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ABSTRACT

Ab initio pseudopotential calculations have made for the structural, electronic, elastic, mechanical, and electron-phonon interaction
properties of molybdenum borocarbide (Mo,BC) and niobium boronitride (Nb,BN) superconductors. Analysis of the structural and
electronic properties reveals that the nature of bonding in both these compounds is a combination of covalent, ionic, and metallic. The
near-Fermi electronic states in both compounds are occupied by the d states of transition metal atoms. The electronic density of states at
the Fermi level in Mo,BC is significantly higher than that in Nb,BN. Lattice dynamical calculations verify their dynamical stability in the
base-centered orthorhombic Mo,BC-type crystal structure. We find that the total electron-phonon coupling constant is equal to 0.745 for
Mo,BC and 0.539 for Nb,BN. The calculated superconducting transition temperature of 7.41 K for Mo,BC and 3.50 K for Nb,BN is compa-

rable with their experimental values of 7.2 and 4.4 K, respectively.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060200

I. INTRODUCTION

Transition metal carbides, nitrides, and borides have received
a great deal of attention because they are chemically inert, refrac-
tory, and stiff substances with high thermal and electrical
conductivitives.'” Such materials have been greatly utilized as
cutting tools and for wear-resistant coatings.””"> Also, it is well
known that in numerous binary and ternary carbides and nitrides,
the availability of a common subcell formed by six transition metal
atoms at the corners of an octahedron with carbon and nitrogen is
suitable for the formation of the superconducting state.'*™*’

Molybdenum borocarbide (Mo,BC) is special since it is one of
the few purely ternary compounds including atoms of transition
metal, carbon, and boron. The crystal structure of this compound
is related to those in the binary system by a common MogC octahe-
dral subcell. Indeed, this compound shows superconducting behav-
ior with a superconducting transition temperature ranging from 5.0
to 7.5 K.”"** Polycrystalline sample, synthesized by the arc-melting

method from commercially existing Mo,B powder precursor, was
reported to have a superconducting transition temperature of
around 7.2K.”” In 2014, niobium boronitride (Nb,BN),”° being
isostructural with Mo,BC, has also been reported to show super-
conductivity at around 4.4 K.*° Before this experimental study,”
the superconducting transition temperature of this compound was
reported to be 2.5 K.**

Ab initio calculations reveal that Mo, BC displays a match-
less combination of high hardness and moderate ductility due to its
large Young’s modulus and considerably positive Cauchy pressure.
This result is very interesting because although conventional super-
conductors meet the problem of low stiffness, which withholds
them from a wide range of applications. In view of this, high
mechanical stiffness in combination with moderate ductility makes
Mo,BC a hopeful candidate for the protection of cutting and
forming tools. Emmerlich et al.”” have studied the electronic prop-
erties of this superconductor by employing the density functional
theory within its generalized gradient approximation (GGA).

29,30
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According to this ab initio calculation, the electronic states in the
vicinity of the Fermi level mainly consist of Mo 4d states. This
work also finds that the molybdenum carbide bonds are stronger
than the molybdenum boride bonds. Following this work,
projector-augmented-wave (PAW) potentials and the GGA” have
been utilized to examine the electronic and elastic properties of
X,BC X=Ti, V, Zr, Nb, Mo, Hf, Ta, and W. According to this the-
oretical study, all the studied compounds display high hardness,
which renders these compounds as encouraging candidates for pro-
tection of cutting and forming tools. The full-potential linearized
augmented plane wave method with the GGA’' has been used to
analyze the mechanical and electronic properties of Nb,BN in
comparison with the corresponding results for Mo,BC. This ab
initio work reveals that the essential contribution to the electronic
density of states at the Fermi level for both superconductors is real-
ized by the d states of their transition metal atoms, which is in
agreement with previous theoretical calculations.””’

While the electronic and elastic properties of Mo,BC and
Nb,BN have been presented and discussed in detail,”’ ™" their
lattice dynamical properties have been completely ignored in the
literature. It is well known that explanation of several physical
properties, such as electrical and thermal resistivity, thermal expan-
sion, and superconductivity, requires the knowledge of phonons
and their interactions with electrons. In this work, we analyze the
structural and electronic properties of both superconductors by
conducting ab initio pseudopotential calculations within the
GGA."”" The calculation of single crystal elastic constants for both
investigated compounds have been executed by using the strain-
stress method.” The isotropic bulk modulus, the isotropic shear
modulus, Poisson’s ratio, and Young’s modulus have been achieved
with the assistance of the Voigt-Reuss-Hill (VRH) scheme.””™*
Lattice dynamical calculations have been realized by using the
density functional perturbation theory in the linear response
approach.””” After phonon calculations, we have conducted ab
initio linear response calculations of electron-phonon interaction
matrix elements for both studied compounds. Their Eliashberg
spectral functions have been integrated to attain the average elec-
tron-phonon coupling parameter and the logarithmic average of
phonon frequency for them. Finally, inserting these results into the
Allen-Dynes modified McMillan equation,””™*' the superconduct-
ing transition temperatures for the studied compounds are evalu-
ated and compared with the reported experimental values.”*”

Il. METHOD

The corresponding first-principles calculations have been
executed utilizing the Quantum-Espresso ab initio simulation
package,”””” which is an implementation of the pseudopotential
plane-wave method based on the density functional theory.
Kohn-Sham equations™® have been solved making use of
Perdew-Burke-Ernzerhof generalized gradient approximation.”’
The ultrasoft pseudopotentials of Vanderbilt type** are employed to
represent the Coulomb interactions between valence electrons and
ionic cores, while the structural optimization has been achieved by uti-
lizing the Broyden-Fletcher-Goldfrab-Shanno optimized method.*’
An energy cutoff limiting the number of plane waves in the basis set
is set to 60Ry for both compounds considered in this work.
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The Brillouin zone integrations have been conducted by using
Monkhorst-Pack grids*® of (9 x 9 x 9) and (27 x 27 x 27) for
structural and electronic calculations, respectively.

