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Abstract

We have studied electronic and magnetic structural properties of quaternary Heusler alloys CoYXZ where X 1s a transition
metal with 3d electrons (X=Fe and Mn) and 7 is the main group element (Z = Si, Ge, Ga and Al). These calculations were
performed by an ab-initio study based on the density functional theory (DFT) approach. We searched the most stable
structure of our materials studied among three possible arrangements (tvpe-1, type-2, tvpe-3). The structural stability of
quaternary Heusler CoYXZ alloys (X = Fe and Mn, 7 = Al, Si, Ga and Ge) was studied by the calculation of their cohesion
and phonon energies. The type-1 structure is found energetically the most stable. According to our study, the quaternary
Heusler CoYMnGa and CoYMnAl alloys proves to be a halt-metal ferromagnetic with a total magnetic moment of 4.00u».
While the quaternary Heusler CoYMnGe and CoYFeZ (Z=Al, Si, Ge and Ga) alloys, seem to be not ferromagnetic, with
zero moment magnetic. The quaternary Heusler CoYMnSi and CoYMnGe alloys are found ferromagnetic with magnetic
moment of 1.91 s and 2.90 u, respectively. In addition, it is also divulged that half-metallicity in these compounds is closely
related to arrangements of magnetic atoms i Heusler alloys. The magnetization of the compounds CoYFeZ and CoYMnZ
comes mainly from the 4d electrons the of Yttrium (Y) atom and the 3d electrons of the Fe and Mn atoms.

Keywords: Quaternary Heusler alloy; Halt-metallic ferromagnetism; Electronic structures; Density functional theory.
1/2), (3/4, 3/4, 3/4) and (1/4. 1/4. 1/4). Note finally that in
the three types of structure, the element 7 (7 = Si, Ge, Ga
and Al) 1s fixed at position (0, 0, 0). Many efforts have

1. Introduction

been made to study new quaternary Heusler, such as the
quaternary CoFeXZ (X = Ti, Z = Si, Ge and As) which

In recent decades, the extraordinary evolution of spin
electronics has led to intense research activity in a new

class of half metallic ferromagnetic materials. Indeed, since
the prediction of half metallicity [1], the scientific interest
of half-metallic ferromagnetic materials and has generated
considerable theoretical and experimental. The most
adopted strategies currently used to achieve this objective
are based mainly on doping semiconductors with
transition-metal impurities [2, 3, 4] and with non-magnetic
[5, 6, 7, 8]. Many efforts have been made to study the
CoYXZ. quaternary Heusler alloys, where Y is yttrium, X
(X=Fe and Mn) and (Z = Si, Ge, Ga and Al). The
quaternary Heusler compounds crystallize in the cubic
structure (F-43 m, space group No. 216) with LiMgPdSn
as prototype [9, 10]. There are three possible structure
types. In the first structure, denoted type-1, atoms Co, Y
and X occupy respectively the positions (3/4, 3/4, 3/4),
(1/2. 1/2. 1/2) and (1/4. 1/4. 1/4). The second structure,
denoted type-2, the Co, Y and X atoms occupy
respectively the positions (3/4, 3/4, 3/4), (1/4. 1/4. 1/4) and
(1/2. 1/2. 1/2). For the third configuration, denoted type-3,
atoms Co, Y and X respectively occupy the sites (1/2. 1/2.

adopts the crystalline structure of LiMgPdSn type. The
electronic structure reveals that these materals are half
metals at normal pressure whereas metals at high pressure.
On the other hand, the calculated electronic and magnetic
properties based on type-1, indicate that yttrium based
quaternary Heusler alloys YCoCrZ (Z = Si, Ge, Ga, Al)
alloys are half-metallic ferromagnetic [11]. CoFeCrGa and
CoFeCrGe alloys have been shown to be nearly half-
metallic ferromagnetic materials, YCoCrZ (Z = Si, Ge, Ga,
Al) demonstrates that (Type-1) configuration is the most
stable one. Whereas CoFeCrAl and CoFeCrSi alloys show
behavior [12].
Experimentally [13], it was also established that CoFeCrSi
and CoFeCrGe alloys
ferromagnetic. In contrast, a recent study [14] revealed that

a half-metallic ferromagnetic

exhibited a  half-metallic
Ru-based Heusler alloys such as CoRuFeGe and
CoRuFeSn alloys had a ferromagnetic half-metallic
character while CoRuFeS1 alloy was almost a
ferromagnetic  half-metallic material. However, other
materials without transition metal elements have been



Structural, electronic and magnetic properties of ...

