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The structural, electronic, magnetic and elastic properties of CooMnGe1_,Siy (x = 0, 0.25, 0.50, 0.75, and 1)
compounds are investigated by first-principles calculations within the generalized gradient approxi-
mation (GGA). The calculated structural parameters of these compounds show a slightly decreasing
lattice constants and similarly decreasing lattice volumes and enthalpies of formation on increasing Si
substitution x. The band structure calculations estimate that these compounds at their optimized lattice
constants are half-metallic ferromagnets. The calculated total magnetic moment values are all integers,
which is typical for half-metallic materials with a half-metallic bandgap (Eywm) in the minority states.
Besides, the total magnetic moments of these compounds are fully compatible with the Slater-Pauling
rule showing the half-metallicity and large spin polarization desired for spintronics applications. The
partial substitution of the Ge atom by the Si does not affect the atomic magnetic moment and total
magnetic moment. The obtained values of structural parameters, total and atomic magnetic moments for
x = 0 and 1 stoichiometric compounds are in good agreement with experimental and theoretical results.
The elastic constants are studied for all compositions of x in order to verify the mechanical stability of
these compounds. Born’s stability criterion implemented on elastic constants of Co,MnGe1.,Siy (x = 0,
0.25, 0.50, 0.75, and 1) compounds confirm that these materials are mechanically stable. Other elastic
parameters like bulk modulus (B), shear modulus (G), ratio of B/G, Young’s modulus (E), Poisson’s ratio
(v), and Shear anisotropic factor (A), which are the significant elastic moduli for technological applica-
tions have been thoroughly investigated. Consequently, these compounds, especially Coo,MnGe1_,Six
(x = 0.25, 0.50, 0.75) mixed systems, are promising candidates for practical applications in the field of
spin electronics.
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1. Introduction X>YZ stoichiometry, respectively. Here, X and Y are transition ele-

ments and Z is a p-block element (Z: Ga, Sb, Sn, In) in the periodic

Thenceforward their reconnaissance in 1903 [1], Heusler alloys
have attracted the attention of many researchers due to the fact
that they are ideal materials for magneto-electronic applications
and also show semi-conductive properties [2,3]. Apart from
magneto-electronic applications, Heusler alloys show attractive
properties for spintronics [4,5], optoelectronics [6,7], supercon-
ductivity [8], shape-memory [9] and thermoelectric [10] applica-
tions as well. Heusler alloys are divided into two parts as semi-
Heusler alloys and full Heusler alloys and are represented by XYZ,
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table. Semi and full Heusler alloys crystallize in Clp and L2,
respectively. In the unit cell of full Heusler alloys, X atoms are sit-
uated in (0, 0, 0) and (1/2,1/2,1/2), Y atom in (1/4, 1/4,1/4) and Z
atom in (3/4, 3/4, 3/4) positions. With the discovery of large mag-
netoresistances (GMR) by Baibich et al. [11] and Binasch et al. [12]
simultaneously, the main idea of magneto-electronics was formed.
This idea continued with the proliferation of the devices that pro-
cess the spin of the electron instead of the traditional devices using
only the charge of the electron. Thus, the main motivation is to
utilize the degree of freedom of electron spin in order to obtain
better nano-electronic devices. Because it has been observed that
adding the degree of freedom of spin to traditional electronic
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devices have significant advantages such as, increasing data pro-
cessing speed, reducing electrical power usage and non-volatile
memory. In 1983, De Groot et al. found that NiMnSb, an inter-
metallic Heusler alloy, exhibited semi-metallic properties [13].
Then a few semi-metallic ferromagnetic materials and their prop-
erties were investigated theoretically with ab-initio calculations
and later proved to be precise with the help of various experiments.