Phonon calculations have been conducted by using the linear
response method.””** Within this scheme, second order derivatives
of the total energy have been calculated to determine the dynamical
matrix. A static linear response of the valence electrons is consid-
ered in terms of the variation of the external potential correspond-
ing to periodic displacements of the atoms in the unit cell. The
screening of the electronic system in response to the displacement
of the atoms is taken into account in a self-consistent manner.
Since phonon calculations are computationally very time consum-
ing, we have first calculated 8 and 21 dynamical matrices on the
(3x3x3) g-point and q(4 x 4 x 4) g-point meshes, respec-
tively."* Then, Fourier-transformed these dynamical matrices into
real space to extract the force constants, which are used to calculate
phonon frequencies for any g-points.

The electron-phonon interaction calculations have been per-
formed by combining the linear response theory’>”” and the
Migdal-Eliashberg theory.”>*® First, the calculation of electron-
phonon matrix elements (g?{( +qmkn) has been executed with
the help of linear response theory.”>”’ These matrix elements are
used to treat the scattering of electron in state |kn > to state
|k + qm > due to perturbation originating out of the phonon mode
0g;. With this, we are able to obtain the phonon linewidth Yo

Yoy = 270 > I8 omenl S (ERn — £)8(E0ram — £8). (1)

knm

Then, the electronic density of states, phonon density of states, and
electron-phonon matrix elements can be utilized to get the
Eliashberg spectral function [@?F(w)] from the following expression:

2 7qj W
a*F(w) = 2AN(E Zhwq,a o — 0g))> )

where N(EF) represents the electronic density of states at the Fermi
level. Having obtained the Eliashberg spectral function, the values of
average electron-phonon coupling constant 4 and logarithmically
averaged phonon frequency wj, can be derived from its integration
with the following expressions:

)
A= J IO 4o, 3)
)
O, = exp (21_1 Jw d—wazF(w)lnw). (4)
0 @

Thus, the superconducting transition temperature can be estimated
by inserting the values of 4 and @y, into the Allen-Dynes modified
McMillan equation,” ™"’
n 1.04(1 + )
To= Zexp( - ), 5
cT 12 eXp( 2~ (11 0.622) ®)
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where u* represents the screening Coulomb pseudopotential,
frequently taking a typical value between 0.10 and 0.20.7*"*
Following the experimental works on Mo, BC and Nb,BN supercon-
ductors,”®” its value is chosen to be 0.13. Finally, the values of the
average electron-phonon coupling parameter and the density of
states at the Fermi level can be used to calculate the specific heat
coefficient (y) at low temperatures with the following approximate
formula:*’

2
7 = 5 ANGKEN(E)(1 +2), ©6)

where n, N,, and kg refer to the number of atoms per formula unit,
the Avogadro number, and the Boltzmann constant, respectively.

Ill. RESULTS
A. Structural and electronic properties

Both compounds, M;BX (M = Mo or Nb, X = C or N), crystal-
lize in the base-centered orthorhombic Mo,BC-type crystal struc-
ture with space group no. 63 (C,m) and two formula units per
primitive cell. The atomic positions inside a primitive unit cell can
be categorized as four nonequivalent crystallographic sites: Mj,
M,, B, and X according to symmetry. The atoms occupy the
following Wyckoff positions: two M; atoms in the position 4c
(o, Y, 0.25), two M, atoms in the position 4c (0, Ym,» 0.25), two
B atoms in the position (4c) (0, yg, 0.25), and two X atoms in the
position (4c) (0, yy, 0.25). Here, Yum,> Yo Vo and yy represent the
inner coordinates for the related atoms. Therefore, the crystal struc-
ture is characterized by three lattice parameters (a, b, and ¢) and
four inner coordinates (yy;,, yy,» Yp> 20d ¥x)-

The bulk modulus and its pressure derivative have been deter-
mined using the Murnaghan equation of states.”’ The calculated
values of three lattice parameters, four inner coordinates, bulk
modulus, and its pressure derivative are listed in Table I, together
with available experimental data®~***>*">*’ and previous theoreti-
cal results.”’ ! From Table I, it can be noted that the average devi-
ation of our results relative to experimental results for the lattice

ARTICLE scitation.org/journalljap

parameters of both superconductors is close to 1%, while the calcu-
lated values of inner coordinates for both compounds are almost
equal to their experimental values.”””® Our calculated value of bulk
modulus for Mo,BC (317.3 GPa) is almost equal to the previous
GGA value of 313 GPa.”" It is worth mentioning that our calculated
value lies between that of TiN (295 GPa)’” and that of cubic BN
(376 GPa),”” suggesting a considerably stiff material. Furthermore,
the bulk modulus values of both compounds are larger than several
other carbides, such as TiC (225 GPa), HfC (238 GPa), and VC
(281 GPa).™

