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Using ab-initio calculations, we studied the structural, elastic, and electronic propertiesSeK@ompounds with, (X=C, N). The negative

formation energy and the positive cohesive energy indicate that these compounds are energetically stable and can be synthesized in normal
conditions. SgSiC and Sg¢SiN compounds are mechanically stable, estimated by the individual elastic constants. Elastic constants and
modulus increase when C is substituted by N. The elastic anisotropy 8iGes high compared to $8iN. Both nanolaminates are fragile

in nature. SgSiC is more conductive than §8iN. The calculated electron band structures and the density of states imply that the chemical
bond in two compounds is a combination of covalent, ionic, and metallic nature. The main factors governing the electronic properties are the
hybrid states Sc- 3d, Si-3p, and C -2p and the bond (p-d) stabilizes the structure. Fermi's surface characteristics have been studied for the
first time, which are changed when replacing N by C. Based on the estimate of the total energy, we conclude that the replacement of C by N
will lead to a stabilization of the hexagonal structure and a decrease of the metallic support.
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1. Introduction

Tha MAX phases, the extension of thégy phases known
since 1960 when Nowotny reported the discovery of more
than 100 carbides and nitrides [1,2], represent an exception-
ally extensive class of ceramics. They correspond to a general
formula of the type: M1 AX,, where M is a transition metal

(Ti, V, Cr), Ais a metal in general groups 1A or IVA (Al, Si,

P, S) and X is either C and/or N, and= 1, 2, 3[2,3]. Despite
their relatively old discovery, their physical properties have
been relatively little studied and it was not until 1996 that a
systematic work of synthesis and characterization was under-
taken by an American team from Drexel University (Philadel-
phia) led by Mr. Barsoum [4]. Most of the MAX phases are
of M2 AX stoichiometry with the space group P63 / mmc [5].
Figure 1 shows the crystal structure o SeX. These MAX

has attracted more attention due to the fundamental proper-
ties, usually associated with both metals and ceramics [6]. In
general, MAX phases showcase a metallic behavior [7-12],
are good electrical and thermal conductors [13], have a high
elastic modulus [13], are machinable [14], resitant to oxida-Figure 1. Crystal structure of SSiX (X=C, N).

tion, tolerant to damage, elastically rigid, and present low

thermal expansion [15]. Additionally, they have excellentlow friction applications based on the lubricating power of
thermal shock and corrosion resistance [16,17]. In additionthe basal plane [18]. In this work, the idea of the existence of
MAX phases are used as the replacement of machinable ca-new class of superconducting materials. Despite all the ef-
ramics, furnace cabinets, wear and corrosion protection, heétrts, it is obvious that the $&8iC and SgSiN MAX phase’s
exchangers, applications in which rotating parts are usedompounds have not been subjected to theoretical and ex-
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perimental studies. The purpose of our work is to calcu-
late and study the structural, electronic, and elastic propTasLe I. The equilibrium lattice parameters,(, andc/a), equi-
erties of the compounds §8iC and Sg¢SiN MAX phases, librium volume, internal parameter Z(M), bulk modulusqjBn
using first-principle calculations of density functional theory (GPa) and its pressure derivative (B’) forsSeX (X = C, N).
(DFT) within the full-potential linearized augmented plane- a®) cA) ca B B zZM) V(@AY
wave (FP-LAPW) approach. This document is organized as < s ™ 5 05124 1307 403 00893 116.76
follows: computational details are described in Sec. 2, the

results are discussed in Sec. 3, and finally, gives the conclyS®SIN_3.16 13.36 4.26 151.5 4.12 0.0886 108.29
sions.

total energy as a function of volume, using the Murnaghan
. . equation [24]. The reporte{a) is in good agreement with
2. Computational detail the ideal values (Z =1/12= 0.0833) and with the theoretical

compactness report (c / a = 4.89) [8]. From the results of

T here are several with a wide vari f rox: o
: oda}y, there are several codes with a wide va gty o app 0XTabIe I, we can say that the compound,Si\ is harder and
imations that we can make use of for a theoretical study. In

our calculations, we used the first-principle methods of den"o'€ stable than $8IC due to the high value of the com-

sity functional theory (DFT) based on the full-potential lin- pressibility modulus and it has minimum energy. We note

earized augmented plane-wave (FP-LAPW) approach as imthat upon the substitution of C by N, the valuesaoand

