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Abstract

Using ab mitio calculations, density functional theory (DFT) calculations have been performed to mvestigate the electronic
and magnetic properties of NiCoMnSi.Al. (x=0, 0.25, 0.50, 0.75 and 1) quaternary Heusler compounds. To check the

evolution of band Jahn teller effect in quaternary Heusler alloy and known the main raison to get the ground state energy by
deforming the martensitic phase, we focused our work on the structural stability related to the formation of a Heusler alloy
from two different crystallographic structures (cubic and tetragonal), for diflerent concentrations. The structural, electronic
and magnetic properties are calculated for all concentrations in both cubic and tetragonally distorted structure. Variation of
total energy versus volume indicates that the crystallographic structures shift the cubic shape from a concentration of 0.50,

which can be essential due to the Jahn-Teller eftect. Magnetic properties of all studied alloys give the total magnetic moment
of 4.080 s, 4.501 s, 5.024 s, 5.092 us and 5.000 us respectively. With an integer value of total magnetic moment,

NiCoMnAl alloy has a 100% spin polarisation at Fermi level with a half-metallic behaviour.

Keywords: ab-initio calculations ; Band Jahn-Teller effect ; ferromagnetic ; Heusler compounds.

1. Introduction

The equiatomic quaternary Heusler (EQH) compounds
under the chemical formula XX'YZ [1,2] constitute an
important part among the Heusler compounds, they are
derived from CuHgTi-type structure (X.YZ) when X
atoms are different [3], X, X' and Y are transition metals,
while Z is an sp-element [4,5], its crystallographic structure
is often cubic, known as Y-type (Prototype LiMgPdSn)
[6,7], it results from four interpenetrating sub-lattices (fcc)

[8] with the space group F43m. Generally, there are
three types of atomic arrangement [9], where type-I is
often the most stable whose X, X', Y and Z elements are
placed n 4c (1/4,1/4,1/4), 4d (3/4,3/4,3/4), 4b (1/2,1/2,1/2)
and 4a (0,0,0) positions, respectively.

Recently, some tetragonal EQH alloys are found to be
more stable comparative to their cubic structure by
distorted the z axis. The tetragonal structure form a lower
energy system due to the Jahn-teller effect. Elongation and
compression of the z axis mean that the ¢/ ratio in the
tetragonal distortion is greater or lower than 1, depending
on the type of element and ligands in the octahedral
complex. Motivating by these properties, we have
mvestigated two EQH with varying 7. element. Basing on
structural and electronic calculations of NiCoMnS;,
NiCoMnAl and their alloys, we give a detailed explanation
of the origin of the tetragonal distortion in EQH, and we
explain why NiCoMnSi and NiCoMnSi:Ales are more

susceptible to a distortion by presenting and comparing
their PDOS in both cubic and tetragonal structure.

2. Computational Method

Our theoretical investigation was based on the self-
consistent full potential linearized augmented plane wave
(FP-LAPW) method in order to calculate the electronic
structures [10], this method 1s implemented in WIEN2K
code [11]. The Perdewe-Burkee-Ernzerhof generalised
gradient approximation (GGA) [12,13] have been used as
exchange-correlation correction, whose the space is
divided into non-overlapping muffin-tin (MT) spheres,
isolated by an interstitial region. Inside area in the muffin-
tin sphere, basis functions are expanded as spherical
harmonic functions, and Fourler series for interstitial
region. In the present work, muffin-tin sphere radii are
2.20 a.u. for N1, Co, and Mn, 1.90 a.u. for Si1, 1.80 a.u. for
Al. The cut-off parameter RmtKmax is taken as 9. As
Gmax parameter (the largest vector in charge density
Fourier expansion), we used 12. In order to separate the
valence and core states, cut-off energy was chosen as —6
Ry. The convergence criteria that control energy and
charge were selected as 0.0001Ry and 0.001e respectively
for all self-consistency cycles. To construct the charge
density in self-consistency step, we used the tetrahedron
method [11] with a 104 special k points (for cubic
structure) and 240 special k points (for tetragonal
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structure) in the irreducible wedge (3000 k-points in the
full Brillouin zone).