Using the calculated structural parameters, the base-centered
orthorhombic crystal structure of Mo,BC (Nb,BN) is sketched in
Fig. 1(a), and the coordination numbers of Mo (Nb), B, and C(N)
atoms are displayed in Fig. 1(b). The crystal structure contains
carbon-centered transition-metal-atom octahedra. There are four
types of chemical bonds in these compounds: Mo-Mo, Mo-B,
Mo-C, and B-B, with no evidence of direct B-C and C-C bonds.
According to Fig. 1(b), the coordination numbers of Mol, Mo2, B,
and C atoms are 13, 9, 8, and 6, respectively. Each Mol atom has
two Mol neighbors with a shorter distance of 2.950 A and four
Mo2 neighbors at a slightly longer distance of 2.951 A. These dis-
tances are slightly longer than that in the body-centered cubic
molybdenum, where each molybdenum atom has eight neighbors
at 2.725A. It is worth mentioning that the Mo-Mo bond in
Mo,BC is metallic, being unfavorable for hardness. Each Mol atom
has six nearest boron neighbors at 2.314 A, which is shorter than
the sum of the covalent radii of 2.41 A for molybdenum and boron
atoms. These observations imply that these atoms are bonded by a
mixture of ionic and covalent interactions. However, Mo2 atoms
do not interact with boron atoms, but each Mo2 atom has five
nearest carbon neighbors at 2.183 A, being considerably shorter
than the sum of the covalent radii of 2.31 A for molybdenum and
carbon atoms. Furthermore, the Mo1-C distance of 2.085 A is also
considerably smaller than this sum. This result signals a strong
covalent interaction between molybdenum and carbon atoms.
Furthermore, each B atom has two nearest boron neighbors at
1.817 A, which is close to the sum of the covalent radii of 1.70 A
for boron atoms. Taken together, we can say that chemical bonding

TABLE I. The calculated values of lattice parameters (a, b, and c), inner coordinates (Yu, Yz, Ya, and yx), bulk modulus (B), and its pressure derivative (B) for superconduc-
tors Mo,BC and Nb,BN and their comparison with the corresponding experimental data and the corresponding previous theoretical results.

Compound a (A) b (A) c(A) (ym1> Ym2) (ys Y%) B (GPa) B
Mo,BC 3.104 17.501 3.065 (0.0720, 0.3144) (0.4721, 0.1911) 317.3 3.25
Experimemalzj23 3.086 17.350 3.047 (0.7210, 0.3139) (0.4731, 0.192)

Experimental2 3.088 17.348 3.046

Experimental 3.089 17.325 3.044

Experimental”’ 3.086 17.343 3.047

GGA” 3.094 17.768 3.091

GGA™ 3.119 17.580 3.082 313

GGA™ 3.114 17.502 3.065 (0.0717, 0.3145) (0.4719, 0.1912)

Nb,BN 3.172 17.952 3.120 (0.0728, 0.3180) (0.4730, 0.1941) 285.2 2.00
Experimental*® 3.170 17.850 3.110 (0.0721, 0.3139) (0.4731, 0.1920)

Experimental*® 3.172 17.841 3.114

GGA™ 3.172 17.975 3.125 (0.0728, 0.3184) (0.4730, 0.1941)
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FIG. 1. (a) Three-dimensional view of the base-centered orthorhombic crystal
structure of Mo,BC and NbyBN. (b) Coordination numbers of Mo (Nb), B, and C
(N) atoms.

in Mo,BC is a combination of covalent, ionic, and metallic in
nature. We have made the same observations for Nb,BN.

The energy-band dispersion of Mo,BC along the principal
symmetry axes in the Brillouin zone of base-centered orthorhombic
lattice is shown in Fig. 2(a). The energy zero is taken at the Fermi
level. The overall features of the band profile in this calculation are
similar to those presented by previous GGA calculations.”””" The
distinct crossover behavior between the valence and the conduction
bands reveals that Mo,BC is metallic. In order to determine the
additives of different atoms and orbitals and the nature of chemical
bonding in Mo,BC, its total density of states (DOS) and partial
density of states diagrams are depicted in Fig. 2(b). The most
prominent region of electronic DOS with strong peaks for the
chemical bonding extends from —8 to —2 eV since the d states of
molybdenum atoms interact strongly with the p states of nonmetal
atoms. In particular, the strongest DOS peak at —5.3 eV is mainly
formed by a high degree hybridization of Mo2 4d states with C 2p
states. This strong hybridization is expected since each second
molybdenum (Mo2) atom has five nearest carbon neighbors, but
each first molybdenum (Mol) atom has only one carbon contact.
This hybridization is clear evidence of strong covalent interaction
between the related atoms. In addition to this strongest peak, there
is another peak at —3.8 eV, resulting from a considerable hybridiza-
tion of Mol 4d states with B 2p states and smaller contributions
from Mo2 4d and C 2p states. This hybridization can be linked to
the six nearest boron neighbors of each first molybdenum (Mol)
atom. This hybridization confirms that the related atoms are
bonded not only by ionic interaction but also by significantly cova-
lent interaction. As can be seen from Fig. 2(b), the main orbital
occupancy near the Fermi level arises from the d electrons of
molybdenum atoms, which is therefore responsible for the metallic
behavior. Altogether, the electronic DOS for Mo,BC confirms that
the bonding in this compound can be classified as an interplay
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FIG. 2. (a) The calculated electronic band structure of Mo,BC along the most
important axes of symmetry in the Brillouin zone of base-centered orthorhombic
lattice. The Fermi level is set to 0€V. (b) Total and partial electronic density of
states for Mo, BC.

