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In this study, we have investigated the structural, electronic, and elastic properties of a new seriggAdf @sSc, Ti, V) alloys called

“Full Heusler”, based on the Wien2k code using the functional density theory (DFT). The exchange and correlation energy are evaluated as
part of the LDA approximation. The results showed that Os2VAI was more stable and harder #8tADand OsTiAl. The electronic

band structures and density of states (DOS) of the compounds indicate that they are metallic because there is no bandgap in these thre
materials these results have been shown by three approaches (LDA, TB-mBJ, and SOC). Near the Fermi level, the energy is mainly occupiet
by the Os-5d and Sc, Ti, V-3d electrons. According to the results of the second-order elastic constants, these compounds met Born'’s criteric
for mechanical stability. The elastic properties indicate that our compounds are ductile, anisotropic, and rigid. All the calculations and the
data were compared with the results obtained with different methods in terms of its mechanical and electronic behsiionad<ound

to have better physical properties than,8eAl, and OsTiAl.
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1. Introduction Cu,HgTi, F43m, space group 216) is formed [21], or in the
particular case when the Y element is more electronegative

Heusler all di din 1903 by Eritz Heusler. th than X, the crystal structure observed for full-Heusler com-
cusier afloys were discovered in - y itz Reuster, ey,  inds, has GuHgTi prototype and E3m space group [22].
are gaining more and more attention from researchers [1

. “The discovery of the giant magnetoresistance effect (GMR
Full and Half-Heusler alloys have a broad family of multi- IScovery g g I ( )

i : ] ) in magnetic multilayer has revolutionized the field of infor-
functional materials for spintronic compound [2-8], shape ation technology. Today, we are in contact with spintron-
memory alloys [9], superconducting ground state [10], an({z '

th lectri terials 1111 Heusl I h Slat s in our daily lives. Giant magnetoresistance (GMR) are
ermoglectric. materiais [ ] eusier alloys have Slatery,qqqin magnetic hard drives, position detection on pneumatic
Pauling behavior [12], higher curie temperature [13-15]

‘cylinders, Position detection in robotics, speed measurement

Heusler’s alloys are important materials in terms of tlh_e|r in-_hd position of ball bearings, wheel speed measurement, de-

teresting properties such as electronic localization, |t|nerar1ltection of banknotes by measurement of the magnetic ink
magnetism, antiferromagnetism, helimagnetism, Pauli P& etection of electrical short circuite.g in batteries), vehi-

magnetism or the behavior of heavy fermions [16], Many "€cle detection (road traffic count), and the Earth’s magnetic

searchers have discovered some full-Heusler alloys are n(ﬂ%ld detection. The objective of this study is to predict the
r

half-metal§, but they pres&_ant a metalll_c character bgcause Lructural parameters, electronic structure, magnetic proper-
the metallic nature of their spin-polarized electronic struc-

ties, and elastic properties of O&\l, (Y=Sc, Ti, V) Heusler
turssR[ﬁ;\iolﬁ Aﬂ]ong E%I-Higsgerﬁlloyz, ?;e RthCI[Qe r[]ﬂ] alloys by using the first-principles calculations of the full-
an nTi alloys [18] which showed the metallic ¢ ar potential (linearized) augmented plane wave (FP-(L)APW)
acter, due to overlap between valence bands and conducti

: ; . - ethod. This document is organized as follows: computa-
bands at the Fermi level with the two spins cha_mnels. Wh|le[i nal details are described in Sec. 2, the results are discussed
other_ researchers have shown that the m(.atalll|c characterﬁSeC_ 3, and finally, the conclusions are presented in Sec. 4.
certain compounds products from the contribution of Rh, an
(Cr,Mn)-3d states around the Fermilevel [17,18]. The regular
Heusler compounds X¥Z, with 2:1:1 stoichiometry, crys- 2. Calculation details
tallize in the cubic kL, structure (Fm#&:, space group 225)
with Cu,MnAl as the prototype [21,22]. Generally, the X Electronic structure calculations of our full-Heusler com-
and Y are transition metals and Z atoms are from lll, IV, pounds were performed using the first-principle calculations
and V group elements [23]. If the atomic number Z(¥) of density functional theory [24,25] based on the FP(L)APW
Z(X), then the inverse Heusler structure XYXZ (prototype method is implemented in the Wien2k code [26-29]. For
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exchange-correlation potential, we used the local density ap-  -71097.45
proximation (LDA) proposed by Perdew and Wang [30], -71097.48 - \_/
and the GGA-PBE approximation proposed by JP. Perdew, -71276.43 5 . B
(—— 0s,ScAl
\—— Os,TiAl
— Os,VAI

