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Abstract

We have studied the structural, electronic, elastic, mechanical, vibrational and
electron-phonon interaction properties of Moo C crystallizing in the simple orthorhom-
bic (-FesN-type crystal structure by using the generalized gradient approximation of
the density functional theory and the plane wave ab initio pseudopotential method.
A critical assessment of the calculated electronic structure and density of states
reveals that the bonding in in this material is a combination of covalent, ionic and
metallic in nature. The calculated values of the second order elastic constants signal
its mechanical stability. An examination of the calculated Eliashberg spectral func-
tion reveals that Mo-related phonon modes couple strongly to electrons due to the
significant presence of Mo d electrons at the Fermi energy. From the integration of
this spectral function, the value of average electron-phonon coupling parameter is
determined to be of the intermediate strength 0.709. Finally, the value of the super-
conducting critical temperature is calculated to be 7.37 K, in excellent accordance
with its measured value of 7.30 K.
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1 Introduction

The transition metal carbides, displaying matchless physical and chemical properties such as
good chemical stabilities, high melting points, remarkable electrical and thermal conductivities,
extreme hardness, excellent corrosion and wear resistance [1-5], have received a great deal of
interest as useful materials for cutting tools and hard-coatings [5-11]. One of the most impor-
tant transition metal carbide, molybdenum semi-carbide (MoyC ), has been largely applied in
steel and in metal ceramics [12]. Mo,C adopts both orthorhombic and hexagonal crystalline
solids [13—18]. The orthorhombic phase has been experimentally [19,20] found to be more stable
than the hexagonal phase. In addition, the orthorhombic phase of Mo,C is reported to exhibit
superconductivity at 7.30 K [21]. Moreover, Mo, C is known to exhibit hydogen-related catalytic
activities like noble metals such as hydrogenation, dehydrogenation, hydrogenolysis, methana-
tion, aromatization, hydrocracking, hydrodesulfurization, hydrodenitrogenation, and hydrogen
production from reforming of oxygenated compounds [22-38]. The orthorhombic phase of Mo, C
has also been reported as an active catalytic phase for the watergas shift (WGS) reaction [39-41]
and also as a highly useful backing to support to Pt nanoparticles in the catalyzed WGS reac-
tion [42]. In addition, the orthorhombic Mo,C has been discovered to catalytically turn benzene
into cyclohexane in a highly influential manner [43]. Above all, steam reforming catalysis has
been realized using the orthorhombic phase of MoyC [44].

Pulse-echo measurements of ultrasonic wave velocity [45] have been utilized to obtain the elastic
stiffness moduli and related elastic properties of ceramic samples of orthorhombic Mo,C as
functions of temperature in the range 130-295 K and hydrostatic pressure up to 0.2 GPa at
room temperature. This experimental work [45] reveals that the orthorhombic MoyC ceramic
is a relatively rigid material elastically: the longitudinal elastic stiffness and the adiabatic bulk
modulus of this material is high. Furthermore, they grow with diminishing temperature and
exhibit a knee [Huesyin, is ’knee’ the right word here?| at about 200 K, below which longitudinal
acoustic mode softening is present.

The unique physical and chemical properties of Mo,C have motivated theoreticians to investi-
gate its structural, elastic, mechanical, electronic and vibrational properties. A large number
of theoretical works [20,46-57] exist on its physical properties. Ab inito pseudopotential cal-
culations [20] within the local density approximation (LDA) made on both phases of Mo,C
have indicated that the orthorhombic phase is slightly lower in energy that the hexagonal one.
In this theoretical work [20], the calculated charge distribution clearly suggests a existence for
directional Mo-C bonding. Following this theoretical work, first-principles full-potential muffin-
tin orbital calculations [46] were conducted in order to investigate structural and electronic
properties of hexagonal and orthorhombic Mo,C. This theoretical work also confirms that the
orthorhombic phase is more stable than hexagonal one. In 2009, Wang and co-workers [49]
determined the lattice parameters, elastic constant matrices and overlap population for both
phases in order to understand the characterization of the hardness and melting point of both
structures using the first-principles plane wave pseudopotential method based on the density
functional theory within the generalized gradient approximation (GGA). Their electronic re-
sults reveal that the hybridization effect between Mo d and C p states in the orthorhombic phase
is considerably stronger than that in the hexagonal one. Following this theoretical work, the
ab-inito pseudopotential method [50] was also used to study structural, electronic and elastic



