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The structural, elastic, vibrational, thermodynamic and electronic properties of the Mo,B intermetallic
under pressure are assessed using first-principles calculations based on the generalized gradient
approximation (GGA) proposed by Perdew-Wang (PW91). Our results show that the calculated structural
parameters at a pressure of zero GPa are in good agreement with the available experimental data. The
effect of high pressures on the lattice constants shows that the compression along the c-axis and along
the a-axis are similar. The elastic constants were calculated using the static finite strain technique, and
the bulk shear moduli are derived from the ideal polycrystalline aggregate. We find that the elastic
constants, elastic modulus and hardness monotonically increase as a function of pressure; consequently,
the structure is dynamically stable and tends from brittle to ductile behavior under pressure. The Debye
temperature fp increases and the so-called Gru neisen constant y decreases due to stiffening of the
crystal structure. The phonon dispersion curves were obtained using the direct method. Additionally, the
internal energy (AE), the Helmholtz free energy (AF), the entropy (S) and the lattice contribution to the
heat capacity C, were calculated and analyzed with the help of the phonon dispersion curves. The N(Ef)

and the electron transfer between the B and Mo atoms increase as a function of pressure.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Transition-metal borides have been attracting considerable
attention due to their interesting physical properties, such as high
melting point, high hardness, low compressibility, thermal stability,
excellent electric conductivity and good mechanical properties
[1-7].

The total solubility of B in the Mo matrix gives rise to a few
interesting intermetallic phases that have been studied extensively
from experimental and theoretical perspectives. In the Mo—B phase
diagram, there are six known phases, as shown in Fig. 1(a) [8]. These
phases are a-MoB (tetragonal structure, low-temperature space
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group I4q/amd, Z = 8) [1], -MoB (orthorhombic structure, high-
temperature space group Cmcm, Z = 4) [2], MoyB (tetragonal
structure, space group I4/mcm, Z = 4) [1], MoB; (hexagonal struc-
ture, space group P6/mmm, Z = 1) [2,3], Mo2Bs (rhombohedral
structure, space group R-3m, Z = 6) [1] and MoB4 (hexagonal
structure, space group P6s/mmc, Z = 4) [4].

These phases exhibit interesting mechanical and electronic
properties. The brittle nature, hardness and high wear resistance in
some phases rich in B are attractive for engineering applications.
For example, the brittle nature increases with increasing B/Mo ra-
tio, i.e., Mo,B is less brittle than MoBy4 [9]. From a basic perspective,
some of these phases surprisingly exhibit superconductivity, such
as MoB (T, = 0.5 K[6]) and MoyB (T, = 5.86 K [7]). Investigations of
the electronic properties of the Mo-B phases have shown that the
major contribution to the electronic density of states at the Fermi
level is the Mo 4d states, which are the main states responsible for
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Fig. 1. (a) Mo—B phase diagram and (b) normalized lattice parameters: a/agp and c/co as a function of pressure. The lower left inset in Fig. 1(b) shows the crystal structure of the Mo,B
phase with the [4/m space group viewed along the b axis (left) and along the c axis (right). The top right inset in Fig. 1(b) shows the normalized unit cell volume: V/Vj as a function

of pressure.

the metallic behavior [ 10—13]. However, the presence or absence of
superconductivity in these phases has not been clarified to date.
Another interesting aspect is related to the phase stability, which
has generated much discussion in recent years [10,14,15]. M.
Frotscher et al. showed through powder X-ray and neutron
diffraction studies and by electron microprobe analysis that the
Mo,Bs5 phase is unstable at atmospheric pressure [16]. However, P.
Liu et al. showed using powder X-ray diffraction that the rhom-
bohedral structure in Mo,Bs is stable up to 24.1 GPa and that their
compressibility on the a-axis and c-axis is anisotropic [ 17]. Another
example is the Mo,B phase. Recently, D. Zhou et al. [ 11] studied the
structural, elastic, vibrational and electronic properties of this
phase using ab initio phonon calculations. They found a dynami-
cally unstable structure when the I4/mcm space group is proposed,
in contrast to what occurs when the [4/m space group is used.