K. Burke, and M. Ernzerhof [31]. It calculates the self - 71276.46 4
consistent solution of the equations of Kohn and Sham [25]. 2
In these calculations, we have chosen the values of the radi’s
of the atoms of Os, Ti, Sc, Vand Alof2.2,2,2,2.1and 2 u.a, E
respectively, so that there is no overlap Muffin-Tin spheres, w 71276.551
The electronic configurations of the sets of the system studied  -71467.26
are: Os (6%4f145¢°), Ti (3d? 48%), Sc (3d 45), V (3 49), 71467.29 -
and Al (3¢ 3p'). We have used a 1500K-point Monkhorst- ;446732
Pack mesh [32,33] in the Brillouin zone for all compounds.

71276.49 4

g

-71276.52

. -71467.35 +
We chose theRy;7 X Kpnax = 7 (Where Ry 7 is the mean . r ; : T : T T
radius of muffin-tin spheres). The energy cutoff was chosen 300 320 340 360 380 400 420 440
as—6 Ry, used for separation between the valence and the Volume (a.u’)

core states. The basic functions and potentials are extendegcure 2. Total energy as a function of the volume of Al
in combinations of spherical harmonics around atomic sitesgy=Sc, Ti, and V).

that is to say, the atomic spheres with a cutoff,gf, = 10,

and in Fourier series in the interstitial. The self-consistent

f the total tat 0.1 mRy. BV
convergence o e total energy was set a mRy E— E()V n
B(B—1)
. . B
3. Results and discussion % (B [1 - “//0] + [‘ﬂ - 1) , (1)

3.1. Structural properties . - .
where Ej is the minimum energy ai’ = 0 K, B is the

The compounds Q¥AI, (Y=Sc, Ti, and V), as most “Full bulk mo_(_jul_us, B’ is the bulk mod_ulus derivative ahg is
Heusler” alloys crystallize in type structure “regular” (Cu e equilibrium volume, all the points are effectuated by us-
MnAl, L, prototype) with space group Fim N°:225, the N9 the L_DA approximation [30]. The optimized lattice pa-
atoms are located at the Wyckoff coordinates: with Os atom&2Meter is almost the same as what has already been re-
are positioned at 8¢ (0.25,0.25,0.25), Y=Sc, Ti, V atoms aported [34,36,37]. The results concerning the optimization
4b (0.5,0.5,0.5), and Al 4a (0,0,0) [34]. The CrySDen [35]°f three materials Q¥Al, (Y=Sc, Ti, V), (lattice parame-
package has been used to plot the crystal structure Of&s ters, th(_a_co_mpreSS|b|_I|ty modul_us, an_d their derivatives, and
(Y=Ti, Sc, V), as shown in Fig. 1. We used Michael Gillisen’s € €quilibrium energies, optimized with the LDA and PBE),
parameter with a magnetic moment equal to zero [36], an@'® grouped in Table I. The calculated lattice equmbn.um con-
the data available [34,37] so we performed detailed structurgitant valuesdy) of the Os YAl compounds (y = Sc, Ti, and
optimizations by minimizing all energies. Figure 2 presentsv) are compared to the lattice parameters available in the lit-

the total energy as a function of the volume for the three com&rature which are very close to each other [34,36,37]. The lat-

pounds. We have plotted the evolution of the total energy as AC€ constants for GScAl, OsTiAl, and OsVAI differs by
function of the volume according to the Murnaghan equatiorf Percentage of approximately 1.83%, 1.8%, and 1.53%, re-
[38] given by the following relation, spectively using LDA approxma_tlon, for PBE approach the
results are improved. No experimental data were found for
the lattice parameters of the compounds Thal and Os, VAI

for comparison. The mass modulus calculated for the mate-
rial Os,ScAl is closer to the available results [34]. For the
mass modulus of the compounds, D&\l and Os,VAI, no
experimental value was found for comparison.

We can say that the @€gAl compound has a higher neg-
ative energy and harder than {3€Al, and OgTiAl com-
pounds due to the large value of the compressibility module.
We note that when we go to an increased Sc-Ti-V and fixing
X =0s and Z = Al, the mass modulus of,XZ increases.