properties of the orthorhombic and hexagonal MosC. The obtained elastic results [50] for both
phases indicate that they are both mechanically stable. Furthermore, the obtained results for
the enthalpy of these structures reveal that the orthorhombic phase can form more easily com-
pared to the hexagonal one. Finally, the electronic results of this theoretical work [50] suggest
that bonding in both phases of Mo,C contains a mixture of covalent and metallic character.
Density functional theory calculations within GGA [52] were made to examine the electronic
structures and formation energies of semi-carbides M,C and sub-carbides M4C (where M =V,
Cr, Nb, Mo, Ta and W). The results from this theoretical [52] work indicate that MoC carbide is
more stable than M;,C. The GGA method was also used to probe the structural and electronic
properties of catalytically relevant molybdenum carbide phases (cubic MoC, hexagonal MoC
and orthorhombic MooC) by Politi and co-workers [53]. This theoretical work deduces that
the orthorhombic Mo, C exhibits a stronger metallic character than the other two polymorphs.
In 2016, Connetable [57] studied the structural, elastic, mechanical and vibrational properties
of orthorhombic Mo,C using the GGA method. This theoretical study [57] reveals that the
orthorhombic phase of Mo,C is dynamically stable.

In spite of considerable theoretical progress made in analyzing the structural, electronic, elastic
and mechanical properties of orthorhombic Mo,C, no theoretical works have been conducted to
examine its electron-phonon interaction properties. A number of important physical properties
of metals are controlled by electron-phonon interaction. In general, for any material, electrical
and thermal resistivities, superconductivity, softening of phonon modes, renormalization of the
low-temperature electronic component of the heat capacity, and a number of other physical
phenomena can be commented obviously only with the knowledge of the spectral distribution
function of the electron-phonon interaction. With this in mind, we have decided to investi-
gate the structural, electronic, elastic, mechanical, vibrational and electron-phonon interaction
properties of orthorhombic Mo,C, with particular attention to the origin of superconductiv-
ity. We examine the structural and electronic properties by using the GGA method of density
functional theory [58,59]. The electronic band structure and density of states near the Fermi
energy are examined and discussed in detail. The influential stress-strain method [60] has been
utilized in estimating the second order constants and the obtained results signal the mechan-
ical stability of Mo,C in its orthorhombic (-Fe;N-type crystal structure. Then, the calculated
values of second order elastic constants allow us to determine the polycrystalline bulk modulus
(B), shear modulus (G), Young’s modulus (E) and Poisson’s ratio (o) using the Voigt-Reuss-
Hill (VHR) approach [61-63]. The calculated values of above physical quantities coincide with
previous experimental and theoretical results [45,50,55,57]. We have conducted ab initio linear
response calculations [58,59] of phonon dispersion curves and phonon density of states for or-
thorhombic Mo,C. The calculated phonon spectrum confirms the dynamical stability of Mo,C
in its orthorhombic (-FesN-type crystal structure. The electron-phonon matrix elements for or-
thorhombic Mo,C have been evaluated by utilizing the linear response method [58,59] and the
Migdal-Eliashbergh approach [64,65]. Then, our phonon results and electron-phonon matrix el-
ements have been used to derive the Eliashbergh spectral function of orthorhombic Moy,C which
allows us to determine the electron-phonon coupling parameter and the logarithmic average of
phonon frequency. Using the calculated values of above two physical quantities, the value of
superconducting transition temperature is found to be 7.37 K which is in excellent agreement
with its experimentally reported value of 7.30 K [21]. [Huseyin, the text in this paragrph should
not be described in the Introduction section. You seem to do this in all papers, and I keep trying
to indicate not to do that (or atleast reduce it). Please decide if you would like to leave this



paragraph as it is].

2 Method

We have conducted first principles calculations based on the pseudopotential method within
the density functional theory using the Quantum-Espresso (QE) computer package [58,59].
The electron-ion interaction is taken into account by using norm-conserving pseudopoten-
tials [66] while the exchange-correlation energy is evaluated by using the generalized gradi-
ent approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) approach [67]. The elec-
tronic wave functions are expanded in plane waves up to a maximal cutoff energy of 60 Ry.
The orthorhombic crystal structure of MosC is totally relaxed by employing the Broyden-
Fletcher-Goldfrab-Shanno optimized method [68]. Self-consistent solutions to the Kohn-Sham
equations [69] are obtained by employing a set of special k points generated by using the
Monkhorst-Pack scheme [70]. For the Brillouin zone sampling, in the calculation of structural
properties, a (8x8x8) Monkhorst-Pack k mesh is chosen, but for the band structure calculation
a (24x24x24) Monkhorst-Pack k mesh is utilized. Phonon calculations have been realized by
using the linear response approach based on the density functional theory [58,59]. We have
computed eight dynamical matrices which correspond to a 2x2x2 g-point mesh within irre-
ducible segment of the Brillouin zone. Then, three dimensional Fourier interpolation has been
made to obtain phonons for any desired g point.

