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In this work, we have investigated the elastic and mechanical properties, electronic band structure, lattice
dynamics, and electron-phonon interaction in four ternary transition metal borides MosPB,, MosSiB,, W5SiB,,
and MosGeB, by executing systematic ab initio calculations based on density functional theory within the
generalized gradient approximation. The calculated elastic constants and elastic moduli for MosSiB, agree well
with available experimental data. The calculated elastic constants and phonon dispersion relations show that
all the considered borides are mechanically and dynamically stable. The electronic density of states near the
Fermi level of these compounds is dominated by the transition metal d orbitals, which leads to low-frequency
phonon modes arising from the vibrations of transition metal atoms being more strongly involved in the process
of scattering of electrons rather than high-frequency phonon modes arising from the vibrations of lighter other
two atoms. Our electron-phonon interaction calculations reveal that the electron-phonon coupling strength of
MosPB,; is the strongest with a value of 0.959 among all the studied compounds, which in turn yields a
superconducting transition temperature (7;.) value of 9.527 K, being higher than the 7, values of MosSiB,
(5.845 K), W;5SiB, (5.931 K), and MosGeB, (6.193 K). All these 7. values harmonize with their respective

experimental values of 9.2, 5.8, 5.8, and 5.8 K, indicating the reliability of our ab initio calculations.
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I. INTRODUCTION

Transition metal borides have always been at the center
of scientific research, which is due to their heat-resistant
nature, high melting points, high hardness, good electrical
and thermal conductivities, and low coefficient of friction [1].
Because of these properties, such materials are widely used
in cutting tools, heat resistant crucibles, wear-resistant coat-
ings, solar panels, permanent magnets, and materials resistant
to oxidation at high temperatures [2-16]. Ternary borides
with 512 stoichiometries of MsXB, (X = P, Si) are the
most interesting subgroup among the transition metal borides.
These ternary compounds contain 3d transition metals from
V to Co, 4d transition metals Nb and Mo, and 5d transi-
tion metal W. For example, MnsSiB, and MnsPB, exhibit
ferromagnetic behavior with their Curie temperatures close
to room temperature [7,8]. In addition, FesSiB, and FesPB,
are reported to be uniaxial ferromagnets with their high
Curie temperatures and have been investigated as potential
permanent magnets [13,14]. Above all, the discovery of su-
perconductivity in MgB, at 39 K [17] encouraged researchers
to find new superconductors containing boron. MosSiB, was
found to be superconducting at 5.8 K in 2011 [18]. Before
the discovery of superconductivity, the structural, elastic, and
mechanical properties of MosSiB, material were experimen-
tally investigated by different groups [19-22]. Experimental
studies [19,20] on mechanical properties have revealed that
this superconductor is durable and ductile. MosSiB; is thus
a promising material for technological applications. However,
because their brittle nature, high-temperature superconductors
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are not widely used in technology [23,24]. Above all,
the superior mechanical properties and machinability of
MosSiB; enable it to be used in high temperature applications
[10,16,25]. Later it was determined that W5SiB, also has a
CrsBj crystal structure, and it also shows superconductivity
around 6 K [26]. The observation of superconductivity in
W;SiB; is technologically interesting because it is resistant
to thermal shock and is a good thermal conductor. Observing
superconductivity in different samples of compounds with
CrsBj; type and the 5:1:2 elemental ratio has shed light on the
production and study of this new type of superconductors in
recent years. Experimental studies for one of these materials,
MosPB,, have shown that it is superconducting at 9.2 K [27].
This temperature is the highest superconductivity transition
temperature for compounds belonging to this group. Another
experimental study [28] conducted in 2020 confirmed that
this compound is a multigap superconductor. These experi-
mental studies show that when the P atom replaces the Si
atom with four valence electrons in MosSiB, with five va-
lence electrons, the superconductivity transition temperature
increases by about 4 K. In order to determine the physics
behind this temperature increase, the electronic, phonon and
electron-phonon interaction of these materials must be stud-
ied theoretically and the physics of the superconductivity
mechanism must be determined. In 2021, Xu and coworkers
prepared polycrystalline MosGeB, by replacing the Si atom in
MosSiB, with the heavier Ge atom. This group has measured
this material’s electrical conductivity, magnetization, and heat
capacity and shared its superconductivity parameters with the
scientific world. According to this experimental study [29],
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MosGeB; is a type II superconductor with a transition temper-
ature of 5.4 K. In another experimental study [30] conducted
in 2021, the transition temperature of this superconductor was
determined as 5.8 K, equal to the experimentally measured
transition temperature of MosSiB,. This result signals no
significant change in the superconductivity transition temper-
ature with the replacement of Si and Ge atoms with the same
valence electrons.

Experimental discovery of superconductivity in transition
metal borides with CrsBj tetragonal crystal structure triggered
theoretical studies on them. As far as we know, the first
theoretical work on these superconductors is the examination
of the electronic structure of W5SiB, by using the density
functional theory [26]. This theoretical study reveals that the
electronic states near the Fermi energy are mainly dominated
by the d electrons of the transition metal atom, signaling that
they play a crucial role in the formation of superconducting
state for W5SiB,. The second theoretical study we encoun-
tered has been carried out on the thermodynamic properties
of MosSiB, using the generalized gradient approximation
(GGA) of the density functional theory [31]. This theoretical
approach was used in the work of McGuire and Parker in
2016 to examine the electronic band structures of MosPB,
and MosSiB, compounds [27]. The experimental determi-
nation of the elastic and mechanical properties of MosSiB;
triggered theoretical studies on it. Aryal and coworkers [32]
have investigated the mechanical, elastic and vibrational prop-
erties of this compound by using the generalized gradient
approach, and the calculated mechanical results are found
to be in agreement with the experimental data [19,20]. In
2020, the elastic, mechanical and electronic properties of
MosSiB, have been also studied by Pan and Pu [33]. This
theoretical research has once again confirmed that this su-
perconductor is durable and ductile [33]. In addition to the
electronic properties of MosSiB,, the electronic properties
of MosPB,, which has the highest transition temperature in
this group, have been analyzed with the GGA approach and
it is found that the electronic density of states at the Fermi
level is mainly dominated by Mo 4d electrons. Another su-
perconducting compound whose electronic properties have
been studied theoretically is MosGeB,. This GGA work [29]
emphasized that six electronic bands traversed the Fermi level
and as a result, MosGeB, has metallic character. Naher and
co-workers [34] have investigated a large number of hitherto
unexplored properties of MosPB, in details, such as elastic,
electronic, thermophysical, bonding and optoelectronic prop-
erties. According to this theoretical study [34], this compound
is machinable, ductile and possesses significant hardness. In
2022, the variation of the mechanical properties of MosSiB;
with pressure have been examined by using the GGA method
and it is noted that the values of both the bulk modulus and
the shear modulus increase with pressure [35].

