energy gaps A, = 0.5 meV and A = 2.5 meV. The presence
of the two superconducting gaps in the Mo—Re alloy probed by tunnel-
ling spectroscopy indicates that the more likely scenario of the T, in-
crease during alloying Mo with Re is interband interaction predicted in
the seminal paper [31]. Notice that measurements of shot noise [50] and
low-frequency 1/f noise [561] characteristics together with differential
conductance spectra can provide more reliable information concerning
the presence of two gaps in the superconductor studied [52].

2.3. Time-Reversal Symmetry Breaking in Mo—Re Alloys

Superconductors with a centrosymmetrical crystal structure can host
spin-singlet- or spin-triplet states with even and odd parity, respec-
tively. However, in noncentrosymmetrical superconductors, these strict
symmetry-imposed requirements are relaxed, thus, implying the possi-
bility of parity-mixed superconducting states. Because of it, such super-
conductors may display significantly different properties compared to
their centrosymmetrical counterparts, e.g., nodes in the superconduct-
ing gaps or broken time-reversal symmetry in the superconducting state.
As was argued in Ref. [53], the rhenium-predominant binary Mo—Re al-
loys represent such an ideal and very rare test system where compounds
with different Re/Mo ratios can be either centrosymmetrical or noncen-
trosymmetrical, while remaining superconducting. Muon-spin relaxa-
tion measurements, covering the whole Mo—Re phase diagram, showed
that only Mo, Re_ alloys with x = 0 and 0.12 exhibit a broken time-re-
versal symmetry in their superconducting states. The latter statement
includes also specific case of a Mo, ,;Re, ;; alloy whose crystal structure
can be both centrosymmetrical (h.c.p.-Mg phase) and noncentrosymmet-
rical («-Mn) depending on the synthesis protocol. According to Ref.
[63], it implies that the time-reversal symmetry breaking is not related
to the noncentrosymmetrical crystal structure or to possible mixed pair-
ing but, most likely, is due to the presence of rhenium.

The lack of inversion symmetry often induces antisymmetrical spin—
orbit coupling, which splits the Fermi surface by lifting the degeneracy
of the conduction-band electrons. If so, both inter- and intraband Coop-
er pairs with the same or with opposite spin directions can be formed.
By increasing the strength of the antisymmetrical spin—orbit coupling,
a fully gapped superconductor can be tuned into a nodal superconductor
dominated by the spin-triplet pairing. Nevertheless, it is not the case of
the Mo—Re system. Muon-spin relaxation [53] and zero-field specific-
heat [6] results show that, despite a change in stoichiometry and differ-
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ent crystal structures (both centro- and noncentrosymmetrical ones),
alloys behave as fully gapped superconductors with dominant spin-sin-
glet pairing. It was proven by comparing the temperature-dependent
superfluid density behaviour extracted from the experiment with theo-
retical expectations in clean and dirty limits. In the first case, Eq. (3)
was applied with the temperature dependence of the gap value following
an approximate relation

A(T) = Aotanh{1.82[1.018(Tc/T - 1)]0~51} (5)

taken from Ref. [54]. In the second case, when the coherence length &,
is larger than the electronic mean-free path [, the temperature depend-
ence of the superfluid density was assumed to be equal py(T) = (A(T)/A,)
tanh(A(T)/(2kzT)). For 0.4 < x <1, &, and [, have similar magnitudes and
both formula for py(T) describe very well low-T superfluid density in
Mo, Re, compounds and yield similar superconducting gap values
[53].

In general, the study of p-CrFe- and b.c.c.-W-type superconducting
phases with Re-dominating content [53] clearly imply that not only the Re
presence, but also its amount is crucial for the appearance and the extent
of time-reversal symmetry breaking in the Mo—Re superconductors.

