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Abstract: In this work, we have studied the structural, electronic, elastic, and thermodynamic properties of the new Max
phase’s class Mn,SiC;, Mn3SiC, and Mn,SiC; (Mn,,, ;SiC,, with n = 1, 2 and 3), using the linearly augmented plane wave
method (FP-LAPW) based on density functional theory. The exchange-correlation potential is treated with the local density
approximation LSDA. The formation energies calculated for all compounds showed that these compounds are thermo-
dynamically stable. We found that the ferromagnetic (FM) configuration is more stable than the non-magnetic (NM) one, at
their lattice parameters for all three compounds. Cohesive energy confirms the structural stability of all structures. The total
magnetic moment increases with an increasing value of n. The band structure indicates that the three materials are
electrically conductive. For the density of state, we see that there is no gap for these three materials; they exhibit a metallic
nature which results from the fact that the Mn-3d states are dominant at the Fermi level. The peak of hybridization of the
Mn-3d, and C-2p states leads to a strong covalent bond than that between the Mn-3d and Si—3p states in the low energy
domain. 3p electrons in silicon elements can effectively alter the covalence and iconicity of bonds that govern com-
pressibility, ductility, and even superconducting properties. The chemical bond in three compounds is a combination of
covalent, ionic, and metallic nature. The main factors governing the electronic properties are the hybrid states Mn—3d, Si—
3p, and C—2p, and the bond (p—d) stabilizes the structure. The elastic constants are calculated and the conditions of the
criterion of mechanical stability are checked. In addition, we have calculated the bulk, and shear modulus, Young’s
modulus, Poisson’s ratio, and anisotropy index. The quasi-harmonic Debye model was used to study the temperature-
dependent thermodynamic properties of the Mn,,, ;SiC, (n = 1, 2, 3) compounds.
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1. Introduction revealed a material with a unique combination of metallic

and ceramic properties [2, 4]. The known max phases, with

In the 1960s, Nowotny reported the discovery of more than
100 carbides and nitrides [1-3]. Among them, there are
more than 30 so-called H- or Hagg phases [2, 3]. In the
mid-1990s, a lot of researchers begin interest in this
exploration again, most notably Barsoum and El-Raghy
synthesized relatively phase-pure samples of Ti;SiC, and

*Corresponding author, E-mail: berbermohamed @yahoo.fr

the general formula M, ;AX,, where M is transition metal,
A is a group IIIA or IVA element, and (X is Cor N ), and n
= 1,2,3 [2, 3, 5]. For n = 1, this becomes the M,AX phase
and called the 211 Max phases characterized by the work
of Jeitschko, Nowotny, Toth, and their collaborators in
1960 [6-8]. Likewise, the phases M3AX, are the structure
312 [7] corresponding to the compounds of phase Max
Hf3AIC,, and TizAIC, [9, 10] for n = 2, and the structure
M4AX5 or 413 exists for n = 3, [7] like M,AIC; (M =V, Nb,
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and Ta), Ti4AIN3, TiyGaC; [11-13]. On the other hand,
there are other Max phases with the stoichiometry of
X5AX,, X¢AXs, and X7AXg have also been declared in the
literature, importantly the number of max phases and their
solid solutions are increasing rapidly [7]. Max Phases
M, 1AX, are crystallized in the hexagonal structure
belonging to the space group of Dgh — P63 /mmc with
hexagonal unit cells [7], with nearly compact layers of M
elements intertwined with flat square plates of pure A
elements, where X atoms fill the octahedral sites between
(M) atoms. The A elements are located at the center of
trigonal prisms larger than the X octahedral sites. The
structural difference between the three Max phases M>AX,
M3AX,, and M4AX3 can be observed in the number of
monolayer’s introduced for each M layer [14]. In addition,
phases M3AX, , and M4AX3; have two different M sites,
denoting M; and M,. Crystal structure M4AX3 also has two
different X sites, named as X; and X,, and has more car-
bide-like characteristics than crystal structures M>AX , and
M3AX, [14]. Figure 1 shows the sketches of the 211, 312,
413 Max phases, according to the value of n. The Max
phases are a class of solid with both ceramic and metallic
properties, a rather unusual combination, this makes them
attractive for many applications as structural materials at
elevated temperatures [8]. In general, they are good ther-
mal and electrical conductors, machinability, low hardness,
thermal shock resistance, and damage tolerance, on the
other hand, these materials have ceramic-like high elastic
modulus, high melting temperature, and oxidation and
corrosion resistance [8, 15-30]. These remarkable proper-
ties come from the layered structure of the Max phases and