between covalent, metallic, and ionic characters. It is well known
that in many binary and ternary carbides and nitrides, the existence
of a common subcell formed by six transition metal atoms of an
octahedron with carbon or nitrogen atoms in the center is favorable
for the occurrence of the superconducting state. The implications
of the above covalent bonds are crucial for the superconductor
Mo,BC, in which Cooper pairs can be coupled through phonons.
Since electrons close to the Fermi level have a potential to
form Cooper pairs, the electronic density of states at the Fermi
level [N(EF)] is one of the important key quantities to examine the
origin of superconductivity in metallic materials. For Mo,BC, the
DOS at the Fermi level, N(Er), amounts to 2.909 states/eV, a result
that accords very well with the previous GGA values of 3.060”" and
2.872 states/eV.”" This value is composed of roughly 35% from
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Mol electronic states, 54% from Mo2 electronic states, 5% from B
electronic states, and 6% from C electronic states. Thus, in the light
of BCS theory, we can suggest that the d electrons of second
molybdenum (Mo2) atoms are more strongly involved in the for-
mation of a superconducting state for Mo, BC.

The energy-band dispersion of Nb,BN along the principal
symmetry axes in the Brillouin zone of base-centered orthorhombic
lattice is displayed in Fig. 3(a). Nb,BN also exhibits a metallic
feature with some bands crossing the Fermi level. The total density
of states and partial density of states are shown in Fig. 3(b).
Different from the valence DOS of Mo,BC, the valence DOS of
Nb,BN can be divided into two apparent parts with a gap of
3.4 eV: the lower one spreading from —16.6 to —14.80 eV and the
upper one lengthening from —11.4 to the Fermi level. The lower

2.0

(a)

AN

0.5+
0.0 -+f-offenef A e Nemee et Ao

0.5

Density of States (States/eV)

: A
4 2 0 2 4 6

10 8 6
Energy (eV)

FIG. 3. (a) The calculated electronic band structure of Nb,BN along the most
important axes of symmetry in the Brillouin zone of base-centered orthorhombic
lattice. The Fermi level is set to 0 eV. (b) Total and partial electronic density of
states for Nb,BN.
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part of the valence DOS region is mainly contributed by N 2s
states with much smaller contributions from Nb2 4d and Nb2 5p
states. The DOS features between —11.4 and —8.0 eV are shaped
by a mixture of B 2s, Nbl 5p, and Nb1 4d states. The DOS region
between —8.0 and —2.0 eV contains several apparent DOS peaks.
In particular, the partial DOS profiles for both N 2p and Nb2 4d
states are similar in the energy range from —8.0 to —5.0 eV, signal-
ing considerable hybridization between these two states. Once
again, the main orbital occupancy near the Fermi level comes from
the 4d electrons of transition metal atoms, which are the principal
reason for the metallicity. The value of N(Eg) for Nb,BN is calcu-
lated to be 2.325, being in agreement with a previous GGA value of
2.302 states/eV.”' Approximately 43%, 43%, 5%, and 9% of this
value is contributed by the Nbl, Nb2, B, and N electronic states,
respectively. For this compound, different from Mo,BC, the contri-
bution from the d states of first transition metal atoms (Nbl) is
almost equal to that of second transition metal atoms (Nb2). The
value of N(Ep) for Nb,BN is considerably lower than that for
Mo,BC. This lower N(Ef) value must be a good reason why its T’
value is lower than that of Mo,BC, since the electron-phonon cou-
pling parameter (1) depends linearly on the value of N(Ef) accord-
ing to the well-known McMillan-Hopfield expression, which is
given by the following equation:™

_ N(Ep) < >

A
M < w? >

, 7)

where < @? >, < I?> >, and M represent the averaged square of
the phonon frequency, the averaged square of the electron-phonon
matrix element, and the mass involved, respectively. Examination
of the electronic density of states for both studied superconductors
reveals that the Cooper pairs in them are substantially formed by
the d electrons of transition metal atoms. However, a sound state-
ment of considerable T difference between the two investigated
superconductors still requires calculations of their phonon and
electron—-phonon interaction properties in order to identify which
phonon vibrations are strongly involved in the process of scattering
of electrons.

The high-symmetry points of base-centered orthorhombic
structure and the calculated Fermi surface (FS) sheets of Mo,BC
and Nb,BN are presented in Fig. 4 (obtained by using the
XCrySDen software’”). Results for Mo,BC and Nb,BN are shown
in columns (a) and (b), respectively. For both compounds, there are
no closed surfaces occurring around the I' point. Using Fig. 2(a), we
can deduce that all the Fermi crossing bands in Mo,BC have both
hole and electron pocket features. All ES sheets, except for the first
band, have a chimney-like feature along the I'-S direction. The last
FS shows nesting features along the I"-Z direction, which could affect
the electron-phonon interaction and enhance its value for the
Mo, BC compound. On the contrary, the Nb,BN compound’s FS has
no significant nesting features and distinctly has different features
from Mo,BC. We can say that both electrons and holes can transport
charge in both compounds and thus could lead to multi-band
superconductivity.
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a) b)

FIG. 4. The calculated Fermi surface sheets of (a) Mo,BC and (b) Nb,BN.
Each color corresponds to the different spin of an electron in an electronic
energy band. Mo,BC has five Fermi surface sheets that can be seen on the
right column, and Nb,BN has four Fermi surface sheets placed on the left
column. The high-symmetry points of base-centered orthorhombic structure
shown in the first Fermi surface of Mo,BC.