Initially, among semi-metallic materials, inter-metallic Heusler
alloys have been the focus of interest due to their simple magnifi-
cation and high Curie temperatures [14,15], but in recent years this
interest has shifted to compounds described as full Heusler alloys
and containing mainly Co and Mn such as Co,MnSi and Co,MnGe
[16—30]. Studies given in Refs. [16—30] include experimental,
theoretical and a combination of both experimental and theoretical
works. To mention some of these studies; from an experimental
perspective, Webster et al. [16] studied the saturation, magnetiza-
tion X-ray and neutron diffraction of Co,MnZ where Z = Al, Si, Ga,
Fe, Sn, and Sb. This was the first study in which Webster has pre-
cisely determined each magnetic moment of atoms other than Mn.
Using the vertical gradient freeze (VGF) technique in argon at at-
mospheric pressure, Manea and co-workers [17] analyzed the
polycrystalline CooMn(Si, Ge, Ga, Sn, Sbg gSng ) as targets for pulsed
laser deposition of magnetic contacts for spintronic devices.
Kandpal et al. [22] studied the bandgap, transport properties and
magnetic behavior of A;BC Heusler compounds utilizing first-
principles density functional theory (DFT) calculations within
LDA + U. However, since theory goes hand in hand with experi-
ments, ab initio calculations which pave the way for better material
design due to their good match with experimental results domi-
nates the theoretical studies conducted about Co and Mn-based full
Heusler alloys. To touch on some of these theoretical studies,
Picozzi and co-workers [23] investigated the structural, electronic,
and magnetic properties of CooMnX (X = Si, Ge, Sn) at zero and
elevated pressure values using DFT calculations within local spin
density approximation (LSDA) and generalized gradient approxi-
mation (GGA). Wu et al. [24] studied the elastic properties of cubic
Co,YZ compounds with L2; structure through first-principles
density functional theory calculations within the full-potential
linearized augmented plane wave (FLAPW) technique. Rai et al.
[25] performed first-principles DFT calculation based on GGA and
LSDA to observe the electronic and magnetic properties of
CooMnGe and CoMnSn. In some other studies, it has been
observed that energy gaps and structural parameters change
significantly by partial substitution of X and Y atoms in CoyXYZ
alloys [31—34]. The use of Heusler alloys, especially in spintronic
and electronic applications is because they have appropriate and
tunable bandgap values. This tunable bandgap characteristic en-
ables us to make devices with suitable band gap values to be used in
future electronics and spintronic applications. One of the suitable
methods to tune the bandgap value of Heusler alloys is doping the
alloy with concordant atoms. Despite the large number of studies
about CooMnX (X = Si, Ge), which were mentioned above, studies
including the partial substitution of Si and Ge atoms are very
limited. To fill this gap and search the potential applicability of
Co,MnX (X = Si, Ge) in spintronic and electronic applications, we
have performed first-principles calculations within the GGA
method to investigate the structural, elastic, half-metallic and
electronic properties of Co,MnGe1.,Six (x = 0, 0.25, 0.50, 0.75, and
1) compounds.

2. Computational details
All calculations were performed by using the Vienna Ab initio

Simulation Package (VASP) [35,36], which exploits plane-wave
basis sets and periodic boundary conditions. Energies of core

electrons were modeled using projector augmented-wave (PAW)
[37,38] pseudopotentials to cut-off energy of 500 eV, exchange and
correlation of valence electrons were modeled using the Perdew-
Burke-Ernzerhof (PBE) [39] functional. Methfessel-Paxton with a
smearing factor of 0.225 eV was used to set the partial occupancies
of each orbital [40]. The structural optimizations were imple-
mented for all structures and the k-point meshes were selected I'"-
centered 12 x 12 x 12 Monkhorst-Pack scheme [41] for cubic
phases (Fm-3m and Pm-3m) and 10 x 10 x 7 for tetragonal phase
(P4-mmm). Electronic structures were converged self-consistently
until the difference in energy between subsequent iterations was
not larger than 10~ eV. The stress-strain relationship [42] was used
for the calculation of elastic properties.

3. Result and discussions
3.1. Structural properties

The full-Heusler X,YZ compounds crystallize with Cu;MnAl and
HgpCuTi crystal structures. These structures have four inter-
penetrating fcc sublattices. In the case of CupMnAl-type crystal
structure, the X atoms occupy the (0, 0, 0) and (1/2, 1/2, 1/2) po-
sitions, Y atom occupies the (1/4, 1/4, 1/4) position and the Z atom
occupies (3/4, 3/4, 3/4) position [43]. On the other hand, for the case
of Hg,CuTi-type crystal structure, the X atoms occupy the positions
(0,0,0)and (1/4,1/4,1/4), Y atom occupies the position (1/2,1/2,1/
2) and the Z atom occupies the position (3/4, 3/4, 3/4) [44,45].

Co-based Heusler compounds Co,MnX (M = Si, Ge, etc.) have
been extensively studied by many researchers. The obtained crys-
tallographic data in different studies, which was experimentally
performed with the X-ray diffraction method, reveals the fact that
the pure phase is the L2; structure with the space group Fm-3m
(CuaMnAl-type crystal structure) for the Co,MnSi single crystal
[16,46,47]. In addition, two theoretically conducted studies [48,49],
which used total energy calculations for CooMnGe and Co;MnSi
compounds, showed that the formation of these alloys in Cu;MnAl-
type structure is energetically favorable. Besides, they found that
the CupMnAl-type structure is more stable than the Hg,CuTi-type
structure for the ferromagnetic state. Therefore, the structural
optimization of the pure Co,MnGe and Co,MnSi Heusler com-
pounds has been investigated in the Cu;MnAl type crystal
structure.