In the following, we explore and compare with other studies the
phase stability under high pressure for Mo;B with the I/4m space
group. We employ first-principles calculations based on the
generalized gradient approximation (GGA). The motivation is that
the application of high pressure allows for theoretical in-
vestigations of the phase stability and phase transitions due to
changes in the lattice parameters of the crystal lattice. Until now,
few studies have been conducted on molybdenum borides under
high pressure [11,16,18—20]. Furthermore, in this work, we sys-
tematically investigate the mechanical, thermodynamic, vibra-
tional and electronic properties of the I4/m space group, which
have not previously been explored.

2. Calculation details

The first-principles calculations were performed using the
CASTEP code [21,22] within the density functional theory (DFT)
scheme [23,24]. The correlation functionals were treated by the
generalized gradient approximation (GGA), as proposed by
Perdew-Wang (PW91) [25]. The tightly bound core electrons were
represented by Vanderbilt-type nonlocal ultra-soft pseudo-poten-
tials [26]. During searching of the minimum energy configuration

for a modeled system, the CASTEP code allows the Kohn-Sham
equations to be solved using a plane wave basis. The former is
connected to one of two parameters that affect the accuracy of the
calculations: the cut-off kinetic energy; the second parameter is the
number of k-points used to sample the Brillouin zone (BZ). The
results converged when a 500 eV cut-off kinetic energy and
11 x 11 x 11 k-point mesh were used [27]. Careful convergence
tests show that convergence of the total energy calculations is
guaranteed with these parameters. The convergence tolerances
were set as follows: 0.002 eV/A for the maximum force on atoms,
10~ A for the maximum atomic displacement, and 0.003 GPa for
the highest strain amplitude. The elastic coefficients were deter-
mined from first-principles calculations by applying a set of given
homogeneous deformations with a finite value (maximum strain
amplitude of 0.003 GPa) and calculating the resulting stress with
respect to optimizing the internal degrees of freedom. Although the
CASTEP code is designed for studying periodic systems, the selected
convergence criteria define how computationally expensive each
calculation becomes; however, the code provides two alternatives
to calculate the vibrational properties of the modeled systems: by
using the finite displacement or the linear response approxima-
tions. In this work, the first-principles investigations of the phonon
dispersion relations and phonon modes are performed using the
finite displacement method [28]. Moreover, some phonon-related
thermodynamic properties, such as the internal energy (AE), the
Helmholtz free energy (AF), the entropy (S) and the lattice contri-
bution to the heat capacity C,, were calculated in a quasi-harmonic
approximation [29]. Finally, the Mulliken populations and atomic
bonds were investigated by the projection of plane-wave states into
a linear combination of atomic orbitals.

3. Results and discussion
3.1. Structural properties under pressure

Dimolybdenum boride MoyB (Al, Cu-type structure) shows a
body-centered tetragonal structure (space group I4/mcm; point
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group Dgy (4/mmm)), in which each unit cell contains 12 atoms:
eight Mo atoms and four B atoms. The Wyckoff positions of the
atoms in Mo3B are Mo: 8 h (0.17,0.67, 0) and B: 4 a (0, 0, 0.25). Each
B atom has eight nearest Mo atoms. The coordination number of
the Mo atom is 4, with four Mo—B bonds [1]. However, it has
recently been reported that the Mo;B structure with the I4/mcm
space group is dynamically unstable at ambient pressure with
respect to the I4/m space group [11]. For the I4/m space group, the
Wyckoff positions are Mo: 8 h (0.1626, 0.6770, 0.0000) and B: 4 e
(0.0000, 0.0000, 0.2871); see inset Fig. 1 (b) [30].

The Mo,B structure with the I4/m space group was optimized
for each pressure value up to 50.0 GPa with respect to internal
parameters, energy, force, stress, and displacement. The optimized
lattice parameters and unit cell volumes under pressure within the
GGA-PW91 approximation are shown in Table 1. The over-
estimation of structural parameters is intrinsic with the GGA-PW91
approximation.