3.2. Formation and cohesive energy

To confirm the structural stability we calculated the cohesion
FIGURE 1. Crystal Structure of QsfAl (Y=Sc, Ti, and V). energy and the energies of the individual atoms by increasing
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TABLE |. Calculated equilibrium lattice constamsﬁ), bulk modulusB, (GPa), and its first derivativé8’, Equilibrium Energy, and the
valence electron concentration (val-el), ofs®8l (Y=Sc, Ti and V)

a(A) By (GPa) B Ecn (eV/atom) FEremi E (Ry) Method
Os2ScAl 6.13 222.57 431 -2.605 0.88 -71097.499 LDA
6.21 193.31 4.44 -71152.061 PBE
Previous [36] 6.244
[34] 6.268 194.26
[37] 6.239
Os, TiAl 6.01 273 4.24 -2.614 0.92 -71276.567 LDA
6.09 233.82 4.84 -71321.322 PBE
Previous [36] 6.12
Os:VAI 5.94 307.4 4.23 -2.931 0.99 -71467.353 LDA
6.01 260.98 4.92 -71512.273 PBE
Previous [36] 6.032

the unit cell of a face-centered cubic structure [39] up to 303.3. Electronic properties
Bohr (about 16&) for the three compounds. The cohesion en-

ergy ESYA of Os, YAI (Y=Si, Ti, V) is known as the overall 3-3.1. Band structures
energy of the constituent atoms minus the total energy of th

compound is given by [39,40] Elgures 3, 4 and 5, show the band structure of the studied

systems OsgYAl, (Y=Sc, Ti, V) with LDA, TB-mBJ [41-44],
and LDA+SOC, respectively, calculated at their equilibrium
O YAl _ 0Os Y Al lattice constants at different high points of symmetry in the
EQRN = Pl [xb:':o tryE'so - ZE'SO], (2)  Brillouin zone. The valence bands pass through the Fermi
rryTE level and enter the conduction band for all structures, but do
not overlap except Q¥AI for the three approximations, and
Y =S¢, Ti, and V WithEgg, E_Tio Eél) refer to the energies the absence of a forbidden band which clearly indicates the
of the isolated atoms, anﬂ%stzjﬁ Al'is the total energy of the Metallic character. The dispersed upper bands are due to the
unit cell used in the present calculatior),y, andz are the ~ strong hybridization of the (d) states of (Os, and Ti, Sc, and
numbers of atoms OS, T|, Al in the unit cell respective|y. V) These results are similar to other results of the same fam-

) ) o ) ily [34].
The cohesive energies are also indicated in Table I. It

is found that the cohesion energy of the,SeAl, OsTiAl 3.3.2. Densities of states

and OsVAI compounds are—2.605 eV / atom, —2.614

eV/atom, and-2.931 eV/atom, respectively. From these re- The projected total and partial state densities (DOST)
sults, we can say that the compound,@s has high stability (DOSP), between-18.5 and 9 are illustrated, respectively,
compared to the compounds £3€Al and OgTiAl, and the in Figs. 4a), b), c), and the Fermi level is taken as the origin
Os, TiAl compound is more stable than the {3€Al com-  of the energies. The analysis of the figures of the total and
pound. These results are comparable to the results of the opartial state density of the @ScAl, OsTiAl, and OsVAI
timization part. indicates a non-zero density at the Fermi level and the ab-

i \___\r._,}ar-i\/ ~_|0s,ScAl-LDA
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FIGURE 3. Band Structure of QsrAl (Y=Sc, Ti, and V) with LDA approximation.
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FIGURE 4. Band Structure of QsrAl (Y=Sc, Ti, and V) with TB-mBJ approximation.
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FIGURE 5. Band Structure of QsrAl (Y=Sc, Ti, and V) with LDA+SOC approximation.

sence of the forbidden banfdg which makes it possible to 3.4. Elastic properties and mechanical stability

deduce that these materials have a metallic nature, (since the

DOS has a great value at the Fermi level, see Table I). At

the Fermi level, the DOS is 47.6, 34, and 13.6 states per cefurthermore, we have also considered to mechanical prop-
unit per eV, respectively for @ScAl, Os TiAl, and Os VAL erties of the OgYAI (Y=Sc, Ti, and V) full-Heusler alloy.
Therefore, there is a downward disposition concluded whiciThe elastic properties describe the mechanical behavior of
makes OsScAl more conductive than @§iAl and Os; VA materials, their study is also important for the field of engi-
We find that the TDOS around the Fermi level come mainlyneering. Knowledge of the elastic properties of materials is
from electrons (Ti-d), and (Os-d) the states (p) of the (Al) ele-important for fundamental research, particularly for under-
ments occupy the lowest part of the valence states and havestanding the mechanisms of the bonds between atoms. The
small contribution around the Fermi level. In addition, therecubic structure materials have three independent elastic con-
are two atoms of (Os), and only one atom of (Sc, Ti, and V)stants: G, Ci2, and C4. To obtain the elastic constants for
but the contribution of the Sc, Ti and V atoms is less effi-these compounds, we used a first-principles numerical calcu-
cient compared to the Os atom. The hybridization betweetation using the method developed by Reshak and Morteza
the states Os (d), Y (d), and Al (p) becomes stronger whemand integrated into the WIEN2k code [45]. From Table II,
the lattice parameter increases with the atomic number of thene can say that the @EAI, Os;ScAl, and OgVAI com-
elements (Y = Sc, Ti, and V). We can also see that the pampounds are mechanically stable because all these elastic con-
tial DOS of Y=Sc, Ti, and V (3d) orbitals in three materials stants are positive and meet the criterion of mechanical sta-
exhibit the same behavior. bility verify the relation in Eq. (3) [46-49],