B. Elastic and mechanical properties

Investigation of elastic constants and elastic moduli is neces-
sary for realizing macroscopic mechanical properties of solids and
for the design of hard materials and their potential technological
applications. We have calculated the zero-pressure second order
elastic constants C; by using the strain-stress method.”" A small
finite strain is applied to the optimized structure and the atomic
positions are fully optimized. Then, the elastic constants of both
studied compounds are determined from the stress of the strained
structure. The calculated values of single crystal elastic constants
are listed in Table II, along with other theoretical results”””! for
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comparison. Although no experimental investigations have been
conducted to measure the independent elastic constants of both
studied superconductors, our GGA results are found to be compa-
rable with previous theoretical results.””’' For both compounds,
Cs; is higher than the other elastic constants, revealing that they
are very incompressible under uniaxial stress along the z axis.
We mention that Cy;, Cy, and Cs3 correspond to the linear com-
pression along the crystal axis, while Cy4, Cs5, and Cge are associ-
ated with shear deformation. Therefore, both investigated
compounds exhibit stronger resistance to the unidirectional com-
pression than the shear deformation because the values of Cy;, Cyp,
and Cs; are significantly higher than the corresponding values of
Cy4, Css, and Cg. It is well known that the elastic stability is a
required condition for a stable crystal. For the mechanical stability
of orthorhombic crystal, the following conditions™ regarding
elastic constants have to be obeyed:

C,‘,‘ >0 (l = 1, 6), C11 + C22 - 2C12 > O,

Co +GC33 —2Cy3 >0, Cp +C33—2Ci3>0,

Ci1 + Gz + C33 +2Cy + 2Cy3 +2Cy3 > 0.

As can be deducted from Table II, the above conditions are
clearly satisfied for orthorhombic stability, indicating that both
studied superconductors are mechanically stable in their crystal
structures.

In this study, elastic moduli such as bulk modulus (B), shear
modulus (G), Young’s modulus (E), and Poisson’s ratio (o) have
been obtained from the second order elastic constants with the
well-known Voigt-Reuss-Hill approximation.”” " The calculated
values of these quantities for both investigated compounds are
listed in Table III, together with the measured value of Young’s
modulus for Mo,BC” and previous GGA results.”” " In general,
the calculated values in this work for both investigated supercon-
ductors are consistent with the previously available GGA
results.”” ™" In particular, the calculated value of Young’s modulus
for Mo,BC amounts to 456.98 GPa, which is slightly lower than its
measured value of 460 GPa.”” The calculated bulk moduli of both
compounds accord very well with those directly determined from
the fitting of the Murnaghan equation of states presented in
Table I, signaling good accuracy of our elastic calculations. Results
in Table IIT reveal that the shear moduli values of Mo,BC are
almost equal to those of Nb,BN. However, the calculated results
indicate that the values of bulk modulus and Young’s modulus for
Mo,BC are higher than those for Nb,BN, implying that Mo,BC is
harder than Nb,BN.

The resistance of a compound to volume and shape change
can be defined by bulk modulus and shear modulus, respectively.
Table III reveals that the value of shear modulus is considerably
lower than that of bulk modulus for both investigated compounds,
implying that the shape deformation is much easier to appear than
the volume change for them. The ratio between the bulk and the
shear modulus By /Gy is utilized to estimate the brittle or ductile
behavior of compounds. According to the Pugh criterion,™
the ductile behavior is observed when this ratio is greater than 1.75
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TABLE Il. The calculated of second order elastic constants (in GPa) for orthorhombic superconductors Mo,BC and Nb,BN. Previous theoretical results are also included for

comparison.

Compound Cn Ci Cis Cy Cys Css Cuyq Css Ces
Mo,BC 501.50 211.47 228.73 538.95 186.42 547.61 170.13 255.06 178.55
GGA™ 551 221 204 566 210 553 168 241 182
GGA™' 523.0 214.4 221.0 640.3 206.6 559.1 176.8 277.7 187.9
Nb,BN 498.86 162.93 182.69 518.76 156.90 534.27 154.31 263.09 156.36
GGA™ 485.1 156.2 194.6 564.3 139.6 513.4 174.4 207.0 187.9

or else the compound is brittle. The results presented in Table III
suggest that Mo,BC is moderately inclined to ductility and Nb,BN
is significantly inclined to brittleness. Poisson’s ratio is also used to
predict the brittle or ductile behavior of compounds. The ductile
behavior is predicted when this ratio is greater than the limit value
of 0.26 or else the compound is brittle.”” This criterion also con-
firms that Mo,BC is moderately prone to ductility and Nb,BN is
prone to brittleness. It is worth mentioning that a similar observa-
tion for Mo,BC has been made in the previous GGA work of
Emmerlich et al.”’

C. Phonon and electron-phonon interaction properties

Group theory predicts the following irreducible representa-
tions of the optical phonon modes for these compounds corre-
sponding to the point group symmetry D,; (mmm):

F(Dzh(mmm)) = 4Ag + 4B]g + 4BZg + 3Blu + SBzu + 3B3,4, (8)

with all of them being singly degenerate. Frequencies and electron-
phonon coupling parameters of zone-center phonon modes and
the dominant atomic contributions to their eigenvectors are pre-
sented in Tables IV and V for Mo,BC and Nb,BN, respectively.
Atoms involved in the Bj; and B,, modes vibrate along the [100]
direction, atoms involved in the A, and Bs, modes vibrate along
the [010] direction, and atoms involved in the By, and B, modes
vibrate along the [001] direction.