Comparing the optimized lattice parameters in Table 1 at
ambient pressure (0.0 GPa) with those measured experimentally
[30], we obtained errors of 0.16% and 0.25% for the lattice param-
eters a and c, respectively. In contrast, using the optimized lattice
parameters with the I4/mcm group space reported in Ref. [12] and
the experimental data [1], we obtained errors of 0.04% and 0.42%
for lattice parameters a and c, respectively. It is observed that when
using the I[4/mcm space group, the optimized lattice parameters a
and c are not very accurate because the error in lattice parameter a
is considerably higher than that obtained in lattice parameter c.
However, when using the I/4m space group, the optimized lattice
parameters are consistent with those measured experimentally
because the errors in both lattice parameters are similar. Therefore,
we can assume that our calculations are more accurate when using
the I/4m space group than when using the I[4/mcm space group.

Fig. 1(b) shows the pressure dependence of the normalized
lattice parameters a/ap, c/cp, and in the top right inset, the
normalized unit cell volume V/Vy (where ag, cg, and V; are the zero-
pressure equilibrium structural parameters) is shown. As shown in
Fig. 1 (b), the values of the structural parameters decrease almost
linearly with increasing pressure. From the pressure derivatives of
the normalized a/ag and c/cg lattice parameters, we determined the
bulk linear compressibility perpendicular, 8, = —dIn(a/ag)/dP and
parallel, 8 = —dlIn(c/cg)/dP, to the c axis. The obtained §, and ﬁ{‘
values are —8.6808 x 10~* GPa™! and —8.5284 x 10~* GPa~|,
respectively. These values indicate that the compressibility is
isotropic because the bulk linear compressibility in both axes is
similar 8, /8 = 1.02

Table 1
Optimized lattice parameters and unit cell volume of the Mo,B intermetallic under
pressure.

Pressure (GPa) a(A) c(A) V (A3)
0.0 5.5617 47565 147.13
10.0 5.5051 4.7062 142.39
20.0 5.4474 4.6618 138.34
30.0 5.4002 4.6220 134.79
40.0 5.3578 4.5857 131.64
50.0 5.3188 4.5528 128.80
“EXp. 5.543 4.735 145.50
PGGA-PBE 5.5449 4.7550 146.20
“EXp. 5.5527 4.7443 146.29
IGGA-PWI1 5.545 4755 146.20
a Ref. [1].

b Ref. [14].

< Ref. [30].

d Ref. [12].

3.2. Elastic and mechanical properties under pressure

Table 2 shows the calculated values of the elastic constants, Cy3,
C12, C13, C33, C44 and Cgg, for the tetragonal Mo,B structure. Fig. 2(a)
shows the behavior of these elastic constants with pressure. The
elastic constants are positive and satisfy the well-known Born
criteria for tetragonal crystals, indicating that the structure of Mo,B
with space group I4/m is elastically stable up to P = 50.0 GPa, as
shown in Fig. 2 (a). MoyB is generally prepared as a polycrystalline
material; therefore, it is useful to estimate the corresponding me-
chanical parameters for this material. The theoretical poly-
crystalline elastic moduli for Mo;B were calculated from the set of
elastic constants. Hill [31] showed that the Voigt and Reuss equa-
tions represent the lower and upper limits of the polycrystalline
constants. In this framework, the polycrystalline moduli are the
arithmetic mean values of the moduli in the Voigt (By, Gy) and
Reuss (Bg, Gr) approximations, and then, they are given by By = B
and Gy = G. The expressions for the Voigt and Reuss moduli can be
found elsewhere [32,33]. Young’s modulus (E) and Poisson’s ratio
(v) are evaluated from the calculated values of the moduli. The
elastic constants and elastic modulus monotonically increase under
pressure, as shown in Table 2. At P = 0.0 GPa, the bulk modulus (B)
of the Mo,B compound (286 GPa) is considerably lower compared
with c-BN (376 GPa) [34], slightly lower than MoB, (295 GPa) [35]
and higher than that of Mo metal (230 GPa). According to Chiodo
et al. [36], a material is ultra-incompressible if it has a bulk modulus
between 365 and 395 GPa. Our results show that the material
studied in this work and that reported by D. Zhou (B = 303 GPa)
[11] are not ultra-incompressible. On the other hand, under pres-
sure variations, the bulk modulus of Mo,B increased from 286 to
474 GPa. From the common physical equation of the bulk modulus
(B = AP/AV), one can expect an increase in B because of its direct
relation to applied pressure.