3. Molybdenum-Boron-Phosphorus (Mo,PB,) Compound
3.1. Basic Properties

Mo,PB, compound, which belongs to materials with a tetragonal Cr,B,-
type structure, exhibits superconductivity with the highest critical tem-
perature recorded in this family of compounds [55]. First-principle cal-
culations indicate Mo,PB, to be a multiband metal, whose density of
states at the Fermi level is dominated by Mo 4d-orbitals and related
zero-field heat-capacity measurement, suggest possible multigap featu-
res [55]. Temperature dependence of the electrical resistivity p(T) meas-
ured from 300 to 2 K in zero magnetic field exhibits the metallic char-
acter. Magnetization experiments evidence the onset of superconductiv-
ity in Mo,PB, at T, = 9.2 K. Similar to Mo—Re alloys discussed above,
muon-spin relaxation results allow to determine the temperature de-
pendent inverse square of the magnetic penetration depth, which in turn
is proportional to the superfluid density py(T) (3). Careful analysis [56]
based on the comparison of four possible models including single-gap s-,
p-, and d-wave, and two-gap scenarios evidences fully gapped supercon-
ductivity in the Mo,PB, compound. It is interesting that the two-gap
approach to the interpretation of the py(7T) dependence provided almost
identical results to the single-gap model. If to follow the two-gap sce-
nario, then, the weight of the second gap is relatively small (0.25-0.3),
and the derived gap values 1.11 and 1.57 meV are not significantly dif-
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ferent that makes it difficult to discriminate between single- and two-
gap superconductivity using only the temperature-dependent superfluid
density. Therefore, more techniques had to be involved in the analysis.

3.2. Multigap Superconductivity

To reveal the multigap superconductivity in the Mo,PB, compound, the
authors of Refs. [65, 56] analysed the temperature effect on zero-field
electronic specific heat in the superconducting state divided by the nor-
mal-state electronic specific heat C(T)/(yT) assuming a fully-gapped
model. In Ref. [56], it was found that the single-gap model reproduces
very well experimental data above T'= 0.4T, with less satisfactory agree-
ment below this value. At the same time, the two-gap approach shown
in Fig. 8 by the solid line exhibits much better agreement across the full
temperature range [56]. In agreement with the results of Ref. [55] ,this
model gives two values A, = 1.02 meV, A = 1.49 meV and o = 0.25 (see
Eq. (1)). We emphasize that the both gap values are greater than Ay
expected in the weak-coupling regime, indicating strong-coupling super-
conductivity in Mo,PB,.

Further evidence for the two-gap superconductivity in the Mo,PB,
compound was brought in Ref. [56] by the field-dependent electronic
specific heat coefficient y(H), the temperature-dependent upper critical
field H_,(T), and electronic band-structure calculations. As follows from

20T

0.2 0.4 0.6 0.8 1.0 1.2 T/T,

Fig. 8. The normalized electronic specific heat Cy(T)/(yT) of vs. the T/T, ratio for
Mo,PB,. Solid line represents the electronic specific heat calculated within a fully
gapped s-wave model with two gaps. The dash—dotted and dashed lines represent
individual contributions from the large and small superconducting gaps. Adapted
with permission from T. Shang et al., New J. Phys., 22: 093016 (2020). Copyright
2020 Author(s), licensed under the terms of the Creative Commons Attribution 4.0

Licence [56]
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Fig. 9 and Table 1 in Ref. [56], six different bands are crossing the
Fermi level, and the multiband features most probably originate from
the different site symmetries of molybdenum atoms in the unit cell.