Figure 5(a) presents the calculated phonon band structure of
Mo,BC along the high symmetry directions in the Brillouin zone
of base-centered orthorhombic lattice. Solid lines and blue circles
show the phonon frequencies obtained from (4 x 4 X 4) g-point

and (3 x 3 x 3) g-point meshes, respectively. The significant differ-
ences between these results indicate that the (4 x 4 x 4) g-point
mesh is required for the calculation of phonon band structure. The
phonon spectrum of Mo,BC can be divided into two apparent
regions with each of them including 12 phonon branches. The
value of phonon bandgap between these two regions is around
2.33 THz. This gap is a consequence of the significant mass differ-
ence between Mo and B (C), which mainly leads to decoupling of
molybdenum and boron (carbon) vibrations. The nature of the
phonon band structure can be understood more clearly by analyz-
ing the total and partial phonon DOS presented in Fig. 5(b).
The heavier molybdenum atoms mainly contribute to the lower fre-
quency phonon modes. In particular, the low-frequency phonon
modes, below 5.5 THz, mainly originate from the second molybde-
num (Mo2) atom, while the first molybdenum (Mol) atom domi-
nates the low-frequency phonon modes between 5.5 and 8.5 THz.
These results imply that all three acoustic phonon modes arise
mainly from the motion of the second molybdenum (Mo2) atom
since they disperse up to around 5.0 THz. In the second frequency
region of phonon DOS, the contributions of boron and carbon
atoms are dominant because their masses are much lighter than
that of molybdenum atoms. In particular, the sharp peak at around
20.3 THz is mainly formed by the vibrations of carbon atoms,
while the last peak at around 22.9 THz is totally created by the
vibrations of boron atoms. Obviously, this distribution of phonon
modes for each atom is coherent with their atomic mass.

Figure 6(a) displays the calculated phonon band structure of
Nb,BN. Solid lines and blue circles show the phonon frequencies
obtained from (4 x 4 x 4) g-point and (3 X 3 X 3) g-point meshes,
respectively. The considerable differences between these results
indicate that the (4 x 4 x 4) g-point mesh is also required for the

TABLE lll. The estimated values of isotropic bulk modulus Bygy, shear modulus Gyry, Young's modulus E (all in GPa), BL/Gy ratio, and Poisson’s ratio (o) for orthorhombic

superconductors Mo,BC and Nb,BN.

Superconductor By Br By Gy Gy Gy E By/Gy o
Mo,BC 315.70 315.58 315.64 184.74 178.24 181.54 456.98 1.738 0.259
Experimental 460

GGA” 324 324 324 188 185 187 470 1.732 0.26
GGA™ 313 181 455 1.730

GGA™' 334.0 3324 333.2 200.4 193.2 196.8 4942 1.690 0.253
Nb,BN 284.10 283.88 283.99 184.71 177.56 181.14 448.11 1.568 0.236
GGA™ 282.6 282.5 282.65 183.5 180.9 182.2 449.9 1.550 0.235
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TABLE IV. Frequencies (v in THz), electron—phonon coupling parameters (1), and eigen characters of zone-center optical phonon modes for Mo,BC. The notations of | and R
correspond to infrared active and Raman active modes, respectively. Related atoms in B4 and By, vibrate along the [100] direction, whereas contributing atoms in Ay and Bs,
vibrate along the [010] direction. Furthermore, related atoms in B,y and B4, vibrate along the [001] direction.

Mode v A Eigen characters Mode v A Eigen characters
By, (R) 4.377 0.308 Mo2+C B,,(D) 4.459 0.002 Mol+Mo2+B+C
B,, (D 4.529 0.007 Mol+Mo2+B+C B (R) 4.596 0.096 Mol+Mo2+C
By, (R) 5.389 0.081 Mol+B A R) 5.859 0.201 Mo2

B, (D) 6.651 0.011 Mol+Mo2+B By(R) 6.986 0.062 Mol+Mo2+B+C
A, (R) 7.875 0.267 Mol+B+C B,,(D) 10.991 0.001 C

B,, (D 11.182 0.004 C B, (D) 13.921 0.006 B

By, (R) 14517 0.103 B+C B, 14.774 0.001 B

B,z (R) 14.983 0.097 C B14(R) 16.819 0.026 B+C

B,, () 17.334 0.002 B AR) 17.334 0.089 B

B, (D 19.575 0.005 C A(R) 20.205 0.087 C

By, (R) 22.788 0.017 B

calculation of phonon band structure for Nb,BN. Different from
Mo,BC, the phonon frequencies for this superconductor are sepa-
rated into three distinct regions by two phonon bandgaps of 2.34
and 0.15THz because of the mass difference between different
types of atoms. All three acoustic phonon branches and nine
optical phonon branches form a low-frequency region (LFR) below
8.83 THz, while six optical phonon branches are present in an
intermediate-frequency region (IFR) between 11.17 and 15.88 THz.
In addition to these regions, a high-frequency region (HFR)
extends from 16.03 to 21.87 THz. It is worth emphasizing that all
phonon branches in these regions display a large amount of disper-
sion. The character of all 24 phonon branches can be understood
much better by examining the total and partial DOS presented in
Fig. 6(b). Analyzing the partial phonon DOS, one can observe that,
as expected, niobium the heaviest element dominates strongly the
LFR. In particular, the lower part of this region (below 6.2 THz) is
dominated by the vibrations of second Nb (Nb2) atoms, while
dominance of the upper part is due to first Nb (Nbl) vibrations.
The vibrations of boron and nitrogen atoms dominate the IFR and

HFR. The contribution of nitrogen atoms is largest in the IFR.
However, in a large part of this region, a strong N-B hybridization
exists due to their similar masses. In the HFR, the vibrations of
boron atoms are dominant but the sharpest peak at around
17.2THz is almost totally formed by the vibrations of nitrogen
atoms. Once again, this distribution of phonon modes is compati-
ble with the atomic masses.