According to the Pugh criteria [37], materials with a G/B value <
0.5 may behave as ductile materials; otherwise, the materials
should be brittle. Our results show that the G/B ratio changes from
0.51 (P = 0.0 GPa) to 0.42 (P = 50.0 GPa). These values indicate a
transition from brittle to ductile nature under pressure (see Fig. 2
(b)). The relative directionality of the bonding in the material also
has an important effect on its hardness and can be determined from
the G/B ratio. The Mo,B at 0.0 GPa has the largest G/B ratio, which
suggests the strongest directional bonding between Mo and B
atoms, and this bonding decreases as the pressure increases.

The calculated Poisson ratio (v) is an additional argument for the
variation in the brittle/ductile behavior. For brittle materials, these
values are small, whereas for ductile metallic materials, v is typi-
cally 0.33. In our case, » changes from 0.28 to 0.32; therefore, the
behavior of Mo,B tends from brittle to ductile.

The hardness (H) of a material always plays a significant role in
applications. Using the evolutionary algorithm USPEX based on the
formula of Knoop hardness (in GPa), hardness can be calculated as.

n 1/n
H :423.8n<HNkae—2.7fk> — 3.4, (1)
k=1
where N is the number of bonds of type k in the unit cell and V is
the unit cell volume. Xj is the electron-holding energy of the bond
k, and fj is the ionicity indicator, which are defined in Refs. [39,40].
Table 2 shows the estimated theoretical hardness (H) as a
function of pressure. Our predicted H value at 0.0 GPa is 19.3 GPa;
this is slightly lower than the experimental value reported for Mo,B
(24.5 GPa) [9] and considerably lower than that for brittle materials
such as c-BN (47 GPa) and diamond (85 GPa) [35].
Furthermore, these mechanical properties are slightly different
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Table 2

353

Elastic constants (Cj;), bulk modulus (B), shear modulus (G), (G/B) ratio, Young’s modulus (E), Poisson’s ratio (v) and hardness (H) of the Mo,B intermetallic under pressure. All

units are in GPa.