3. Results and Discussion
3.1. Structural properties

The equatomic quaternary Heusler (KQH) compounds
can crystallise in three ordinary cubic structures (Y-type)
[14,15] according to the possible arrangements, and as it
known at the literature, the type I often found to be more
favourable of the most EQH. First step of our calculation
1s found which type presents the ground state energy for
NiCoMnSinAlL (x=0, 0.25, 0.50, 0.75 and 1) compounds,
for this, we have calculated and plotted the variation of
energy versus volume for only NiCoMnSi alloy in
fig. 1.a, from this figure, we confirmed the literature result
above, where type-I corresponds to the ground state,
taking into account the magnetic order, fig. 1.b shows that
the ferromagnetic phase 1s more stable than the
paramagnetic  (non-magnetic) phase in  NiCoMnSi
compound. Type I was found to be the most stable in the
NiCoMnSi compound, so it is evident that it remains more
stable with other compounds such as NiCoMnSi.Al (x=
0.25, 0.50, 0.75 and 1).

volume and know directly the more favorable structure or
by the variation of the energy difference as a function of
the distortion applied along the z axis, exactly at the value
of V2 ~ 1.41 coa ratio by having a peak or a valley, where
the total energy takes the same value as well as that of the
ground state in the cubic structure. Fig. 2. shows the
structural  optimization of the parent compounds
NiCoMnAl and NiCoMnS: EQH It 1s clear that
tetragonal structure lowers the total energy and represents
the ground state in NiCoMnSi alloy, but the NiCoMnAl
alloy remains more stable in the martensitic structure (we
can see that both cubic and tetragonal phases coincide).
Fig. 3. shows the structural optimization of the all
concentration compounds NiCoMnSi.Al (x=0.25, 0.50
and 0.75), It 1s clear that tetragonal structure lowers the
total energy and represents the ground state only in 0.25
concentration.
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Figure 2. Total energy versus volume for (a) NiCoMnAl

and (b) NiCoMnSi EQH.
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Figure 1. Difference in total energies (E-E) vs. volume for
NiCoMnSi EQH: (a) the three types of atomic
arrangement where E, represent the ground state energy in
type I, (b) for ferromagnetic (FM) and paramagnetic (PM)
order in type 1.

Recent theoretical and experimental works [16-18]
confirm the existence of a tetragonally distorted phase in
EQH which crystallize in the cubic structure at 0 K
temperature, generally due to the band Jahn-Teller effect
[18]. Applying uniaxial distortion along the z axis, the
cubic structure turns into a tetragonal structure with the
space group 14m2 where, Ni, Co, Mn and Z atoms are
placed on the Wyckoff positions 2c¢ (0,1/2,1/4), 2d
(1/2,0,1/4) , 2b (0,0,1/2) and 2a (0,0,0), respectively.

To controlled the evolution of the Jahn teller effect and
have more information about it, we have choose two
compounds, one have this effect but the second have note,
and we study the concentration between theme(x=0.25,
0.50 and 0.75) for the two possible structures. From the
structural properties we have two method to testing the
effect, once by calculate the variation of energy versus
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Figure 4. Total energy as a function of tetragonal strain along z-axis for NiCoMnSi.Al (x=0, 0.25, 0.50, 0.75 and 1) EQH.

This results are confirmed by the Fig. 4, this figure
Hlustrates the variation of the energy difference (between
tetragonally distorted and cubic phases) as a function of
the distortion applied along the z axis, we notice that the
resulting compound loses the tetragonal phase from a
concentration of 0.50, which can be essential due to the
non-existence of Jahn-Teller effect. It 1s clear that we have
two minimums only on NiCoMnSi and
NiCoMnSuAlss EQH contrary to the others compounds.

Basing on the non-linear fitting and using Murnaghan's
equation (1) of states [19], we were able to determine the
ground states properties for our studied compounds. The
obtained results are listed in Table 1, in which we have
cited some available results of the other works.