Although the above literature research shows that CrsSis3-
type superconductors, which have the superior properties of
both metals and ceramics, have been kept up-to-date since the
day they were discovered, their electron-phonon interaction
properties have not been systematically examined. However,
it is a notable deficiency that the electron phonon properties of
these materials have not been studied because when studying
systems in the metallic state, many physical properties, such

as electrical and thermal resistivities, thermal expansion, and
superconductivity, seem to be governed by phonons and their
interactions with electrons. Thus, in this study, it is planned
to systematically examine the physical and electron-phonon
interaction properties of MosSiB,, MosGeB,, MosPB,, and
WsSiB, (All is abbreviated as TsXB, in this paper) su-
perconductors, thus determining which phonon modes play
important role in the transition from the normal state to the
superconducting state. First, we have realized first-principles
calculations on the structural and electronic properties of these
superconductors by using a generalized gradient approxima-
tion of density functional theory [36,37]. Their structural
and electronic properties are determined and compared with
each other in detail. Secondly, we have performed a detailed
investigation on the elastic properties of these superconduc-
tors by using the influential stress-strain method [38]. Thus
the calculated elastic constants of MosSiB, are interpreted
by comparing them with the experimental data. Thirdly, the
isotropic bulk modulus, the isotropic shear modulus, Pois-
son’s ratio, and Young’s modulus for these superconductors
are determined by using the values of calculated elastic con-
stants with the help of the Voigt—-Reuss—Hill (VRH) scheme
[39-42]. Afterwards, the strength and ductility of the exam-
ined superconductor using these elastic moduli are determined
and discussed them in detail. Fourthly, due to the significant
role of phonons in the formation of Cooper pairs, we have
conducted phonon calculations on these superconductors by
utilizing the density functional perturbation theory within the
linear response approach [36,37]. Afterwards, the calculated
phonon dispersion curves as well as the phonon density of
states for these superconductors are compared between each
other in detail. In the final step of this theoretical calcu-
lation, electron-phonon interaction calculations for all the
examined compounds have been performed by combining the
linear response approach [36,37] and the Migdal-Eliashberg
approach [43,44]. Afterwards, the calculated Eliashberg func-
tions of examined superconductors are compared in detail
with their electronic and phonon density of states and thus
it will be determined from which phonon modes and which
electronic orbitals the superconductivity mechanism orig-
inates. Furthermore, the Eliashberg spectral functions of
these superconductors have been used to calculate their
electron-phonon coupling parameters and their logarithmic
average of phonon frequencies. Using these physical quan-
tities, their superconducting transition temperatures are deter-
mined and compared with their corresponding experimental
values.

The rest of this study are organized as follows. In the next
section we shall briefly report the method and parameters
we employed in our ab initio calculations. In continuation
we elucidate our electronic results, concentrating on the elec-
tronic band structure, electronic density of states, and Fermi
surfaces. These results are followed by a detailed analysis
of elastic and mechanical properties, focusing on the me-
chanical stability, hardness, ductility and machinability of
the studied compounds for their possible technological ap-
plication. Following that, we report our results for phonon
and electron-phonon interaction properties, focusing on the
phonon spectrum, phonon density of states and the Eliashberg
spectral function. Finally, we summarize our work.
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II. THEORY

The ab initio structural optimizations, elastic constants,
electronic band structures and density of states calculations
are based on density functional theory (DFT) [45,46] with
the generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof [47]. The calculations have been performed
by using the plane-wave pseudopotential method, as im-
plemented in the QUANTUM ESPRESSO simulation package
[36,37]. The electron-ion interaction is described by the ultra-
soft pseudopotentials of Vanderbilt-type [48]. The plane-wave
cutoff energy is set to 60 Ry for all the studied borides
while the electronic charge density is expanded up to 600
Ry. The Kohn-Sham equations [46] have been solved using
an iterative conjugate gradient scheme, employing a set of
Monkhorst-Pack special k points [49]. For the Brilllouin zone
(BZ) integration, the Gaussian method is utilized with a I"-
centered k-point mesh of (8 x8x8) for the ab initio structural
optimizations. The electronic properties are investigated by
using a denser k-point mesh of (24 x24x24).

We have calculated the phonon dispersion relations and
phonon density of states using the ab initio density functional
perturbation theory (DFPT) as implemented in the QUANTUM
ESPRESSO simulation package [36,37]. Since phonon structure
calculations are much more time consuming than electronic
structure calculations, thirteen dynamical matrices on the
(4x4x4) Monkhorst-Pack grid are calculated. Then, through
double Fourier interpolation, real space inter-atomic force
constants are obtained from these dynamical matrices and
utilized to compute the phonon dispersion relations as well
as phonon density of states. The electron-phonon interaction
properties have been analyzed based on the density functional
perturbation [36,37] and Eliashberg theories [43,44]. For su-
perconductors with the dominant electron-phonon interaction,
the superconducting properties can be examined through cal-
culating the Eliashberg spectral function a>F (), being given
as

1 .
"1 5w — wy)), (1)
o oy

where N(Er), y4; and wy; refer to the electronic density of
states at the Fermi level, the phonon linewidth due to electron-
phonon scattering, and the phonon frequency of branch index
j at wave vector ¢, respectively. The strength of the electron-
phonon coupling in a superconductor is measured by the
electron-phonon coupling constant (), which can be derived
from the Eliashberg spectral function (aF (w)) via the Allen-
Dynes formula [50-52]
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Now, the logarithmically averaged phonon frequency (w;,,)
can be calculated using A and the «?F (w) function with the
following formula:
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Finally, using the calculated A and wj,, we can esti-
mate the superconducting transition temperature 7. via

McMillan-Allen-Dynes formula [50-52]
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Here, u* is the averaged screened electron-electron interac-
tion, and its value remains between 0.10 and 0.20 [50-53]. In
our calculations, the value of u* is taken to be 0.16.