Pressure Ci1 C2 Ci3 C33 Cyq Cos B G G/B E v H
0.0 475 183 200 455 147 163 286 146 0.51 373 0.28 193
10.0 544 198 228 531 152 169 325 159 0.49 410 0.29 20.1
20.0 598 231 260 584 163 190 365 171 0.47 444 0.30 20.8
30.0 639 255 301 601 173 201 399 177 0.44 462 0.31 21.7
40.0 695 280 331 647 180 213 436 186 0.43 489 0.31 244
50.0 749 307 365 694 195 229 474 200 0.42 525 0.32 253
“GGA-PBE 518 180 208 496 155 161 303 156 0.51 399 0.28 21.2
"GGA-PBE 498 191 210 465 153 165 298 150 0.50 387 0.28 -
“EXp. 245
‘GGA-PBE 500 202 — 515 152 151 301 151 0.50 389 0.28 18.9
GGA-PBE 489 168 208 455 150 164 279 140 050 361 0.29 133
2 Ref. [11] with space group I4/m.
b Ref. [14] with space group I4/mcm.
€ Ref. [9] with space group I4/mcm.
d Ref. [38] with space group I4/mcm. The values were taken at P = 0.0 GPa.
155
? 800 Q- Cll (a) ~ 560- 2,., 0 (C) [
= ] D < oo o150 «—~
7004 |9 C12 o o = | %«m - o
T) p I oet
~ 4[9-Cy3 - Y b 540-I0 S e -~
2 600 P 48 2 \ i . o L 145
- g B e ~ 9 B A R / | E
g 500 - e :; by Unit Cell-Volume Ay E
g I8 2 5204 - 140 S
1 9 C L
O 400- 33 E 4 \ Z
) 1 @ Cy . Q) ot 500 - D =135 8
§ 300 - 9 Ces @ - Q- - = —° \o " =
—_— . T @ @ o 1 L. =
R edg I p ° 9 = 430 \m 130 )
13 B 3 o ° - =] To -
o ————————————} 0.320 1.254————+——7———1+—F125
X L $o
. .= 0.315 -~
050 ) (b) aOPOSS 1204 (d)
0.49 "o [03102 2 5]
-— 9o I =} S ® [+ ]
0.48 S -0305 % 9 :
= I s = 1.104
o 047 0. 0300 5 S
- ] 7
0.46 IS [ ) 1.05+ B
oS - -0.295 2 § ] \o
‘ e B 0290 S 5 1.00-4 \
0.44 S L = i °
- - 0.285 2 .
03 o | £ 095 S
Ca gl 0,280 1
0.42 K O .90 'I
0.41 =4y T T T T T T T T T ™ 0.275 T T T T T T T v T T T
0 10 20 30 40 50 0 10 20 30 40 50
Pressure (GPa
(GPa) Pressure (GPa)

Fig. 2. (a) Elastic constants, (b) variation of the G/B — Poisson ratio (»), (c) Debye temperature fp — unit cell volume and (d) Griineisen parameter (v) of the Mo,B intermetallic under

pressure. The inset in (c) shows the Debye temperature as a function of the unit cell.

from those reported for the space group I4/mcm, as compared at the
bottom of Table 2.

Other important physical quantities that can be deduced from
the obtained bulk modulus (B) and shear modulus (G) are the Debye
temperature (fp) and the sound velocity [41], and the formula is as
follows:

h [6m2
’(3 1%
where 7 is Plank’s constant, kg is Boltzmann’s constant, N is the
number of atoms in the unit cell, and v, is the average sound

1/3

Um,

Op =

(2)

velocity. The v, depends on v; and v;, the longitudinal and trans-
verse elastic wave velocities, respectively, as:

1/2 1\
[ Tl 3
- l(3e3)] .
and v; and v; are determined as
/3B + 4G G
v = T;w\/; (4)

As shown in Table 3, the Debye temperature increases under
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Table 3
Debye temperature (fp) and Gru neisen constant () of the Mo,B intermetallic under
pressure.

Pressure (GPa) Op (K) Y
0.0 477 1.22
10.0 497 113
20.0 515 1.06
30.0 523 1.02
40.0 536 0.97
50.0 553 0.92
Calc. 494

bcalc. 56°

2 Ref. [11] The value was calculated with space group I4/m.
b Ref. [38] with space group I4/mcm. The values were taken at P = 0.0 GPa.

compression due to stiffening of the lattice. Therefore, the corre-
sponding phonon frequencies will also be modified. This effect can
be quantified by the Gru neisen constant vy [42], which is defined as
follows:

 vdep
7—70de (5)

where V is the unit cell volume.

Fig. 2 (c) shows a linear increase in fp as a function of pressure,
with a pressure coefficient of 1.44 K/GPa. The inset in Fig. 2 (c)
shows 0p as a function of unit cell volume, and the volume coeffi-
cient of the Debye temperature estimated from the linear approx-
imation is —3.96 K/A3. Moreover, the calculated values of the Gru
neisen constant as a function of pressure are plotted in Fig. 2 (d). At
0.0 GPa, y = 1.22; with increasing pressure, v linearly decreases due
to the weakened dependence of the vibrational frequencies on
pressure,