It has been established that the pure system Co,MnGe and
Co,MnSi have a face-centered cubic structure with space group Fm-
3m (225) while the mixed compounds at compositions 0.25 and
0.75 have a primitive cubic structure with space group Pm-3m
(221). At composition 0.50, i.e., CooMnGeg 50Sig 50 mixed compound
has a tetragonal P4/mmm structure. The number of atoms are listed
in the unit cell of the mixed compounds at various compositions in
Table 2. Besides, Fig. 1(a—e) shows the crystal structure of
ConnGe, COzMHSi, COzMnGEO_75Sio.25, COle’lGEo.25Si0_75 and
CoaMnGeg 5Sig 5, respectively.

The comparison between our calculated structural parameters for
Co,MnX (X = Si, Ge) and experimental and theoretical results are
presented in Table 1. The obtained structural parameters indicate
that the lattice constant (ag) and volume (Vp) of these compounds
slightly decrease with growing Si constituent. Additionally, the
calculated equilibrium lattice constant (ag) and enthalpies of for-
mation (4Hs) for Cop,MnSi and Co,MnGe are consistent with exper-
imental [16,17,22,30] and theoretical studies [18,20,21,23—28]. To the
best of our knowledge, there is no study to compare the results of
x = 0.25, 0.50, 0.75 mixed systems. Therefore, the following Vegard’s
Law [50] is used to estimate their lattice constants.
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Fig. 1. The crystal structure of (a) Co,MnGe (b) Co,MnSi (c) Co,MnGey 75Sip25 (d) Co,MnGeg 25Sig75 and (e) Co,MnGeg 5Sig s compounds.
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Table 1
The calculated lattice parameters of Co,MnGe;.,Six (x = 0, 0.25, 0.50, 0.75, and 1) compounds.
Composition Space group Ref. ao (A) Vo (A3) AHs (eV/atom)
Co,MnGe Fm-3m (225) Present 5.727 187.841 -0.361
[16]ExP- 5.743 - -
[17]E%P- 5.753 - —
[22]ExP- 5.749 - —
[30]ExP- 5.746 - —-0.328
[18] 5.753 - -
[20] 5.770 - -
[21] 5.711 _ _
[23]6¢A 5.734 - -
[23]sPA 5.613 — -
[24] 5.730 - -0.344
[25]-SPA 5.678 - -
Co,MnGeg 75Si0.25 Pm-3m (221) Present 5.701 185.304 —0.409
Co,MnGeg 5Sig 5 P4/mmm (123) Present a=5.689 183.091 —0.458
c=4.012
Co,MnGeg »5Si.75 Pm-3m (221) Present 5.648 180.165 -0.507
Co,MnSi Fm-3m (225) Present 5.622 177.701 —0.558
[16]5x®- 5.654 - -
[17]ExP- 5.673 - -
[22]Fx®- 5.645 - -
[30]Ex®- 5.645 - —0.439
[18] 5.633 - -
[21] 5.606 - -
[23]6¢A 5.634 - -
[23]PA 5.512 - -
[24] 5.643 — —-0.532
[26] 5.627 - —0.45
[27] 5.582 - -
[28] 5.646 - —0.465
Table 2 > CoaMnGeg 5Sig 5 > Co,MnGeg 75Sip25 > CooMnGe. Namely, as the

The compositions of each atom in Co,MnGe_,Siy (x = 0, 0.25, 0.50, 0.75, and 1)
compounds with the supercell method.

Co,MnGeq_,Siy Co Mn Ge Si Total
x = 0.00 8 4 4 — 16
x=0.25 8 4 3 1 16
x =0.50 8 4 2 2 16
x=0.75 8 4 1 3 16
x =1.00 8 4 4 — 16

(¢]4) (COzMnG60‘755i0A25) =5.727 x0.75 +5.622 x 0.25
= 5.701A

o (Co,MnGeg 5Sig5) = 5.727 x 0.5+ 5.622 x 0.5 = 5.675 A

dp (COZMHGEOAZSSiOJS) =5.727 x 0.25 +5.622 x 0.75
=5.648 A (1)

The Perdew—Burke—Ernzerhof (PBE) [39] GGA is one of the
most widely used functional in Density Functional calculations.
However, it is known that GGA-PBE slightly overestimates the lat-
tice parameters at low temperatures. For Co,MnGe and Co,MnSi,
the amount of deviation from both theoretical [18,20,21,23—26]
and experimental [16,17,22,30] values is less than 1%. Therefore, the
close compromise between the lattice parameters supports the
credibility and robustness of our calculation method.

We have also computed the enthalpies of formation (4Hf) per
atom for these compounds and collected the results in Table 1. As
seen in Table 1, The negative enthalpies of formation indicate that
these materials are thermodynamically stable in the studied
structures. It can be concluded that the stability of these com-
pounds decreases in the sequence of Co,MnSi > Co,MnGeg 25Sio.75

silicon concentration increases, the related structures of the com-
pounds become more thermodynamically stable.