Our electron-phonon interaction calculations have been made using the Migdal-Eliashberg
theory and linear-response theory together [58,59,64,65]. The key quantities of the Migdal-
Eliashberg theory [64,65], determined using the linear-response theory [58,59], are the electron-
phonon matrix elements which possess the following form:

] . SCF -
It aymeken = oy, < J, k4 qm|AVC i kn >, (1)

where M is atomic mass and AVqSCF refers to the derivative of the self-consistent effective
potential with respect to the atomic displacements caused by a phonon with wave vector q.
The electron-phonon matrix elements allow us to calculate the the phonon linewidth g,

Yaj = 27Twcl.7 Z ’g?lz+q)m;kn’26(€kn - €F)5(€(k+q)m - 5F>7 (2>

knm

where wg; and €uq)m refer to the phonon frequency and the energies of bands respectively.
The electronic density of states, the phonon density of states, and the electron-phonon matrix
elements are used to derive the Eliashberg function a?F(w)

1 Vaj

o’ F(w)

Here N(EF) depicts the electronic density of states at the Fermi level. Then, the average



electron-phonon coupling constant (A) and the logarithmically averaged phonon frequency wy,
are obtained from the following equations:

A= 27a2F(w)dw. (4)

W

and

rd
Wiy, = exp (2/\1 / :}azF(w)lnw) : (5)

0

Then, the Allen-Dynes modified McMillan equation [71,72] is usually utilized to procure the
superconducting transition temperature T.:

Wi 1.04(1 + A)
T — _
©T 127 ( A= (1 + 0.62>\)> ’ (6)

where p* is the Coulomb pseudopotential representing Coulomb repulsion. The value of u*
generally lies between 0.10 and 0.16. The average value of 0.13 is utilized for the calculation
of T.. Furthermore, the values of A and N(Eg) allow us to obtain the electronic specific heat
coefficient v, given as

1
v = gﬂQk%N(EF)(l + A). (7)
Finally, we have to emphasize that a denser 24x24x24 k-point grid is chosen for evaluating
accurate results for the electron-phonon interaction matrix.

3 Results
3.1 Structural and FElectronic Properties

The orthorhombic phase of Mo,C adopts the (-Fe;N-type crystal structure with space group
Pyen, and four formula units per primitive unit cell. Figure 1 illustrates this structure. The
atoms occupy the Wyckoff positions 8(d) (Xaz0, Yo, Zmo) for Mo and 4(c) (0, ye, 1/4) for
C, where X0, VMo, Zao and yo denote the internal free coordinates. Thus, this structure is
formed by three lattice parameters, a, b and ¢, and four internal structural parameters, x,/,,
YMos Zamo and yo. As can be seen from Fig. 1, the primitive unit cell of orthorhombic Moy,C
includes twelve atoms, which are eight molybdenum and four carbon atoms. The carbon atoms
in orthorhombic Mo,C regulate themselves in such way that each molybdenum atom possesses
three almost planar carbon neighbors while each carbon atom coordinates with six molybdenum
atoms.



We first optimized the structure under the minimum conditions of the total energy and the
forces acting on the atoms. Then, the values of bulk modulus (B) and its pressure derivative
(B") were obtained by minimizing the crystal total energy for different values of the crystal
volume by means of the Murnaghan equation of state [73]. The calculated values of the lat-
tice parameters (a, b and ¢), the internal free coordinates (X0, Y0, Zrmo and y¢), the bulk
modulus (B) and its pressure derivative (B'), and their comparison with available experimen-
tal [13-16,18] and theoretical results [20,44,46-57] are presented in Tab. 1. Generally speak-
ing, the calculated structural parameters accord well with their experimental [13-16,18] and
previous theoretical [20,44,46-57] values. In particular, each lattice parameter differs from its
experimental value by less than 2%. The values of bond-lengths between each Mo atom and its
three neighboring C atoms are found to be 2.115 A, 2.122 A and 2.139 A which are all shorter
than the sum of the covalent radii for Mo+C of 2.220 A. This result reveals that a strong
covalent Mo-C interaction is present in the orthorhombic Mo,C but some ionic character in
this superconductor exists due to the difference in the electronegativity among the comprising
elements.