. . o _increased slightly, a consequence of the electronegativity of
plemented in WIEN2K code [19,20]. Th'? application al .pitrogen being larger than that of carbon. The bulk modulus
lowed us to study the structural, electronic, and mecham(I:ncreases by 13.73% as the C is substituted with N
properties of max phase types,M A X,, or M= Sc, A =Si, y Lo 1570 '
(X=C,N),n =1-3[1,2]. The algorithm is based on the
density functional theory (DFT) within the local density ap-
proximation (LDA) proposed by Perdew and Wang [21] for To see the relative phase stabilities, we calculated the energy
the exchange correlations functional. It calculates the selfpf formation for SeSi X,X=(C,N) using [5,25]
consistent solution of the equations of Kohn and Sham [22]. socde S s c
The electronic configurations of the sets of the system stud- —sesic _ Erota  — (#Epuk + ¥Eouk + 2Eoui) )
ied are Sc:[Ar]43 4d!, Si:[Ne]32 3p?, N:[He]2s 2P and For T+y+z ’

C.:[He]2§ 2P°. We have chc_)seq radii Rmt such that therewherex, y, andz indicate a number of atoms in a unit cell,
will be no overlap of the Muffin-Tin spheres; the values usedOf Sc. Si. N. and C atom in cell respectivelysoéic Sc
l l 1 Fo 1 ulk?

are 2.6, 1.9, 2.8,1.6 for the Sc, Si, C, and N atoms, respegsi C N ; ;
. ) ! . . » Bpune B the calculated total .D I-
tively. The number of pointé used in the integration of the bulko Spulk Spulk Ar€ TE CAICUIATEC TOta ENETGISS. Lurng ca

. L : . > culation, Scandium is a centered cubic (space grouprm
.ﬂrtSt Brltllloumﬂ:onetr:s (Bl'SIIOO _k—p0|nt§) . o_u(rj strlt_Jctgre ttr;:s prototype W) [26], Silicon crystallized in a face-centered cu-
:Clegkrﬁ |or;o dog E fr' Ou'?] zgge IS carn}t(e out uf'?(g € hic (space group Fam,prototype Cu) [27], Nitrogen crys-
eqounal tg? (\?vuereaﬁg rgp::ant[s th]’e i%%aﬁzsﬁ? d:isaMi?fin tallized in the hexagonal structure (P63/mmc prototype C
) ‘ - i hite) [28], Carbon Crystallized in the di d struct
Tin and K, the cut-off of plane waves), within the spheres,grap ite) [28], Carbon Crystallized in the diamond structure

th functi fih | : ¢ - 10 (spatial group F8im), [29]. The calculation of the forma-
e wave functions of the valence region extend;ig = 10. tion energy gives the interaction of the stability of the com-

pound, giving a result of-0.72 eV/atom and-3.6 eV/atom

3.2. Formation and cohesive energy

3. Results and discussion for S6,SIC and SgSiN, respectively; these values are all
_ negative, confirming that the structure of this phase can ex-
3.1. Structural properties ist stably. Since the negative effects of the formation en-

ergy of SgSiC, S¢SiN rise progressively, we can say that

crystal structure. The positions of atoms inSE, (X = C, the SgSIN configuration has a stronger capacity than the

N) are as follows: C atoms are placed at the positions (08028|C configuration, (see Table I). The cohesive energy of

0, 0), the Si atoms are at (1/3,2/3,3/4) and the Sc atoms a%;ggﬂtli:;tese?he;??/sr;(e)cseasysa}g L?ncg?nzsseirggj It.l.l;:ltg |et§ecr(;;-
at (1/3, 2/3, Z,) [12], wherez is the internal free coordi- ' ' .

: . . depends, of course, on what is designated by the constituent
nate. We have first minimized the internal parameteys Z P 9 y

by taking random lattice parameters to start our calculation arts. These are usually the individual atoms of the chemical
y 9 P S . lements that make up the solid, but other conventions are
because of the lack of ary priori information. We then

erformed detailed structural optimizations by reducin a"sometimes used. It may be practical to define cohesive en-
P . . P y 9 ergy as the energy required to separate atoms into an isolated
energies to a minimum. Our results of the calculated lattice . i
constants: ande, bulk modulus and its pressure derivative Set. To confirm the structural stability we have calculated the
S . : ... cohesive energy of each compound using Eq. (2) [5,25,30].
and the optimized free internal parameters obtained with the 9y P 9Ea.- ()1 ]
LDA functional at O K are reported in Table | for §8iC and ES0SiC _ (2B, + yES | + 2ES,,) — ES2SC

Total
SG SiN. These properties were determined by adjusting the Coh  — T tytz -

Both S SiC, SeSiN compounds crystallize in the £XICd
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FIGURE 2. Calculated band structure of a) &C and b) SgSiN with LDA approximation along the high symmetry directions in the
Brillouin zone at ambient conditions.
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FIGURE 3. Calculated band structure of a) SC and b) Sg¢SiN with GGA approximation along the high symmetry directions in the
Brillouin zone at ambient conditions.

