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Structural, elastic, electronic and magnetic properties of the quaternary Heusler alidys®_..In,. (x = 0, 0.25, 0.5, 0.75, 1) are calcu-

lated using the full-potential linearized augmented plane wave (FP-LAPW) method in the framework of the density functional theory (DFT)
and implemented in WIEN2k code. The exchange-correlation potential is evaluated using the generalized gradient approximation (GGA)
within the Perdew-Burke-Ernzerhof (PBE) parameterization. Our theoretically results provide predictions for the mMa®Gu .In. in

which no experimental and theoretical data are currently available. The lattice parameter and bulk modulus as well the elastic constants and
their related elastic moduli for GMnSn, _..In,, have been calculated. Also, the electronic properties including density of states and band
structures indicate the metallic character for,®unSn .. In,. Morever, this quaternary Heusler alloy is found to be ferromagnetic, brittle

and anisotropic in nature.
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1. Introduction of comprehensive measurements on the magnetic and crys-
tallographic properties of the ferromagnetic Heusler alloys

Recently, the discoveries of the giant magnetoresistancg®2MnZ (Z = Al, In, Sn, Ge, Sb, Bi and Ga), and they also
(GMR) and tunneling magnetoresistance (TMR) [1,2]d|scussed the !ndlerct exc_hange effect_s whlch may give rise
opened the line of research called spintronics. Spintronict ferromagnetism and antiferromagnetism in Heusler alloys.
are composed of materials for which only one spin channePuniapet. al. [15] have studied the effects of rapid quench-

presents a gap at the Fermi level, while the other has a metd?9 On the structural and magnetic properties of the Heuler

lic character, leading to 100% carrier spin polarization at theloy CMnSn.  Buschowet. al [16] have studied the
Fermi energy (&) [3]. Therefore, these materials utilize the magneto-optical properties of metallic ferromagnetic materi-

spin in addition to the charge of electrons to carry the cur!S CuMnZ (Z=Al, Sn and In). Enteét. al [17] computed

rent. These remarkable materials, and their relatives (a vadi® lattice parameters, magnetic moments, types of magnetic
collection of more than 3000 compounds) are today known aQrder and valence electron to atom ratios for series of Heusler
Heusler and half-Heusler compounds, have been discover&@MpPounds with the Lstructure, such as GMnZ (Z = Al,

in 1903 when Friedrich Heusler had shown thapRoAl ~ Ga&and In). Hamret. al [18] illustrated that all the stud-
alloy behaves ferromagnetically even though none of its conl€d ferromagnetic systems,KInSn (X = Cu, Ni, Pd) exhibit
stituent elements are magnetic [4]. In 1983, de Geioll. & metallic character and possess an interesting elastic con-
[5] discovered half-metallic ferromagnetism in semi-HeuslerStants.

compound NiMnSb by using first-principle calculation based

density functional th Thev first attracted int t of Besides ternary XYZ compounds, there exist also large
on density tunctional theory. -They first atlracted INErest oty o4 tments of substitutional quaternary alloys of the type

the magnetism c_ommunl_ty due to their high Cu_rle temperaXQYl_zY,mz, (X1_.X"2)oYZ and XYZ,_,Z'.. One of
tures [6] and being predicted to be half metallic ferr(_)mag-.the substitutional series that attracted interest as potential
nets [7]. In recgnt years, Heu;ler_ compognds are INVeStiz) aterial for magneto-electronics was o, _,Fe Al [19].
gated due to their potential application in spintronics, 9reeNy awback of these series is that it is hard to be stabilised in
energy-related fields, such as solar cells or thermoelectric e L2, structure. Later, Seenst. al [20] have investigated
superconductors [8], ferromagnetic shape memory alloys pme effect of substitutio,n of main group element on the elec-

and magnetic actuator [10]. tronic structure and magnetic properties of Co-based quater-
Cu,MnZ compounds have attracted much theoretical andhary Heusler compounds @0rGa, _,Ge, (x = 0—1) using

experimental attention [11-13] for magneto-resistive devicdirst-principles density functional theory. Paueg! al. [21]

applications. The results, of Oxlest al. [14], are given have studied the mechanical stability and physical properties
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of Co,V,_,Zr,Ga @@ = 0, 0.25, 0.50, 0.75, 1) by utiliz- 2. Computational details
ing ab-initio calculations based on density functional theory

within GGA-PBE, GGA+U and the quasi-harmonic Debye IN the present study, the first principles calculations are
model. performed within the full potential linearized augmented

plane wave (FP-LAPW) method [23] as implemented in the

Recently, Benichowet. al. [22] have investigated the WIENZ2k code [24], based on the density functional theory
structural, elastic, electronic and magnetic properties of qualPFT) [25,26]. The exchange and correlation potential was
ternary Heusler alloy GIMnSi;_,Al, (z = 0 — 1) using a calculated using the generalized gradient approximation [27].
first-principles calculation by substituting the main group el-The plane wave parametéty;r X Kmax Was 7.0, and to
ement (Si by Al) in this compound. The ednSi;_,Al, ensure the correctness of the calculations, we have taken
alloy is found to be ferromagnetic, metallic compound and/max = 10. The Gi,. parameter was taken to be 12.0. The
has a ductile behavior. In this paper, we systematically stud?eparation energy between the core and the valence states has
the effect of alloying CuMnSn full Heusler alloy with In, chosen as -7.0 Ry. Thus, the atomic sphere radii were set to
namely, CyMnSn,_.In, (z = 0, 0.25, 0.5, 0.75, 1) alloy. 2.2,2.0, 2.0 and 2.5.u. (atomic unit) for Cu, Mn, Sn and In
To the best of our knowledge, there are no experimental angtoms, respectively. The numberiepoints used in the irre-
theoretical works exploring GMnSn, _, In, quaternary al- ducible part of the Brillouin Zone are 286 and 4 for ternary
loy. The study was based on a full-potential augmented plan@nd quaternary alloys respectively, which give convergence
wave method within the framework of density functional the-Of 10~ Ry in the total energy.
ory.

3. Crystal Structure

The remainder of this paper is arranged as follows : In
Sec. 2, we give with a brief description of the method used-ull-Heusler alloys are represented by the generic formula
and details of the calculations. Section 3 deals with theXsYZ, where X and Y denote transition metals and Z is
crystal structural aspects. In Sec. 4, the structural paraman s — p element. The atomic positions described with
eters, elastic constants, magnetic and the electronic propethe Wyckoff coordinates for X (Cu) atoms are (1/4,1/4,1/4),
ties, for the full-Heusler compounds of the type . ®nZ, (3/4,3/4,3/4), while (1/2,1/2,1/2) for Y (Mn) and for Z (Sn,
where Z stands for Sn and In, and their quaternary alloyn) it is (0,0,0). In Fig. 1, we show the crystal struc-
CwuMnSn _,In, (z = 0.25, 0.5, 0.75), are presented and an-ture of CyMnSn,_,In, (x = 0, 0.25, 0.5, 0.75, 1) alloys,
alyzed. Finally, conclusions are summarized in the last seowhere the present structures composed of four interpenetrat-
tion. The present calculations provide predictions and mayng face-centered-cubic (fcc) sublattices, witk, phase and
serve for a reference. F'm — 3m, space group no. 225. To simulatesGAnSn, _,

CuMnSn;.o.75Ing 75 Cu;Mnln

FIGURE 1. Crystal structure of the GMnSn,_.In, (z = 0, 0.25, 0.5, 0.75, 1) alloys obtained with XCrysDen.

Rev. Mex. 5. 65 (5) 468-474



470 B. BENICHOU, H. BOUCHENAFA, Z. NABI AND B. BOUABDALLAH

TABLE |. Calculated lattice parameter (a), bulk modulus (B), its pressure derivative (B’), and equilibrium energy fop keStu_ . In.,
(z = 0.25, 0.5, 0.75, 1) Heusler alloy.

Compounds ao (A) B (GPa) B’ Era (Ry)
Cu:MnSn 6.2432 100.9400 4.8760 -21295.589815
6.24 [18] 105.33 [18]
6.2337 [30] 101.31 [30]

6.26 [Theo,31]
6.17 [Exp,32]

6.168 [16]
6.1674 [17]
6.173 [Exp,14]
ClMNSN _g.251N0.25 6.22075 103.0271 3.0794 -169180.697401
CMNSN _o.5IN0 5 6.21615 109.5466 2.9170 -167997.563381
Cu:MNnSN; _o.75IN0.75 6.202 113.0188 4.4334 -166814.419381
Cu;Mnin 6.1957 107.8258 4.1911 -20703.994345
6.2021 [Theo,30] 106.96 [Theo,30]
6.206 [16]

6.206 [Exp,14]
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Al quaternary alloys, we consider 2 x 2 x 2) supercell

-1689179.6

eight times greater thah2; unit cell. The supercell is then
constituted of 32 atoms; 16 Cu, 8 Mn and 8 Sn/In, as shownin  -"**'7¢¢

-169179.,9

Fig. 1. The Sn atoms are replaced by In atoms to simulate dif-  -1cc1500
ferent concentrations. Replacement of 2, 4, 6 and 8 number "'

-169180.2

of those eight Sn atoms by In atoms leads tg/@nSn, . In,, “testsns
(x = 0.25, 0.5, 0.75, 1) respectively. re0ts0.
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4. Results and discussion Nevnees

-167996.,6

. -167996.7

4.1. Structural properties 157895,0
-167996,9
-167997,0

-167997.1

The equilibrium lattice constants, bulk modulus and their first
pressure derivatives, which are quoted in Table |, are fitting 5 ......
by the computed total energies to the empirical Murnaghan’s ~ -1s7z:7.¢ .
equation of state [28]. We have done structural optimiza- ..o [, M S et
tion of Cu,MnSn, _,In,, (x = 0.25, 0.5, 0.75) Heusler alloys 1668132
by using nonmagnetic (NM) and ferromagnetic (FM) states.  :eos.
The plot of total energy variation versus volume under both ~ '*****

-166813.6

non-magnetic and ferromagnetic phases with different con-  -1zse1as
centrations is shown in Fig. 2. Clearly FM state is favorable ...
in energy than the corresponding NM state. The optimized — ****°

-166814 .1

lattice constants for GMMnSn and CyMnin alloys, which 1668122
are also given in Table I, are in fairly good accordance with ~ /:;;1.. .
available experimental data [14,19] and previous theoretical ~— 'ee¢#< 10 - h i U
calculations [16-18]. The maximal error for lattice param-
eters is less than 1.0%. To the best of our knowledge, there
are no comparable studies about®nmSn, . In,, (x = 0.25,

0.5, 0.75) in literature, so we estimated the lattice parametergicure 2. The total energy as a function of volume of
for the selected concentrations 0.25, 0.5 and 0.75 by using theu,MnSn, _,In,, (z = 0.25, 0.5, 0.75) quaternary Heusler alloys
Vegard’s law [29] in Eq. (1). for nonmagnetic (NM) and ferromagnetic (FM) states.

-167997.2

nergy (Ry)

Volume (a.u)?
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that of Ref. [30] respectively. Within best of knowledge,
there is no report on the experimental and theoretical elastic

CwuMNSN_,In, : a(A) = 6.24(1 — ) +6.192 (1)  constants on the quaternary alloy. Therefore, our results are
T considered as purely predictive.
CloMnSny —o.251N0.25 : a(A) = 6.2275 Besides this, we have also calculated various combina-
CwuMNSn_g.5lNg 5 : a(,&) = 6.215 tions of elastic moduli such as, Voigt’s sheé#(), Reuss’s
. shear Gr), Shear modulug¥), Young’s modulus ), Pois-
CwuMnSn _g.75INg.75 : a(A) = 6.2025 son’s ratio {/), anistropy factor 4) and Kleinman parameter
(&), which are listed in Table 11, using the following equations
4.2. Elastic properties [34-36]:
We now discuss the mechanical properties of the parent com-,, . , ~ C11 —Cra+3Cy
pounds CyMnSn, CyMnin and CyMnSn_,.In, (x = Voigts shear modulus Gy = 5 2)
0.25, 0.5, 0.75) quaternary alloy, in order to confirm their 5(C1y — C12)Cs

mechanical stability in a cubic structure via calculation of Reuss's shear modulusGr = 100 1 3(Cn —Cra) 3
the elastic constantg’(;). These constants are fundamental

and indispensable for describing the mechanical properties Oflsotropic shear modulusG — Gr+Gv )
materials because they are closely related to various funda- 2

mental solid-state phenomena, such as the stuctural stability, , 9BG

the bonding character between adjacent atomic planes and Young's modulus: £ = 3B+ G ®)
anisotropic character. The elastic constants require knowl- . _ 3B — 929G

edge of the derivative of the energy as a function of lattice Poisson’s ratio v = m (6)
strain. In the case of cubic system, there are only three in-

dependent elastic constants, namély,, C12 andCyy. The . 20y

traditional mechanical stability conditions for a cubic stuc- Zener Anisotropy factor 4 = Ci1 — Cyo ()
ture, which are known as the Born Huang criteria [33], are _ Oy + 8Cys

defined as follows:Cy; — Cy2 > 0, C1p > 0, Cyy > 0, Kleinman parametet £ = 701 120 8

Ci1 +2C13 > 0andCi2 < B < (Cq1. The obtainted

elastic constant€’;;, summarized in Table Il, are calculated whereG is the shear modulug;y is Voigt’s shear modu-

by using a numerical first-principles method within GGA ap- lus corresponding to the upper bound(eivalues and~j, is
proximation in the WIEN2k package. The bulk modulus cal-Reuss’s shear modulus corresponding to the lower bound of
culated from the theoretical values of the elastic constant& values.

B = (1/3)(C11 + 2C42) are listed in Table Il too, and it has In order to predict the brittle and ductile behavior of ma-
nearly the same values as the ones obtained from energy miterials, Pugh [37] proposed an approximate criterion by the
imization. As seen from Table Il, the computed elastic con+atio B/G. Higher (lower) B/G ratio corresponds to ductile
stants of CyMnSn,_.In,. for all compositions are positive (brittle) behavior, and the critical value that separates brittle
and satisfy the above mechanical stability criteria indicatingand ductile materials is about 1.75. The calculated values,
that the structures under study are elastically stable phasdssted in Table I, indicate that the B/G ratios are 2.766 and
The obtained results for GMnSn and CyMnlin alloys agree  3.125 for CyMnSn and CuMnlin respectively, suggesting
quite well with earlier ab-initio calculation in Ref. [18] and the ductile nature of the parent ternary alloys, but for

TABLE |l. Calculated elastic constants (in GPa), and elastic moduli B (in GPa), G (in GPa), B/G, E (inGRad,for CuMnSn; _ . In..
(r =0,0.250.5,0.75, 1).
Compounds Cu Cia Cia B G B/G E v A &
CuwMnSn 118.654 95.908 65.330 103.319 37.344 2766 99.987 0.338 5.74 0.866
102.03[18] 91.71[18] 66.81[18]
105.93[30] 99.00[30] 64.75[30]

ClMnSn; —o.25IN0.25 244,905 48.936 191.087 114.085 146.153 0.780 307.254 0.051 1.95 0.351
CMnSn; _o.5IN0.5 319.038 14.453 220.733 115.666 190.228 0.608 368.609 0.031 1.44 0.192
CuwuMnSm _g.751N0.75 261.499 91.386 131.115 147.994 110.231 1.342 264.920 0.201 154 0.493

CuwMnin 121.635 101.562 74.228 108.489 34.705 3.125 94.084 0355 7.39 0.885

114.45[30] 103.22[30] 78.26 [30]
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TABLE Ill. Calculated values of total and partial spin magnetic momentg£inof Cu,MnSn, _.In,. (x = 0, 0.25, 0.5, 0.75, 1).

Compounds l\ﬁ/'u MJVIn MSn Mln Minlerstilial Mtotal
Cu;MnSn 0.040 3.507 0.00004 — 0.327 3.914
0.03 [18] 3.73[18] 3.93[18]
4.11 [Exp,39]
0.04 [Theo,40] 3.79 [Theo,40] 3.81 [Theo,40]
3.89[17]
ClMNSN_g.251N0.25 0.057 3.529 0.001 -0.030 0.375 4.012
CuMNSN g 5INg 5 0.053 3.500 0.002 -0.039 0.344 3.933
ClMNSN _o.75IN0.75 0.030 3.426 0.003 -0.053 0.279 3.726
Cu;Mnin 0.037 3.490 — -0.052 0.245 3.757

3.7879[Theo,30]
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FIGURE 3. Total and partial density of states for €MnSn;_.In, (z = 0, 0.25, 0.5, 0.75, 1) Heusler alloy. The verticale lines indicate the
position of the Fermi levelfr).

CwpMnSn,_.In, quaternary alloys, the values of B/G ratio stiffer for the concentratiom = 0.5 thanx = 0.25 and 0.75.
are between 0.608 and 1.342 indicating their brittle nature. We also note that this quaternary alloy has a high Young'’s
modulus, what classifies the studied compound as a strong
The Young's modulusk) characterizes the stiffness of jncompressible material. The value of Poisson’s ratip (
a material. The higher value of, stiffer is the mate- s indicative of the degree of directionality of the covalent
rial. It can be seen, from Table II, that @UnSn is stiffer  ponds. Its value for covalent materials is small€ 0.1),
than CyMnIn, and CyMnSn, _,In, quaternary alloy is also

Rev. Mex. 5. 65 (5) 468-474
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whereas the typical value for ionic materials is 0.25. Oursmall moment. Actually in NiIMnZ and CyMnZ alloys, the
calculated Poisson’s ratios vary from 0.201 to 0.355, samagnetic moment can not be substantial larger than the mag-
the contribution in the intra-atomic bonding for £MnSn,  netic moment on Mn atoms because only Mn determined the
CwMnlIn and CyMnSn, _g.751ng.75 alloys is ionic, whereas magnetic behavior of these alloys [38]. Morever, in case of
for Cu,MnSn,_,In, (x = 0.25 and 0.5),v is less than 0.1 ternary parent CGJMnSn and CgMnlin full-Heusler alloys,
suggesting a covalent material. Elastic anisotropy factor (Athe calculated value of spin magnetic moments 3.91483 and
is equal to one for completely isotropic nature, while any dif-3.75798 respectively, are listed in Table Il which are close
ferent value shows anisotropy. The magnitude of the deviato earlier obtained theoretical data [30,14] and experimen-
tion from 1 is the measure of the degree of elastic anisotropyal result by Websteet al., [39] which are also reported

of the crystal. The calculated values of A factor shows thain Table Ill. The local spin magnetic moment on the non-
CwpMnSn,_.In, alloy is anisotropic by nature. It is seen transition metal atoms Sn (In) is small and aligned parallel
from the Table Il that all the herein materials are anisotropidanti-parallel) to that of the Cu and Mn atoms. As far as we
in nature but both the parent ternary compounds are morare aware, there are no reports on the magnetic moments for
anisotropic than their quaternary alloy. the quaternary alloy.

4.3. Electronic properties

Here, we study our results of electronic properties of5' Conclusion

CwMnSn,_,In, alloys by calculating the density of states
(DOS) which is important for understanding the bonding . ) X .
properties. Therefore, the total (TDOS) and partial (PDOSParame_ters, elastic and mechanical, electronic and ma_gnetlc
densities of states for spin-up and spin-down, using the GG/Qerer_t'es O,f the CjMnSanmlnm quaternary aII_oy by u.t"
approximation, are calculated and depicted in Fig. 3. It iSIlzmg first-principle calculations based on density functional

clear from Fig. 3 that both majority (up) and minority (down) thedory .W'thm GGA-PBE. Th(fa Opglmmed Iaftt|”c<|a_| par?mehers
spin band structures of GMnSn,_.In, are strongly metal- and spin magnetic moments 'ort € pargnt ull-neusier alloys
Cwp,MnSn and CygMnin were in qualitative agreement with

lic. As seen from Fig. 3, there are two distinct regions in the abl : tal and th tical data. Al
spin-up and spin-down states of DOS of the parent Heuslel'€ available experimental and theoretical data. Also, our pre-

alloys. The lowest valence bands belew eV for C,,MnSn dicted lattice constants of the quaternary alloy, in the stable
(below —6 eV for Cu,Mnin) are formed entirely from the magnetic configuration, exhibit a high tendancy with the es-

s-states of Sn/in. while the bands from -6 to 4 eV for bothtimated values by Vegard'’s law. The spin resolved density of
CwpMnSn and C’gMnIn are principally caused by the Cu states revealed that all the herein studied compounds have a
and Mn 3d-states. Our results for GMnSn are in quite perfect ferromagnetic and metallic character. The magnetic
good agreement with earlier ab-initio calculations [18]. Mor- properties show that for these ferromagnetic compounds, the

ever, for CuMnSn,_,In, quaternary alloy, the mainly parts partial moment of In being antiparallel to the Cu, Mn and

of the total densities of states localized arountito 3 eV are Sh atom§. The Mn atom is responsible for large magnetic
chiefly governed by thad-states of Cu/Mn atoms. moment in case of the ternary and quaternary Heusler alloys

under study. Furthermore, according to mechanical stabil-
ity conditions, our obtained elastic constants indicate that the
CwpMnSn,_,In, quaternary Heusler alloy is mechanically
The calculated total and local spin magnetic moments fostable, anisotropic and has a brittle behavior. Most of the
CuwuMnSn,_.In, quaternary Heusler alloys are reported in studied properties for GMnSm _,In, (z = 0, 0.25, 0.5,
Table IlIl. It is clear from this table that our predictive re- 0.75, 1) Heusler alloys, reported in this work, have not pre-
sults show that the total magnetic moments, which includeviously been established experimentally or theoretically. Fi-
the contribution from the interstitial region, comes mainly nally, we hope that our results could provide baseline data for
from the Mn atom, while the Sn, In and Cu atoms have a veryuture investigations.

In summary, we have extensively investigated the structural

4.4. Magnetic properties

1. C. Felser, G. H. Fecher, and B. Balke&ngew. Chem. Int. Ed 5. R.A. de Groot, F.M. Nller, P.G. van Engen, and K.H.J.
46 (2007) 668-699. Buschow,Phys. Rev. Let60(1983) 2024-7.
2. 1. Galanakis and P.H. Dederictdalf-Metallic Alloys: Funda- ~ 6- S+ Wurmehl, G.H. Fecher, H.C. Kandpal, V. Ksenofontov, and

mentals and Applications, Lecture Notes in Phys&sringer: C. FelserAppl. Phys. Lett88 (2006) 032503.
Berlin, Heidelberg, Germany, 2005. 7. J. Kubler, A.R. Williams, and C.B. SommeiBhys. Rev. B28

3. J.De B let al., Semi d. Sci. Techndl7 (2002) 342-354 (1983) 1745-1755.
-+ J. De Boeclet al, Semicond. Sci. Techndl7 ( ) e 8. J. Winterlik, G.H. Fecher, and C. Fels&plid State Commun

. Fr. HeuslerVerh. Dtsch. Phys. Ge$2 (1903) 219-232. 145(2008) 475-478.

[

Rev. Mex. 5. 65 (5) 468-474



474

9.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

B. BENICHOU, H. BOUCHENAFA, Z. NABI AND B. BOUABDALLAH

K. Ullakko, J. K. Huang, C. Kantner, R.C. O’ Handley, and V.V. 25.

Kokorin, Appl. Phys. Lett69 (1996) 1966-1968.

. . 26
A. Ayuela, J. Enkovaara, K. Ullakko, and R.H. Nieeminén,

Phys. Condens. Mattet1 (1999) 2017-2026. 27.

D.P. Rai, and R.K. Thapd, Alloys. Compd612(2014) 355.

S. Ghosh, and D.C. Gupta, Magn. Magn. Mater411(2016)  9g
120.

] S. Ishida, J. Ishida, S. Asano, and J. Yamashit&hys. Soc.
Jpn 45 (1978) 1239. 30

D.P. Oxley, R.S. Tebble, and K.C. Williams Levingstah,
Appl. Phys34(1963).

R.A. Dunlap, G. Stroink, and K. Dind. Phys. F: Met. Phy<s6
(1986) 1083.

K.H.J. Buschow, P.G. van Engen, and R. Jongebdkwagn.

Magn. Mater 38 (1983) 1-22. 32.

P. Entel et al,, Eds. (NIC Series]Jon von Neumann Institute for 33
Computing Julich, Germany, 2006), pp. 159-166.

B. Hamri, B. Abbar, A. Hamri, O. Baraka, A. Hallouche, and
A. Zaoui,Comput. Condens. MatteB (2015) 14.

S. Wurmehl, G.H. Fecher, K. Kroth, F. Kronast, H.AlID, Y.

Takeda, Y. Saitoh, K. Kobayashi, H.-J. Lin, G. $dhmense, C.  35.

FelserJd Phys. D: Appl. Phys39(2006) 803-815.
K. Seema and R. Kumad, Magn. Magn. Mater377 (2015)

36.
70-76. 37.

R. Paudel and J. Zhd, Supercond. Nov. Mag81 (2018) 943-
1278.

B. Benichou, Z. Nabi, B. Bouabdallah and H. Bouchenkfy.

Mex. Fis 64 (2018) 135-140. 39.

J.C. SlaterAdv. Quant. Chenl (1964) 5564.

P. Blaha, K. Schwartz, G.K.H. Madsen, D. Kvasnicka and J.
Liutz, WIEN2k An Augmented Plane Wave Plus Local Orbitals

Program for calculating Cristal PropertiegVienna University  40.

of Technology, Vienna, Austria, 2001).

29.

31.

34.

38.

P. Hohenberg, and W. KohRhys. Rev. B136(1964) 864.
W. Kohn, and L.J. Shanihys. Rev. A140(1965) 1133.

J.P. Perdew, K. Burke, and M. Ernzerh&hy. Rev. Lett77
(1996) 3865.

. F.D. MurnaghanProc. Natl. Acad. Sci. U S.80(1944) 244.

L. Vegard,Z. Phys5 (1921) 17.

. S. Wur, M. Sc. E. Ulusu, Scientific Proceedings XII Inter-

national CongresSsMACHINES, TECHNOLOGIES, MATERI-
ALS, ISSN 1310-39462 (2015) 114-115.

C.M. Li, Q.M. Hu, R. Yang, B. Johansson, and L. Vité&y.
Rev. B, 88(2013) 014109.

E. Uhl,J. Magn. Mater25(1981) 221.

. M. Born, K. Huang,Dynamical Theory and Experiment |

Springer Verlag, Berlin, 1982.

W. Voigt, Lehrbuch der Kristallphysik TeubngiB. B. Teubner,
Leipzig, 1928), p. 739.

A. Reuss, and A. Angevilath. Mech 9 (1929) 49.
R. Hill, Proc. Phys. Sa®5(1952) 349.
S.F. PughPhilos. Mag.45 (1954) 823.

S.E. Kulkova, S.V. Eremeev, T. Kakeshita, S.S. Kulkov, and
G.E. RudenskiMater. Trans 47 (2006) 599.

P.J. Webster, K.R.A. Ziebek, in: H.R.J. Wjin (Ediljoys and
Compounds of d- Elements with Main Group ElemeRégst 2,
Landolt-Bornstein. New Series. Group I, vol. 19/c, Springer,
Berlin, 1988.

Y. Kurtulus, R. Dronskowski, G. Samolyk, V.P. Antrop&hys.
Rev. B71(2005) 014425.

Rev. Mex. 5. 65 (5) 468-474