3.2. Elastic and related properties

Elastic properties contain important information about the
structural stability, hardness, type of bonding between atoms and
anisotropy of solid materials. The elastic properties of Coo,MnGej.-
xSiy for x = 0, 0.25, 0.50, 0.75, and 1 have been computed using the
stress-strain method. It is known that the studied compounds are
cubic at x = 0 and 1 with space group Fm-3m (225) and at x = 0.25
and 0.75 with space group Pm-3m (221) and lastly at x = 0.50 it
contains a tetragonal structure with space group P4/mmm (123).
Therefore, it is inferred that three elastic constants Cyj, C12, and Caq
are required to understand the elastic properties of the studied
compounds at compositions x = 0, 0.25, 0.75, and 1, but six elastic
constants, i.e., Cyq, Cq2, C13, C33, C44, and Cgg are required to under-
stand the elastic nature of the studied compound at composition
x = 0.50. The calculated elastic constants for all x compositions are
summarized in Table 3 with the available results in the literature
[18,20,24,27,28]. It is well known that the Born’s stability criterion
for cubic structure is [27],

(C11 — C12)>0; G2 <B< iy (Cr1 +2C12)>0; Cu >0 (2)
and the Born'’s stability criterion for tetragonal structure is [51],

C11>0; G33>0; C44>0; Cee>0; (Cyp —C12)>0; (Cpq +C33
—2Cy3)>0,

(2C11 +C33+2Cq2 +4C13)>0 (3)

From Table 3, it is observed that the studied compounds are
mechanically stable at all compositions of x, because of the fact that
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Table 3
The calculated elastic constants G;; (GPa) of Co,MnGe_,Six (x = 0, 0.25, 0.50, 0.75, and 1) compounds for various compositions.
Composition Ref. C11 (GPa) Cq2 (GPa) Cyq (GPa) C33 (GPa) Cy3 (GPa) Ces (GPa)
Co,MnGe Present 269.18 147.16 131.02 — — —
[18] 270.53 153.77 126.55 - - -
[20] 289 144 140 - - -
[24] 272.8 160.0 137.9 - - -
Co,MnGey 75Si0.25 Present 281.60 150.01 134.99 - - -
Co,MnGeg sSio s Present 358.33 87.82 68.08 313.75 165.51 136.95
Co,MnGey 25Si0.75 Present 305.63 153.71 141.63 - - -
Co,MnSi Present 314.23 174.42 143.10 - - -
[18] 311.16 164.75 153.26 - - -
[24] 310.5 174.2 156.9 - - -
[27] 313.91 203.44 101.58 - - -
[28] 316 174 143 - - -
they satisfy Born’s stability criterion. From the results that belong to
the calFulated elastic constants, we can make the following By :1 (2C11 +2Cq3 + C33 +4Cq3) (8)
conclusions; 9
I. The studied compounds are in the cubic structure at compo-
sitions x = 0, 0.25, 0.75, and 1. Elastic constant Cy; represents the c?
linear compression along a-axis of compounds having the cubic Br v (9)
structure [52,53]. The other two elastic constants Ci» and C44 show
little resistance to surface and shear deformation, respectively. It is 1
observed that Cy; is more susceptible to the variation of Si Gy =30 (M+3Cq1 —3C13 +12C44 +6Cep) (10)
composition compared to the Ci» and Cy4. It can also be concluded
from Table 3 that the compressibility of these compounds de- 18B 6 6 331
creases as GR:15{TV+ﬁ+C—+C—} (11)
CooMnGe > COle’lGEQ,755i0.25 > COzMnG60,255i0_75 > ConnSi. Be- 1 =12 44 66
sides, as the Si content rises, the elastic constants (Cy1, C2, and Cyq)
of the x = 0, 0.25, 0.75, and 1 increase. M=Cy1 + Cip +2C33 — 4Cy3 (12)
For x = 0.5, the stiffness against compressional strains is rep-
resented by the elastic constants Cy; and C33 along the directions C?=(Cy1+C12)C33 — Cy (13)

[100] and [001] and shear deformation is represented by the elastic
constants C44 and Cgg. Table 3 shows that Cqp is larger than Cs3
which means that the studied crystal has more stiffness along [100]
direction in comparison to the [001] direction. Besides, Table 3 also
shows that Cy; and (33 are larger than C44 and Cgg, which also
means that the examined material has more stiffness against
strains along principal directions [100] and [001] that the shear
deformation.