—e 2 |y _ylizwo
E(V)—E0+B,(B,+1)[V(V) V0]+B,(V Vo) (1)

In order to confirm the possibility of realization of the
parent compounds NiCoMnAl and NiCoMnSi EQH, we
calculated the formation energy £ using [2]:

total

_ bulk | pbulk 4 pbulk | pbulk
Ef = Exicomnz — (Eni™" + Eco ™ + Evn + EZ*7) ()
Where EfLat, o is  the total energy  of

NiCoMnAIl/NiCoMnSi per formula unit, and Ef,ll-‘lk,
Ebulk | pBulkand EXE are the total energies per atom of
each element in the bulk for the Ni, Co, Mn, and Z,
respectively. The negative formation energies (in Table 1)
indicate the possibility of formation and the structural
stability of these EQH compounds.

From Table 1, it i1s clear that our calculated lattice
parameter a2 - 5.778 A for NiCoMnAl is close to
experimental value that indicated by Halder et a/ [9], 5.778
A. for NiCoMnSi EQH, we did not find any experimental
value in the literature.

Tablel: Structural Parameters, the lattice parameter a in
(A), ¢/a ratio, Bulk modulus B in (GPa) and its first
pressure derivative B’ and formation energy in (eV) for

NiCoMnSi Al (x=0, 0.25, 0.50, 0.75 and 1) EQH.

NiCoMnSi. Al a (A) c/a B. (GPa) B (61%,)
NiCoMnSi 3.740 1.736  197.784  4.778 -2.255
Other Cale. [20]  8.788  1.787  198.592  4.920
NiCoMnSii»Aless  3.851  1.615  189.618  4.784 -2.951
NiCoMnSusAls — 5.730 173.253  4.568 -3.674
NiCoMnSusAlz — 5.750 167.921 4.702  -4.352
NiCoMnAl 5.773 170936  4.322 -1.694
Other Calc. |21]  5.754

Other Calc. 19] 5.778
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3.2. Electronic and magnetic properties

It is generally believed that one of the main reasons for a
tetragonal distortion of EQH compounds 1s the DOS
peaks near E: [22-24] in the cubic phase. In order to
mvestigate the origin of the band Jahn-Teller effect in
EQH compounds and confirm the correlation of the high
value of the DOS at Er in the cubic phase, DOS (cub, E),
with the probability of a tetragonal distortion, we calculated
and plotted the band structure and the density of state in
both cubic and tetragonal structures of NiCoMnSi and
NiCoMnSu»Als EQH  1in Fig. 5,7 and Ing. 6,8
respectively, following the k-path for the band structure
calculation as:

W-L-T-X-W-K

path for cubic structure (FCC lattice),
Ir-X-Y-X-I-7Z-%-N-P-Y. -7

path for tetragonal structure (BCT. lattice), when ¢/a > 1
[25], R-T - X - M - T path for cubic supercell (no
symmetry), and I- X - M - T -Z - R - A - Z path for
tetragonal supercell (no symmetry)

Except for NiCoMnAl EQH, all studied alloys have a
metallic ferromagnetic (MF) behaviour, with a spin
polarisation less than 1009 (Table 2).
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Figure 5. The calculated band structures of spin-up
electrons (left panel), spin-down electrons (right panel) for
NiCoMnSi EQH in the cubic phase (at the top) and the
tetragonal phase (at the bottom).
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NiCoMnSiiAl:: EQH in the cubic phase (at the top) and
the tetragonal phase (at the bottom).
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Figure 8. The calculated total/atomic projected densities of states of spin-up and spin-down electrons for NiCoMnSio Al
EQH in the cubic phase (at the top) and the tetragonal phase (at the bottom).

When Ei is in the middle of a DOS peak, the DOS(E)
could be lowered by a tetragonal distortion [26] for several
possible reasons [22,27,28].

Since one of the contributions to the total energy is the
band energy [26]:

Epgng = f:,im dEDOS(E)E 3)

A reduction of the DOS near Er in a tetragonal phase, in
conjunction with conservation of the integral for the
number of valence electrons (4), often leads to a lower
band energy, and thus to a lower total energy for the
tetragonal phase than for the cubic phase:

Ny = [, dEDOS(E) )

Where L. 1s the minimum energy of the valence bands.
From D.O.S (density of states) or band structure
calculations, we clearly notice a metallic character at Fermi
level in both spin-up and spin-down channel related to
cubic and tetragonal structures for NiCoMnSi and
NiCoMnSiiAles compound (Fig 5,6,7 and 8).