where E%¥ € is the overall energy of the unit cell used in 3.3. Electronic properties

the present calculation;, y, and z are the numbers of Sc,
Si, C atom in unit cell, respectively 35 € refers to the to-  3-3-1.  Band structures

tal energy of type SGIC in the equilibrium configuration, We calculated the electronic band structures ofS8¢ and

and BS,, B3, ES,, EN, are the isolated atomic energies : L ) . .
of the pure constituents [25]. The calculation of the cohesivesczsn\I at equilibrium lattice parameters along with the high

energy is posted in Table I. The computed cohesive energi symmetry directions in the first Brillouin zone, with LDA,

a7 07 eVitom andi eVistom fo SGSICand SgSN, o'y *10CONIE IS M e pesened B %5
respectively. From this result, it can be said that theStd , [ESP Y-

g ) the valence bands and overlap significantly at the Fermi level,
compound is more stable than the,StC compound due to L
. and the absence of a gap for the two compounds clearly indi-
the lower value of the cohesive energy. : ; .
cates the metallic character. The states with energies below
minus -10 eV, -14 eV below the Fermi level provided (C, N)

Rev. Mex. 5. 67 (3) 500508
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FIGURE 4. Calculated band structure of a)s%C and b) Sg¢SiN with GGA+TB-mBJ approximation along the high symmetry directions in
the Brillouin zone at ambient conditions.
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FIGURE 5. Total and partial densities of states of a}SiC and b) SgSiN.

-2s states respectively, the states just at the Fermi level we(&r) (see Table 1) confirm this result. At the level of Fermi,
mainly Sc-3d states, (C, N) -2p and Si-3s and 3p. This resulthe DOS is 2.025 and 1.695 states per unit cell per eV for

confirms the metallicity of these two materials. S SIC and SgSiN respectively. It can be concluded that
- S6,SiN is more conductive than $8iC. On the other hand,
3.3.2. Densities of states Sc-3d electrons play the dominant role in DOS, which pri-

) ) marily contributes to DOS at the Fermi level and should be
We have caIcuIat_ed Fhe total and partial densny_of Staten?rvolved in the conduction properties. Although 3d electrons
(DOS) presented in Fig. 5a, 5b. We see that'there IS no bang generally considered as low-efficiency drivers. The C-2p
gap E, at the Fermi level for the two materials, which al- »,'sj 35 electrons do not significantly contribute to DOS at
lows us to deduce that these two compounds have a metallige Formi jevel and are therefore not involved in the conduc-

bonding nature since the DOS has a large finite value at thﬁon properties. The partial DOS profiles in Fig. 5a, 5b show
Fermi level. Thus, the broad values of the Fermi energies '

Rev. Mex. 5. 67 (3) 500508
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FIGURE 6. Electronic charge density maps of a)S&C and b) S¢SiN phases and binary ¢) ScC, d) ScN, e) ScSi. The Fermi surfaces of
the two phases S8iC and SgSiN are plotted in f) and g), respectively.
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existence of the metal bond. Therefore,SicN demon-

TABLE Il. The calculated values of the energy of formatidizd), strates anisotropic chemical binding similar tg,ScC. The

bulk modulus (B), cohesive energies (&),) and the valence elec- chemical bond is covalent metallic-ionic in nature, with more

tron concentration (val-el) for $86iX (X = C, N). contribution from ionic and metallic bonds, which result in
SG,SiC SeSiN anisotropic properties in $8i N. It can be concluded by

analyzing the M-X bonds in ScC and the ScN -depicted in

Eeq -7407.880848 -7474.654553 Figs. 6¢c and 6d- that the bond is characterized by a covalent
Eroreviatom) -0.72 -3.6 and ionic contribution, and this character is essentially re-
Econ(evatom) 7.07 4.98 tained in the ternary compoundsRi X. In fact, the metallic

valence electron 60 62 bond between Sc and Si insRi X is also similar to the bond
B, (Gpa) 130.7 1515 in ScS.i. Finally,' we also notice tha}t by replacing C with N.,
E- 051 0.60 the uniform region of charge density between MX layers is

extended, which may be responsible for the large compress-

another interesting feature: the hybridization peak is strongI)'(télgxéne?:l#]uesizzsr':]lisscxrsfzgg ?: F()) ;i;&%ﬁ?ﬁ é: g;n(e; if,C69

dommateq by the cont_nt_)utl(_)n ofthe (C’. N) 2 -p, Sc-3d statesN) compounds. It can be said that for the SiC material, the
but there is weak hybridization of the Si-3p and Sc-3d states : .
. . - . center of the Fermi surface consists of a closed central sheet
this would be beneficial to the structural stability of, SeN. - - . )
L : . . . with additional sheets appearing at the corners of the Bril-
The main difference is that the electrostatic attraction of ni-

trogen is higher than that of carbon, and the electrical conl-Oum zone. For the material $6iN, the shape of the Fermi

ductivity of SgSIN is greater than that of $8iC. It can be surface 'Sf dlﬁerent.from that of BIC, where the (.:enter.of .