II. Making a large single crystal of any compound is challenging
and hence it is very difficult to measure the elastic constants of the
materials experimentally. The bulk modulus and shear modulus
give the knowledge about the resistance against the change in
volume due to external hydrostatic pressure and resistance against
reversible deformations. Therefore, we have calculated the bulk
modulus B and shear modulus G by using Voigt-Reuss-Hill ap-
proximations [54—56]. The Voigt (V) and Reuss (R) approximations
of bulk modulus B (Bg and By/) and shear modulus G (Gg and Gy ) for
cubic structure, i.e. for the composition x = 0, 0.25, 0.75 and 1:

1
B:Bv:BR:§(C11+2C12) (4)
1
Gv=§(cn —C12+3Cyy4) (5)

__ 9Cu (G — Gpo)
4C44 +3(C1 — Cp2)

Gg (6)

G=%(GV +Gg) (7)

and for tetragonal structure, i.e., for the composition x = 0.50:

The calculated bulk modulus B and shear modulus G are
collected in Table 4. It is observed from Table 4 that the bulk
modulus of the studied compounds increases with growing Si
constituent for cubic structure, i.e. for the composition of x = 0,
0.25, 0.75, and 1. Besides, we can say that the resistance against
volume change due to hydrostatic pressure follows the sequence
that is CooMnGe < CoyMnGeg75Sip25 < CoaMnGegsSip75 <
COzMDGEQ_sosiovso < COzMHSi.

IIl. The Young’s modulus (E) of any material represents the
resistance against uniaxial tension because of the stiffness of the
materials. The Young’s modulus of the studied materials for all x
compositions have been calculated using obtained B and G with the
help of the relation:

9BG

E= (3B+G) (14)

The calculated Young's modulus E for these compounds are
given in Table 4. It is concluded that the Young’s modulus of the
studied materials decreases in the sequence of Co,MnGeg25Sig 75 >
COzMHSi > COZMHGEQ_755iO.25 > ConnGe > COZMHGEOASOSiojo. Be-
sides, the Vickers hardness of these compounds has computed with
the help of the following equation [57] and results are given in
Table 4.

Hy—2 (kzc) 0.585

~3;(k=G/B) (15)

The Vickers hardness values for these materials are also reduced
in the sequence given above. This means that the tetragonal
structure, i.e., at the composition x = 0.50, has the lowest hardness,
while the cubic structure with composition x = 0.75 has the highest
hardness.
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The calculated bulk modulus (B), shear modulus (G), ratio of B/G, Young’s modulus (E), Poisson’s ratio (v), Shear anisotropic factor (A), and Vickers hardness (H,,) of Co,MnGe;_
«Siy (x = 0, 0.25, 0.50, 0.75, and 1) compounds for various compositions.

Co,MnGe_,Siy Ref. B (GPa) G (GPa) B|G E (GPa) v A Hy (GPa)

x = 0.00 Present 187.83 96.41 1.95 246.97 0.281 215 10.27
[18] 1914 - - - - - -
[20] 192.70 107.5 2.68 200 0.34 1.93 -
[23]66A 188 - - - - - —
[23]sPA 241 - - - - - -
[24] 197.6 96.4 2.05 248.7 0.29 2.44 9.5

x =025 Present 193.87 101.17 1.92 258.53 0.278 2.05 1091

x =0.50 Present 207.27 90.29 2.30 236.53 0.309 0.79 7.54

x=0.75 Present 204.35 110.30 1.85 280.44 0.271 1.87 12.23

x =1.00 Present 221.02 107.34 2.06 277.15 0.291 2.05 10.24
[18] 212.8 - - — - - -
[23]66A 226 - - - - - -
[23]SPA 264 - - - - - -
[24] 219.6 1123 1.96 287.9 0.28 230 114
[26] 227 - - - - - -
[27] 242.26 79.54 3.04 215.08 035 1.83 -
[28] 221 71 — — — - —

Table 5

The calculated density (p in g.cm~3), the longitudinal, transverse and average sound velocity (V;, V¢, and V;, in m.s~!), the Debye temperature (p) and the melting temperature

(Tiert) of CooMnGe.,Siy (x = 0, 0.25, 0.50, 0.75, and 1) compounds.