In the plotted density of states cubic phase, we notice a
considerate peak at Fermi level for spin down channel in
the density of state for NiCoMnSi (Fig.7.a ) , and a very
smooth shift (almost the same position) of this peak for
NiCoMnSii-:Ales  (Fig.8.a), whose the main contribution in
D.O.S is due to Co and Ni atoms. Fig.7.b and Fig.8.b
show a disappearance of the observed peak in the cubic
structure, with the appearance of a strength peak just above
Fermi level in corresponding tetragonal phase, where the
major contribution is due to metals transition (Mn, Co,
and Ni) for these two compounds.
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The tetragonal distortion causes also a decrease in the spin
polarisation, from 52.60% (cubic phase) to 31.85%
(tetragonal phase) for NiCoMnSi, and from 49.649% (cubic
phase) to 5.16% (tetragonal phase) for NiCoMnSiisAl, it
is completely related to the density of states calculation
[29], where the main contribution is due to the d orbital of
transition metals in all studied compounds.

Since cobalt 1s one of the most dominant elements in the
peak located at Fermi level, we present its PDOS (partial
density of states) in both cubic and tetragonal structures for
NiCoMnSi and NiCoMnSi»Al»s EQH respectively. The
peak in the minority DOS (Fig.9.a and Fig 10.a). (for spin
down channel) at Fermi level E: originates from the van
Hove singularty associated with doubly degenerate eg
bands at the I" point [22] and is mainly due to e state of
cobalt atom, where Co undergoes the octahedral field of
Ni as e state 1s more energy than the # state. The
observed peak around 0.5 ¢V in the tetragonal distortion
of NiCoMnSi and NiCoMnSiiAle: (Fig.9.b and 10.b)
leads to a splitting of these bands to dw, dw and d,2
respectivement. Thus, the tetragonal distortion lowers the
DOS(L), and thereby lowers the total energy of these
compounds.

The calculated total and local magnetic moments and spin
polarisation for NiCoMnSi. Al (x=0, 0.25, 0.50, 0.75 and
1) EQH alloys are listed in Table 2. We notice that the
main contribution in the total magnetic in al studied
compounds 1s due to manganese atom. Except for
NiCoMnAl compound, non-integer values in total
magnetic moments indicate a deviation from Slater Pauling
behaviour [30] for other studied compounds.

Mot = (Zior — 24)Up )
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NiCoMnAl compound with integer value (5.000 us) in total
magnetic moment and nearly 100% spin polarisation is a
nearly half metal (NHM) despite obedience to Slater

Pauling rule. Fig. 11. show that Fermi level is just at the
end of the band gap, this situation indicates a nearly half
metallic NHM) behaviour in nature for this compound.
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Figure 10: PDOS of 3dCo orbital for (a) the cubic structure and

0
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(b) tetragonally distorted structure of N1CoMnSiozsAlos.

Table2: Total and local magnetic moments per formula unit in (us), and spin polarisation for NiCoMnSi.. Al (x=0, 0.25,

0.50, 0.75 and 1) EQH.

NiCoMnSi. Al Total (/f.u) Ni Co Mn Al Si Interstitial  Spin pol. (%)

NiCoMnSi 4.086 0.357  0.813  2.968 -0.039  -0.013 31.85
Other Cale. [20] 4.080 0.356  0.811  2.965 -0.040  -0.012 34.41

NiCoMnSiosAls 4.561 0.480  0.995  3.107 -0.025 -0.025 0.029 5.16

NiCoMnSio.xAlos 5.024 0.595  1.219 3.215 -0.011 -0.021 0.027 46.54

NiCoMnSiosAliss 5.092 0.641 1.262 3.217 -0.013 -0.023 0.008 24.72

NiCoMnAl 5.000 0.643 1.250  3.183 -0.032 -0.044 nearly 100
Other Calc. [9]. 5.00 0.63 1.25 3.24 -0.03 -0.079
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Figure 11. Total DOS of NiCoMnAl EQH at the ground state (cubic structure).

3.3. Elastic properties

The elastic properties play an important role to check the
structural stability of the investigated compounds in the
ground state. The elastic constants, Cij, determine the
response of the crystal to external forces give more
mformation for binding characteristic between adjacent
atomic planes as well as structural stability, as characterized
by the bulk, shear and Young’s moduli and Poisson’s ratio.
Elasticity defines the characteristics of a solid material that
undergoes stress, so deforms and recovers then returns to
its original form after stress ceases [31].

Structural properties show that some of our compound
crystallise in the cubic structure and other in tetragonal
distortion. For tetragonal (tetragonal I) structure, it has six
independent elastic constants such as: Ci, Cu, Cis, Cs, Cu
and Cs (don’t confuse with tetragonal-II structure which
presents by symmetry seven independent constants Cii, C,
Ci, Ca, Cu, Cu et Cs= - Cyx [32]. ). The cubic structure
symmetry reduces elastic tensor elements to just three
imdependent constants Cu, Ci and C.

To calculate this elastic constants for each structure from
first principles we have two methods, one is related to the
analysis of the calculated total energy of a crystal as a
function of applied strain. The second one is based on the
analysis of changes in the calculated stress values arising

from variation in the strain. In our study, we choose the
first method to predict the elastic constants. The degree of
deformation of a crystal must be respected to a small strain
0 of the lattice primitive cell volume V to remain within the
yield point.

Using Taylor series expansions of the total energy, E(V,0),
The total energy variation as a function of applied strain
can define the elastic constants C, it can be expressed as
[33]:

EW,8) =E(,,0) +V, (Zi‘fifi5i + %Zij Cij5ifi5j) ©)
Such as, E(V,,0) indicates the energy of the ground state
with equilibrium volume Vi, T is an element in the general
stress tensor, and & 1s the factor characterizing the Voigt
index.

We have calculated the elastic constants C; in each case
basing Mehl Model [34-36]. (In both cubic and tetragonal
structures according to the ground state structure).

The calculated elastic constants C (for the ground state)
are listed in Table 3. We call back that the elastic
constants for cubic system should satisfy the following
elastic stability criteria [37].

G1>0,Ga>0, C1—-Ci2>0, 114262 >0 (7)
In the case of a tetragonal-I system, the elastic stability
criteria are defined by [38,39].

C1>0, G3>0, Cu>0, Cs>0, C1—C12>0,
Ci1+C33-2C13> 0, and [2 (Cu-l— Clz)+ C33+4Cl3] >0 ()

Table3: Calculated elastic constant C; (in GPa) for NiCoMnSi.Al (x=0, 0.25, 0.50, 0.75 and 1) EQH.

NiCoMnSinAl o C: & G Ci &

NiCoMnSi 280.549 86.626 260.632  183.202  123.148  101.656
Other Calc. [20]  292.348  100.082  247.799  185.694  125.076 93.853

NiCoMnSiosAlvss 309.012 54.944 243.290  189.319  142.797 99.398

NiCoMnStosAlosw 202593  182.071 138.983

NiCoMnSiosAluss 273.275 152551 166.487

NiCoMnAl 231.156  121.864 140.776

From Table 3, it is clear that all elastic modulus check the
criteria according to each structure. These results are in
good agreement with those of Fig. 4, NiCoMnAl,
NiCoMnSiwAlis and NiCoMnSiwxAlws crystallize in the
cubic structure, while NiCoMnSi and NiCoMnSiisAloss
crystallize in the tetragonal structure.
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4. Conclusion
From electronic structure and magnetic properties of
NiCoMnSi. Al (x=0, 0.25, 0.50, 0.75 and 1) EQH alloys
mvestigated in this work, we conclude that:

Result of our calculations based on DFT, NiCoMnAl,
NiC(’)MIlSin.z&Aln,?.} and NiCOMI]Siu ;uAlu..sn EQH

alloys



E. H. Abbes et al.

crystallize in the cubic structure, while NiCoMnSi and
NiCoMnSiizAles are affected by Jahn-Teller effect and
crystallize in the tetragonal structure.

According to the elastic constant calculations, all structural
stability criteria are satisfied for cubic and tetragonal
structures, and confirm the formation energy calculations.
Except for NiCoMnAl, a non-integer value of total
magnetic moment indicates that none of these Heusler
compounds 1s a half metal.

The crystallographic structure obtained for a compound
consisting of two materials with different structures,
depends on their concentrations.
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