. . the Fermi surface is composed of several layers: the first is
concluded that the Sc-3d, Si-3p bonds are stronger48i8c f evlindrical he | ; ic sh
than in SeSIiC of cylindrica _type and the last one adopts a prismatic shape.

' So the Fermi surface of the §&iX compounds (X = C, N)
are due to the low diffusion of the Sc-3d and Si-5p states as
shown in the bottom of Fig. 5.

As a rule of thumb, the nature of the chemical bond is related ) ) ) -
to the difference in electronegativity between the elements-4- Elastic properties and mechanical stability

I it inform he charge transfer an - . : . : :
at play, as it informs us about the charge transfer and, €OMfhe calculation of the elastic constants will make it possible

sequently, on the nature of the bond in the materials. Th . ) . i
MAX phases are generally stacks of a “hard” M-X bond and?o examine the mechanical stability of the ground state pro

a “soft” M-A bond in thec direction. The Ti-C bond strength posed by the FP'L.APW m_ethod. 'I_'he.elas'uc behavior of a
is much stronger than the Ti-Al bond in TAIC [31]. Fig- hexagonal system is described by flve mdependeqt constants
ures 6a and 6b show the contours of the charge densities of'!’ Cs3, Caa, C12, and G and the sixth constantg is cal-
S6,Si X (X= C, N) in the (120) plane, and the density con- Culated from Gy, Cy5 [9]. These constants can be determined

tours for ScX binary compounds (X: C, N), Figs. 6c, 6d, from a change of total energy as a function of the constraint.

in the plane (100), where the last two phases crystallize ir;]I._he evaluation of elastic constants was made from deforma-

the NaCl structure with the (space group Jm), and ScSi on formulas proposed l:_)y Wallace. We a!so find that the
. . X X < elastic constants of the different phases satisfy the following
binary compound crystallized in the cubic structurd3m

space group), Fig. 6e. The interaction of Sc-C iR is relation [11,32].

3.3.3. Charge densities and Fermi surface

covalent in nature _and is very strong. At the same time,_ the Cii>0, (Cy—Cp)>0, and
more electronegative nature of C compared to Sc confirms
the presence of the ionic bond between Sc and C, as seen (Ci1 + Ci2)Cs3 > 2C3s. 3)

in Fig. 6a, while the more electropositive nature of Si con- ] ]

firms the ionic bond between Sc and Si (see Fig. 6e). There- Calculations of second-order elastic constants afStc
fore, the chemical bond in $8i C is metallic, covalent, and X X = (C, N) are presented in Table Ill. It can be said that
ionic in nature. Covalent behavior is due to local interac-the compounds $&i X, X = (C, N), are mechanically stable
tions (Sc, Si) of hybridization states and C-2p states. Furbgcagse all these glastlc cqnstants are positive and meet the
thermore, the chemical bond in $&i C is anisotropic with criterion pf mechamcz_:tl stability [11] on Fop of the fact that all
the metal bond in the Sc and Si layers which are parallel t(_;he elastic constants increase when C is replaced by N. Thus,
the basal plane Fig. 6e, while, there are strong directional cdt ¢an be concluded that the Sc-N bonds are stronger than

valent and ionic bonds between the Sc-C atoms and Sc-Si.

This strong anisotropy of the chemical bond is linked to theTag| e 111. Elastic constant § for Se;SiX (X = C, N).
physical and mechanical properties of the materials laid; high
melting points and large modulus of compressibility are ex- Cu C Cis G Cu  Co BICu
pected from the strong covalent and ionic bond, while good S&SIC 224.62 77.3 73.67 309.86 100.92 73.66 1.32
electrical conductivity and plasticity are expected from the SgSiN 263.68 75.14 87.92 330.43 127.47 94.27 1.18

Rev. Mex. . 67 (3) 500-508
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TABLE IV. The bulk modulus B, shear modulus G, Young’s mod-
ulus E (all in GPa), Poisson’s ratig anisotropic factor A, linear
compressibility ratiof = K./K, for SGSiX (X =C, N).

M. MEBREK, M. BERBER, B. DOUMI, AND A. MOKADDEM

e Another useful factor is the machinability index
1um=/Cu4 [33,39]. In our calculationyuy (SGSIC) =
1.32 anduym (SG;SiN) = 1.27, values which are greater
thanuy (Ti2AIC) = 1.23 [18], but much less that for

the 211 MAX phases with the greatest machinability:

E B G A A A v f GB s (W2SnC) = 33.3 angiy (Mo,PbC) = 15.8 [12].