INTM (2019) M. Torrichi et al.

studied [15]. Most of the theoretical and experimental
studies carried out on the quaternary Heusler are based on
3d transition metals such as CoFeMnZ (Z = Al, Ge, Ga,
As, Sb) [16-17-18], CoFeCrZ (Z = Al, Ga, Si, Ge) [19-20-
21], CoMnCrAl [22], NiFeTiZ (Z = Si, Ge, P) [23] and
FeCrMnSb [24]. Recently, studies have been made on the
Heusler quaternary based on 4d elements, such as
CoRhMnZ (Z = Ga, Sn) [25], CoMnYZ (Z = Al, Ga, In)
[26], CoRuFeZ (Z = Si, Ge, Sn) [27], CoRuTiZ (Z = Si,
Ge, Sn) [28], YCoVZ (Z = Si, Ge) and YCoTiZ (Z = Sy,
Ge) [29]. Although today there are over a thousand
Heusler quaternary compounds and new families of
quaternary alloys have not been studied, in particular, the
alloys CoYXZ (X= Fe and Mn; Z = Si, Ge, Ga and Al)
where the chemical element Y is yttrium. These materials
may have a half-metallic ferromagnetic character. To our
knowledge, there is no theoretical and experimental work
for these compounds. Only CoYFeSi alloy has been
studied and found nonmagnetic in type-1 structure. In this
study, we use a method based on the theory of functional
density (DFT) to study these new quaternary Heusler

2. Computational details

We have performed a first-principles calculations
within the generalized gradient approximation (GGA) [30]
mm a plane wave basis, with the ultrasoft Vanderbilt
pseudopotentials [31], using a pseudo-potential plane-wave
(PP-PW) method as implemented in the Quantum
ESPRESSO code [32]. The cutoff energy for plane waves
1s chosen to 80 Ry and an energy cut-oft of 400 Ry was
icluded for the charge density. A Gaussian smearing of
0.02 Ry has been applied. The integration on the Brillouin
12x12x12  k-points
The phonon dispersive

zone was calculated within a

Monkhorst-Pack [33]

curves, using the phonon code of quantum-Espresso code,

mesh.

have been calculated on a 4x4x4q-point mesh of the first

Brillouin zone to obtain eight dynamic matrices.
Calculations proceeded self-consistently until the total
energy converged to within 0.1 meV/cell. Finally we

consider only the ferromagnetism case.

3. Results

3.1 Structural properties

The structure adopted in this work contains four atoms
Co, Y, X (X =Fe and Mn) and Z (Z = S1, Ge, Ga and Al).
According to the distribution of atoms, we can distinguish
three types of possible structure (type-1, type-2 and type-3).
In the type-1 structure, the atoms Co, Y and X respectively
occupy the positions (3/4, 3/4, 3/4), (1/2, 1/2, 1/2) and
(1/4, 1/4, 1/4). In the type-2 structure, the atoms Co, Y and
X occupy the positions (3/4, 3/4, 3/4), (1/4, 1/4, 1/4) and
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(172, 1/2, 1/2) respectively. In the type-3 structure, the
atoms Co, Y and X occupy the positions (1/2, 1/2, 1/2),
(3/4, 3/4, 3/4) and (1/4, 1/4, 1/4) respectivelyNote that in
the three structures, the element Z (Z = Al, Si, Ga and Ge)
occupies the fixed position (0,0,0). The equilibrium
structural parameters are obtained by minimizing the total
energy E with respect to the volume. The structural
the
determined are the mesh parameter structural (a,) and the