TABLE Il. Elastic constant &, and the anisotropic factors for the &@l (Y=Sc, Ti and V).

Ci1 (GPa) G2 (GPa) G4 (GPa) A Cp=Cr2—Cu
Os;ScAl 308.73 181.67 98.73 1.55 82.94
Previous [34] 261.908 160.436 102.312 2.016 58.124
Os TiAl 401.16 205.15 158.1 1.61 47.05
Os:VAI 516.9 202.98 163.6 1.04 39.38

Rev. Mex. Fis68061001
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5

TABLE IIl. The bulk modulusB, shear modulus?, Young's modulust Poisson’s ratia’, and the bulk-modulus -to- shear-modulus ratio,

for the Os YAl (Y=Sc, Tiand V).

E(GPa) B (GPa) G (GPa) v B/G
0Os,ScAl 220.99 224.02 82.735 0.32 2.70
Previous [34] 214.922 194.260 81.681 0.31 2.398
Os, TiAl 337.280 270.48 130.51 0.29 2.07
Os;VAI 411.04 307.61 160.9 0.27 1.90
9 8
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FIGURE 6. Total a) and partial density of states of{3€Al b), OsTiAl c), Os;VAI d). The Fermi level is set to zero energy and marked by
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important parameters in technological applications and pro-
vide a fundamental description of the mechanical behavior of
Ci1>0, Cuy>0, Ci—Ci2>0, a material. The bulk modulus is used to measure the hard-
Cy1 + 2Cy5 > 0. (3 ness of materials to volume variation by the applied hydro-
static pressure [47,48], while the shear mod@uspresents
Our results show that the value of the,@onstant is larger the resistance to plastic deformation and gives the behavior
than the other constants for three compounds. So, we caf a material under a uniform pressure [47-49]. For a cubic
say that the length change resistance is the most important grystal the bulk moduluss, the Voight-Reuss-Hill averaged
these compounds. The;Omodules have a heavyweight in shear modulué, Poisson’s rati@, and Young's modulus are
the study of materials especially the,Onodule, from this  expressed as follows [35,36,38,46-48,52-54].
module, can determine several properties such as fragility,
(Ci1 +2Cy2)

among others. The & module shows that Q¥Al is harder By = Br = , (4)

than Os TiAl, and Os,ScAl; this result is similar to the one 3

found in the optimization part. The elastic constants obtained G — (Ci1 — Ci2 +3Cy4) ®)
VvV = .

for the compound Gs$ScAl are in good agreement with the 5
available results_, whereas the values gf @re greater than The Reuss bounds [46,55] of the bulk and shear modulus
those reported in Ref. [34]. The value of.Cwas lower areBy — By and
than the search result [34]. For the compoundsToY,
and OgVAI, no results were found for comparison. By com- 2C11(Cya — 2Cyy)
paring the G; values of the compounds studied, we veri- Gr = [4C44 + 3(Cy1 — 2Cy3)]°
fied that its values are of the increasing order according
to the increase in the atomic number of the element Y = According to the Hill approximation [46,56] method,
Sc, Ti, and V. According to Pettifor [50,51], the character arithmetic mean of the Voigt and Reuss’s shear moduli gives
of atomic bonding in metals and compounds, also relates té1€ elastic modulus expressed as following:
the brittle or ductile characteristics can be found by consider- (Gv + Gr)
ing the Cauchy pressure (CP). A negative value of CP shows G="Y T TR
a strong covalent bond while a positive value of CP indi- 2
cates a strong metallic bond. The Cauchy pressure values anhereGy is the Voigt shear modulus ar@y, is the Reuss
82.94 GPa, 47.05 GPa, and 39.38 GPa farSa#\l, Os TiAl, shear modulus.
and OsVal, respectively. The obtained values for the pres- The mass modulusK) is greater than the shear modu-
sure are all positive, showing a metallic character and ductiléus (&) for all three compounds. Thus, these materials must
nature of the compounds. These results confirm the metallibe resistant to changes in their volumes under uniform pres-
bonding character of the three materials, and the most stabfire. The results of the modulus of ma8sobtained as a
compound was Q¥A1, in agreement with the optimization function of the elastic constants are of the same order as the
and cohesive energy calculations, as well as the electroni@sults obtained by applying the Murnaghan equation [38],
band structure analysis. displaying that our estimated results of the elastic constants
The knowledge of the elastic constants @llows us to  for Os,;ScAl, OsTiAl, and Os,VAI are exact and precise.
calculate other mechanical (elastic) quantities such as th€he Young's modulusE and Poisson’s ratio for a cubic
modulus of compressibility3, the Young and shear modu- structure are related to the modulus of compressihifitgnd
lus (Y andG), as well as the Poisson’s ratio)(which are  shearG. Using the relation [36,46-48],

(6)

=Gy, (7)

TABLE |V. Calculated total and local magnetic moments per atom unit cell (in units of the Bohr magitosnd in the interstitial sites
for Os;, YAl Y = Sc, Ti, and V.

Os,ScAl OsTiAl Oso VA

uos 0.00089 0.00086 0.00026
use 0.00145 - -

" - 0.00141 -

7 - - 0.00005

s 0.00053 0.00001 0.00113
piner 0.00311 0.00060 0.00040
pres! 0.00069, 0 [36] 0.00028, 0 [36] 0.00106, 0 [36]
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this ratio is associated with ductility (brittleness). The criti-
9BG cal value separating the ductile and the brittle turned out to be
E= (BB +G)’ (8 1.75. As shown in Table Ill, this ratio is greater than 1.75 for
the three OsScAl, OsTiAl, and Os VAl compounds, which
U= (3B — 26) ) (9) areclassified as ductile compounds, and this result confirmed
2(3B+G) previous data [34].
The Young’s modulus is defined as the ratio between
stress and strain and is used to provide a measure of the stiff-
ness of the solid matteire., the larger the value dF, entails 4. Conclusion
a stiffer material [46,57]. We can see from the results men-
tioned in Table Ill, that the Young’s modulus valé¢is in  In summary, we have studied the structural, elastic, and
ascending order, and @#Al compound is more rigid and electronic properties of the Heusler O%l,(Y=Sc, Ti, V)
harder than OsScAl and, OsTiAl due to its higher value of alloy, with the space group Bm (# 225) in phase L2
Young's modulus, and compressibility modulus)( At the  which were calculated using first-principle calculations of the
same time, the value of of compound OsScAl is of the  full-potential linearized augmented plane wave (FP-LAPW)
same order of results available [34]. method, with local density approximation. After fitting the
With an increase in Poisson’s ratio, the plasticity of theMurnaghan equation of state, the equilibrium lattice parame-
crystal improves. The Poisson’s ratio has been suggestddrs obtained from our calculation agree well with the theoret-
as 0.1 for covalent substances and 0.25 for ionic substancésal values available. We found that the compound\@¢ is
in the literature [17,58]. The Poisson ratios for the al-more stable and harder than4{SgAl, and OsTiAl, a result
loys Os$ScAl, OsTiAl, and OsVAI are, respectively, 0.32, that was confirmed by the calculation of the cohesion energy.
0.29, and 0.27, (see Table IIl) which means that the alloy§he calculated state densities presented in this study iden-
have a metallic ionic reaction. For an isotopic crysfal=  tify the metallic behavior of OgrAl, (Y=Sc, Ti, and V), by
(2C44)/(C11 — Cq2) is equal to 1, but when there is another three approaches (LAD, mBJ, SOC). The metal band prop-
value greater or less than 1 it means that it is an anisotropierty of these compounds was confirmed based on the Cauchy
crystal [59,60]. According to Table II, the anisotropy coef- pressure values. The elastic constants of these compounds
ficient exceeded unity, which indicates that our compoundsre calculated according to the method developed by Reshak
have an anisotropic character. The Pugh criterion [59,61], isnd Morteza and the results obtained show the compounds
the ratio between the compressibility modulus and the sheastudied are mechanically stable. The Poisson’s ratio values
modulus B/G) of the polycrystalline phases could also be showed that the compounds had an ionic metallic character.
used as a measure to quantify whether a material breaks inAnalysis of Young’s modulus and the/G ratio shows that
ductile or brittle manner. Subsequently, a high (low) value ofthe three materials were rigid and ductile.
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