S6SIC 219.23 133.09 89.45 1.04 1.37 1.4 0.22 0.65 0.67

SGSiN 263.52 149.99 109.14 0.85 1.35 1.15 0.207 0.67 0.73  * We have determined the elastic anisotropy factdss,

A, and Aj for the hexagonal crystal determined by
the ratio between the linear compressibility coefficients
along with thea- and c-axis. There are three inde-
pendent elastic shear constants for hexagonal crystals;
thus, three shear-type anisotropy factors can be deter-
mined by [11]

the Sc-C bonds. The modules;ave a heavyweight in the
study of materials, especially modulg From this quan-

tity, several properties can be determined such as brittleness,
ductility, among others. The two constants,@nd G3 are
connected to the directionsandc, respectively, while ¢, is
related to the shear constraint. The module gf €hows that
SG6,SiN is harder than S&SIC, a result that is similar to that

_ 1/6(Cy1 + Cia + 2C33 — 4Cy3)

found in the optimization part. Ay Cus ;
The modulus B, the shear modulus G, Young’s The mod- e
ulus E, the Poisson ratio for §8iX, X = (C, N), get from the Ay = 24
individual elastic constants by the Hill approximation, this Ci1 = Caz
approximation is based on the approaches of Reuss and Voigt Aym Ay Ay — 1/3(Cy1 + Ci2 + 2C33 — 4Cy3)

are given In Table IV, with B=(B+Bg) = By (Hill'sbulk
modulus) and G=(G+Gr)=Gy (Hill's shear) [31,32]. The , )
Young’s modulus E and the Poisson’s ratiare determined These anisotropy factors are presented in Table IV, and
by the relations E=9 BG/(3 B+G) and = (3B — E)/6B & c'jewagon of more than or ]ess than 1 corrgsponds to an
[33,34], where the bulk modulus B determines the resustancg/astic anisotropy. The magnitude of the deviation from 1
of a material to change its volume and characterizes the rdS @ measure of the degree of elastic anisotropy possessed
sponse to hydrostatic pressure. The shear modulus G reprdY the crystal [18]. Finally, the ratio between the linear
sents the resistance of a material to change shape and YoungQefficients of compressibility’ = K./K, of the hexag-
modulus determines the resitance against uniaxial tension@n@l crystals with the:- and c-axis, it is defined [11,12]
These are important parameters for defining the mechanicdl = ££¢/Ka = (Ci1 + Ci2 = 2C13)/(Cy3 — Cu3).

properties of a material [35]. These results are presented in 1he results show that for $8iC and SgSiN, f =
(Table IV) and reveal that the compressibility modulus, sheat?-69, 0-67), respectively. Furthermore, since these values
modulus, and Young modulus for §&i X, X = (C, N), are be- of f are less than 1, the pompre55|b|llty along thaxis is
tween the maximum and minimum possible values of thes§Maller than alogn the- axis for both compounds. For com-
modules for the phases 211 MAX described in Refs. [9,6]P&rison, this parameter for the isoelectronic,8hC com-

We see that all the modules increase (B, GyEwhen C is pound isf = 0.94, i.e., it lies close to the isotropic limit
replaced by N. We conclude that f=1[12,33,40].

Cll - C12

e The SgSiN compound is stiffer and harder than 4, Conclusion
S6,SiC due to the high value of the Young’s modulus

and compressibility modulus. In summary, using the augmented planar wave (FP-LAPW)

method, based on the DFT, within the LDA, GGA, and
e From the Pugh Criterions [37], a material must be-GGA+TB-mBj. We studied the structural, electronic, and
have ductile ifup = G/B < 0.5 and fragile oth- elastic properties of $&iC, S¢SiN compounds. Our results
erwise. In our calculationyp (S6SIC) = 0.67 and  show that the substitution of C by N in SiC affects the
iup (SGSIN) = 0.73 are almost equal, implying that structural, elastic, and electronic properties of the material.
S, SiC and SgSiN behave like fragile materials. We calculated both formation energies of the carbon-based
and the nitrogen-based compounds, which allow us to con-
e An additional point for the brittle/ductile conduct of clude that the synthesis of these two compounds can be re-
this phase results from the evaluated Poisson’s raticalized. The state Sc-3d and C-2p are stronger than the state
According to Frantseviclet al. [38], metals with a Sc-3d and Si-3p. $8iX, X = C, N, has a metallic-covalent-
Poisson’s ratio of about 1/3 are ductile, whereas metalgonic character in nature. Fermi's surface properties were
with a Poisson’s ratio of less than 1/3 are deduced tastudied for the first time, and the replacement of N by C in-
be fragile; the values for $8iC and SgSiN are 0.22 creases all elastic constants. The elastic anisotropy-&iSc
and 0.23, respectively. is higher than that of SSIC.