parameters  of quaternary compounds to be
compression modulus (Bo). Finally, the Murnaghan state
equation [34] 1s applied to determine the equilibrium
energy E = E (V) and the pressure compression modulus.
To define the most stable among types-1, type-2 and type-
3 structure, the cohesion energy (K..) is calculated using
the expression, Ea = Ecww - (Eeo + Ev + Ex + ), where
Ecoxw 15 the total energy of the CoYXZ quaternary Heusler
alloys and (K, Ev , Ex and E-) represent the total energies
of the Co, Yttrium, X and Z respectively. The results of
the structural optimizations, the cohesion energy and the
total magnetic moments for CoX'XZ7 quaternary Heusler
alloy given in Tablesl and 2 show that cohesion energy is
minimal for type-1 structure, indicating that it 1s the most
stable structure. Our calculations agree with recent first-
principles calculations of CoYFeSi quaternary Heusler
alloy [35]. The latter calculation finds that the type-1
structure 1s the most stable with a structural parameter of
6.08 A.

Tablel: The equilibrium structural parameter a(A), the
bulk modulus B(GPa), the cohesive energy Eu(eV), the
total magnetic moment M..(us) per cell of CoYFeZ (Z= Al,

Si, Ge and Ga) quaternary Heusler alloys.

CoYFeZ Phase a B J O M.
CoYFeAl | Type-1 | 6.392 | 113.5 | -17,16 | -0.00
CoYFeAl | Type-2 | 6.417 | 86.1 | -17,14 | 4.31
CoYFeAl | Type-3 | 6.353 | 105.3 | -16,43 | 0.93
CoYFeSi Type-1 | 6.084 | 146.7 | -19,08 | 0.00

Type-1 6.08 -2.14 | 0.00
CoYFeSi | Type-2 | 6.333 | 102.0 | -18,43 | 4.35
CoYFeSi Type-3 | 6.190 | 176.8 | -18,53 | 0.50
CoYFeGe | Type-1 | 6.169 | 130.8 | -18,00 | 0.00
CoYFeGe | Type-2 | 6.413 | 98.3 | -17,74 | 4.36
CoYFeGe | Type-38 | 6.436 | 94.2 | -17,83 | 4.43
CoYFeGa | Type-1 | 6.353 | 128.8 | -16,66 | -0.00
CoYFeGa | Type-2 | 6.417 | 97.6 | -16,60 | 4.42
CoYFeGa | Type-3 | 6.448 | 93.6 | -16,63 | 4.52

‘Reference [35]
Table 2 : The equilibrium structural parameter a(A), the
bulk modulus B(GPa), the cohesive energy E..(eV), the
total magnetic moment Mu(us) per cell of CoYMnZ ( 7~
Al, Si, Ge and Ga) quaternary Heusler alloys.

CoYMnZ Phase a B Eo M..
CoYMnAI | Type-1 | 6.424 | 93.2 | -16,53 | 4.00
CoYMnAIl | Type-2 | 6.484 | 829 | -1596 | 4.72
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CoYMnAIl | Type-3 | 6.379 | 102.0 | -14,93 | -0.00
CoYMnSi | Type-1 | 6.093 | 148.0 | -17,37 | 1.91
CoYMnSi | Type-2 | 6.378 | 99.4 | -17,27 | 5.05
CoYMnSi | Type-8 | 6.250 | 128.1 | -16,34 | -0.00
CoYMnGe | Type-1 | 6.198 | 131.1 | -16,55 | 2.90
CoYMnGe | Type-2 | 6.456 | 93.6 | -16,49 | 5.08
CoYMnGe | Type-3 | 6.520 | 98.4 | -15,68 | 0.00
CoYMnGa | Type-1 | 6.397 93.9 | -15,73 | 4.00
CoYMnGa | Type-2 | 6.468 | 84.0 | -15,39 | 4.74
CoYMnGa | Type-3 | 6.577 | 170.3 | -15,67 | 5.25
3.2 Phonon properties
The calculated phonon dispersion of CoYXZ

quaternary Heusler alloys, along '-X —W—L principal
symmetry direcion of the Brillouin zone (BZ) are
displayed in Fig. 1 and 2. They present, respectively, the
calculated phonon dispersion of CoYMnAl and
CoYMnGa as prototype materials of the CoYXZ
quaternary Heusler alloys. The umit cell of CoYXZ
contains 4 atoms, which gives rise to 12 phonon branches,
which contains 9 optical modes and 8 acoustic modes. It 1s
clearly shown in Figures 1(a) and 2(a) that the type-1
structures of the compounds CoYMnAIl and CoYMnGa
are dynamically stable because none of the phonon modes
has an imaginary frequency. Figures 1(b-c) and 2(b-c) show
that the phonon calculation predict many imaginary
phonon modes in type-2 and type-3 structure, the latter
two structures are dynamically unstable. Starting from
phonon dispersion bands, we notice that the optical
branches and the acoustic branches are separated by gap.
As aresult, CoYMnZ (Z=Al and Ga)

Table3: The partial magnetic moments of CoYXZ. (X=Fe
and Mn; 7= Al, Si, Ge and Ga) Heusler alloys in type-1.