Mn, SiC Mn,SiC ,

Mn,SiC,

Fig. 1 Crystal structure of Mn,SiC, Mn;SiC,, and Mn,SiCy

the mixed metallic covalent nature of the M-X bonds,
which are exceptionally strong, combined with the rela-
tively weak M-A bonds [31]. Max phases do not melt but
decompose at high temperatures, decomposition produces
the transition metal carbide or nitride and the group A
element [3], max phases are used as a replacement for
machinable ceramics, kiln furniture, wear, and corrosion
protection, heat exchangers, applications where rotating
parts are used, low friction, trainers for health products, hot
pressing tools, and resistance heating elements [32, 33],
and are appropriate for many technological applications as
structural materials at elevated temperatures. Due to these
important properties, max phases are studied experimen-
tally and theoretically. Many researchers have been inter-
ested in recent years in studying these properties, and other
properties of materials of the same family. According to
the research, there is not a theoretical or experimental study
on the max phases Mn,SiC,, n = 1,2,3. The objective
of this new study is to predict the structural, electronic,
elastic, and mechanical properties of Max phases
Mn,,;1SiC,, n = 1,2,3. Using the calculations of the first
principle calculations of density functional theory [34, 35]
within exchange and correlation potential of local spin
density approximation LSDA [36]. These results could
serve as support for future theoretical and experimental
studies. This paper is organized as follows: the computa-
tional method and the details of calculations are described
in Sect. 2, the results are discussed in Sect. 3, and we end
this work with a conclusion

2. Calculation method

The structural, electronic, mechanical, and thermodynamic
properties of these M, 1AX,,(n =1,2,3) compounds are
calculated using the density functional theory (DFT)
[34, 35] by employing the first-principles full-potential
linearized augmented plane wave (FP-LAPW) method
implemented in the Wien2k package [37]. LSDA was used
for the exchange-correlation potential. The energy of sep-
aration between valence and core states was chosen — 7 Ry.
We take Ryt * Kmax equal to 9 (where Ryt is the average
radius of the muffin-tin sphere and Kyax is the maximum
value of the wave vector (K =k + G). In these calcula-
tions, the radii Ryt of the muffin-tin spheres are set to 1.9,
1.86, and 1.53 a.u (atom unit) for Mn, Si, and C atoms,
respectively. So that, the muffin-tin spheres do not overlap.
Also, the Fourier charge density was increased up to
Gmax = 12(a.u.)71. The Monkhorst—Pack scheme in the
Brillouin zone is realized with 1500 special k-points of the
Mn,,;1SiC,, n = 1,2,3 compounds [38]. The states of Mn:
3p®3d°4s?, Si: 3s?3p” and C: 2s*2p* were treated as valence
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states, respectively. During the self-consistent convergence
of the total energy was set at 0.1 mRy.

3. Results and discussion
3.1. Structural properties
3.1.1. Lattice parameters and bulk modulus

The phases Mn,,SiC,, n = 1,2, 3 like most Max phases
crystallize in the space group of P63/ mmc with hexagonal
structure. The unit cell contains 8,12, and 16 atoms for
Mn,SiC, Mn3SiC,, and MnygSiC; respectively, and the
equivalent atomic positions for n = 1, 2 and 3, are calcu-
lated from the data available in references [39] for n = 1,
[10] for n = 2, and [12] for n=3. Thus, the higher-order MX
layers in the primitive cell increase with increasing n. The
structure of the MAX phases is described by three
parameters a, ¢, and the free internal parameter Zy;. The
free internal parameter denoted Zy;, defines the distance
between the Manganese element, and the plane of the
carbon atoms, its formula as follows Zy = %M [40]. This
parameter influences the octahedral distortion of carbon
atoms with respect to cubic symmetry. In this study, atomic
positions, (c¢/a) ratio and lattice parameters were relaxed
for each structure. The coordination positions of the dif-
ferent atoms for the three compounds are shown in Table 1.
We determined the magnetic stability of the compounds
Mn,,;1SiC,, n = 1 — 3, by the energy difference between
the NM configuration, and the FM configuration by
applying the following relation AE = Epy; — Epy With
Epv, and Epy are respectively the energies of the