4. Molybdenum Carbide Compound

There are known three structural phases of molybdenum monocarbide,
a-MoC, y-MoC, and y'-MoC. The superconductive a-phase of MoC forms
in a rock-salt crystal structure with the lattice constant of 0.427 nm
[67] and T, of about 14 K [58]. The structure that was synthesized but
with C deficiency is centrosymmetrical, both the Mo atom and the C
atom in the unit cell can be regarded as space-inversion centres. The
y-phase of MoC, nonsuperconducting in its pristine form, has a noncen-
trosymmetrical hexagonal structure like tungsten monocarbide (WC)
with lattice constants a = 0.290 nm and ¢ = 0.281 nm [59]. The Mo
layer is sandwiched between two C layers, and this trilayer structure
forms a unit cell of y-MoC. The y'-MoC phase [59] is energetically not
stable, and we will not discuss it later. All structures are found to be
metallic without magnetism. The deposition process for the preparation
of superconducting thin films of MoC by reactive magnetron sputtering
in argon—acetylene atmosphere was described in Ref. [60]. Optimized
deposition conditions permit to obtain smooth ultrathin MoC layers with
the thicknesses from 5 to 20 nm. The critical temperature decreases
with thinning the samples to 4.1 K for a 5 nm-thick MoC film [60]. The
developed technology permitted to obtain strongly disordered 3 nm-
thick MoC layers where the product of the Fermi wave number k, and
mean free path I, known as the Ioffe—Regel parameter, was close to
unity [61].
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Fig. 10. Calculated superconducting transition temperatures and electron—phonon
coupling strengths A of a-MoC (left) and y-MoC (right) phases. Transition tempera-
tures T, (solid lines) and electron—phonon coupling strengths A (dashed lines) as
functions of doping concentration (negative values correspond to hole doping). The
lower part of the figure demonstrates Fermi-level shifts for corresponding dopings.
Adapted with permission from A. Huang et al., Phys. Rev. Mater., 2, No. 5: 054205
(2018). Copyright 2018 American Physical Society [62]

Using first-principles approaches, the authors of Ref. [62] studied
electronic band spectra of a-MoC and y-MoC compounds and found that
both phases are topologically nontrivial in their bulk and surface band
structures. They showed that o-MoC possesses a nonzero Z, topological
invariant and Dirac surface states. On the other hand, y-MoC is a topo-
logical nodal-line semimetal with drumhead surface states. Moreover,
calculations performed within the virtual crystal approximation predict
that the y-phase of MoC gains superconductivity by hole doping and the
critical temperature can be tuned even higher than 9 K. Therefore, both
phases of MoC can be material candidates for studying the phenomenon
of topological superconductivity.

To investigate the superconductivity and electron—phonon coupling
properties in more details, the authors of Ref. [62] performed system-
atic simulations for the two phases of MoC using the density functional
perturbation theory. They found that one of acoustic phonon bands of
a-MoC becomes imaginary near the X-point. It means that a-MoC is
unstable in its pristine form. The C deficiency effectively lowers the
Fermi level, since the total number of electrons per formula unit de-
creases. This doping by holes removes the imaginary phonon modes and
creates soft acoustic modes around X. At the same time, the lattice is
stabilized in accordance with the experimental data. The soft phonon
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modes couple strongly with electronic states and thus dominantly con-
tribute to the effective electron—phonon coupling in the BCS theory.

Figure 10 demonstrates results of the calculations [62]. The transi-
tion temperature T, = 21.1 K at doping level —0.2 electron per formula
unit (e/f.u.) decreases gradually with the increasing concentration of
the hole doping: T, = 15.7 K for —0.5 e/f.u. hole doping similar to the
experimental value of 14.3 K (Fig. 10, left). Therefore, the structural
instability of a-MoC is responsible for the high superconducting transi-
tion temperature observed in this phase. As the hole doping concentra-
tion increases, soft phonon modes turn to normal ones, the effective
electron—phonon interaction becomes weaker and, consequently T, de-
creases. Unlike a-MoC, the crystal structure of y-MoC is stable in its
pristine form, but superconductivity was not observed in this phase.
Calculations [62] showed that the transition temperature is negligibly
small with or without electron doping. Doping by holes induces super-
conductivity in y-MoC. T, increases rapidly as the hole doping concen-
tration grows and, for instance, T, = 8.6 K at hole doping level of
-0.7 e/f.u. (Fig. 10, right).