Fig. 2 (a) displays the calculated electronic band structure of MoyC along the high symmetry
directions in the Brillouin zone of simple orthorhombic lattice. The gross features of calculated
band structure are consistent with those reported in previous theoretical calculations [50,53].
The calculated band structure reveals that the orthorhombic Mo,C is a three-dimensional
metal because several bands with large dispersion cross the Fermi level along several symmetry
directions. The bonding in this material can be categorized as an interplay between covalent,
metallic, and ionic characters. In order to understand the character of electronic bands the total
and partial density of states (DOS) are depicted in Fig. 2 (b). The presence of a gap of 4.1 eV
divides the valence DOS into two obvious regions. The first region, lying from -13.4 eV to -11.2
eV, originates from C 2s states with smaller but considerable contributions from the 4d and
5p states of Mo atoms. Mo 4d and C 2p states display strong hybridization with each other
in the lower part of the second region extending from -7.1 to -4.0 eV, confirming strong Mo-C
covalent bonding. The remaining part of the second valence region reveals a dominance of Mo
4d states with much lesser contributions from other electronic states. This picture indicates that
the metallic nature of orthorhombic Mo, C arises mainly from Mo atoms. Since Cooper pairs in
the BCS theory are created by electrons having energies close to the Fermi level, the DOS in
the vicinity of the Fermi level must be examined in detail. The DOS at the Fermi level (N(Er))
has a value of 6.657 States/eV which coincides nicely with its previous GGA value of 6.546
States/eV [50]. The contributions of Mo and C atoms to the value of N(Er) amount to 0.6124
States/eV (94%) and 0.0533 States/eV (6%), respectively. In particular, Mo 4d states alone
contribute to the value of N(Eg) up to approximately 92%. This huge contribution suggests that
Mo 4d electrons play a main role in the formation of superconducting state for the orthorhombic
Moo C since the large value of N(Eg) leads to an enhancement in the value of A according to
the McMillan-Hopfield expression [72];

N(EF) <I?*>

A\ =
M < w? >

(8)

where < w? > depicts the average of squared phonon frequencies, M is the average atomic mass,
and < I? > denotes the Fermi surface average of squared electron-phonon coupling interaction.
This expression obviously reveals that the value of A increases linearly with increasing value



of N(Eg). Thus, it can be concluded that the d electrons of Mo atoms are essential for the
superconducting properties of orthorhombic MoyC.

The first Brillouin zone and Fermi surfaces of the simple orthorhombic Mo,C are presented
in Fig. 3. Our calculations suggest that there are eight different Fermi surface sheets for this
compound. Between Fig. 3(b) and Fig. 3(c), these eight sheets are divided equally and both
figures present four Fermi sheets for a better aspect. | Huseyin, I have changed "Fermi surfaces’
to 'Fermi surface sheets’.] The zone center nesting has a simple sphere-like shape, corresponding
to the electronic bands near the I' high symmetry point being isotropic. Similar nesting occurs
near the R high symmetry point. As can be seen from the Fig. 2, there are no bands crossing
the Er along the X-S direction, thus there is no nesting along this direction. Along the I'-R
direction, there are four hole pockets and one electron pocket, with 2-fold degenerated bands
constituting Fermi surfaces. The same bands are degenerated into 4-fold bands along the R-T
direction and three hole pockets and one electron pocket Fermi surfaces appear in this direction.
The 4d electrons of the Mo atoms domination over the Er and valence bands lead a resonance in
the DOS, and two complex Fermi surface curves are shaped which can be seen in both Fig. 3(b)
and Fig. 3(c). [Huseyin, I did not understant this sentence. Please could you make a clearer
statement. |

3.2 Elastic and Mechanical Properties

The mechanical performance of orthorhombic Mo, C plays a substantial role for the application
as wear resistance material. Therefore, it is mandatory to analyze its elastic properties to
construe its mechanical properties. For an orthorhombic system, there are nine independent
elastic constants which are Cq1, Cia, Ci3, Cag, Co3, Cs3, Cyuy, Cs5 and Cgg. The effective stress-
strain approach [60], based on the generalized Hooke’s law, has been employed to calculate these
nine independent elastic constants. Their calculated values are presented in Tab.2 together
with previous GGA results [50,55,57] for comparison. Our calculated results are coherent with
previous GGA results [50,55,57]. The mechanical stability criterions [74] for an orthorhombic
system can be expressed as:

Ci >0 (i=1,6), Ci + Cayp — 20 > 0, 9)
Coy + C33 — 2053 > 0, Ciy+C35—2C13>0 (1
011 -+ 022 + 033 -+ 2012 + 2013 + 2023 > 0.

—
—_
=)

S—

The calculated values of the second order elastic constants meet the above criterions, revealing
the mechanical stability of Mo,C in its orthorhombic (-Fe;,N-type crystal structure.

The nine independent single crystal elastic constants of orthorhombic Mo,C can be utilized
to derive its mechanical properties such as bulk modulus (B), shear modulus (G), Young’s
modulus (E) and Poisson’s ratio (o). Frequently, the values of B and G, are evaluated by using
Voigt [61] and Reuss [62] approximations, in which the first one [61] corresponds to uniform
strain throughout a polycrystal, which are given by the following equations:



1

By = §(C11 + Cyg + Cs3 + 2015 + 2013 + 2Cs3), (12)
1

Gy = 1=(C1 + Co + Cs3 + 3Cua + 3Cs5 + 3Ce5 — Cra — Cr — C). (13)

The second approximation [62] considers a uniform stress and provides the values of B and G
as functions of elastic compliance constants (S;; = Ci_jl):

1

Bp= , 14

f (S11 + S22 + Sa3) + 2(S12 + S13 + Sa3) (14)
15

Gpr= . 15

r 4(S11 + Sa2 + S33) — 4(S12 + Sz + Saz) + 3(Saa + Ss5 + See) (15)

The arithmetic average of Voigt [61] and Reuss [62] approximations is known as the Hill approx-
imation [63] in the literature. According to this approximation [63], the values of bulk modulus
and shear modulus equal to By = % and Gy = %, respectively. Finally, the values of
Young’s modulus (E) and Poisson’s ratio (o) are estimated by using the following equations:

_ 9BuGpg ” o (3By — 2Gy) (16)

3By + Gy’ (6B +2Gy)
The estimated values of the isotropic bulk modulus By, shear modulus Gy, Young’s modulus
E, By /Gy ratio and Poisson’s ratio for orthorhombic Moy C are presented in Tab. 3, along with
available experimental [45] and previous GGA [50,55,57] results. The calculated values of E,
Gy, By, By /Gy and o are analogous with their corresponding experimental values [45] as well
as their previous GGA values [50,55,57]. The value of Poisson’s ratio can be utilized to designate
the brittleness and ductility of the materials [75]. If this ratio is greater than the critical value
of 0.26, the material exhibits ductile behavior; otherwise, it exhibits brittle behavior. As can
be seen from Tab. 3, the Poisson’s ratio of MosC has a value of 0.292, suggesting that this
superconductor acts in a ductile manner. Furthermore, Pugh’s ratio [76] (By/Gp) is another
index which defines the ductile and brittle nature of materials. If this ratio is greater that
its critical value of 1.75, the materials behaves in a ductile manner; otherwise, it behaves in
a brittle manner. The value of Pugh’s ratio for orthorhombic Mo,C is 2.067, confirming its
ductile nature. Furthermore, the value of Cauchy pressure (C;5-Ci2) can be also used to defines
the ductile and brittle nature of materials. A negative value of this pressure suggests a brittle
character while its positive value means a ductile behavior [77]. The calculated value of Cauchy
pressure for orthorhombic Mo,C is 88.1 GPa, strongly confirming the ductile nature of this
superconductor.

It is well known that the considerable elastic anisotropy may cause microcracks in materials [78].
Therefore, the elastic anisotropy is an essential quantity to improve their durability. Several
anisotropic indexes exist in the literature but we have used the universal anisotropic index (AY)
and the percent of anistropy indexes (Ag and Ag) which are given by the following equations:

GV BV
AV=5—""4+ "2 _6>0 17
Gr Bgp = (17)
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The calculated values of AV, A, Ag and their comparison with previous GGA results [50,55,57]
are summarized in Tab. 3. In general, our calculated values coincide with previous GGA re-
sults [50,55,57]. If the values of AV, Az and Ag equal to zero, the material exhibits an isotropic
character. The large variation from zero signals the anisotropic character of material. As can be
seen from Tab. 3, the value of Ap for orthorhombic MoyC is considerably small, revealing that
this superconductor exhibits a weak anisotropic character in bulk modulus. The value of Ag is
significantly larger than that of A which signals a considerable difference in the values of Gy
and G . This difference will affect the value of AV which is a much better pointer for mechanical
anisotropic properties. The value of this index is found to be 0.1452 for orthorhombic Moy,C
which remarks its anisotropic character.

As an essential quantity, the Debye temperature (©p) is connected with many physical prop-
erties of solids, such as specific heat, elastic constants, and melting temperature. At low tem-
peratures the vibrational excitations originates merely from acoustic branches. Therefore, the
calculated value of ©p from the second order elastic constants is frequently coherent with its
determined value from specific heat measurements. As a consequence, the derived values of By
and Gy from the second order elastic constants can be utilized to estimate transverse (Vr),
longitudinal (V) and mean sound (V) elastic wave velocities using the following equations:

1/2
o-(2)
1/2
v, — <3BH;,04@1> (22)
—1/3
(24)

where p is the mass density of the material. The calculated value of V,; allow us to derive the
value of ©p from the following equation [79]:

h 3£NAp

Op =1

= ) BV, (25)

Here h, kg, N4, M and n refer to Planck’s constant, Boltzmann constant, Avagadro’s number,
the molecular weight and the number of atoms in the molecule, respectively. The calculated
values of Vp, Vi and V), and ©p and their comparison with existing experimental [45] and the-
oretical [50,55,57] results are summarized in Tab. 4. This table clearly reveals that the calculated
values of these physical parameters are comparable with their corresponding experimental [45]
and theoretical [50,55,57] values.



3.3  Phonon and Electron-Phonon Interaction Properties

We first probe the zone-centre phonon modes of orthorhombic Mo,C categorized by the irre-
ducible representations of the point group Da,(mmm). As predicted from group theory, the
symmetries of the zone-centre optical phonon modes can be expressed as

F(D%(mmm)) = 4Ag D 5329 D SBlg D 4B1u D 43211, D 4Au D 4839 D 3B3u

The calculated zone-centre phonon frequencies, their electron-phonon coupling parameters and
the dominant ions in contribution to the eigenvectors of the vibrational phonon modes are
presented in Tab. 5. Our electron-phonon calculations reveal that the majority of the phonon
modes possess a very small electron-phonon coupling parameter except for the lowest A,, the
second A, and the lowest B3, phonon modes. The eigenvector representations of these phonon
modes are displayed in Fig. 4. As it is expected, these phonon modes are mainly dominated
by the motion of Mo atoms because of the significant existence of Mo d states at the Fermi
energy. As can be seen from Fig. 4, eigenvector representations of these phonon modes modulate
the bond angles in the orthorhombic phase of Mo,C which leads to the overlap of Mo and C
electronic states. As a consequence, these phonon branches have larger electron-phonon coupling
parameters than the remaining phonon modes.

Up to now, we have only analyzed the zone-centre phonon modes. However, full understanding
and a trustworthy calculation of the electron-phonon coupling needs the knowledge of the com-
plete phonon spectrum throughout the Brillouin zone. Thus, the calculated phonon spectrum
of orthorhombic Mo,C along high symmetry directions in the first Brillouin zone of simple
orthorhombic lattice is shown in Fig. 5 (a). Our calculated phonon spectrum looks similar to
the one presented in the theoretical work of Connetable [57]. No imaginary phonon modes are
present in the phonon spectrum of orthorhombic MosC, revealing the dynamical stability of
this compound in its (-FesN-type crystal structure. This phonon spectrum splits in two appar-
ent regions: low frequency region (LFR) (0-9.5 THz) and high frequency region (HFR) (18-21
THz) which are separated between each other by a large phonon band gap of 8.5 THz, aris-
ing from the huge mass difference between Mo and C atoms. The LFR is composed of three
acoustic and twenty one optical phonon branches. The acoustic phonon branches in this region
disperse up to 5 THz which leads to a strong overlap between them and the low-lying optical
phonon branches. The HFR is formed by twelve optical phonon branches. The nature of all
phonon branches can be understood more obviously by presenting the total and partial density
of states in Fig. 5 (b). As it is expected, in the LFR, the main contribution to the DOS features
comes from Mo atoms while the vibrations of lighter C atoms dominate the HFR. Since the
low frequency phonon modes are mainly characterized by the vibrations of Mo atoms and their
d states dominate the density of states at the Fermi level, Mo atoms and their d states have a
potential to play an essential role in the transition from the normal state to the superconducting
state for orthorhombic MosC according to the McMillan-Hopfield expression (see Eq. 8).

In order to examine the strengths which different modes of ionic motion interact with the elec-
trons at the Fermi energy, and hence are capable of influencing the superconducting properties
of orthorhombic Mo, C strongly, we have presented the Eliashberg spectral function o F'(w) and
the frequency variation of the average electron-phonon coupling parameter in Fig. 6. We will
examine the spectral contribution to the value of average electron-phonon coupling parameter.
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In frequency region from 2.9 to 5.8 THz, the value of A increases rapidly with increment in
phonon frequency. Thus, the largest subscription to A comes from three acoustic phonon modes
and low-lying optical phonon modes in this region with around 77%. This result confirms that
Mo-related phonon modes couple strongly to electrons due to the remarkable existence of Mo d
electrons at the Fermi level. Finally, the calculated values of the physical quantities (N(Er), wi,,
A, v, and T.) related to superconductivity in the orthorhombic phase of Mo,C are presented
in Tab. 6 together with available experimental [21] and theoretical [50,53] results. The value
of A amounts to 0.709, indicating that the orthorhombic phase of Mo,C is a phonon-mediated
superconductor with the intermediate electron-phonon coupling strength. The calculated value
of N(Ep) accords with its previous GGA values [50,53] while the calculated value of T, is al-
most equal to its experimental value of 7.30 K [21]. Unfortunately, no experimental data or
theoretical results exist for the values of wy, and . Therefore, our presented reults can provide
a useful quidance for future exoerimental and theoretical works on this superconductor.