Table 1 The Wyckoff positions of the Max phases Mn,,;SiC, for
n=1,2and 3

Mn,SiC Mn 1/3 2/3 Zun = 0.0906
(present)
Si 1/3 2/3 3/4
C 0 0 0
Mn;SiC, Mn, 0 0 Znin, = 0.635(present)
Mn, 1/3 2/3 Znn, = 0.865(present)
Si 0 0 1/4
C 1/3 2/3 Zc = 0.924(present)
Mn,SiCy Mn, 1/3 2/3 Znm, = 0.657(present)
Mn, 0 0 Iy, = 0.843(present)
Si 1/3 2/3 1/4
C 0 0 0
C, 2/3 1/3 Zc, = 0.885(present)

paramagnetic (PM), and FM configurations. The properties
of the ground state of the Max phases, Mn,,;SiC,, n =
1 — 3 are determined by fitting the Murnaghan equation of
state [41], which describes the total energy as a function of
volume. First, we minimized the free internal parameters
Z\ by taking random parameters to begin our calculations
because there is no indication of this subject. We, there-
fore, performed detailed structural optimizations, mini-
mizing all energies. Our results of the computed lattice
constants, a and c, compressibility modulus B, and their
derivatives B’ of FM, and NM configurations, are sum-
marized in Table 2. In Table 1, we present the optimized
values of the free internal parameters in the functional for
the three compounds. The minimum energy-optimized, the
formation energy, and cohesive energy are presented in
Table 2 with FM, and NM configurations. While the results
of the structural optimization for Mn,,;SiC,, n =1 — 3,
are shown in Fig. 2. We found that the energy difference
(AE) between PM, and FM was equal to 0.24, 0.87 and
1.04 eV for n = 1, n = 2, and n = 3, respectively. These
values are positive, indicating that the FM configuration is
more stable than the NM configuration. From the results of
Table 2, we can conclude that the ratio (c/a) is in good
agreement with other calculations of the same family
[13, 42-44]. We also see that the (c/a) ratio is growing
from 4.06 to 5.68, to 7.2 for Mn,SiC, Mn3SiC,, and
MnySiC; with the increase in the compressibility modulus
of different Max phases Mn,;SiC,, n =1 — 3. We see
the absence of theoretical results reported in the literature
for comparison, our calculated values must be considered
as the first prediction.

3.1.2. Formation and cohesive energy

To check the relative stability of the Max phases
Mn,,SiC,, n=1—-3 ,we calculated the formation
energy using the following relation [7, 45, 46].

Mn,,11SiC, Mn Si C
EMRaSICy E ol — [XEMpa + YESiia + ES 4]

Form x+y+z

(1)

with x, y, and z are the numbers of atoms Mn, Si, and C in
the unit cell, respectively. We used (x =4, y =2 and 7 =2)
forn=1,(x=6,y=2andz=4)forn=2and (x=8,y=2
and z = 6) for n = 3, with Ei\f;';“SiC" is the total energy of
the compound, and EM: . ESi. . EC.. correspond to the
energy of each atom when they are crystallized, With, Mn
crystallizes in a centered cubic structure (space group
Im3m, prototype W), and Si crystallizes in a face-centered
cubic structure (space group Fm3m, prototype Cu), and C
crystallizes in a diamond structure (space group Fd3m).
The formation energy has negative values of — 0.248, —
0.11, and - 0.76 eV/atom for Mn,SiC, Mn3SiC,, and
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Table 2 Calculated values for the lattice parameter a, and ¢, ¢/a, bulk modulus B(Gpa) and their pressure derivatives (B'), the minimum total
energies (Eeq), formation energy Efom (€V/atom), cohesive energy Econ(eV/atom) for Max phases Mn,,;SiC, for n = 1, 2, and 3