III. RESULTS AND DISCUSSION

A. Structural and electronic properties

The crystal structure of the studied ternary borides is
displayed in Fig. 1. All the investigated compounds with
the formula of TsXB, exist in the body-centered tetrago-
nal CrsBs-type crystal structure, with space group No. 140
(I4/mcm) and two formula unit per primitive cell. There are
four inequivalent atomic positions: two T1 atoms (Mo or W)
at (4c) site (0, 0, 0), eight T2 atoms (Mo or W) at (161) site
(X12, Xr2+1/2, 272), two X atoms at (4a) site (0, 0, 1/4), and
four B atoms at (8h) site (xg, xg+1/2, 0), where (X7, and z77)
and xp are the internal coordinates of T2 and B atoms, respec-
tively. Clearly, the crystal structure is governed by two lattice
parameters (a and c) and three inner coordinates (X732, Z72,
and xp). At the first stage of our first principles calculations,
the full structural optimization of all the studied compounds
has been performed both over the lattice parameters and the
atomic positions including the internal coordinates. Therefore
the equilibrium values of volume, lattice parameters (a and c¢)
and inner coordinates (X7, Zr2, and xp) for all the studied
compounds are determined. Having determined the equilib-
rium volume, the total energies are calculated as a function
of volume and fitted to Murnaghan equation of state [54]
to obtain the bulk modulus (B), and its pressure derivative
(B'). The obtained values of volume (V), lattice parameters
(a and c¢), inner coordinates (X2, Z72, and Xg), bulk modu-
lus (B), and its pressure derivative (B’) of each compounds
are presented and compared with previous theoretical results
[33,34] and available experimental data [18,21,22,26,27,29]
in Table I. In general, the calculated values of volume, lat-
tice parameters and inner coordinates for all the investigated
compounds agree satisfactorily with their experimental values
[18,21,22,26,27,29]. In general, the calculated lattice param-
eters of all the studied compounds are slightly larger than the
experimental lattice constants, which is a typical error of the
application of the GGA scheme. In general, Table I indicates
that all the studied borides are hard compounds with their bulk
moduli being larger than that of a hard compound sapphire
(BA29s = 246 GPa), implying that they are incompressible
compounds [55]. In particular, the bulk modulus of WsSiB,
is only about 20% lower than that of a superhard compound
cubic boron nitride (B2 = 369 GPa) [56].

The electronic structures of the examined TsX B, materi-
als are shown in Fig. 2. A total of six bands cut the Fermi
level in all the materials examined. This is in agreement
with previous studies [27,28]. Of these, the band with the
lowest energy is shown in color magenta, while the band
with the highest energy is shown in brown. With reference
to the Fermi energy, these bands are spread between —1.0 and

144524-3



S. BAGClI et al.

PHYSICAL REVIEW B 109, 144524 (2024)

—
=

X @

0000
N

FIG. 1. The body centered crystal structure of all the studied borides and the Brillouin zone of body-centered tetragonal lattice. T1 and

T2 = Mo or W and X= Si, Ge, or P.

0.9 eV for MosGeB,, —1.1 to 1.1 eV for MosPB,, —1.1 to
1.0 for MosSiB;, and —1.3 to 1.1 for W5SiB,. The material
with the widest bandwidth is W5SiB, with AE =2.4eV.
While MosGeB, and W5SiB, do not have bands that cut off
the Fermi level in the N-P direction, some bands do so for
MosPB, near the P point in this direction and for MosSiB,
near the N point. Since the electron-phonon interaction is
sensitively influenced by the Fermi surface topology [57,58],
it would be a good idea to investigate these surfaces. The
Fermi surfaces resulting from these bands are created via the
XCRYSDEN software [59] and are shown in Fig. 3. The Fermi
surfaces formed by the magenta band nest in the direction N-P
with a similar complex structure for MosGeB,, MosPB,, and
W5SiB,, while the MosSiB, compound shows a nesting in the
direction of I'-X. The nesting blue and cyan bands in the I'-Z
direction is expected to contribute to electron scattering. Both
bands form closed curves around the I' point. Green bands
form closed curves around the point Z while slotting in the
I'-Z direction and the Z-G1 direction which could enhances
the electron-phonon interaction.

The total and partial state densities (DOS) of the com-
pounds studied are shown in Fig. 4. The data obtained from
these figures also agree with the previous values [27,28]. The
valence for the MosGeB, compound can be examined in three
bands of the DOS region. However, since BCS theory states
that Cooper pairs are formed by electrons whose energies are
close to the Fermi level, we will only focus our attention
around this level. As can be seen from Fig. 4, the near-Fermi
DOS of MosGeB, shows a dominance of Mo 4d shell. The
Fermi level DOS value (N(EF)) for this compound is found to
be 10.74 states/eV, 90% of which comes from the 4d shell of
the Mo atom. As a result, we can say that the superconductiv-
ity of this compound is governed by Mo 4d electrons because
of their dominance around the Fermi level.

Similar to MosGeB,, the valence band spectrum of
MosPB; and MosSiB, can be examined in three parts
(see Fig. 4). In agreement with MosGeB,, the most significant
contribution to the Fermi level of the compounds MosPB,
and MosSiB, comes from the 4d shell of the Mo atom. The
ratio of this contribution to N(E), which has a value of 10.70

TABLE I. The calculated values of volume (V), lattice parameters (a and ¢) and inner coordinates (Xr2, zr2, and xp) for all the studied
compounds and their comparison with previous experimental and theoretical results.

Superconductor vV (AY) aA) c(A) 7 Xz B (GPa) B
MosPB, 199.505 5.988 11.128 0.16620 0.14009 0.61858 275.10 4.29
Experimental [27] 197.578 5.973 11.076 0.16593 0.14102 0.61840

GGA [34] 197.272 5.970 11.070 0.16590 0.1410 0.6180

MosSiB, 202.899 6.042 11.116 0.16426 0.13912 0.62117 268.90 4.51
Experimental [21] 198.354 5.998 11.027 0.16530 0.1388 0.62500

Experimental [22] 201.003 6.027 11.067 0.16411 0.13981 0.62158

Experimental [18] 198.462 6.001 11.022

GGA [33] 199.437 6.013 11.032 0.1653 0.1388 0.6653

Mos;GeB, 207.601 6.099 11.162 0.15957 0.13690 0.62678 254.90 5.01
Experimental [29] 205.214 6.075 11.121 0.16188 0.13834 0.63577

W5SiB, 204.909 6.093 11.039 0.16031 0.14056 0.62837 302.00 4.83
Experimental [26] 200.760 6.034 11.028
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FIG. 2. The calculated electronic structure of all the studied compounds.

states/eV for MosPB, and 10.40 states/eV for MosSiB,, is
91% for the MosPB, compound and 87% for the MosSiB;
compound. As can be seen, in MosXB, compounds, when
the Si atom comes in place of X, the valence band spectrum
gradually narrows and disappears between the gaps. When the
P atom is substituted for X, the energy range expands, and the
separation between the bands becomes apparent.