5. Amorphous Molybdenum Silicides and Germanides

Amorphous solids are disordered assembles of atoms or larger particles
that nonetheless have a rigid structure. However, unlike crystalline
solids, the rigidity of amorphous solids is not associated with a thermo-
dynamically stable, stress-free microstructure. Starting from first stud-
ies of samples deposited on a cryogenically cooled substrate, amorphous
superconducting materials have been the subject of numerous experi-
mental and theoretical works [63]. Early work established that struc-
tural atomic disorder may promote an increase of the electron—phonon
coupling upon going from the crystalline to the amorphous state. Some
elements, which are poor superconductors in the crystalline phase (Ga
and Bi) or even normal at all, as Be, become superconducting in the
amorphous state. In many cases, the structural disorder enhances super-
conducting properties of nontransition pure metals, which are structur-
ally stable only at very low temperatures [63]. On the contrary, amor-
phous alloys formed by transition metals are stable even during cycling
between ambient and cryogenic temperatures [64—65]. Optimization of
amorphous transition-metal films for specific superconducting applica-
tions is an actual problem of the metal physics.

MoSi and MoGe amorphous superconductors are among highly prom-
ising materials for different applications. Molybdenum silicide with a
composition of Mo, ,:Si, ,s has a bulk T, = 7.5 K and the bulk supercon-
ducting energy gap A ~1.14 meV, the critical current density at 1.7 K
equals to 1.1-2.5 MA - cm 2 (see Table 1 in Ref. [66]). The molybdenum
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germanide properties are very similar: the bulk T, = 7.4 K, the bulk
energy gap A ~ 1.1 meV, the critical current density at 0.25 K equals to
1.2 MA - cm2 (see Table 1 in Ref. [66] and Ref. [67]). Amorphous nature
of both compounds allows for depositing them on a wide range of sub-
strates without degradation of the superconducting material properties
such as critical temperature and critical current density. Indeed, even
for Mo—Si films as thin as 5 nm, T, = 5.5 K [66], for Mo—Ge 7.5 nm-
thick films, it equals to 4.4 K [67]. Therefore, the devices can operate
using relatively cheap, less complex closed-cycle cryogenic systems [68].

Recent studies have identified the important role played by micro-
structure and short or medium-range order in amorphous materials in
determining their physical properties, including superconducting char-
acteristics [69]. By comparing T, data with several theoretical models,
the authors of Ref. [66] found that the room-temperature sheet resist-
ance of Mo—Si films is strongly linked to the resulting T, of the amor-
phous samples. Hence, an adequate description of structural disorder
and its effect on the vibrational spectrum of amorphous metals is cru-
cial for developing a consistent theory of phonon-mediated superconduc-
tivity in such materials. Related modification of the Eliashberg theory
of strong-coupling phonon-mediated superconductivity was proposed in
the recent paper [70]. According to the Anderson theorem, good crystal-
line superconductors are insensitive to nonmagnetic impurities and a
sizable effect of disorder, which becomes apparent in the amorphous
lattice structure, should be related to the excess of soft vibrational
modes. It has been established that the largest part of the vibrational
density of states of amorphous materials is made of ‘diffusons’—excita-
tions (neither plane wave like nor localized vibrational modes) propagat-
ing with a diffusive law due to intense scattering promoted by disorder
[71]. The crossover from ballistic to diffusive transport is of the Ioffe—
Regel type when the phonon wavelength becomes comparable to the
mean free path [72]. As shown in Ref. [71], the low-frequency part of
the Eliashberg function o?F(®) is dominated by the two transverse
modes, and this fact results in the nonmonotonic dependence of the

electron—phonon coupling parameter A =2J.;o a’F(o)o 'do introduced

above on the diffusivity D of vibrational excitations. However, the ex-
cess of low-energy modes causes a decrease of the average phonon en-
ergy (o) upon going from crystalline to granular ordering (see Table 2
in Ref. [71] for respective values). If the latter factor is not too big to
cancel the growth due to increased A, then, an overall enhancement of
T, is possible. The interplay of the two factors can explain the differen-
ce between Pb-based materials, where introducing disorder leads to a
decrease of the T, even though A increases monotonically in the amor-
phous state, and Al, where disorder results in T, enhancement. The
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previous conclusions relate only pure nontransition metals. We believe that
molybdenum silicides and germanides can be an ideal test case for investi-
gating disorder effects in transition-metal superconducting compounds.

6. Conclusions and Prospects

Extensive study of binary compounds has illuminated trends of elemen-
tal reactivity, quantified temperature- and composition-dependent phase
stability, and led to the discovery of a huge number of new metallic
materials. It was found that even small changes in chemical composition
give rise to a wide variety of structures and physical properties [73].
This overview demonstrates that Mo-based binary alloys and intermetal-
lic compounds are a versatile playground for exploring novel physical
phenomena and, at the same time, have a strong potential for practical
applications in superconducting electronics and spintronics. Unfortu-
nately, diffuse, metallic bonding in such compounds presents a chal-
lenge for structure prediction and insight compared to ionically bonded
systems, since, even in binary systems, the number of structures that
has to be analysed is too large. Therefore, new strategies to address
this problem are based on methods that combine modelling the elec-
tronic structure of known intermetallic materials with ab initio struc-
ture prediction algorithms that do not rely on known compounds for
reference.

In the realization of novel metals with advanced physical parame-
ters, the role of external factors modifying solid-state structures and,
as a result, their properties is very important. In particular, the appli-
cation of high pressures provides a tuneable parameter for promoting
reactivity between elements that do not interact at ambient pressure
even at high temperatures. As a result, the properties of the elements
relative to each other are renormalized, leading to reactions that form
novel materials, which appear exotic relative to ambient pressure phas-
es (see Ref. [74] and references therein). The best example is the discov-
ery of numerous new metallic hydrides exhibiting record-breaking su-
perconducting critical temperatures [75].

Let us now refer to recent combined computational and experimen-
tal exploration of the Mo—Bi system, for which no binary intermetallic
structures were previously known [74]. It has been established that the
ambient pressure reactivity of Bi is limited, probably, due to the ex-
treme chemical softness of this heavy element [76]. This behaviour
changes significantly with the application of pressures, and the investi-
gation of high-pressure transition metal-Bi phases reveals rich chemis-
try over a range of pressures. Using the density functional theory-based
random structure searching approach, the authors of Ref. [74] explored
a high-pressure phase space of the Mo—Bi system and predicted stability
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of the stoichiometric compound MoBi, of the CuAl,-structure type above
35 GPa. Related experiments performed in diamond anvil cells con-
firmed experimentally realization of the computationally predicted
CuAl,-type MoBi, structure at 35.8 GPa. This finding reveals a viable
route toward controlling bonding and electronic properties through var-
iation in the transition-metal element identity and indicates that the
CuAl, structure is common in high-pressure Bi systems. The identifica-
tion of two distorted MoBi, phases dynamically stable at ambient condi-
tions via phonon dispersion calculations indicates that the proposed in
Ref. [74] combined computational and experimental approach may be a
promising means for directed synthesis of mixed metal systems with
favourable properties.

This review presented a short overview of already known binary Mo-
based compounds from the viewpoint of their superconducting charac-
teristics. Of course, the range of their possible applications in other
areas is much wider. Moreover, it cannot be ruled out that new binary
Mo-based compounds with exceptional physical and chemical properties
can be created using high pressures, similar to how it was done in the
work [74] cited above. The further progress in this field requires joint
coordinated efforts of experimenters and computational scientists.
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'KuiBchkuii akagemiunnii yuisepcurer HAH Vipainu Ta MOH Vkpaiuwu,
o6ysnbB. Axkagemika Bepuagcskoro, 36; 03142 KuiB, Ykpaina
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OBOKOMIIOHEHTHI CIIOJIVKU MOJIIBAEHY —

IIEPCIIEKTHBHI MATEPIAJIN JIJISI HOBOI ®ISUKN

HAOITPOBIITHOCTU TA ITPAKTUTYHUX 3ACTOCYBAHDb

V miit orsAmoBil cTaTTi migcyMoBaHO HEJaBHINM IPOTPeC y MOCTiIKeHHI HU3bKOTEeMIIe-
PaTypHUX BJIACTUBOCTEI JBOKOMIIOHEHTHHUX CTOIIIB Ta iHTepMeTasieBUX CIIOJYK Ha OC-
HOBi MoJIiGIeHy i3 30cepeIKeHHAM I'OJIOBHMM YMHOM Ha HAJAIPOBIIHUKOBUX XapakKTe-
PHUCTHKAX, 110 BiloOpaskaioTh HOBY (Di3MKy Ta MOKJINBI 3acTocyBaHHs. HaBeneHo eKc-
mepuMeHTaJIbHI faHi, 10 MiATBePAKYIOTH JBOBOHHY /IBOIIIJIUHHY IIPUPOAY DALY HaL-
MpOBiAHUX crIoNyK. CTBEPIIKYEThCS, 1110 JBOKOMIOHEeHTHI cTori Mo—Re i3 mepeBaskHUM
BHecKoM PeHilo mpeicTaB/IAIOTh ileaJbHy Ta PiAKiCHY TeCTOBY CUCTEMY, B SKiil cIIo-
JYKU 3 pisHUMU cuiBBigHOmmeHHAMU Re/Mo MOXYTh OyTH AK EHTPOCUMETPUUYHUMU,
TaK 1 HEIIEHTPOCUMETPUUHUMHU, 1[0 B OCTAHHBOMY BUIIAAKY IMIPU3BOAUTE 0 MOKJINBO-
ro 3MiIIaHOTO HAAMPOBigHOro cuaproBanHsd. IIpomemoncTpoBano, 1o a8i MoC-dasu, —
a-MoC i y-MoC, — e TomoJioriuHO HETPUBiaJbHUMU IIOAO IXHiX 006’€MHUX i ITOBepX-
HEBUX 30HHUX CTPYKTYP, ToAi AK amopdHi Hagmposigauku MoSi i MoGe € ogauMu 3
MEePCIIeKTUBHUX MaTepiasiB [jid PisHUX HAANPOBIAHUKOBUX 3aCTOCYBaHBL. 3aBepIIly-
€TbCA OTJIAA KOPOTKUM OOTOBOPEHHSM HOBUX TEHIEHIiN Y KOMII IOTePHOMY MOJEJIO-
BaHHI CTPYKTYpPHU Ta BJIACTHUBOCTEH NBOKOMIIOHEHTHUX CIIOJYK 3 BUKOPUCTAHHAM SK
NIpUKJIafy HellloZaBHO BiIKPHUTOI cTexiomeTpuuHoi cnoayku MoBi,, a Tako:x MoKIu-
BOCTEH 3aCTOCYBAHHSA BXK€ BiJoOMUX i IIle JOCHiAKyBaHUX HAAIPOBiAHMKIB Ha MOJIiO-
IeHOBili OCHOBI.

KiarouoBi cioBa: cmosyku Ha OCHOBiI MOJiOAeHYy, HAAIPOBIAHUKOBI BJIACTUBOCTI, ABO-
30HHI/ABOIIiIMHHI MaTepiaju, TOIOJOTIUHO HeTpWBiasbHiI (ha3m, HAAITPOBITHUKOBI
3aCTOCYBaHHs. U HAAMPOBIAHOCTA Ta IPAKTUUYHUX 3aCTOCYBaHb
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