CoYXZ | Mafp) | M () | M) | M)
CoYFeAl 0.0005 - 0.0000 0.0001 - 0.0000
CoYFeSi 0.0002 -0.0001 0.0007 - 0.0000
CoYFeGe 0.0003 - 0.0002 0.0017 - 0.0000
CoYFeGa | -0.0001 0.0000 -0.0004 0.0000
CoYMnAI | 0.7793 -0.1160 3.5712 - 0.0862
CoYMnSi 0.0684 -0.0208 1.7692 -0.0724

CoYMnGa | 0.7338 -0.1134 3.5695 -0.0678
CoYMnGe | -0.2722 -0.0307 2.1620 -0.0781
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Freqlfency (cm'l)

Figure 1. Calculated phonon dispersion curves for
CoYMnAI Heusler alloys along lines of high
symmetry in the Brillouin zone.

At T point,
the calculated frequencies of the optical modes are found
to be 64.879, 156.288, 334.746 and 365.220 cm’ for
CoYMnGa-typel, 62.754, 164.392, 334.135 and 374.080
cm’ for CoYMnAl-typel. To our great knowledge, there is

compounds exhibit a half-metallic behavior.

no theoretical or experimental phonon study on the
quaternary compounds that we study in this work.

CoYMnGa-type-1 [

CoYMnGa-type-2

400 g

300 F CoYMnGa-type-3
200 R
100 F

0

-100 L

—

X r L X

o

W L

Figure 2. Calculated phonon dispersion curves for
CoYMnGa Heusler alloys along lines of high
symmetry in the Brillouin zone.

3.8 Magnetic properties

In what follows, our study will focus only on the type-1
structure of CoYXZ alloys. We will first calculate the
magnetic properties and we will end with the electronic
properties. We found four types of material family. The
first type 1s a family of quaternary materials which has an
integral magnetic  moment of 4.00us observed In
CoYMnAI and CoYMnGa quaternary alloys. This integer
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value of the magnetic moment predicts that CoYMnAl and
CoYMnGa are half-metallic ferromagnetic materials. The
second type of material family, formed by CoYFeZ (Z= Al,
Si, Ga and Ge) alloys has a zero magnetic moment
(0.00ps). Our result found for the material CoYFeSi is in
very good agreement with the only calculation that exists
[35]. The latter calculation finds zero magnetic moment in
type-1 structure. The third type of material family, formed
by the quaternary compounds CoYMnSi and CoYMnGe,
prove to be ferromagnetic metallic with a magnetic
moment of 1.91x: and 2.90us
magnetic moment induced by Co, Y, X (X = Mn and Fe)
and Z (Z = Si, Ge, Ga and Al) atoms in the quaternary
compounds are listing in table 3. It reveals that the total

respectively. The local

magnetic moment induced in the CoMnZ compounds (Z
= Al, Si, Ge, Ga) is mainly due to the Mn atom. In
Table 3 that Mn
terromagnetically linked to t Y and 7Z atom in all
compounds. It is also observed that Mn
linked Co
CoYMnGe. The Co atom also provides a significant

addition, shows atom 1s anti-
atom 1

ferromagnetically with atom except for
magnetic moment and the contribution of the 7Z atom is
very small. The rest of the residual magnetic moment 1is

due to the mterstitial region.