Table 4
IR modes and Raman modes of the Mo,B intermetallic under pressure.
Pressure (GPa) IR modes (cm™1) Raman modes (cm™!)
0.0 207.6 E, 163.4 A,
398.6 A, 221.6 B¢
542.1 E, 216.7 Eg
224.0 B,
2255 A,
449.8 A,
5329 E,
50.0 266.6 E, 205.3 Ag
496.1 A, 277.1 Bg
650.5 E, 295.5 Eg
306.6 B,
295.6 A,
571.6 Ag
665.4 E;

3.3. Vibrational properties and phonon dispersion curves under
pressure

Fig. 3(a) shows the obtained phonon dispersion curves along the
high-symmetry directions, and Fig. 3(b) presents the correspond-
ing partial density of phonon states for 0.0 GPa and 50.0 GPa. No
imaginary phonon frequency is observed in the entire BZ, indi-
cating that the phase is stable under pressure.

The primitive cell of the tetragonal structure, with space group
14/m, contains four formula units. The theoretical group analysis of
the eigenmodes of the tetragonal structure (Cyp) yields A, + 2!
E. + 22 E, IR-active modes (acoustic modes not included) and
3Ag + 2Bg + 2! Eg + 22 Eg Raman-active modes, as listed in Table 4.

The partial density of phonon states of Mo,B at zero GPa can be
divided into two regions, as clearly shown in Fig. 3(b). The first
region is localized at low frequency and belongs to the acoustic
phonon modes. In this region, the position of the maximum peak
appears below 250 cm ™}, and it is associated with the molybdenum
atoms. The optical phonon modes are located at high frequency.
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Fig. 3. (a) Calculated phonon dispersion curves; (b) partial phonon density of states; (c) temperature dependence of enthalpy, free energy, and T*S; and (d) heat capacity

dependence of temperature for Mo,B at P = 0.0 GPa and 50.0 GPa.
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Two maximum peaks are localized in this region, at approximately
427 cm~! and 540 cm !, respectively. The first one is from both Mo
and B, and the second is from boron atoms. This result is expected
because the boron atoms are lighter than the molybdenum atoms,
resulting in comparatively weaker electron-phonon interactions;
however, Escamilla et al. [43] showed that in the Mo,B with space
group I4/m, the electron-phonon interaction is intermediate.

Table 5
Mulliken population analysis results of the Mo,B intermetallic under pressure.

Pressure (GPa) S p d Total electrons  Charge states
0.0 B 1.03 245 0 3.48 -0.48
Mo 216 6.65 495 13.76 0.24
10.0 B 1.03 247 0 3.50 —-0.50
Mo 215 664 496 13.75 0.25
20.0 B 1.02 249 0 3.51 -0.51
Mo 213 664 498 13.75 0.25
30.0 B 1.02 250 0 3.52 -0.52
Mo 212 663 499 13.74 0.26
40.0 B 1.02 252 0 3.53 -0.53
Mo 211 662 501 13.73 0.27
50.0 B 1.01 253 0 3.54 -0.54
Mo 210 6.61 5.02 1373 0.27
GGA-PBE B 103 241 0 345 -0.45
Mo 215 6.67 495 13.78 0.22

2 Ref. [13].

Fig. 3(b) shows a gap in the region between low frequency and
high frequency. This gap is formed because the mass differences
between the molybdenum and boron atoms strongly affects the
maximum and minimum values of the acoustic and optical
branches. The acoustic and optical branches are separated by a
frequency gap from 148 to 179 cm~! for 0.0-50.0 GPa. Conse-
quently, with increasing pressure, a shift is induced in the branches
toward high frequency. Similar results for the increase in the gap
and shift in the branches under pressure in borides have been re-
ported by other author [15,44,45].

3.4. Thermodynamic properties under pressure

Fig. 3 (c) shows the enthalpy, entropy and free energy under
pressure. The Helmholtz free energy, F = E — TS, is the relevant
potential in an ensemble, where the volume and temperature are
independent variables. As shown in Fig. 3(c), below 100 K, the
values of the enthalpy, entropy, and free energy are almost zero.
Above 100 K, the free energy at 0.0 GPa decreases faster with
increasing temperature with respect to 50.0 GPa, and the entropy
multiplied by the temperature at 0.0 GPa increases rapidly as the
temperature increases with respect to 50.0 GPa, resulting in a lin-
early increasing relationship between the variations of enthalpy.