a(A) c (&) cla B B Erom Econ Eeq (Ry)
Mn,SiC
M 2.76 11.22 4.06 261.07 4.72 — 0.248 — 548 — 10559.91834
NM 2.75 11.6 4.22 287.2 4.27 — 0.219 — 54.34 — 10559.90099
Mn;SiC,
FM 2.78 15.78 5.68 284.6 4.56 —0.11 — 84.72 — 15337.30075
NM 2.82 15.79 5.6 293.44 4.24 — 0.04 — 83.55 — 15337.23683
Mn,SiCy
FM 2.80 20.2 7.2 280.3 4.36 —0.76 — 114.56 — 20114.59362
NM 2.81 20.21 7.1 330.04 4.57 — 0.69 — 113.04 — 43146.81804
Mn,SiC FM A) [50]. According to the cohesive energy values, which
105598 1 — — Mn,SiC NM are listed in Table 2, the FM configuration is the most
Mn,SiC, FM stable for the three materials due to the lowest cohesive
i — — Mn,SiC, NM energy (— 54.8, — 84.72, and — 114.56 eV) for the com-
5_15337.2? \ ; Mn,SiC, FM 1 pounds Mn,SiC, Mn3SiC,, and MnySiCs;, respectively.
= N / Mn,SiC, NM This result confirms the structural stability of the opti-
% \\/ mization part.
&
-15337.3 5
T T 3.1.3. Magnetic properties
-20114.6 - The Manganese in different modes of symmetry exhibits
different magnetic moments due to contact with different

T T T T L) T
500 600 700 800 900 1000

Fig. 2 Total Energy Vs Volume of Mn,,SiC,, (n = 1,2 and 3)

MnySiCj; respectively, which are shown in Table 2, which
means that the compounds Mn,;SiC,,n=1—3, are
stable in hexagonal ferromagnetic phases, and the
probability of synthesizing it experimentally. To confirm
the  structural stability of the phases Max
Mn,,SiC,, n=1-—3, we calculated the cohesive
energy. Therefore, the cohesive energy of a solid is the
energy that must be provided to separate it into its
constitutions in the free state. The cohesive energy of a
compound is defined as the total equilibrium energy of the
compound minus the total energy of the constituent atoms,
using the following equation: [47—49].

EMnuHSiCn _ EMnuuSiCn _ [XEMn +yE§tiom + ZEz?tom} (2)

coh — Ttotal atom

with E(I\:/g}l”“SiC” represented the total energy of
Mn,;1SiC,, n =1,2,3 in the equilibrium configuration,
and Mt CESUand ES are the isolated atomic energies
of the pure constituent. The isolated atomic energies are
calculated using the wien2k code [37]. We determined the
energies of the individual atoms by increasing the unit cell

of a face-centered cubic structure up to 30 Bohr (about 16

atoms in the stacking sequence. The Mn atom has only one
equivalent position in the Mn,;SiC compound which has a
moment equal to 0.73 pB. Thus for the other compounds,
Mn;SiC, and MnySiCs; have two unequal positions of
(Mn): atoms of Mn ;, and Mn ,. The calculated total and
partial magnetic moments per atom unit cell of
Mn,,;;SiC,, n = 1,2,3 are presented in Table 3. It shows
that the ferromagnetic state is revealed by the total positive
magnetic moment (2.98 uB, 4.71 uB, and 9, 01 uB) for the
three compounds Mn,SiC, Mn3SiC,, and MnySiCs
respectively, come from the main contribution of the total
magnetic moment of the Mn atom. Further remarks the
values of the total magnetic moment are increased with the
increase in the value of n, this confirms the magnetic nature
of the phase max Mn,;SiC,. We also have the existence
of weak anti-ferromagnetic coupling between the principal
magnetic moment of the atom (Mn), and the negative
magnetic moment of the atoms (Si), and the (C) for all
three compounds. Moreover, we observed that the mag-
netic moment of the position Mn ;| , is greater than the
magnetic moment of the position Mn , in the two com-
pounds Mn3SiC,, and MnySiC;.
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Table 3 Calculated Elastic constants Cj, Bulk modulus B , shear
modulus G, Young’s modulus E (all in GPa), Poisson’s ratio v, the
bulk-modulus -to- shear-modulus ratio, elastic anisotropic factors A,
A,, and Aj, linear compressibility ratio, total and partial magnetic
moments per atom unit cell (in Bohr magneton p®), and in the
interstitial site for Mn,,.;SiC,, n =1, 2 and 3