3.4. Electronic properties

To elucidate the manifestation of the ferromagnetism, the
total density of state (TDOS) is calculated in the majority
spin bands (spin-up) and minority spin bands (spin-down)
for the type-1 structure and at the vicinity of the Fermi
level (Ex). Figures 3(a) and 4(a) shows the behavior of this
density of CoYMnAI and CoYMnGa materials. It can be
seen that the spin-polarized band structure exhibits a
metallic behavior for the majority-state channel, while the
minority spin-channel exhibits a gap at Fermi level. This
result shows that CoYMnAI and CoYMnGa materials are
half metallic ferromagnetic and

should be suitable

materials for spintronic devices. In order to analyze the
contribution of different atoms and states to the valence
and conduction bands, partial densities of states (PDOS)
have been calculated. Figures 3(b) and 4(b) show that the
upper part of the valence bands of the quaternary
CoYMnAI

occupied by the Co and Mn states in the majority spin

compounds and CoYMnGa are entirely
bands and minority spin bands, with a small contribution
of the Y states and even less with the Z states. The
aforementioned four graphs also show that the conduction
band the
conduction band region within Er to 1.5¢V range and the

can be divided into two regions, lower

upper conduction band region from 1.5¢V to 3eV for the
CoYMnAI and CoYMnGa.
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Figure 3. Calculated (a) Total and (b) Partial density of
state for CoYMnALI in type-1. The Fermi level (Ex) 1s set to
0 eV and indicated by the vertical dashed lines.

The lower conduction band for spin-down is mainly
contributed by Mn states, with a small contribution of the
Co states. The upper part of the conduction band in its
majority spin configuration and in its minority spin
configuration shows the same contribution of all atoms
states. Ferromagnetism, in CoYFeZ (Z = Al) and CoYMnZ
(Z. = Si, Ga and Al emerges fundamentally from the
coupling between the Co states and the Mn states.
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Figure 4. Calculated (a) Total and (b) Partial density of
state for CoYMnGa 1n type-1. The Fermi level (Ex) 1s set to
0 eV and indicated by the vertical dashed lines.
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4. Conclusion

we have performed a first principles calculation method
based on density functional theory (DFT) calculation in
order to study new quaternary Heusler alloys, where X (X
= Fe and Mn) are transition elements belonging to the
block d. The element Z (Z. = Al, Si, Ge, Ga) is an element
of the main group belonging to the block s or the block p.
We studied the structural stability, the electronic and
magnetic properties of these materials. We have explored
structure of these CoYXZ materials in three different
atomic arrangements (type-1, type-2 and type-3). The
structural stability of these compounds was studied from
the calculation of their cohesion energy and phonon
dispersion, and we found that the type-1 structure is the
most stable structure. From our study, the CoYMnGa and
CoYMnAI quaternary compound proves to be a half-metal
ferromagnetic with a total magnetic moment of 4 3. While
the quaternary compounds, CoYFeZ (Z=Al, Si, Ge and
Ga) scem to be not ferromagnetic, with zero moment
(0.00B). The CoYMnSi and CoYMnGe

quaternary compound are found ferromagnetic with

magnetic

magnetic moment of 1.91B, 2.90B respectively. It is also
divulged that the character of the half-metallicity in these
compounds 1s closely allied to the arrangement of the
atoms in these Heusler alloys. The
CoYMnZ (Z= Al, Si, Ga, Ge)

compounds mainly comes from Mn and Co atoms. These

transition
magnetization  of

theoretical results make these new quaternary alloys,
CoYMnAI and CoYMnGa, as very promising materials for
spintronic technology.

Acknowledgments

The author wishes to thank Professor Ferhat Mohamed
and the LEPMF laboratory. The calculations were carried
out on the IBN BAJA "intensive computing” technical
platform of the University of Science and Technology-MB-
of Oran Algeria.

References

[1] R. A. de Groot, F. M. Mueller, P. G. V. Engen
and K. H. J. Buschow, Phys. Rev. Lett. 50, (1983)
2024.

[2] Dietl T, Ohno H, Matsukura F, Cibert J, Ferrand
D, Science 287, (2000) 1019.

[3] Priya Mahadevan and Alex Zunger, Phys. Rev. B
69, 115211 (2004).

[4] M. Torrichi, A.Zaoui, M. Ferhat. J. Supercond.
Nov. Magn 30, (2017) 1195.

[56] M. Torrichi, M. Ferhat, B. Bouhafs, Journal of
Magnetism and Magnetic Materials 414, (2016)
153.