One of the main purposes of this work is to identify the most
effective electron orbitals and phonon modes in developing super-
conductivity in these compounds. For this purpose, the Eliashberg
spectral function [@*F(w)] and the frequency variation of the total
electron-phonon coupling parameter for Mo,BC and Nb,BN are
illustrated in Figs. 7 and 8, respectively. An analysis of this function
for Mo,BC reveals that the phonon modes with low frequency
(below 5.5 THz) offer almost 65% (0.484) to A. This huge contribu-
tion can be linked to the factor i in the integral formula of Eq. (3).
According to this formula, their contribution to A becomes larger
because of their low frequency. This huge contribution means that
these phonon modes couple strongly to electrons at the Fermi level.

TABLE V. Frequencies (v in THz), electron-phonon coupling parameters (1) and eigen characters of zone-center optical phonon modes for Nb,BN. The notations of | and R
correspond to infrared active and Raman active modes, respectively. Related atoms in B14 and By, vibrate along the [100] direction, whereas contributing atoms to in Ay and
B, vibrate along the [010] direction. Furthermore, related atoms in B, and By, vibrate along the [001] direction.

Mode v A Eigen characters Mode v A Eigen characters
Byg (R) 4318 0.133 Nb1+Nb2+B+N B14(R) 4.399 0.117 Nb1+Nb2+N
B, (D) 4612 0.067 Nb1+Nb2+B+N B,,(D 4612 0.019 Nb1+Nb2+B+N
A, (R) 6.145 0.508 Nb1+Nb2+B Byy(R) 6.785 0.113 Nb1+Nb2+B
By, (R) 6.881 0.123 Nb1+Nb2+B+N B, (D) 7.012 0.006 Nb1+Nb2+B
A, (R) 8.588 0.268 Nb1+Nb2+N B,,(I) 11.176 0.007 Nb2+N

B, (D) 11.658 0.002 Nb2+N By4(R) 12.678 0.042 N

B, (R) 13.069 0.033 N B, (D) 14.104 0.009 B

B, (I) 15.085 0.003 B AR 16.766 0.279 B+N

Bs, () 17.439 0.003 N B;,(R) 17.505 0.052 B

Ag (R) 17.604 0.104 B+N B,.(D 17.609 0.002 B

B, (R) 20.946 0.067 B
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FIG. 5. (a) The calculated phonon band structure of Mo,BC along the most
important axes of symmetry in the Brillouin zone of base-centered orthorhombic
lattice. Solid lines and blue circles show the phonon frequencies obtained from
(4 x 4 x 4) g-point and (3 x 3 x 3) g-point meshes, respectively. The differ-
ences between these results indicate that the (4 x 4 x 4) g-point mesh is
required for the calculation of phonon band structure. (b) Total and partial
phonon density of states for Mo,BC by using the (4 x 4 x 4) g-point mesh.

This strong coupling is expected because the corresponding
phonon modes mainly imply second molybdenum (Mo2) atoms,
which dominate the electronic states near the Fermi level with their
d states. In addition to this huge contribution, the Mol-related
phonon modes contribute in the order of 22% to A. The remaining
13% of A is contributed by the vibrations of nonmetal atoms. This
small contribution signals that their vibrations are very weakly
involved in the process of scattering electrons because of the insig-
nificant existence of their p states at the Fermi level.

In agreement with Mo,BC, transition metal-related vibrations
are strongly involved in the process of scattering electrons, while
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FIG. 6. (a) The calculated phonon band structure of Nb,BN along the most
important axes of symmetry in the Brillouin zone of base-centered orthorhombic
lattice. Solid lines and blue circles show the phonon frequencies obtained from
(4 x 4 x 4) g-point and (3 x 3 x 3) g-point meshes, respectively. The differ-
ences between these results indicate that the (4 x 4 x 4) g-point mesh is
required for the calculation of phonon band structure. (b) Total and partial
phonon density of states for Nb,BN by using the (4 x 4 x 4) g-point mesh.

the vibrations of nonmetal atoms play a relatively insignificant
role in determining the superconducting properties of Nb,BN. We
find that the total electron-phonon coupling is equal to 0.539 for
Nb,BN, being smaller than the corresponding value of 0.745 for
Mo,BC. This difference must be the main reason why Mo,BC has
a higher T value than its isostructural compound Nb,BN because
a higher value of A indicates a higher value of T.. As a conse-
quence, the T, difference between Mo,BC and Nb,BN can be
explained in terms of their N(Er) and A values.

The calculated values of N(Ef), @y, A, T,, and y for both inves-
tigated superconductors are presented in Table VI, together with the
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FIG. 7. The Eliashberg spectral function o?F(w) (red lines) and the frequency
dependence of average electron—phonon coupling parameter A (blue lines) for
MOZBC.