Mn,SiC Mn;SiC, Mn,SiCs
Ch 184.53 281.37 498.82
Ci» 118.28 178.45 239.02
Cis 147.23 163.39 438.46
Cs 272.54 319.8 100.92
Cus 67.43 143.11 124.71
Ces 33.125 51.46 249.4
E 131.1 2225 300.91
B 157.15 210.21 320.39
G 48.16 84.05 111.99
A 0.64 0.52 1.1
Ay 13 278 0.8
As 0.83 1.45 0.89
v 0.36 0.32 0.34
BIG 3.26 2.5 2.86
f= 0.07 0.85 1.35
Mo 0.734 1.656 1.592
pMn - 0.340 0.669
uSi - 0012 - 0.003 —0.010
uCi —0.031 — 0.041 — 0.092
e - — 0.050
yuinter 0.134 0.209 0.375
yToul 2.98 471 9.013

3.2. Electronic properties
3.2.1. Band structure

We calculated the electronic band structures of the Max
phases Mn,,1SiC,,, n = 1,2, 3, for the spin up, and down
to their equilibrium lattice constants at different points of
high symmetry in the Brillouin zone. The energy band
structures exhibit strongly anisotropic features with less
scattering along the c-axis (see Fig. 3a—f). The Valence and
conduction bands overlap considerably, and many bands
are crossing the Fermi level, there is no band gap at the
Fermi Level. This finding confirms the metallic character
of these materials. The lowest energy states of about (— 15
eV) below the Fermi Level, come from the (C-2s) states,
these states are separated from the upper part of the valence
band, and it is composed mainly of Mn-3d, C-2p, and Si—
3s—3p states. The correct states at the Fermi level are Mn—
3d giving rise to the magnetic properties of these

compounds, this result confirms the metallicity of these
three materials. As a result, the electrical conductivity is
anisotropic for these materials, along the c axis, i.e., (H-K),
the bands are less dispersive. This can be seen from the
relatively non-dispersive nature of the bands as well as the
M-K directions in the Brillouin zone. Therefore, the elec-
trical conductivity along the ¢ axis is much lower than in
the basal plane. Similar results are found with previous
reports on Max phases [7, 9, 10, 31].

3.2.2. Electronic densities of states (DOS)

The total and partial densities of states (DOS and PDOS)
for the Max phases Mn,,;;SiC,,, n = 1 — 3 are illustrated in
Fig. 4(a—d). For Figure 4(a) we see that there is no gap and
the existence of a maximum peak density at the Fermi
level. From Fig. 4(b—d), we note that Mn—-3d orbitals are
the main contributor to DOS at the Fermi level, and should
be involved in conduction properties although electrons
(3d) are generally considered to be low-efficiency drivers.
The electrons Si—3s, and C-2s have low participation at the
Fermi level due to an excavation effect resulting from the
presence of the 3d states of Manganese. The energy states
in the range of — 15 to 0 eV are due to the hybridization of
the Mn-3d, Si-3p, and C-2p states. The overlap of these
states is evidence of the formation of interatomic (covalent)
bonds in these examined materials. The bands around the
Fermi level are mainly the Mn-3d states which give rise to
the magnetic properties with some presence of the Si—3p
states, which are responsible for the metallic character of
these compounds. For PDOS the hybridization in these
compounds is strongly dominated by the contribution of C—
2p, Mn-3d states. On the other hand, we notice a weak
hybridization of Si-3p—Mn-3d states. This suggests that
the Mn—-3d, C-2p bond is stronger than the Mn-3d, Si—3p
bond. These results are also in good agreement with the
first studies of principles on compounds of the same family
[7, 51-55]. Finally, the same remark was already made in
the analysis of band structures.