14

[6] M. Torrich;, A. Belfar and A. Mokeddem.
Journal of  Superconductivity and Novel
Magnetism. 31 (2018) 4.

[71 M. Ferhat, A. Zaoui, and R. Ahuja, Appl. Phys.
Lett. 94, (2009) 142502.

[8] W. Adli, and M. Ferhat, Solid State Commun.
189, (2014) 68.

[9] J. Drews, U. Eberz, H. Schuster, J. Less-
Common Met. 116 (1986) 271.

[10] X. Dai, G. Liu, G.H. Fecher, C. Felser, Y. Li, H.
Liu, J. Appl. Phys 105, (2009) 07E901.

[11] M. Nasir Rasool, Salman Mehmood, M. Auf
Sattar, Muhammad Azhar Khan, Altaf Hussain.
Journal of Magnetism and Magnetic Materials
395, (2015) 1.

[12] G.Y. Gao, L. Hu, K.L.. Yao, B. Luo, N. Liu,
Large half-metallic gaps in the quaternary Heusler
alloys CoFeCrZ (Z. = Al, Si, Ga, Ge): A first-
principles study, J. Alloys Compd 551, (2013)
539.

[13] Y. Jin, P. Kharel, P. Lukashev, S. Valloppilly, B.
Staten, J. Herran, I. Tutic, M. Mitrakumar, B.
Bhusal, A. O'Connell, K. Yang, Y. Huh, R.
Skomski, DJ. Sellmyer, Magnetism and
clectronic structure of CoFeCrX (X = Si, Ge)
Heusler alloys, J. Appl. Phys 120, (2016) 53903.

[14] K. Benkaddour, A. Chahed, A. Amar, H.
Rozale, A. Lakdja, O. Benhelal, A. Sayede, First-
principles  study  of  structural, elastic,
thermodynamic, electronic  and  magnetic
properties for the quaternary Heusler alloys
CoRuFeZ (Z = Si, Ge, Sn), J. Alloys Compd. 687,
(2016) 211.

[15]]J. Du, S. Dong, Y.L. Lu, H. Zhao, L. Feng, L.Y.
‘Wang, Half-metallic ferromagnetic features in d0
quaternary-Heusler compounds KCaCF and
KCaCCl: A first-principles description, J. Magn.
Magn. Mater. 428, (2017) 250.

[16] M.H. Elahmar, H. Rached, D. Rached, R.
Khenata. Structural, mechanical, electronic and
magnetic properties of a new series of quaternary
Heusler alloys CoFeMnZ. (Z=Si, As, Sb) : a first-
principle study. J. Magn. Magn. Mater. 393,
(2015) 165.

[17] P. Klaer, B. Balke, V. Aljjani, J. Winterlik, G.H.
Fecher. Element-specific magnetic moments and
spin resolved density of states in CoFeMnZ (7. =
Al, Ga; Si, Ge). Phys. Rev. B 84, (2011) 144413.

[18] V.  Aljani, S.  Ouardi, G.H.  Fecher, ].
Winterlik, S.S. Naghavi. Electronic, structural,
and magnetic properties of the half-metallic
ferromagnetic quaternary Heusler compounds
CoFeMnZ (Z. = Al, Ga, Si, Ge). Phys. Rev. B 84,
(2011) 224416.

[19] G.Y. Gao, L. Hu, K.L.. Yao, B. Luo, N. Liu.
Large half-metallic gaps in the quaternary Heusler
alloys CoFeCrZ (Z. = Al, Si, Ga, Ge) : A first-
principles study. J. Alloys Compd. 551, (2013)
539-543.

[20] R. Choudhary, P. Kharel, S.R. Valloppilly, Y. Jin.
Structural disorder and magnetism in the spin-



https://scholar.google.com/citations?user=B40HzlgAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=NFAbp4cAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=4FYHetYAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=4FYHetYAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=3xefu4IAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=mhzpSWsAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=Q0yNV0QAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=Q0yNV0QAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=mhzpSWsAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=81xU81EAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=Q0yNV0QAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=xOVFAPMAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=riODceQAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=481XUicAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=vNV_7HEAAAAJ&hl=en&oi=sra

Structural, electronic and magnetic properties of ...

INTM (2019) M. Torrichi et al.

gapless semiconductor CoFeCrAl. AIP Adv. 6,
(2016) 056304.