CoaMnGe.,Six Ref. p(g/em?) Vi (m/s) Vi(m/s) Vm(m/s) b (K) T et (K)
x = 0.00 Present 8.678 6038 3333 3714 486.49 2144 + 300
[20] - 6309 3523 4238 — -
[24] 8.665 6135 3335 3720 487 2165
[29] - - - - 549.1 -
x =0.25 Present 8.398 6257 3471 3866 508.71 2217 + 300
x =0.50 Present 8.095 6362 3340 3735 493.44 2671 + 300
x=0.75 Present 7.816 6705 3757 4181 555.33 2359 + 300
x =1.00 Present 7.509 6964 3781 4218 562.85 2410 + 300
[24] 7.424 7054 3890 4335 576 2388
[29] - — - - 611.4 -
Table 6
The calculated total and atomic magnetic moments of Co,MnGe;_,Siy (x = 0, 0.25, 0.50, 0.75, and 1) compounds for various compositions.
Composition Ref. M, () Mco (1B) Mwin(1) (HB) Mwn(2) (1) Mge (1B) Ms; ()
Co,MnGe Present 5.00 1.01 3.01 — -0.05 —
[16]ExP- 5.11 0.75 3.61 - - -
[22]FxP- 493 - - - - -
[18] 5.01 - - - - -
[20] 4.99 1.02 3.05 - —0.05 —
[22] 5.00 1.02 3.06 - - -
[23]SPA 5.00 1.02 2.88 — —0.02 —
[23]66A 5.00 1.02 2.98 - —-0.03 -
[25] 5.00 0.97 3.09 - —0.04 —
Co,MnGey 75Si0.25 Present 5.00 1.02 3.11 2.95 —0.04 —0.05
Co,MnGeg 5Sio s Present 5.00 1.03 3.05 2.90 —0.04 —0.05
CoaMnGeg 25Sip.75 Present 5.00 1.04 2.84 2.99 —0.04 —0.05
Co,MnSi Present 5.00 1.05 293 - — —0.04
[16]ExP- 5.07 0.75 3.57 - - —
[22]Fx> 4.90 - - - - -
[18] 5.00 - - - - -
[19] 5.00 0.98 3.13 - — —0.09
[22] 5.00 1.00 3.00 - - -
[23]sPA 5.00 1.07 2.81 - - —-0.02
[23]6CA 5.00 1.06 2.92 - - —0.04
[26] 5.00 1.07 2.87 — — —0.04
[27] 5.02 1.05 2.94 - - -0.04
[28] 5.00 1.02 2.99 - - -

IV. The ratio between bulk modulus and shear modulus, i.e., B/G
gives the ductile and brittle nature of a material. If the value of B/G
is greater or less than 1.75 then the material is ductile or brittle,
respectively [58]. It is seen from Table 4 for Co,MnGe;.Siy com-
pounds that the values of the ratio B/G are greater than the critical

value, which is 1.75. This result indicates that the Co,MnGeq_,Siy
compounds are ductile in nature.

V. The Poisson’s ratios (v) of the studied compounds have been
calculated using obtained B and G with the help of the relationship
given in Eq. (16) and the results are presented in Table 4. The
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Fig. 2. Spin-polarized band structures of Co,MnGe;.,Siy (x = 0, 0.25, 0.5, 0.75, and 1) compounds. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Emin and Emay are the values of the minimum energy of the conduction band and the maximum energy of the valence band, bandgap (Eg), half-metallic bandgap (Exm) and
density of states at Fermi energy [N1 (Eg), N| (Eg)] for Co,MnGe;.,Siy (x = 0, 0.25, 0.50, 0.75, and 1) compounds.

Composition Ref. Enmin (eV) Emax (eV) Eg (eV) Eym (eV) N1 (Ep) N| (Ep)
Co,MnGe Present 0.350 —0.014 0.36 0.014 1.31 0
[18] — — 0.59 — 1.33 0
[20] 0.48 —0.010 0.49 0.010 1.38 0
[21] - - 0.21 — - -
[22] 0.533 -0.048 0.581 0.048 1.29 —
[23] - - 0.54 - - -
[25] - - 0.60 - - -
[29] - - 0.34 — - -
Co,MnGeg 75Si0.25 Present 0.335 —0.047 0.38 0.047 523 0
Co,MnGeg 5Sio5 Present 0.321 ~0.118 0.44 0.118 224 0
Co,MnGeg 25Si0.75 Present 0.341 -0.191 0.53 0.191 5.74 0
Co,MnSi Present 0.316 -0.259 0.57 0.259 1.14 0
[18] - - 0.77 - 1.17 0
[21] - - 0.419 - - -
[22] 0.506 -0.292 0.798 0.292 127 -
[23] - - 0.81 - - -
[26] - - 0.82 - - -
[28] - - 0.66 — 0.31 0
[29] - - 0.55 - - -
Poisson’s ratio is used to determine the covalent or ionic character
of the materials, and this value is 0.25 for ionic materials and it is 0.1 1/2 1 -3
for covalent materials. Since the Poisson’s ratio of the Co,MnGe;.- Vim= 3 ﬁt + ? (20)

xSix (x =0, 0.25,0.50, 0.75, and 1) compounds is between 0.271 and
0.309, these compounds have ionic character.

1|B-3G
v=o |3 (16)
2 B+ %G

VI. The elastic anisotropy of any material represents that the
micro-cracks can be easily created in the material. For a cubic [59]
and tetragonal [60] structure, the anisotropy factor can be given in
terms of elastic constants as follows, respectively. Besides, the re-
sults are given in Table 4:

2Cyy

=——"""___for cubic, 17
(C11 = Cr2) (a7

_ Cag (C11 +2C13 + Ca3)
(SHEN N

It is also known that if A = 1 then the materials are isotropic in
nature and deviation from this value represents that the material is
anisotropic in nature. Table 4 shows that the studied compounds
are anisotropic because the calculated A values of CooMnGe1_,Siy for
all compositions of x are not 1.