3.2.3. The charge density

The charge density distribution provides detailed infor-
mation on the interaction between the different atoms, and
therefore on the nature of the bonds, namely the covalent,
ionic, or metallic character. Figure 5(a—c) shows the con-
tour of the charge densities, of the Max phases
Mn,,;1SiC,, n = 1,2, 3 located in the basal plane (1150),
and density contours binary of the compounds MnC
(Fig. 5d) crystallized in the NaCl structure with the (space
group Fm3m), and MnSi (Fig. Se) crystallized in the cubic
structure (F43m space group). The covalent bonds in the
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Fig. 3 The calculated band
structure of Mn,;SiC,, (a),
(b)n =1, (c), (d) n =2 and (e),
®n=3
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Mn,,SiC,,, n = 1,2, 3, Mn (electronegativity of Mn = 1.5)
[56], and C (electronegativity of C = 2.55) [56] is covalent
in nature and is quite strong (Fig. 5a—c). Therefore, the
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Fig. 5 Charge-density contours
for: (a) Mn,SiC, (b) Mn;SiC,,
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(¢) Mn,SiCj;. Cuts are made in O] +0.0080
the (1120) plane ,and binary = +0,0620
; +0,4263

(d) MnC, (e) MnSi —
B +20.1651

+0,0014
+0,0083
+0,0650
+0,3412
+2,1162
+13,1255

OECOOC.

the carbon atom is more electronegativity than Mn, con-
firms the presence of an ionic bond between Mn and C
Fig. 5(d). The ionic component results from a charge
transfer of Manganese to other atoms (Silicon (elec-
tronegativity of Si = 1.8) [56], and the more electropositive
nature of Silicon confirms the ionic bond between the
Manganese, and the Silicon (Fig. Se). The charge density is
taken from the Manganese atoms to the carbon and silicon
atoms, this action is due to the difference in electronega-
tivity, the carbon, and silicon atoms. Therefore, the

chemical bond in Mn,.;SiC,,n =1,2,3 is metallic,
covalent ,and ionic in nature. The covalent bond is due to
the local interactions of the hybridization Mn-3d and C-
2p, and the ionic bond is relative to the local interactions of
the hybridization Mn-3d, and Si-3p. In addition, the
chemical bond in Mn,;;SiC,, n = 1,2,3 is anisotropic
with the metal band in the Manganese and Silicon layers
which are parallel to the basal plane Fig. 5(e), while there
are strong directional covalent and ionic bonds between the
(Manganese, Carbon) and (Manganese, Silicon). This
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Fig. 5 continued
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strong anisotropy of the chemical bond is related to the
physical and mechanical properties of the placed materials,
the high melting points and large compressibility modulus
are expected from the strong covalent and ionic bond,
while good electrical conductivity and plasticity are
expected from the existence of the metallic bond between
manganese and silicon in the structure [57]. The same trend
was confirmed by the work of Barsoum [3], Sun and Zhou
[12], Sun [58], and Zhou [59].

3.3. Elastic properties

To determine the mechanical stability we have calculated
the elastic constants under deformation. The elastic con-
stants are macroscopic quantities relating to homogeneous
solids. The elastic constants C; allow access to more
important information than that obtained from total energy
calculations concerning the ground state of a given system.
using the method developed by Reshak, and Morteza [60],
integrated with the wien2k code [37] to study the elastic
and mechanical properties of the Max phases
Mn,,;+;SiC,, n = 1 — 3. The hexagonal crystal structure has
five independent elastic constants Cyy, Cja, Ci3, C33, Cya,
in addition to the sixth constant Cgg defined by
Ces = (C11 — C12)/2. The Criterion of mechanical stability
is [61, 62].