A different DOS graph is obtained for the W5SiB, com-
pound than in the compounds previously studied. The gaps
that are narrow in the MosSiB, compound disappear with
the substitution of the W atom in the Mo place, resulting in
a gapless valence band spectrum. This band, which starts at
—12.8 eV, is dominated by the W 6p orbitals up to —9.2 eV,
while after this value, the contribution from the W 5d shell
gives the largest contribution to the whole DOS. The W 5d
shell also closes the gap between the separated bands, which
could be seen in the previously mentioned Mo-based com-
pounds. The N(Er) value for WsSiB, is calculated as 8.63
states/eV, and 86% of the N(EF) value comes from the W 5d
shell. According to BCS superconductivity theory, the Cooper
pairs are formed by the free electrons with the energies near
the Er. Hence, it could be said that the studied compounds
show superconductivity due to the d shells of Mo and W
atoms.

B. Elastic and mechanical properties

The elastic constants presented here are obtained from the
application of the linear finite strain-stress method as imple-
mented in the THERMO,,, code [38]: a set of small strains
is applied to the crystal lattice, and then the lattice, includ-
ing the atoms, relaxed to determine the corresponding stress.
Later on, single-crystal elastic constants are deducted from
the determined strain-stress relations. A tetragonal system
has six independent second-order elastic constants, which
are Cy1, C1a2, Ci3, C33, Cyy, and Cgs. Their calculated val-
ues for all the compounds under study are presented in
Table II, together with available experimental and GGA re-
sults for MosSiB; [20,33] and previous the GGA results for
MOSPBz [34]

First of all, the calculated values of second-order elastic
constants for MosSiB, are in satisfactory accordance with
their experimental values [20] with reduction no more than
7%. Second, our calculated results for MosSiB, and MosPB,
are comparable with previous GGA results [33,34]. Third, our
results presented for the second-order elastic constants of two
remaining superconductors in Table II are totally new and
must be treated as predictions since there are no experimental
or theoretical counterparts available at this moment to our
knowledge.
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FIG. 3. The calculated Fermi surfaces of all the investigated compounds.

Ci1 and Cs3 represent the resistance to linear compres-
sion under stress along the x-axis and z-axis directions,
respectively while Cy4 and Cg can be related to shear
deformation. For all the studied compounds, the elastic
constant Cj; has a larger value than the elastic constant
C33, signaling that the deformation resistance along [100]
direction is higher than [001] direction. Furthermore, for
all the investigated compounds, the elastic constants Ca4

and Cec are significantly lower than the elastic constants
Ci1 and Cs3, indicating that the compression resistance of
studied compounds is higher than their resistance to shear
deformations.

The confirmation of mechanical stability is essential for
studying the mechanical properties of a compound. Me-
chanical stability of a tetragonal compound requires that
its independent elastic constants must satisfy the following

144524-6
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FIG. 4. The calculated density of states of all the studied borides.

Born’s stability criteria:
Ci1 >0, C33>0, Cyg >0Cq6 >0,
(Ci1 —C2) > 0, (C11 +C33 —2C13) > 0,
(2C11 +2C12 + C33 +4Cy3) > 0.

The dynamical stability of a crystalline compound can be
judged by analysing its shear constant [C’ = (C}; — Cy2)/2].
When its value becomes positive, the compound is dynami-
cally stable, otherwise it is dynamically unstable. As can be
extracted from Table II, the shear constant of all the studied
compounds takes only positive value, indicating that they are

It can be seen that all the studied compounds are mechanically
stable in their CrsBs-type crystal structure because their cal-
culated elastic constants meet the above mechanical stability

all dynamically stable. The Cauchy pressure is assumed to
determine the bonding nature in a compound depending on
its value (either positive or negative). Its negative value points

criteria. toward covalent bonding with brittle nature, while its positive

TABLE II. The calculated values of second order elastic constants (in GPa) for all the studied compounds, together with available
experimental results for MosSiB, and previous GGA results for MosSiB, and MosPB,.

Sl,lpeI'COIldllCtOI' C1 1 C12 C13 C33 C44 C66
MosPB, 460.43 172.50 215.65 361.42 135.03 134.48
GGA [34] 478.70 168.93 206.31 379.68 142.86 138.38
MosSiB, 467.00 162.17 195.11 388.92 162.53 137.52
Experimental [20] 480 166 197 415 174 143
GGA [33] 483 165 188 398 172 152
W;SiB, 487.83 183.33 233.25 454.36 183.21 125.68
MosGeB, 427.06 157.79 198.58 344.38 150.89 115.08
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TABLE III. The calculated values of isotropic bulk modulus Byry, shear modulus Gygy, Young’s modulus E (all in GPa), By /Gy ratio,
Poisons’s ratio o and hardness H (in GPa) for all the studied compounds calculated from the corresponding second order elastic constants C;;.

Superconductor By Bgr By Gy Gr Gy E By /Gy o H

MosPB, 276.65 275.25 275.95 126.14 120.71 123.43 322.22 2.236 0.305 18.936
GGA [34] 277.80 276.35 277.07 135.19 131.40 133.30 344.63 E 2.083 0.290 20.682
MosSiB, 269.75 269.02 269.39 143.89 139.90 141.89 362.09 1.898 0.276 22.201
Experimental [20] 277 151 383 1.834 23.813
GGA [33] 271 152 384 1.78 0.385 23.998
W5SiB, 303.29 303.20 303.25 150.43 144.01 147.22 380.13 2.059 0.291 23.144
MosGeB, 256.49 255.67 256.08 126.28 119.25 122.77 327.52 2.086 0.293 18.820

value corresponds to metallic bonding with ductile nature
[60]. Different from a cubic system, there are two Cauchy
pressures Cjp» — Cgg and Cy3 — Cyq for a tetragonal system. As
can be derived from Table II, both Cauchy pressures of all the
studied compounds have positive values, indicating the dom-
inating nature of metallic bonding and the ductile nature for
them. The ductile nature of these ternary compounds is excel-
lent information for their possible technological applications
because the brittle nature of high temperature superconductors
prevents them from being widely used in technology [23,24].