4 Summary

We have probed the structural and electronic properties of Mo,C crystallizing in the simple
orthorhombic (-FeyN-type crystal structure by using the generalized gradient approximation of
the density functional theory and the plane wave ab initio pseudopotential method. The calcu-
lated values of three lattice parameters (a, b and ¢) and four internal coordinates (Xus0, Yasos
Znro and y¢) are compatible with their corresponding experimental values. The bonding in this
material can be classified as an interplay between covalent, metallic, and ionic characters. Mo d
electrons dominate the energy states near the Fermi level. The effective stress-strain approach
based on the generalized Hooke’s law reveals the mechanical stability of this superconductor.
The calculated values of elastic constants have been used to determine the mechanical proper-
ties of orthorhombic Mo, C such as bulk modulus (B), shear modulus (G), Young’s modulus (E)
and Poisson’s ratio (o) using the Voigt-Reuss-Hill (VHR) approach. The calculated values of B,
G, E and ¢ are in good accordance with their corresponding experimental values. Furthermore,
the calculated value of Pugh’s ratio reveals the ductile nature of orthorhombic Mo,C.

In addition to the structural, electronic, elastic and mechanical properties of orthorhombic
Mo, C, its vibrational properties have been analyzed by using a linear response approach. No
imaginary phonon modes are presented in the calculated phonon spectrum of orthorhombic
Moy C, revealing the dynamical stability of this superconductor in its orthorhombic (-FeyN-
type crystal structure. The partial phonon DOS of orthorhombic Mo,C depicts a dominance
of Mo atoms in the low frequency region due to the heavier mass of Mo atoms as compared
to that of C atoms. Since Mo atoms dominate the phonon DOS features in the low frequency
phonon region and their d states dominate the states near the Fermi level, these atoms and
their d states have a potential to play essential role in the transition from the normal state to
the superconducting state. An analysis of the Eliashbergh spectral function reveals that the
three acoustic phonon branches and low-lying optical phonon branches mainly characterized by
the vibrations of Mo atoms are more involved in the process of scattering of electrons than the
phonon modes with high frequency. From the integration of Eliashberg spectral function, the
value of the average electron-phonon coupling parameter is determined to be 0.709, signaling the
intermediate electron-phonon interaction in this superconductor. Finally, using the calculated
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value of average electron-phonon coupling parameter, the value of superconducting temperature
is estimated to be 7.37 K which accords excellently with its measured value of 7.30 K.
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Table 1

The calculated values of the lattice parameters (a, b and c), internal coordinates (Xaz0, Yar0, ZMo
and y¢) the bulk modulus (B) and its pressure derivative (B/) for MoyC, and their comparison with
previous experimental and theoretical results.

/

ad) bA) o) swo Vo e ve B(GPw) B
Mo, C 4.75 6.09 5.26 0.2444 0.3785 0.0794 0.1230 2994  4.49

Experimental [13] 4.72 6.00 5.19
Experimental [14] 4.73 6.04 5.20 0.2450 0.3750 0.0833 0.1250
Experimental [15] 4.74 6.03 5.21
Experimental [16] 4.73 6.03 5.20
Experimental [18] 4.75  6.02 5.21

LDA [20] 474 613 5.26 307.0  4.34

GGA [44] 483 6.16 5.30

LDA [46] 471 599 5.19

GGA [47] 475 6.03 5.20

GGA [48] 478 6.03 527 307.1

GGA [49] AT1 6.04 525

GGA [50] 474 604 521

GGA [51] 484 617 5.32 282.3

GGA [52] 4.79  6.03 5.21 302.35

GGA [53] 4.74 6.06 5.22 315.5

GGA [54] 479 612 5.31 309.1

GGA [55] 479 601 5.21

GGA [56] 475 6.07 5.24

GGA [57] 476 6.08 5.24

Table 2

The calculated values of the nine independent elastic constants for the simple orthorhombic MosC
and their comparison with previosu GGA results. All parameters are in GPa units.

Source Ci Ci2 Cis Ca2 Cas Cs3 Cua Css Ces

Moy C 460.04 228.67 238.62 495.17 185.77 492.45 140.61 161.81 183.25
GGA [50] 460.49 210.88 205.78 482.74 166.95 489.39 148.19 174.67 182.44
GGA [55] 430.30 214.90 217.60 494.40 164.40 485.60 145.50 161.70 178.20
GGA [57] 454.00 224.00 212.00 487.00 166.00 490.00 146.00 184.00 171.00
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Table 3

The calculated values of Young’s modulus (E), shear modulus (Gg), Bulk Modulus (Bg), By /Gg,
Poisson’s ratio (o), the universal anisotropic index (A"), and percent anisotropy (Ap, Ag) for the
simple orthorhombic MooC and their comparison with available experimental and theoretical results.