1
Cyy > O7 Ces = E(C“ — CIZ) >0and Cy; + Cy»
203,

>0 3
o 3)

The calculations of the elastic constants of the second
order of Mn,;SiC,, n = 1,2,3 are presented in Table 3.
We observe all the elastic constants are positive and verify
the criterion of mechanical stability [62]. Besides, all the
values of the elastic constants are increased with the
increase in the value of n, the elastic constants C;; and Cs3z,
are related respectively to the directions a and c, and
represent the rigidity compared to the principal strains,
while Cy4 is related to the shear stress. We note that Cyy is
lower than Cy;. In addition Cz3. C;; + C, > C33 means
that the bonding force and the tensile modulus of elasticity
are greater than those along the c-axis in direction (001) .
This indicates that the shear strain is easier than linear
compression along the crystallographic axes a and ¢ [9]. To
understand the mechanical properties, we calculated the
moduli (E, B, and G), B/G (Pugh ratio), Poisson’s ratio (v),
and the elastic anisotropy index (A, A,, A3). The values
obtained are listed in Table 3. Young’s modulus E, and the
Poisson ratio are calculated by using the relationships: £ =
9BG/(3B+ G) et v= (3B —2G)/2(3B + G) [9, 63], with
the compressibility modulus (B), represents a measure of
the resistance of a material to the variation in volume by

applied pressure, and the shear modulus G defines the
measure of a material’s resistance to elastic shear
deformation, it is lower than the corresponding
compressibility modulus B. This can be explained by the
lamellar structure of the Max phases, and the young
modulus determines the rigidity of a material. We notice
that there are no available data to compare with our results
of elastic constants, bulk, and shear modulus. From these
results, we can say that all the values increase as a function
of the growth of the values of n. The Poisson’s ratio 9 for
brittle materials has values less than 0.26, while it behaves
as values greater than 0.26 for ductile materials [24, 64].
The compounds Mn;,SiC, Mn3SiC,, and Mn4SiC3; have
Poisson ratios 9 = 0.36,0.32, and 0.43, respectively
greater than the value 0.26, so they are ductile materials.
According to Pugh’s criteria [65, 66], a material must
behave in a ductile, if the B/G ratio is greater than 1.75, if
not it must be brittle, for our materials the values are
greater than 1.75, therefore our compounds are ductile in
nature. The three independent shear anisotropy factors for
hexagonal crystals exhibit the degree of anisotropy in
bonding between atoms in different planes, which can be
defined [57, 67].

A = Hen + e+ 2e33 — 4613)’ A, = 2c44 7

Ca4 Cl1 —C12
1/3( ci1 + cip + 2c33 — 4eiz)
Ci1 — C12

(4)

A3 =A;- Ay =

and any deviation greater or less than 1 corresponds to an
elastic anisotropy while any equal to one corresponds to an
isotropic crystal. Moreover, the compressibility anisotropic
factor (k./k,) for the hexagonal crystal is defined by the
ratio between the linear compressibility coefficients along
with the c- and a-axis, it is definite by the following
relation [50, 55].
Ke G+ Cin—2Cps (5)
K, C33 — Ci3

The results obtained for k./k, are 0.07, 0.85, and 1.35
for Mn,SiC, Mn3SiC,, and MnySiCs;, respectively. These
results demonstrate that the compressibility for MnySiC;
with the (c) axis is greater than along the (a ), but k. /k, =
0.07 for Mn,SiC, indicates that the compressibility along
the axis (c) is smaller than along axis a for Mn4sic3 and
Mn3SiC2.