[21] D.C. Kim, J.I. Lee. Half-metallicity and
magnetism at the (001) surfaces of the quaternary
heusler alloys CoFeCrZ (Z = Ga, Ge): a first-
principles study. J. Korean Magn. Soc. 25, (2015)
31-38.

[22] Y.V. Enamullah, S. Gupta, M.R. Varma, P.
Singh. Electronic  structure, magnetism and
antisite disorder i CoFeCrGe and CoMnCrAl
alloys. Phys. Rev. B 92, (2015) 224413.

[23] Karimian, N., Ahmadian, F.: Electronic structure
and halfmetallicity of new quaternary Heusler
alloys NiFeTiZ (Z = Si, P, Ge, and As). Solid
State Commun. 223 (2015) , 60-66.

[24] M. Singh, H.S. Saini, J. Thakur, A.H. Reshak, M
K. Kashyap. Electronic structure, magnetism and
robust halfmetallicity of new quaternary Heusler
alloy FeCrMnSb. J. Alloys Compd. 580, (2013)
201-204.

[25] M. Benkabou, H.Rached , A. Abdellaoui, D.
Rached, R. Khenata, M. H. Elahma, B. Abidri,
N. Benkhettou, S. Bin-Omran. Electronic
structure and magnetic properties of quaternary
Heusler alloys CoRhMnZ (Z = Al, Ga, Ge and
Si) wvia first-principle calculations. J. Alloys
Compd. 647, (2015) 276-286.

[26] M. Rahmoune, A. Chahed, A. Amar, H. Rozale.
The effect of pressure and alloying on half
metallicity of quaternary Heusler compounds
CoMnYZ (Z. = Al, Ga, and In). Mater. Sci. Pol.
34, (2016) 905-915.

[27] K. Benkaddour, A. Amar, H. Rozale,
O.Benhelal. First-principles study of structural,
elastic, thermodynamic, electronic and magnetic

15

properties for the quaternary Heusler alloys
CoRuFeZ (Z = Si, Ge, Sn). J. Alloys Compd.
687, (2016) 211-220.

[28] S. Bahramian, F. Ahmadian. Half-metallicity and
magnetism of quaternary Heusler compounds
CoRuTiZ (Z = Si, Ge, and Sn). J. Magn. Magn.
Mater. 424, (2017) 122-129 .

[29] M.N. Rasool, A. Hussain, A. Javed, M.A. Khan.
Structural = stability, electronic and magnetic
behaviour of spin-polarized YCoVZ (Z = Si, Ge)
and YCoTiZ (Z = Si, Ge) Heusler alloys. Mater.
Chem. Phys. 183, (2016) 524-533.

[30]]. P. Perdew, K. Burke, and M. Ernzerhof,
Phys. Rev. Lett 77, (1996) 386)5.

[31] David. Vanderbilt, Physical. Rev. B 41, (1990)
7892.

[32] Giannozzi. P, Baroni. S, Bonini. N, Calandra. M,
Car. R, Cavazzoni. C, Ceresoli. D, Chiarotti. G.
L, Cococcioni. M, Dabo. I, Dal Corso. A,
Gironcoli. S. D, Fabrnis. S, Fratesi. G, Gebauer.
R, Gerstmann. U, Gougoussis. C, Kokalj. A,
Lazzeri. M, Martin-Samos. L, Marzari. N, Mauri.
F, Mazzarello. R, Paolni. S, Pasquarello. A,
Paulatto. L, Sbraccia. C, Scandolo. S, Sclauzero.
G, Seitsonen. A. P, Smogunov. A, Umarl. P,
Wentzcovitch, RM. J. Phys. Condens. Matter
21, (2009) 395502.

[33] H. J. Monkhorst andJ. D. Pack, Phys. Rev. B
13, (1976) 5188.

[34] F. D. Murnaghan, Proc. Natl. Acad. Sci. USA 30,
(1944) 244.

[35] Srikrishna Ghosh, Ashish Kundu, and Subhradip
Ghosh. AIP Conference Proceedings 1832,
(2017) 090030.


https://scholar.google.com/citations?user=QuGI4S0AAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=oTzSexIAAAAJ&hl=en&oi=sra