Fig. 3(d) shows the variations of the lattice heat capacity with
temperature. We observed that the heat capacity C, increases with
the applied temperature but decreases under pressure. Below a
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temperature of approximately 800 K, C, increases very rapidly with
the temperature; above 800 K, C, increases slowly and gradually
approaches the Dulong-Petit limit.

3.5. Electronic properties under pressure

Fig. 4 (a) presents the total and partial electronic densities of
states of Mo;B at 0.0 and 50.0 GPa. The calculated equilibrium total
density of states at the Fermi level Er is 3.42 states/eV; this value is
consistent with the results of Ref. [11].

The contributions of the B 2s and B 2p states at 0.0 GPa are
comprised between —6.0 and —11.0 eV and —-6.0 to —1.0 eV,
respectively. Close to the Fermi level, the calculated DOS is pre-
dominated by the Mo 4d states; therefore, metallic-like Mo—Mo
bonding occurs due to the overlap of the Mo 4d states at the Fermi
level. The feature from —6.0 and —1.0 eV is due to covalent hy-
bridization between the Mo 4d - B 2p bonding states.

Compared to the DOS at 0.0 GPa with respect to 50.0 GPa, the
total and partial DOS move toward lower energies. At 50.0 GPa, the
peak and height of the DOS become lower. According to our cal-
culations, an increase in the pressure leads to an increase in N(Ef)
due to the increase in Np(EF) associated with the boron states; the
Nuo(EF) associated with the molybdenum states remain virtually
unchanged, as shown in Fig. 4(b). These results show that the main
contribution to N(Ef) is due to boron.

To understand the changes in the N(Eg), we calculated the
charge transfer between B and Mo atoms using Mulliken atomic
population analysis (see Table 5). Our results indicate that B carries
the negative charges and that Mo carries the positive charges from
0.0 to 50.0 GPa. These values change from —0.48 to —0.54 electrons
for the B atoms and from 0.24 to 0.27 for the Mo atoms. Therefore,
one can suggest an electron transfer mechanism between the B and
Mo atoms, for example, to p-d hybridized covalent bonding be-
tween B and Mo. In this case, extra electrons are transferred from
Mo to B.

4. Conclusions

In this paper, the structural, elastic, vibrational, thermodynamic
and electronic properties of the Mo,B intermetallic under pressure
were studied using first-principles calculations within the gener-
alized gradient approximation (GGA). We determined that the ef-
fect of pressure on the crystal structure is reflected in a contraction
of the unit cell volume. The similar reduction in the lattice pa-
rameters with pressure indicates an isotropic compressibility in the
structure with space group I4/m. Consequently, the elastic con-
stants, elastic modulus, and hardness monotonically increase. The
mechanical properties also show that the behavior of Mo,B tends
from brittle to ductile with pressure. It is found that the Debye
temperature (fp), calculated using the elastic constant, is increased
under pressure. On the other hand, the phonon dispersion curves
showed no imaginary phonon frequency in the entire BZ under
pressure, indicating a dynamically stable [4/m space group. Two
pronounced regions are observed, which are related to the acoustic
part at low frequency around 250 cm ™! associated with Mo atoms
and the optical part at high frequency around 540 cm™! associated
with B atoms of the phonon spectrum. A shift to high-frequency
values is observed under pressure. The thermodynamic proper-
ties enthalpy, entropy, free energy and heat capacity are reported
and discussed. Finally, according to our calculations, an increase in
the pressure would lead to an increase in the N(Ef) of Mo,B, mainly
due to the increase in the contribution of B 2p states at the Fermi
level. Moreover, the electron transfer is increased from Mo to B
atoms as a function of pressure.
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