3.4. Thermodynamic Properties

In this study, the thermal properties of Mn,;SiC,, n =
1 —3 , are calculated from the quasi-harmonic approxi-
mation (QH) was analyzed using Gibbs2 [68-70] in the
temperature range from 0 to 1200 K because this model
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demonstrates its perfect suitability in this range. This
model is successfully applied to the study of different
materials [7]. To calculate these properties we used the
results of the energy part versus volume of the optimization
as input, using the FP-LAPW method in the LDA
approximation, which involves the model-based analysis
QH Debye [68, 70, 71]. The mass modulus (B), the change
in volume (V), the heat capacity (Cy), and the Debye
temperature (0p) for Mn,,;SiC,,n =1 —3, are desig-
nated according to temperature, which are shown in Fig-
ures 6, 7, 8, 9. From Fig. 6, it can be seen that there is a
negligible variation in volume with a temperature up to
about 200 K, at -above this temperature, the volume
increases monotonically up to high temperatures. The
relationship between mass modulus B and temperature is
shown in Fig. 7. We see that the mass modulus B has a
constant value which is approximately (518.2, 566.4, and
597.4 Gpa) for n = 1-3, respectively in the range 0-150 K.
When the temperature increases, the mass modulus B also
decreases monotonically. For Fig. 8, the Debye tempera-
ture is practically constant at 7' < 200 K, it has a value of
approximately 1097.9, 1013.4, and 950.7 K forn=1,n=2,
and n = 3 respectively, and the decrease, directly when the
temperature goes from 200 to 1200 K. The study of the
thermal capacities of Cy as a function of the temperature at
constant pressures is represented in Fig. 9. At very low
temperatures (0 k), Cy increases rapidly, and we note that
when T < 1150 K (Cy is proportional to T°) for the three
materials, the specific heat capacity is (70.2 J mol ™' K™
in these three compounds.

A\
A\ y

Mn,SiC,

Volume (bohr?)
~
5

T L} T T L} L]
0 200 400 600 800 1000 1200
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Fig. 6 Volume verses temperature plots with LDA approximation for
Mnn+l SiCn

595
590 1 Mn,SiC
7 Mn,SiC, 7
g 565 -\ Mn4SiC3
Q
m 560 \
555 o p2
515 -
510 -
505 -
500
T T T T T T
0 200 400 600 800 1000 1200
T(K)

Fig. 7 Bulk modulus verses temperature plots with LDA approxi-
mation for Mn,,;SiC,
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Fig. 8 Debye temperature verses temperature plots with LDA
approximation for Mn,,;SiC,

4. Conclusions

In summary, we have used the calculations of the first
principle of DFT based on the FP-LAPW method by
applying the local density approximation LSDA to calcu-
late the structural, electronic, elastic, magnetic, and ther-

modynamic characteristics for the Max phases.
Mn,SiC,,(n = 1,2 and 3). Our calculated results
showed that Mn,SiC,,(n = 1,2 and 3) are more

stable because their formation energy values are negative,
which allows us to say that the synthesis of these com-
pounds can be carried out. We have also found that the
ferromagnetic  arrangement of the Max phase
Mn,,1SiC,, (n = 1,2 and 3) is more favorable than the
Nonmagnetic configuration. Stability in the ferromagnetic
configuration is confirmed by the calculation of the
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Fig. 9 Constant volume heat capacity verse temperature with LDA
approximation for Mn,,;SiC,

cohesive energy. All investigated Max phases satisfied the
Born criteria for mechanical stability. The origin of ferro-
magnetism in Max phases Mn,SiC, is mainly due to the
participation of the 3d states of manganese. The density of
the states, also showed that these studied MAX phases are
conductors, with a major contribution coming from the
electronic states Mn-3d. PDOS shows another interesting
feature, the hybridization peak of Mn—3d and C-2p states is
stronger than that between Mn-3d and Si—3p states in the
low energy range. Furthermore, the Mn—-3d, C-2p bonds
are more rigid than the Mn-3d, Si-3p bonds. Regarding the
thermodynamic  properties of the Max phases
Mn,SiC,, (n = 1 — 3), the volume increases linearly
with an increase in temperature, while the mass modulus
decreases with an increase in temperature. The heat
capacity Cy increases rapidly up to a temperature of 1150
K, then remains constant for all three compounds. Mn,SiC,
Mn;SiC,, and MnySiCj; can be used for many technological
applications as materials of structure at high temperatures.
Since this is the first study done on these three compounds,
we generally believe that our results provide predictions for
experimenters to explore this new class in their experi-
mental studies in future.
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