Source E (GPa) Gpg (GPa) Bpy (GPa) Bpy/Gpg o A Ap Aq
Moy C 382.3 147.9 305.9 2.067  0.292 0.1452 0.0001 0.0143
Experimental [45] 351.0 139.0 248.0 1.784 0.264
GGA [50] 396.9 156.2 288.8 1.849  0.271 0.0973 0.0001 0.0100
GGA [55] 381.7 149.1 289.3 1.940  0.280 0.1500 0.0010 0.0150
GGA [57] 391.0 153.0 292.0 1.910 0.280 0.1367 0.0002 0.0135
Table 4

The calculated values of transverse (Vr), longitudinal (Vy,), average elastic wave velocities (V) and
Debye temperature (©p) for the simple orthorhombic MoyC and their comparison with available
experimental and theoretical results.

Source Vo (m/s) Vi (m/s) Vo (m/s) Op (K)

Moo C 4079.16 7522.23 4551.58 580.87
Experimental [45] 3905.00 6906.00 4343.00 559.00
GGA [50] 4146.34 7397.39 4614.73 593.08
GGA [55] 4058.90 7343.90 4522.40 580.30
GGA [57] 590.00
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Table 5

Calculated zone-centre phonon modes (v in THz) and their electron-phonon coupling parameters (\)
and their eigen characters for the simple orthorhombic MosC. The notations of I, R, and S denote
infrared active, Raman active and silent modes, respectively.

Mode v A Eigen characters Mode v A Eigen characters
A, (R) 4.041 0.130 Mo+C Ay (R) 6.937 0.026 C+Mo
By (R) 4.170 0.059 Mo+C A, (S) 7.546 0.006 Mo
Biy (R) 4.266 0.073 Mo+C Bs, (1) 7.689 0.011 Mo
By (I) 4.494 0.014 Mo+C Bs, (R) 9.469 0.015 Mo+C
B, (I) 4.758 0.012 Mo+C Ba, (R) 18.263 0.007 C
By (R) 4.785 0.056 C+Mo Biy (R) 18.319 0.009 C
A, (S) 4.867 0.015 Mo+C By (I) 18.354 0.004 C
Ay (R) 5.254 0.118 Mo+C Bs, (1) 18.600 0.010 C
Ba,, (I) 5.259 0.014 Mo+C By (I) 18.689 0.003 C
Bsg (R) 5.272 0.107 Mo+C Ay (R) 19.413 0.004 C
B3, (I) 5.394 0.033 Mo+C B (I) 19.423 0.008 C
Bsg (R) 5.559 0.082 Mo+C By (I) 19.799 0.002 C
Biy (R) 5.594 0.022 Mo+C Biy (R) 20.124 0.006 C
By (I) 5.972 0.009 Mo+C A, (S) 20.171 0.002 C
A, (S) 5.986 0.011 Mo+C Bs, (R) 20.398 0.009 C
Byy (R) 6.368 0.062 Mo+C Bay (R) 21.019 0.006 C
Big (R) 6.414 0.018 Mo+C
Table 6

The calculated values of physical quantities related to superconductivity in the simple orthorhombic
MosC and their comparison with available experimental and theoretical results.

Source N(Er) (States/eV) win, (K) A 7(#&2) T, (K)
This Work 6.657 266.01 0.709 26.745 7.37
Experimental [21] 7.30
GGA [50] 6.546
GGA [53] 5.769
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Fig. 1. (a) The simple orthorhombic {-FeaN-type crystal structure of MosC superconductor.
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Fig. 2. (a) The electronic band structure of simple orthorhombic MoyC along selected symmetry
directions of the simple orthorhombic Brillouin zone. The Fermi energy corresponds to 0 eV. (b) The
total and atomic projected electronic local density of states for simple orthorhombic Moy C.
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Fig. 3. Calculated Fermi Surfaces in the simple orthorhombic MosC.
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V =4.041THz V =5.254 THz
A =0.130 A=0.118

V=5273THz
A =0.107

Fig. 4. Eigen atomic displacement patterns, phonon frequencies and electron-phonon coupling param-
eters for selected zone-center modes in the simple orthorhombic Moy C.
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Fig. 5. The calculated phonon dispersion spectrum of simple orthorhombic MooC along the high
symmetry lines in the first Brillouin zone of simple orthorhombic lattice. (b) The calculated total and
partial phonon density of states of simple orthorhombic MosC.

24



1 2
1.4 . - F(w) 1.4
: | — A :
1.2+ U | 1.2
_ ‘ L
14 \M -1
3 Ll *
L 08 | \H A —08 )\
N | ‘\ “ | |
S e “‘ /ﬁﬁ 0.6
i i Mﬂ L
0.4 | H 0.4
i ‘ | “M\ L
0.2 | MN\HW ~02
. A -
0 ‘ T T ‘ V‘\ ‘ T ‘ T T ‘ T ‘ T “‘ l“‘\ ‘ ‘\ O

\
8 10 12 14 16 18 20 22
Frequency (THz)

Fig. 6. Eliashberg spectral function o?F(w) (red curve) and integrated electron-phonon coupling pa-
rameter A (blue curve) for the simple orthorhombic MosC.
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