The Debye temperature (fp) is an important property for any
solid which correlates the specific heat and the melting tempera-
ture of the corresponding solid. fp is calculated from the following
equation by using the obtained bulk and shear modulus [61].

for tetragonal (18)

h [3n Nyp 173
o= lar ] Vo (19)
where h, kg, n, Na, p, and M are the Plank’s constant, Boltzmann’s
constant, number of atoms in the molecule, Avogadro’s number,
mass density, and molecular weight, respectively. The average
elastic wave velocity Vi, for the Coo,MnGe;.,Siy (x = 0, 0.25, 0.50,
0.75, and 1) can be calculated by the following relation [62]:

where, V is the transverse elastic wave velocity and V; is the lon-
gitudinal elastic wave velocity and they can be calculated with the
following relations [63]:

/3B3+p4c t\[ 21)

The calculated density (p), transverse (V;), longitudinal (V;),
average (Vi) velocities and Debye temperatures (fp) for the
Co,MnGe1.4Siy (x =0, 0.25,0.50, 0.75, and 1) compounds have been
tabulated in Table 5. The obtained Debye temperatures decrease in
the sequence of Co,MnSi > Co,MnGeg 25Sig.75 > CooMnGeg 75Sig 25 >
CooaMnGeg 50Sig50 > CooMnGe.

Additionally, the melting temperatures (T,,q) are calculated
using the following relation [64],

5.91C -
Tinelt = {553 + (Ta“) } K F300K (22)

and the obtained results for CooMnGe.,Siy (x = 0, 0.25, 0.50, 0.75,
and 1) compounds are given in Table 5. It is found that the
Co,MnGeg 50Sig50 compound with tetragonal structure has the
highest melting temperature.

3.3. Magnetic properties and slater pauling behavior

The calculated atomic and total magnetic moments for the
studied compounds Co,MnGe;_,Siy at various compositions of x
(x =0, 0.25, 0.50, 0.75, and 1) are given in Table 6. The total mag-
netic moment for Co,MnGe (x = 0) is mainly due to the magnetic
moments of the Mn and Co atoms and the contribution of Ge atoms
to magnetic moment is very small. The magnetic properties of any
compound basically depend on the constituent atoms and the po-
sition of atoms with respect to the origin of atoms. Hence the
magnetic moments of any compounds depend on the structure of
the compounds. However, Si and Ge are 4A group elements, the
number of valence electrons in the unit cell does not change with
increasing Si concentration. It is seen from Table 6 that the total
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Fig. 3. Spin-polarized total and partial density of states (DOS) of Co,MnGe1,Six (x = 0, 0.25, 0.5, 0.75, and 1) compounds. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

magnetic moment per cell remains constant with growing Si con-
centration in Heusler alloys having values 5.00 ug, 20 ug/16 atoms,
20 up/16 atoms, 20 up/16 atoms and 5.00 up for CooMnGej_,Six
(x =0, 0.25, 0.50, 0.75, and 1), respectively.

The total magnetic moment of 3d elements and their alloys can

be predicted from their average valence electron numbers N, ac-
cording to the Slater-Pauling rule. The total magnetic moment in
multiples of Bohr magnetons ug is given by,

Mt:Nv—an

(23)

where N, is the average number of valence electrons per atom and
2n, is the number of minority state electrons. The minimum in the
minority density of states forces the number of electrons in the
d minority band to be nearly three. Ignoring the s and p electrons,
the total magnetic moment per atom can be calculated as,
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M;=N, -6 (24)

In the case of full Heusler compounds, there are four atoms per
unit cell leading to the formula,

M;=N, — 24 (25)

The stoichiometric CooMnGe and Co,MnSi full Heusler com-
pounds have 29 valence electrons. According to Eq. (25), the esti-
mated total magnetic moment is 5 up for both compounds. The
calculated integral values of the total magnetic moment for the
stoichiometric CooMnGe and Co,MnSi alloys give the expected
result for half-metallic ferromagnet compounds accordingly
Slater—Pauling behavior. In the event of non-stoichiometric
COzMI’lGeojsSio.zs, COle‘lGeo.5osio.50, and COle’lGEO.25Sio‘75 com-
pounds, the partial substitution of the Ge atom by the Si one does
not affect the atomic magnetic moment or the total magnetic
moment (see Table 6). Ge and Si belong to the same column of the
periodic table, so the substitution of Ge by Si does not change the
number of valence electrons. Therefore, the total and atomic
magnetic moments will remain the same.