21,22,26,27 27,31

existing experimental results and previous GGA results.
In general, our calculated parameters for both studied compounds
harmonize very well with the existing experimental”"***>*” and the-
oretical results.”””' In particular, the electron-phonon coupling
parameter is calculated to be 0.745 and 0.539 for Mo,BC and
Nb,BN, respectively. These values are comparable with their experi-
mental values of 0.75 and 0.62.°**” When the u* value is taken as
0.13, the value of superconducting transition temperature is found to
be 7.41 K for Mo,BC and 3.50 K for Nb,BN. The calculated T, value
of Mo,BC is in good agreement with its experimental value of 7.2,”
while the calculated T, value of Nb,BN lies between the experimen-
tal values of 4.4 and 25K’ As mentioned before, u* generally
takes values between 0.10 and 0.20.°°~*"*’ The calculated T value is
9.41K for u* =0.10 and 3.54K for u* = 0.20 for Mo,BC. The
average of these limiting values is 6.48 K, which is still comparable
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FIG. 8. The Eliashberg spectral function o?F(w) (red lines) and the frequency
dependence of average electron—phonon coupling parameter A (blue lines) for
Nb2BN.
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TABLE VI. The calculated values of physical quantities associated with supercon-
ductivity in Mo,BC and Nb,BN. Available experimental data and previous theoretical
results are also included for comparison.

N(Ep) [states/ Y
Phase (eV atom)] 0w, K) 2 T. (K) (ﬁ%)
Mo,BC 2.909 233.587 0.745 741 5.97
Experimental”' 7.0-5.3
Experimental*® 6.33
Experimental”’ 075 7.2
GGA™ 2.872
GGA”’ 3.060
Nb,BN 2.325 333.190 0.539  3.50 4.21
Experimental 062 44 6.3
Experimental** 2.5
GGA™ 2302 273

with the experimental value of 7.2 K.’ For the same limiting values
of u*, the values of T, are found to be 5.39 and 0.78 K for Nb,BN,
respectively. Once again, their average value of 3.09K still lies
between the corresponding experimental values of 4.4 and 2.5 K.***
Furthermore, the calculated value of 4.21 #]Kz for y using the
approximate expression in Eq. (6) for Nb,BN is more comparable

with its experimental value of 6.3 mgl‘]KZZ(’ than its previous GGA

value of 2.73 mgl’]Kz.‘ﬂ The Sommerfeld coefficient (y) gives a vague
idea of the electronic specific heat at low temperatures. The y value
gives us the main idea that the compound has a weak or strong cor-
relation. Low values indicate agreement with the BCS theory, while
high values may mean that it contains heavy-Fermionic features. In
this case, the compound has an unconventional superconducting
property. When the electron-boson interaction passes the strong
coupling limit, the temperature-dependent formula must be used
instead of low temperature (see Ref. 49). The error margin between
experimental and theoretical values has not had much meaning for
this parameter (as in Ref. 30) since it gives a small idea of electronic
correlation. The low value of y tells us that the compounds have a
weak electronic correlation. In addition to the N(Er) and A values of
Mo,BC being higher than those of Nb,BC, the @y, value of the
former is lower than that of the latter. We could have expected this
result because the softening of @, for Mo,BC has the potential to
increase its A value according to the McMillan-Hopfield expression
[see Eq. (7)]. For this reason, the value of T, for Mo,BC becomes
higher than that for Nb,BN because of the larger electron-phonon
coupling parameter of the former as compared to that of the latter.

IV. SUMMARY

In this paper, we have conducted ab initio pseudopotential
calculations in order to understand the structural, electronic,
elastic, mechanical, phononic, and electron-phonon interaction
properties of Mo,BC and Nb,BN superconductors. It is argued
that the chemical bonding in these compounds is a mixed one,
arising out of ionic, covalent, and metallic characters. The near-
Fermi electronic states of both superconductors are occupied by the
d states of transition metal atoms, but the electronic density of
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states at the Fermi level in Mo,BC is significantly higher than that
in Nb,BN. The considerable difference in their N(Eg) values is the
first reason why Mo,BC has a higher T value than its isostructural
compound Nb,BN, since a higher value of N(Ep) gives rise to a
higher electron-phonon coupling parameter ().

Both compounds are stable according to the criteria of
mechanical stability. The bulk modulus, shear modulus, and
Young’s modulus for Mo,BC are larger than the corresponding
values for Nb,BN, revealing the stronger borocarbide stiffness.
Adopting the ductility and brittleness in terms of the limiting value
of 1.75 for the ratio of the bulk modulus to the shear modulus, our
work suggests that Mo,BC is moderately inclined to ductility, while
Nb,BN is considerably inclined to brittleness.

The phonon frequency spectrum of Mo,BC shows a broad
gap between approximately 8.51 THz and approximately 10.84 THz
for Mo,BC. The phonon frequency spectrum of Nb,BN shows a
broad gap between approximately 8.83 THz and approximately
11.17 THz and a small gap between approximately 15.88 THz and
approximately 16.03 THz. Analysis of phonon density of states for
both superconductors reveals dominance of transition metal atoms
in the low-frequency region and dominance of lighter nonmetal
atoms in the high-frequency region.

The calculated Eliashberg spectral functions indicate that tran-
sition metal-related vibrations are strongly involved in the process
of scattering electrons, while the vibrations of nonmetal atoms play
a relatively insignificant role in determining the superconducting
properties due to the absence of their p states at the Fermi level.
We find that the total electron-phonon coupling is equal to 0.745
for Mo,BC, being larger than the corresponding value of 0.539 for
Nb,BN. The difference in the A values must be the second reason
why Mo,BC has a higher T, value than its isostructural compound
Nb,BN. Finally, we find that the superconducting transition tem-
perature is equal to 7.41K for Mo,BC and 3.50K for Nb,BN,
being comparable with their experimental values of 7.2 and 4.4 K.
As a consequence, we can conclude that the conventional electron-
phonon coupling theory conveniently describes superconductivity
in both Mo,BC and Nb,BN.
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