Rev. Mex. . 67 (3) 500-508



10.

11.

12.

13.

14.

FIRST-PRINCIPLES STUDY OF THE STRUCTURAL, ELECTRONIC, AND ELASTIC PROPERTIES ORLSKX (X=C, N)

507

. V. H. Nowotny, Strukturchemie einiger Verbindungen der 15
Ubergangsmetalle mit den elementen C, Si, Ge P8ng. Solid
State Chem5 (1971) 27, https://doi.org/10.1016/
0079-6786(71)90016-1

. P. Eklundet al, The M,;+1AX,, phases: Materials science 16.

and thin-film processingThin Solid Films518 (2010) 1851,
https://doi.org/10.1016/].tsf.2009.07.184 |

. J. M. Schneider, D. Music and Z. Sun, (2005) . (reference is
incomplete)

. M. W. Barsoum, The M1AXy phases: A new class
of solids: Thermodynamically stable nanolaminat®spg.
Solid State Chen28 (2000) 201 https://doi.org/10.
1016/S00/9-6/86(00)00006-6

. M. Mebreket al., A Novel Theoretical Study of Elastic and
Electronic Properties of MCdC (M=Zr, Hf, and Ta) MAX
PhasesActa Phys. Pol. AL33 (2018) 76, https://doi.
org/10.12693/APhysPoIlA.131./6

18. Z. M. Sun,

19.

. A. Bouhemadou, Structural and elastic properties un-
der pressure effect of HAIN and Hf;AIC, High Press.
Res. 28 (2008) 45, |https://doi.org/10.1080/
0895/950/018828 /2 .

. G. Hug and E. Fries, Full-potential electronic structure of
Ti2AIC and Tk AIN, Phys. Rev. B5 (2002) 113104nttps:
//doi.org/10.1103/PhysRevB.65.113104

. G. Hug, M. Jaouen, and M. W. Barsoum, X-ray absorp-
tion spectroscopy, EELS, and full-potential augmented plane
wave study of the electronic structure ofAIC, Ti2AIN,
Nb2AIC, and (Ti.5Nbg.5)2AIC, Phys. Rev. B71 (2005)
024105 https://doi.org/10.1103/PhysRevB.71.

024105 .

20.

. A. Bouhemadou, Calculated structural, electronic and elastic
properties of MGeC (M =Ti, V, Cr, Zr, Nb, Mo, Hf, Ta and
W), Appl. Phys. A6 (2009) 959https://doi.org/10.
100//s00339-009-5106-5

H. Wu et al,, First-principles study of the structural, electronic 5,
and elastic properties of ternary-&N (A = Ga, In and TI),
Comput. Mater. Sci84 (2014) 103, https://doi.org/
10.1016/j.commatsci.2013.11.040

M. A. Ali et al, Newly synthesized ZAIC,
Zra(Alo.58Bio.42)C, Zra(Alg.2Sny.s)C, and Zp(Alg.3Shy.7)C
MAX phases: A DFT based first-principles studgomput.
Mater. Sci. 131 (2017) 139, |https://doi.org/10.
1016/).commatsci.2017.01.048

I. R. Shein and A. L. Ivanovskii, Structural, elastic, and elec-
tronic properties of new 211 MAX phase NBeC from first-
principles calculationsPhysica B410 (2013) 42,https:
//dol.org/10.1016/j.physb.2012.10.036 |

M. W. Barsoum and T. El-Raghy, Synthesis and Character-
ization of a Remarkable Ceramic: sBiC,, J. Am. Ceram.
Soc 79 (1996) 1953, https://doi.org/10.1111/].
1151-2916.1996.tb080138.x

J. M. Schneider, R. Mertens, and D. Music, Structure §ANC
studied by theory and experiment, Appl. Phys 99 (2006)
013501 |https://doi.org/10.1063/1.2150601

25.

Rev. Mex. 5.67 (3

17. Z. Sun,

21.

22.

23.

26.
27. D. Strauch, (reference is incomplete)
28.
29.
30.

31.