3.4. Electronic properties

According to the spin-up and spin-down states, electronic band
structures along the high symmetry directions of Co,MnGe1.,Siy
(x=0,0.25,0.50, 0.75, and 1) Heusler compounds are plotted using
the first-principles methods and these are shown in Fig. 2. As
sketched in Fig. 2, all compounds have a direct bandgap and the
Fermi level is also situated within this bandgap. As for the spin-up
state, the valence and conduction bands are overlapping, and the
Fermi level is cutting them. This indicates that non-stoichiometric
Co,MnGeq.,Siy (x = 0.25, 0.50, 0.75) as well as Co,MnSi and
Co,MnGe pure compounds are half-metallic materials.

In an attempt to the better investigation of the electronic
characteristic of these five compounds, two parameters have been
presented, which are bandgap and half-metallic bandgap [65—68].
The bandgap is the sum of the valence band maximum (Epax) and
conduction band minimum (Epin). On the other hand, the half-
metallic bandgap can be known as the minimum absolute value
between Epax and Epin. The conduction band minimum (Ep;,) and
the valence band maximum (Emax), bandgap and the half-metallic
bandgap of Co,MnGeq.,Siy (x = 0, 0.25, 0.50, 0.75, and 1) Heusler
compounds have been given in Table 7. The calculated band gaps for
the Co,MnGe;.,Siy (x = 0, 0.25, 0.50, 0.75, and 1) compounds are
0.36 eV, 0.38 eV, 0.44 eV, 0.53 eV and 0.57 eV, respectively. In
addition, the estimated half-metallic band gaps of Co,MnGe;_,Siy
(x = 0, 0.25, 0.50, 0.75 and 1) compounds are 0.014, 0.047, 0.118,
0.191 and 0.259, respectively. The band and half-metallic band gaps
of CooMnGe1.Siy (x = 0, 0.25, 0.50, 0.75 and 1) with the growing Si
constituent slightly increase. Additionally, the obtained band gap
(Eg) and half-metallic bandgap (Eum) values for CopMnSi and
Co,MnGe agree well with previous studies [18,20—23,25,26,28,29].
As a result, all compounds are ideal candidates for applications in
spin-electronics devices.

We also calculated the spin-polarized total and partial density of
states of the studied materials at various compositions of x and
plotted them in Fig. 3. From the density of states relation given in
Fig. 3, we can make the following explanations for different com-
positions of x (x = 0.25, 0.50, 0.75, and 1). When x = 0.25, the main
contribution to the density of states (DOS) for Co and Mn comes
from d orbitals. However, for the Ge atom between —12 eV
and —9 eV, the main contribution arises from s orbitals and also
between —6 eV and +3 eV the main contribution arises from p
orbitals. For x = 0.5, the main contribution to DOS stems from

d orbitals for Co and Mn. Between —12 eV and —9 eV for Ge and Si,
most of the contribution come from s orbitals, while most of the
contribution that are coming from p orbitals between —6 eV
and +3 eV. When x = 0.75, the contribution of orbitals for Co, Mn,
Ge, and Si is the same as x = 0.5 as mentioned above. For the case of
x = 1, the majority of the contribution to DOS for Co and Mn results
from d orbitals. And for Si between —11 eV and —8 eV majority of
the contribution consists of s orbitals and between -7 eV
and +3 eV majority of the contribution consists of p orbitals.

4. Conclusions

The effects of Si composition on the structural, magnetic, elec-
tronic, and mechanical properties of the Coo,MnGej.,Siy (x = 0, 0.25,
0.50, 0.75, and 1) compounds are investigated by the ab initio calcu-
lations within density functional theory (DFT). The structural pa-
rameters acquired through the GGA-PBE are in harmony with the
experimental and theoretical values presented in the literature. It is
detected that the calculated lattice constants and enthalpy of for-
mation for Co,MnGe;.,Siy compounds decrease with increasing Si
substitution. Thus, these compounds have become more thermody-
namically stable with increasing concentration x. The calculated band
gap values of the CooMnGe1.4Six (x = 0, 0.25, 0.50, 0.75, and 1) com-
pounds are 0.36eV,0.38 eV, 0.44 eV, 0.53 eV and 0.57 eV, respectively.
These compounds have shown half-metallic character. Therefore,
they are ideal candidates for applications in spintronics and magneto-
electronics areas. In addition, the bandgap and half-metallic band gap
increase with the growing Si constituent. Moreover, the computed
total magnetic moments for these compounds comply with the
Slater—Pauling rule. It is estimated that they are mechanically stable
at all compositions of x because these compounds satisfy Born’s sta-
bility criterion. Moreover, the compounds Co,MnGe;,Siy have
ductility behavior at all compositions of x. Besides, the cubic structure
with composition x = 0.75 has the highest hardness while the
tetragonal structure with composition x = 0.5 has the lowest hard-
ness. These materials with half-metallic ferromagnet property could
be a significant nominee for spintronic devices and could also be used
in certain technological applications due to their ductility behavior.
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