The calculated values of second-order elastic constants
have been used to get the isotropic bulk modulus (Byry) and
the isotropic shear modulus (Gyry) in the framework of the
Voight-Reuss-Hill (VRH) approximation for polycrystalline
aggregates [39—42]. Then, the Young’s modulus (£) and Pois-
son’s ratio (o) are also determined by using the following
equations:

9By Gy
il 5
3By + Gy )

3By — 2G,
_ H H (6)

o= — "=
6By + 2Gy

Our GGA results for the values of bulk modulus Byry, shear
modulus Gyry, Young’s modulus E(all in GPa), By /Gy ratio
and Poissons’s ratio o for all the studied compounds are tabu-
lated in Table III, together with available experimental results
for MosSiB, and previous GGA results [34] for MosPB,.
The calculated values of By, Gy, and E for MosSiB, are
slightly smaller than their corresponding experimental values
with the maximum variation of 6% for Gg. Furthermore, our
GGA results compare very well with previous GGA results
for the elastic moduli of MosPB,;. Although previous results
are not available for the other two superconductors, a com-
parison of Tables I and III reveals that the calculated bulk
moduli of all the examined compounds determined from the
total energy minimization and from the elastic constants have
almost the same values which also gives a further support
for the validity of our theoretical calculations. The calculated
elastic moduli signal that all the borides are hard compounds.
In particular, the calculated bulk modulus (B) and the shear
moduli (G) of all the studied borides are comparable to those
of several hard compounds, such as ZrC (223 GPa, 116 GPa),
VN (268 GPa, 159 GPa), NbN (315 GPa, 156 GPa), B4,C
(247 GPa, 171 GPa), and Al,O3 (246 GPa, 162 GPa) [55].
The two main mechanical parameters of polycrystalline com-
pounds are bulk and shear moduli. The bulk modulus (B) is

the main tool to evaluate the mechanical behavior of solids as
it reflects the ability of solids to resist volume, while the shear
modulus (G) reflects the resistance of compounds against
shape change caused by a shearing force. Therefore the results
presented in Table III suggest that the considered ternary
compounds are more resistive to volume compression than
shear, due to the fact that By > Ggy. The Young’s modulus
(E) of a compound is identified as the ratio of linear stress to
linear strain and can then procure useful information about its
stiffness. The calculated Young’s moduli (E) of the examined
compounds are above 320 GPa, and consequently, they can
be classified as relatively stiff compounds. In particular, the
calculated bulk modulus, shear modulus and Young’s modulus
of W5SiB, are larger than those of the remaining compounds,
implying that this compound exhibits stronger deformation
resistance and high elastic stiffness in comparison to other
studied compounds. This result is expected because the cal-
culated elastic constants of W5SiB, have larger values than
their corresponding values for the remaining compounds
(see Table II).

Now we investigate the brittle or ductile behavior of the
studied superconductors for their possible technological ap-
plication. Based on the Pugh rule [61], the brittle-or-ductile
behavior of a compound can be designated by the ratio of
the bulk modulus to the shear modulus (By/Gg). If this ra-
tio is greater than its threshold value of 1.75, a compound
demonstrates ductility, in contrast if this ratio less than its
limit value, a compound shows brittleness. As can be seen
from Table III, the calculated By /Gy ratios for MosSiB,,
W;SiB,, MosGeB,, and MosPB, are 1.898, 2.059, 2.086, and
2.236, respectively, which are above than the limit value. As
a consequence, we can state that all the studied compounds
are ductile, with MosPB, being the most ductile. In addition
to two Cauchy pressures and Pugh’s ratio, the brittleness and
ductility of compounds can be also defined by using Poisson’s
ratio [62]. If this ratio is smaller (larger) than 0.26, the me-
chanical property of the material is dominated by brittleness
(ductility). Since Poisson’s ratio values given in Table III are
larger than 0.26, all the studied compounds possess ductile
characteristic in agreement with the observations made by the
analysis of two Cauchy pressures and Pugh’s ratio. Poisson’s
ratio can also be used to identify the nature of interatomic
forces in solids. If the value of this ratio stays between 0.25
and 0.50, compounds can be classified as central force solids;
otherwise, they are known as noncentral force solids. Since
Poisson’s ratio values presented in Table III fall between
these boundary values, the central forces of atoms ensure
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TABLE 1V. Calculated results for the universal anisotropic index (A"), percent anisotropy (Ap, Ag), transverse (Vr), longitudinal (V.),
average (V)) elastic wave velocities, and Debye temperature (®p) of all the studied superconductors. Previous experimental and theoretical

results are also included for comparison.

Superconductor AY Ap Ag Vr (m/s) Vi (m/s) Vi (m/s) ®p (K)
MosPB, 0.2300 0.0025 0.0219 3732.27 7051.02 4160.91 534.21
Experimental [27] 501
GGA [34] 0.1495 0.0026 0.0142 4879.50 9013.06 5398.62 429.09
MosSiB, 0.1453 0.0014 0.0141 4046.64 7274.77 4046.64 574.08
Experimental [18] 515
GGA [33] 4182.30 7382.90 4650.70 594.0
W;5SiB, 0.2232 0.0001 0.0218 3062.01 5640.36 3404.73 433.25
Experimental [26] 470
MosGeB, 0.2979 0.016 0.0286 3656.72 6761.72 4065.39 515.08
Experimental [29] 477
stability in all the studied superconductors which matches Gy —Gg 9
with their metallic character. Finally, the ratio of the bulk mod- Ac = Gy + Gy’ ©)

ulus By to the elastic constant Cyg (U = By /Cyq) is known
as the machinability index of a compound [63]. According to
the definition of this index, high overall strength combined
with low shear resistance induces good machinability and
better dry lubricity. As can be derived from Tables II and
III, our calculations produce large values of p for all four
ternary compounds, indicating good machinability for them.
This is once again good information for their possible tech-
nological applications. Finally, hardness (H) is an important
elastic property which is responsible for wear behavior of
compounds [64]. The hardness H of all the studied compounds
can be estimated by H = 0.1769Gy — 2.899 [64]. Table III
demonstrates that W5SiB, has the strongest hardness followed
by MosSiB,, MosPB, and MosGeB,. Importantly, the hard-
ness H of all the studied borides is comparable to that of
several hard compounds, such as SiC (28 GPa), ZrC (27 GPa),
NbC(23 GPa), VN (15 GPa), NbN (14 GPa), and sapphire
(A1,03) (22 GPa) [55]. Our theoretical calculations on the
elastic and mechanical properties of MosSiB,, Mos;GeB,,
MosPB,, and W5SiB, thus bring to light that they exhibit
a matchless combination of high hardness and significant
ductility due to their large elastic moduli and considerably
positive Cauchy pressures. This observation is very interesting
because several conventional superconductors suffer from the
problem of low stiffness, which withholds them from a wide
range of applications. In view of this, high mechanical stiff-
ness in combination with significant ductility makes all the
examined compounds promising candidates for the protection
of cutting and forming tools.

Elastic anisotropy affects a variety of physical processes in
compounds. Some of these processes comprise the growth of
plastic deformation and the creation of microcracks in materi-
als. Several anisotropic indexes are available in the literature
but we prefer the universal anisotropic index (AY) and the
percent of anistropy indexes (Ap and A ), being given via the
following equations:

Gy By

AV =521+ 2 _6>0, 7
GR+BR - @
By — By

Ap = ——, 8

5= B B (8)

The calculated values of AV, Ap, and A for all the com-
pounds understudy are listed in Table IV. The anisotropy
index factor becomes zero when the compound is completely
isotropic while a deviation from zero marks the degree of
anisotropy. For all the studied compounds, the value of Ag is
significantly larger than that of Ag which is due to a consider-
able difference in the values of Gy and Gg. This difference
influences the value of AY which is a much better pointer
for mechanical anisotropic properties. According to their AY
values given in Table IV, all the examined superconductors
are elastically anisotropic.

The Debye temperature (®p), a characteristic temperature,
can be utilized to judge many physical properties of com-
pounds, involving thermal expansion, thermal conductivity,
lattice vibrations, melting temperature, and specific heat. It
is also connected to the superconducting transition tempera-
ture and the electron-phonon coupling constant in the case of
superconductors [53]. The Debye temperature of a compound
linearly depends on the averaged sound velocity (Vj,) with the
following equation [65]:

op = (M), (10)
P k\dr )"

where h, k, n, Ny, M, and p represent the Planck’s constant,
Boltzmann’s constant, the number of atoms in the molecule,
Avogadro’s number, the molecular weight and the mass den-
sity of the compound, respectively. The value of Vj; can be
calculated by the help of transverse and longitudinal acoustic
velocities (Vra and V) [65]:

1/2 1\1'?
V= | = =+ — , 11
u [3<V£’+V£>] (o
3B 1/2
VL:<L4GH) ’ (12)
3p
G\ /2
VT=<—H> , (13)
P

The calculated values of Vy, Vi, Vy, and ®p for all
the studied compounds and their comparison with existing
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experimental [18,26,27,29] and theoretical [34] results are
summarized in Table IV. The Debye temperatures of all
compounds examined are consistent with their experimental
values [18,26,27,29]. Good agreement with experiment con-
firms the reliability of this theoretical study. At the same
time, there is a physical explanation for this satisfactory har-
mony because at low temperature the vibrational excitation
arises merely from acoustic modes and the long-wave acoustic
phonon spectrum is profoundly associated with the elastic
constants. In general, a higher Debye temperature signals
a higher thermal conductivity [66]. According to Table IV,
among all the investigated superconductors, MosSiB, has the
highest Debye temperature of 574.08 K which indicates rela-
tively high thermal conductivity in MosSiB,.

C. Phonons and electron-phonon interaction

It is well known that superconductivity in terms of the
BCS model relies on the coupling of electrons to lattice vi-
brations, which makes the knowledge of the lattice dynamics
very important for superconductors. Therefore, to identify the
underlying pairing mechanism of superconductivity, we have
performed phonon and electron-phonon calculations using the
density functional perturbation theory.

The calculated phonon dispersion relations for MosSiB,
are displayed in Fig. 5(a) while associated total and partial
phonon density of states (DOS) are plotted in Fig. 5(b). The
unit cell of each studied compounds has 16 atoms and thus
there are 48 phonon branches. All the phonon branches of
this compound have positive frequencies, meaning that it is
dynamically stable in its body-centered tetragonal CrsBj3-type
crystal structure. The phonon dispersion spectrum can be
divided into seven regions separated by six gaps of 3.01,
0.71, 0.87, 0.09, 0.87, and 0.94 THz, respectively: part
one comprises the lowest thirty Mo-characterized phonon
branches ranging from 0 to 7.45 THz, part 2 contains two
Si-characterized phonon branches between 10.46 and 10.98
THz, part 3 has four almost flat Si-characterized phonon
branches between 11.69 and 12.04 THz, causing a strongest
peak at 11.86 THz in the phonon DOS and the remaining parts
contain two, two, four and four less dispersive B-characterized
phonon branches, respectively, giving rise to significant peaks
at 13.43, 14.11, 15.34, 15.71, 1691, and 17.24 THz in the
phonon DOS. Clearly, Mo, Si, and B atoms are vibrationally
active in different phonon frequency ranges.

The calculated phonon dispersion relations for MosGeB,
are shown in Fig. 6(a) while associated total and partial
phonon density of states are presented in Fig. 6(b). As can
be seen from these figures, the replacement of the Ge atom
with the Si atom in MosSiB, results in observable modifica-
tions in the phonon spectrum and phonon density of states.
First, the total width of the phonon spectrum decreases from
17.50 to 17.06 THz due to the heavier mass of the Ge atom
compared to Si. Secondly, the vibrations of the second heavy
atom (Ge) disappear above the first gap region. Therefore Ge
hybridizes with Mo in the first region between 7.18 and 8.54
THz. However, it is worth to mention that this kind of hy-
bridization is not present for MosSiB,, leaving 30 Mo-based
phonon branches totally separated from 6 Si-based phonon
branches. Finally, for MosGeB,, in agreement with MosSiB,,
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FIG. 5. (a) The calculated phonon spectrum of MosSiB, along
symmetry lines of the body-centered tetragonal Brillouin zone.
(b)The calculated phonon total and partial density of states for
MOSSiBz.

12 B-based phonon branches have a remarkably flat disper-
sion, leading to pronounced peaks in the phonon DOS at
higher frequencies 12.87, 14.15, 15.04, 15.61, 16.55, and
16.97 THz, being almost equal to the frequencies of their cor-
responding counter-patterns in the phonon DOS of MosSiB,.

The calculated phonon dispersion relations for W5SiB, are
shown in Fig. 7(a) while associated total and partial phonon
density of states are presented in Fig. 7(b). First, the substi-
tution of Mo atoms with W atoms in MosSiB, makes the 30
phonon branches of the low frequency region much softer due
to the heavier mass of W compared to that of Mo. Hereat, the
width of this frequency region diminishes from 7.45 to 5.80
THz by around 28%. These softer phonon branches may de-
crease the wy, value of W5SiB, compared to that of MosSiB,
but they will definitely make the electron-phonon interaction
in W5SiB, stronger than that in MosSiB; due to the factor of
1/w in Eq. (2). Secondly, because of the larger mass difference
between W and Si atoms compared to that between Mo and Si
atoms, the width of first gap region increases from 3.01 to 4.48
THz. Thirdly, DOS peaks formed by the vibrations of Si and B
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FIG. 6. (a) The calculated phonon spectrum of MosGeB, along
symmetry lines of the body-centered tetragonal Brillouin zone.
(b) The calculated phonon total and partial density of states for
MO5G€B2‘

atom have almost similar frequencies and features with their
corresponding counter-patterns in MosSiB,.

The calculated phonon dispersion relations for MosPB, are
shown in Fig. 8(a) while associated total and partial phonon
density of states are presented in Fig. 8(b). Considering the
phonon dispersion in Fig. 8(a), we find that MosPB, is also
dynamically stable like other borides. The replacement of Si
atoms by P atoms almost does not change the width of the
first region but this atomic replacement reduces the frequency
of the first gap from 3.01 to 1.04 THz, while increasing the
frequency of the third gap from 0.87 to 3.20 THz. As a result
of these changes, P-related peaks appear at lower frequencies
than Si-related peaks. Furthermore, the very low frequency
gap of 0.09 THz disappears when the P atoms are placed in
the positions of the Si atoms. Once again, the frequencies of
B-related peaks for both compounds are close to each other.
Different from phonon dispersion curves of above supercon-
ductors, the most outstanding feature of phonon dispersion
curves for MosPB, is the softening of the lowest acoustic
branch about halfway along I'-G1-Z (atq =~ 27”(0.5, 0.0,0.0)).
Frequently, this kind of phonon softening in the normal
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FIG. 7. (a) The calculated phonon spectrum of WsSiB, along
symmetry lines of the body-centered tetragonal Brillouin zone.
(b) The calculated phonon total and partial density of states for
W5SiB,.

state favors superconductivity because the soft phonon mode
has the potential to cause an increase in the value of
electron-phonon coupling parameter (1) according to the
McMillan-Hopfield expression [50]. The formula of this ex-
pression is

_ NER)?)

T (14)

’

where (w?), (I?), and M refer to the averaged square of
the phonon frequency, the averaged square of the electron-
phonon matrix element, and the mass involved, respectively.
The above expression demonstrates that a sudden decrease in
the frequency of the phonon mode can cause an increase in
the value of the electron-phonon coupling parameter. In order
to bring to light the connection between the phonon softening
of the lowest acoustic branch and electron-phonon interaction,
the wave-vector dependence of the electron-phonon coupling
parameter for this phonon branch is shown in Fig. 8(c).
This phonon branch behaves normally showing a positive
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FIG. 8. (a) The calculated phonon spectrum of MosPB, along symmetry lines of the body-centered tetragonal Brillouin zone. (b) The
calculated phonon total and partial density of states for MosPB,. (c) The wave-vector dependence of the electron-phonon coupling parameter
for the lowest acoustic branch. (d) A schematic illustration of the eigendisplacement pattern of the lowest acoustic phonon mode at the Z point.

dispersion with increasing wave vector along the I'-G1-Z
direction close to I". However, this phonon mode surprisingly
starts to show a negative dispersion (phonon anomaly) beyond
g ~ % (0.5, 0.0, 0.00) along the I'-G1-Z direction. There-
fore this phonon branch has a clear minimum at the zone
boundary of Z with a frequency of 2.25 THz. However, the
electron-phonon interaction parameter of this phonon branch
still continues to increase rapidly and reaches its maximum
value of 1.12 at the Z point. As a consequence, this observa-
tion reveals a positive relationship between phonon anomaly
and electron-phonon coupling parameter. Figure 8(d) depicts
a schematic illustration of the eigendisplacement pattern of
lowest acoustic phonon mode at the Z point. This phonon
mode is mainly dominated by the vibrations of Nb atoms, and
the states near the Fermi level are almost totally dominated by
their d states. Thus the displacement pattern of this phonon
mode gives rise to significant changes in the overlap of
electronic orbitals, leading a large electron-phonon coupling
parameter. It is worth to mention that similar observation is
made for this phonon mode at the X point. On the other hand,
this type of phonon anomaly has not been observed in the

lowest acoustic modes of other borides. As a consequence, we
believe that this phonon anomaly makes the electron-phonon
interaction stronger in MosPB, than that in other borides,
resulting in its 7, value being higher than the 7, values of other
borides.

A major aim of our ab initio calculations is to analyze the
strength of the electron-phonon coupling in all four borides,
which is calculated from an integral of Eliashberg function
o?F (o) times 1 /o over phonon frequency [see Eq. (2)].
Figure 9 depicts the calculated Eliashberg functions o>F (w)
of all four borides along with their frequency accumulative
electron-phonon coupling parameter A,..(w). As expected,
each «’F(w) function pursues its corresponding phonon
density of states because this function consists of two parts
F (w) and o?; F () is similar to the phonon density of states
and o’ contains an average square electron-phonon matrix
element. As expected from the dominance of transition metal
d electrons at the Fermi level, the combination of phonon
density of states and Eliashberg spectral functions shows
that vibrations with a strong electron-phonon coupling are
dominated by transition metal atoms in the low-frequency
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FIG. 9. The Eliashberg spectral function o’F(w) and the frequency accumulative electron-phonon coupling parameter Aq..(w) for

(a) MOsSiBz, (b) WssiBz, (C) M05PB2, and (d) M05GeBz.

region, leading to several peaks in the low-frequency region
of «?F (w), causing a much faster increase in Ay.(w) in the
first frequency region compared to other frequency regions.
In particular, combining the phonon density of states and the
frequency accumulative electron-phonon coupling parameter
Aacc (@) (see Fig. 9) for MosSiB,, W;5SiB, and MosPB,, we
are able to reach the conclusion that low-frequency phonons
almost totally contributed by transition metal atoms, play a
dominant role in the transition from the normal state to the
superconducting state arising from their large contribution to
X (90% for the first two compounds and 91% for the third
compound), and the remaining is contributed by intermediate
frequency Si (P) phonon modes (3% for the first two com-
pounds and 4% for the third compound) and high-frequency
B phonon mode (7% for the first two compounds and 5% for
the third compound). As we mentioned before, the second el-
ement hybridizes with the transition metal atom in MosGeB,
with almost equal weights, whereas in the above com-
pounds there is no hybridization, leaving all atomic vibrations
entirely separated. Therefore low-frequency optical phonons
between 7.18 and 8.54 THz, jointly contributed by Mo and
Ge atoms, form 4% of total A, while Mo-related vibrations
below 7.18 THz offer almost 90% to total A, and the remain-
ing is contributed by high-frequency phonons associated with
B vibrations. These contributions emphasize that transition
metal-induced vibrations strongly mediate the formation of
Cooper pairs while other vibrations are negligibly involved in

the process of scattering of electrons. This picture is expected
because for all the studied borides, almost 90% of total A
is formed by the vibrations of transition metal atoms, being
in full agreement with our electronic results indicating that
almost the same percentage of N(Er) originates from their d
states.

By using McMillan-Allen-Dynes formula [see Eq. (4)],
the calculated A and the calculated wy,, we are able to es-
timate the 7. values for all the studied borides, as listed
in Table V together with their N(Er), A, and wj, values.
First of all, one can see that the calculated 7, values for
MosSiB; (5.845 K), WsSiB; (5.931 K), MosGeB, (6.193 K),
and MosPB,; (9.527 K) harmonize with their corresponding
experimental values (see Table V), supporting the validity of
our theoretical approach. As we mentioned before, the change
of the transition metal from Mo to W affects the results of
phonon and electron-phonon interaction. Thus first the results
obtained for compounds containing Mo will be compared and
discussed. Both N(EF) and XA values calculated for MosPB,
are higher than those of other Mo-containing compounds. It
is well known that both physical quantities make positive
contribution to the value of 7, and thus the 7;. value of MosPB,
becomes highest among all studied compounds due to its
highest N(Er) and A values. Similarly, the calculated 7, value
of MosGeB, is higher than that of MosSiB;, because both
its N(EFr) and A value are higher than those of MosSiB,.
As a result, differences in 7. values of Mo-containing
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TABLE V. The calculated values of density of states at the Fermi
level [N(EF)], average electron-phonon coupling constant (A), log-
arithmically averaged phonon frequency (w),), and superconducting
critical temperature (7).

Superconductor N(EF) (states/eV) A wp (K) T (K)
MosPB, 10.317 0.959 206.314 9.527
Experimental [27] 1.01 9.2
GGA [27] 10.70

MosSiB, 10.022 0.735 255.351 5.845
Experimental [18,27] 0.73 5.8
W;SiB, 8.512 0.808 194.590 5.931
Experimental [26] 5.8
MosGeB, 10.143 0.786 220.243 6.193
Experimental [29] 0.57 5.4
Experimental [30] 0.65 5.8

compounds can be explained by differences in their N(Er)
and X values. However, although the N(Er) and wy, values
of W;5SiB, (8.512 states/eV and 194.590 K) are lower than
those of MosSiB, (10.022 states/eV and 255.351 K), and
MosGeB, (10.143 states/eV and 220.243 K), its calculated
T, value of 5.931 K is slightly higher and lower than that
of MosSiB, (T, = 5.845K) and MosGeB, (7. = 6.193K),
respectively. We are able to explain this situation in that the
heavier mass of the W atoms shifts the Eliashberg function
to a lower phonon frequency range, where it contributes more
effectively to the electron-phonon coupling constant (A). As
a consequence, the electron-phonon interaction in WsSiB;
becomes slightly stronger than that in MosSiB, and MosGeB,
but the higher wy, values of MosSiB, and MosGeB, mitigate
this discrepancy, making their 7. values almost equal. As
a result, in this work, using first-principles calculations of
electronic structure, phonons, and their interaction, we have
demonstrated that superconductivity in all the studied borides
is conventional phonon-mediated in nature.

IV. SUMMARY

In this paper, we have presented a comprehensive first-
principles study on the structural, electronic, elastic, mechan-
ical, phonon and electron-phonon interaction properties of
MosSiB;, MosGeB,, MosPB,, and W5sSiB, compounds, in
the hope of uncovering the origin of superconductivity for
them by using the density functional theory within a gener-
alized gradient approximation.

The calculated lattice parameters and internal coordinates
compare very well with their corresponding experimental val-

ues. The calculated electronic band structures reveal that all
the considered borides are metals in their normal state. A
common feature of the investigated compounds is a princi-
pal role of the transition metal atoms in the formation of
superconducting state. With the Fermi level mainly com-
posed of their d states, Cooper pairs in the BCS theory can
be formed by electrons having energies close to the Fermi
energy. All the calculated elastic constants are found to be
positive and follow the Born’s mechanical stability criteria
of a body-centered tetragonal structure. Our study suggests
that they exhibit a matchless combination of high hardness
and significant ductility due to their large elastic moduli and
considerably positive Cauchy pressures which makes them
promising candidates for the protection of cutting and forming
tools.

The phonon band structure analysis shows that all the stud-
ied compounds are dynamically stable in their body-centered
tetragonal CrsBs-type crystal structure. Atomic vibrations
are almost completely separated from each other in all
except MosGeP;,, which contains almost equal amount of
hybridization of Ge and Mo vibrations in the upper part of
low-frequency region due the heavier mass of Ge atom com-
pared to that of Si and P atoms. The lowest-frequency branch
in MosPB,; has a particularly strong tendency for softening,
probably making the electron-phonon interaction in this com-
pound stronger than that in the compounds studied here.

MosPB; has the highest T;. value among all the considered
compounds, which is related to its largest A value arising
from the existence of phonon anomaly in its lowest-acoustic
phonon branch. Substitution of W by Mo affects the the
Eliashberg spectral function by shifting the peaks to lower
frequencies due to the heavier mass of W, resulting in increase
of Ayee (@) for WsSiB,. The electron-phonon interaction in
W5SiB, is stronger than that in MosSiB, and MosGeB, but
the higher wy, values for MosSiB, and MosGeB, mitigates
this discrepancy, making their 7, values closer to each other.
Combining the phonon density of states and the frequency
accumulative electron-phonon coupling parameters, we have
observed that low-frequency phonons, mainly contributed by
transition metal atoms, play a dominant role in the transition
from the normal state to the superconducting state for all the
studied borides due to their large contribution to A (around
90%). This large contribution is in full accordance with our
electronic results indicating that almost the same percentage
of N(EF) originates from transition metal d states.

Finally, all above interesting results indicate that MosSiB,,
MosGeB,, MosPB,, and WsSiB, are hard superconductors
with ductile character, and are interesting compounds for
studying phenomena originating from the interplay of ductil-
ity, hardness and superconductivity.
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