. |. Kero, R. Tegman, and M.-L. Antii, Phase reactions associ-
ated with the formation of EiSIC, from TiC/Si powdersCe-
ram. Int 37 (2011) 2615https://doi.org/10.1016/
J.ceramint.2011.04.132

T. EI-Raghy and M. W. Barsoum, Processing and Me-
chanical Properties of I8iC,: I, Reaction Path and Mi-
crostructure EvolutionJ. Am. Ceram. Sod2 (1999) 2849,
https://doi.org/10.1111/j.1151-2916.1999.

tb02166.X

Oxidation behaviour
Cor-

Y. Zhou, and M. Lj,
of Ti3SiCy-based ceramic at 900-130D in air,
ros. Sci.43 (2001) 1095 https://doi.org/10.1016/
S0010-938X(00)00142-6

Progress in research and development on
MAX phases: a family of layered ternary compoundist.
Mater. Rev56(2011) 143https://doi.org/10.1179/
1/743280410Y.0000000001

K. Schwarz, P. Blaha, and G. K. H. Madsen, Electronic struc-
ture calculations of solids using the WIEN2k package for mate-
rial sciencesComput. Phys. Commub47(2002) 71https:
//doi.org/10.1016/S0010-4655(02)00206-0 |

P. Blahaet al., WIEN2k: An APW-+lo program for calculat-
ing the properties of solidg, Chem. Physl52(2020) 074101,
https://doi.org/10.1063/1.5143061

J. P. Perdew and Y. Wang, Accurate and simple analytic
representation of the electron-gas correlation eneRjyys.
Rev. B45 (1992) 13244 |https://doi.org/10.1103/
PhysRevB.45.13244

W. Kohn and L. J. Sham, Self-Consistent Equations Includ-
ing Exchange and Correlation EffecBhys. Rev140 (1965)
A1133, |https://doi.org/10.1103/PhysRev.140.

Al1133.

H. J. Monkhorst and J. D. Pack, Special points for Brillouin-
zone integrationsPhys. Rev. BL3 (1976) 5188|https://
doi.org/10.1103/PhysRevB.13.5188

. F. D. Murnaghan, The Compressibility of Media under Ex-
treme Pressuré@roc. Natl. Acad. Sci30 (1944) 244nttps:
//dol1.org/10.107/3/pnas.30.9.244

A. Yakoubi, O. Baraka, and B. Bouhafs, Structural and elec-
tronic properties of the Laves phase based on rare earth type
BaM. (M = Rh, Pd, Pt),Res. Phys2 (2012) 58, https:
//do1.0rg/10.1016/.rinp.2012.06.001

H. R. Schober and P. H. Dederichs, (reference is incomplete)

S. I. Sukhoruchkin and Z. N. Soroko, (reference is incomplete)
D. Strauch, (reference is incomplete)

M. Mebreket al., Theoretical Investigation of Electronic Struc-
tures, Elastic, and Magnetic Properties of ;RhGe Full-
Heusler Alloy, Acta Phys. Pol. A136 (2019) 454 https:
/ldoi.org/10.12693/APhysPolA.136.454

A. Yakoubi, H. Mebtouche, M. Ameri, and B. Bouhafs, Struc-
ture and Bonding of Nanolayered Ternary Phosphidiéster.
Sci. Appl.2 (2011) 1383|https://doi.org/10.4236/
msa.Z2011.21018/

) 500-508


https://doi.org/10.1016/0079-6786(71)90016-1�
https://doi.org/10.1016/0079-6786(71)90016-1�
https://doi.org/10.1016/j.tsf.2009.07.184�
https://doi.org/10.1016/S0079-6786(00)00006-6�
https://doi.org/10.1016/S0079-6786(00)00006-6�
https://doi.org/10.12693/APhysPolA.131.76�
https://doi.org/10.12693/APhysPolA.131.76�
https://doi.org/10.1080/08957950701882872�
https://doi.org/10.1080/08957950701882872�
https://doi.org/10.1103/PhysRevB.65.113104�
https://doi.org/10.1103/PhysRevB.65.113104�
https://doi.org/10.1103/PhysRevB.71.024105�
https://doi.org/10.1103/PhysRevB.71.024105�
https://doi.org/10.1007/s00339-009-5106-5�
https://doi.org/10.1007/s00339-009-5106-5�
https://doi.org/10.1016/j.commatsci.2013.11.040�
https://doi.org/10.1016/j.commatsci.2013.11.040�
https://doi.org/10.1016/j.commatsci.2017.01.048�
https://doi.org/10.1016/j.commatsci.2017.01.048�
https://doi.org/10.1016/j.physb.2012.10.036�
https://doi.org/10.1016/j.physb.2012.10.036�
https://doi.org/10.1111/j.1151-2916.1996.tb08018.x�
https://doi.org/10.1111/j.1151-2916.1996.tb08018.x�
https://doi.org/10.1063/1.2150601�
https://doi.org/10.1016/j.ceramint.2011.04.132�
https://doi.org/10.1016/j.ceramint.2011.04.132�
https://doi.org/10.1111/j.1151-2916.1999.tb02166.x�
https://doi.org/10.1111/j.1151-2916.1999.tb02166.x�
https://doi.org/10.1016/S0010- 938X(00)00142-6�
https://doi.org/10.1016/S0010- 938X(00)00142-6�
https://doi.org/10.1179/1743280410Y.0000000001�
https://doi.org/10.1179/1743280410Y.0000000001�
https://doi.org/10.1016/S0010-4655(02)00206-0�
https://doi.org/10.1016/S0010-4655(02)00206-0�
https://doi.org/10.1063/1.5143061�
https://doi.org/10.1103/PhysRevB.45.13244�
https://doi.org/10.1103/PhysRevB.45.13244�
https://doi.org/10.1103/PhysRev.140.A1133�
https://doi.org/10.1103/PhysRev.140.A1133�
https://doi.org/10.1103/PhysRevB.13.5188�
https://doi.org/10.1103/PhysRevB.13.5188�
https://doi.org/10.1073/pnas.30.9.244�
https://doi.org/10.1073/pnas.30.9.244�
https://doi.org/10.1016/j.rinp.2012.06.001�
https://doi.org/10.1016/j.rinp.2012.06.001�
https://doi.org/10.12693/APhysPolA.136.454�
https://doi.org/10.12693/APhysPolA.136.454�
https://doi.org/10.4236/msa.2011.210187�
https://doi.org/10.4236/msa.2011.210187�

508

32.

33.

34.

35.

M. MEBREK, M. BERBER, B. DOUMI, AND A. MOKADDEM

M. Born, On the stability of crystal latticesMath. Proc.
Camb. Philos. So86(1940) 160https://doi.org/10.
4236/msa.2011.21018/

I. R. Shein and A. L. lvanovskii, Structural, elastic, electronic
properties and Fermi surface for superconductingG&aC in
comparison with ¥GaC and NbGaC from first principles,
Physica C470(2010) 533https://doi.org/10.1016/
j.physc.2010.04.010

M. S. Islam and A. Islam, Structural, elastic, electronic and 0p-38-
39.

tical properties of a new layered-ternary,$3C; compound,
Physica B406(2011) 275https://doi.org/10.1016/
|.physb.2010.10.067

J. Wang, J. Wang, Y. Zhou, and C. Hu, Phase sta-
bility,
ternary-layered carbide NBICs: An ab initio study, Acta
Mater. 56 (2008) 151 1https://doi.org/10.1016/].

actamat.200/.12.003

36.

37.

electronic structure and mechanical properties of 40.

M. F. Cover, O. Warschkow, M. M. M. Bilek, and D. R. McKen-
zie, A comprehensive survey of MX phase elastic proper-
ties, J. Phys.: Condens. Matte21 (2009) 305403https:
//doi.org/10.1088/0953-8984/21/30/305403

S. F. Pugh, XCII. Relations between the elastic moduli and the
plastic properties of polycrystalline pure metals, London Ed-
inburgh Dublin PhilosMag. J. Sci 45 (1954) 823/https:
//dol.org/10.1080/14786440808520496

I. N. Frantsevich, Ref. B. (reference is incomplete)

Z. Sun, D. Music, R. Ahuja, and J. M. Schneider, Theoretical
investigation of the bonding and elastic properties of nanolay-
ered ternary nitridef?hys. Rev. B'1(2005) 193402https:
/ldoi.org/10.1103/PhysRevB.71.193402

I. R. Shein and A. L. lvanovskii, Elastic properties of supercon-
ducting MAX phases from first-principles calculatior®hys.
Status Solidi B248 (2011) 228 https://doi.org/10.
1002/pssb.201046163

Rev. Mex. . 67 (3) 500-508


https://doi.org/10.4236/msa.2011.210187�
https://doi.org/10.4236/msa.2011.210187�
https://doi.org/10.1016/j.physc.2010.04.010�
https://doi.org/10.1016/j.physc.2010.04.010�
https://doi.org/10.1016/j.physb.2010.10.067�
https://doi.org/10.1016/j.physb.2010.10.067�
https://doi.org/10.1016/j.actamat.2007.12.003�
https://doi.org/10.1016/j.actamat.2007.12.003�
https://doi.org/10.1088/0953-8984/21/30/305403�
https://doi.org/10.1088/0953-8984/21/30/305403�
https://doi.org/10.1080/14786440808520496�
https://doi.org/10.1080/14786440808520496�
https://doi.org/10.1103/PhysRevB.71.193402�
https://doi.org/10.1103/PhysRevB.71.193402�
https://doi.org/10.1002/pssb.201046163�
https://doi.org/10.1002/pssb.201046163�

