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Abstract

The structural, mechanical, electronic, and magnetic properties of equiatomic quaternary Heusler alloy 

FeMnVAl have been investigated using first-principles approach. This alloy shows ferromagnetic 

ground state structure with chemical stability indicating  compound fulfills the criteria for synthesizing 

experimentally. The calculated values of Pugh’s index and Poisson’s ratio confirmed ductile nature of 

FeMnVAl. The investigation of band structure and density of states validates the behaviour of half-

metallic ferromagnets (HMFs), which follow the Slater-Pauling rule Mt = Zt - 24 and have a magnetic 

moment value of around 1 μB/f.u. Its features also allow for potential applications in the realm of 

spintronics devices and optoelectronics.

Keywords: DFT, Quaternary Heusler alloy, HMFs, Slater-Pauling rule, Spintronics 

I. INTRODUCTION 

R. A. de Groot et al. reported half-metallic 

ferromagnet (HMF) in half-Heusler alloy 

NiMnSb for the first time in 1983 [1]. 

Subsequently, half-metallic ferromagnets 

(HMFs) have drawn increasing attention as 

promising materials for electronic devices, such 

as tunnel junctions and spin valves [2–6]. 

Numerous theoretical efforts have been made to 

use first principles calculations to anticipate 

novel HMFs in Heusler alloys and other material 

systems [7, 8]. One spin channel in the 

electronic structure of HM alloy exhibits 

metallic behaviour, while the second spin 

channel, which has a band gap at the Fermi level 

(EF), exhibits semiconducting features. These 

substances possess conduction electrons with 

100% spin polarisation, resulting in an integer 

spin magnetic moment per formula unit. 

The Heusler alloy is an excellent material system 

with several useful features, including phase 

change, superconducting, thermoelectric, 

topological, HM, and spin gapless properties. It 

has been discovered through theoretical and 

experimental research that Heusler alloys 

containing 3d transition elements—such as those 

based on Mn, Fe, Co, Cr, Ni, V, and Ru—have 

been successfully synthesised on a large scale 
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[9–11]. The full Heusler alloys Mn2 CoZ(Z = Al, 

Ga, Si, Sb), Co2CrGa, Fe2CoSi, Co2Mn1−xFex  

and quaternary Heusler alloys FeCoCrSi, 

CoFeMnSi, have been  explored to contain HM 

character by both practical and theoretical 

research [12-14]. Strain, tension, flaws, and 

temperature can readily destroy a small HM 

band gap in the HM materials. Therefore, it is 

crucial to look for novel materials with a wide 

HM band gap for use in spintronic device 

applications. Heusler alloys generally fall into 

one of three categories: (i) Half-Heusler alloy 

with structure XYZ that crystallises in space 

group F-43m in C1b configuration [15–18]. (ii) 

Full-Heusler alloy, crystallising in the L21 

structure with space group Fm–3m and chemical 

formula X2YZ [19–22]. and (iii) the quaternary 

Heusler alloy, which crystallises in a Y-type 

structure with space group F-43m, and has the 

formula XX'YZ [23–28], where Z is the main 

group s and p elements, whereas X, X', and Y are 

transition metal (TM) elements. We here are 

investigating the important properties of third 

group of Heusler systems. 

Zhang et al. investigated the half-metallic 

properties of quaternary Heusler alloys, 

specifically NbVMnAl and NbFeCrAl, using 

first principles. They found that these alloys 

exhibit half metallic properties with certain band 

gaps in opposite spin channels following Slater-

Pauling rules Mt = Zt - 24 and Mt = Zt - 21, 

respectively [29]. Dia et al. conducted 

theoretical studies on three superstructures of the 

quaternary Heusler alloy CoFeMnSi. They 

observed that the first superstructure displays 

half-metallicity, the second one has a pseudogap 

at the Fermi level, and the third indicates 

metallic behavior. However, experimental 

analysis, including X-ray diffraction (XRD) 

pattern and magnetization curve measurements, 

confirmed that CoFeMnSi crystallizes in the first 

structure exhibiting half-metallicity [30]. Out of 

the  CoCuMnZ(Z=In, Sn, and Sb)  Quaternary 

Heusler compounds, CoCuMnIn and 

CoCuMnSn are observed as metallic whereas  

CoCuMnSb is a real half-metal with an indirect 

band gap at one spin channel[31]. Comparably, it 

was discovered that the compounds MnCoMoAl 

and MnTiMoAl were ferrimagnetic (FIM) in the 

ground state, with half-metallic and metallic 

characteristics respectively. Furthermore, the 

magnetic moments do not change even when 

strain is applied between -12% and +12% range 

[32]. Recent  study  on  Zr-based equiatomic 

quaternary Heusler alloys ZrRhTiZ(Z = Al, In)  

predicted that the  uniform strain on half-

metallicity inverts the band gap from one spin 

state to another spin state [33].

Here, we are investing the mechanical, agnetic, 

and other related physical properties of the 

FeMnVAl quaternary Heusler alloy using the 

GGA, mBJ, and GGA+U techniques. The 

half-metallic behaviour of the FeMnVAl system 

is described by all methods. Applying the GGA

+U and mBJ methods enhance the small half-

metallic gap over GGA. This unique 

characteristic 
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distinguishes this study from others. 

II. COMPUTATIONAL DETAILS

The electronic structure calculations were 

conducted using density functional theory (DFT) 

based first-principle approach implemented in 

the WIEN2k code [46-48] To address issues like 

underestimation of band gaps by generalized 

gradient approximation (GGA) [34-36]. We 

employed the modified Becke-Johnson (mBJ) 

potential [37, 38] along with the GGA+U 

approach [39, 40]. The mBJ potential provides 

better treatment of d-electrons, while GGA+U 

incorporates a Hubbard potential (U) to 

accurately describe highly correlated systems 

containing transition metals (Fe, Mn, V). 

Specifically, U values of 0.89 eV, 0.64 eV, and 

0.61 eV were used for Fe, Mn, and V 

respectively. This combination ensures more 

precise electronic structure calculations for the 

materials under study. To ensure accurate 

convergence, we set a cutoff energy of -6 Ry and 

a 17×17×17 mesh (equivalent to 5000 k-points) 

for SCF calculations. The structural optimization 

and SCF calculations are achieved until the 

energy change per atom is less than 10−7 eV and 

charge convergence is 10−4 electrons. Crystal 

structures were visualized with VESTA, and 

figures were plotted using Xmgrace. Elastic 

results were collected using IRelast 14.1 [41]. 

III. RESULTS AND DISCUSSION

A: Structural, chemical and mechanical 

stability 

The equiatomic quaternary Heusler alloy 

FeMnVAl crystallizes into a Y-type structure with 

space group F-43m (space group number 216) 

[42, 43]. This structure comprises four 

interpenetrating sublattices distributed across four 

Wyckoff positions (4a, 4b, 4c, 4d) [44-47]. Three 

arrangement modes, namely type I, type II, and 

type III, exist based on the occupation of Fe, V, 

and Al atoms at specific crystal sites, while Mn 

occupies another site (Table 1). Our computations 

involved optimizing these structures in both 

nonmagnetic (NM) and ferromagnetic (FM) 

states. The results show that the type I structure in 

the FM state exhibits the lowest energy, indicating 

its greater stability compared to other structures in 

NM states (Fig. 1). 

Figure. 1. (Color online) The structural volume optimization of quaternary Heusler compound FeMnVAl 

in non-magnetic and ferromagnetic states.
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TABLE I. The atomic sites occupation of FeMnVAl compound in distinct arrangement modes. 

Type 4a(0, 0, 0) 4b(0.25, 0.25, 0.25) 4c(0.5, 0.5, 0.5) 4d(0.75, 0.75, 0.75) 

 Type I   Al  Fe  V  Mn 

 Type II   Al  V  Fe  Mn 

 Type III  V  Al  Fe  Mn 

The Birch-Murnaghan equation of state (EOS) 

has yielded the optimised value of the lattice 

parameter following the completion of all 

optimisation procedures. The EOS is   given as 

[48],  

E= E0(V )+
BV

B' (B'
−1)[B(1−

V0

V )+(V0

V )
B

'

− 1] (1)

Where E0 and V0 are the minimum equilibrium 

energy and volume, B is the bulk modulus, B′ is 

the derivative of the bulk modulus. Plot shows 

that that the optimized lattice parameter of 

FeMnVAl alloy is 5.757Å. The optimized 

schematic structure is shown in Fig. 2. 

FIG. 2. (Color online) Schematic crystal structure representation of quaternary Heusler compound 

FeMnVAl (Fe = yellow, Mn = blue, V = red, Al = green) 

The cohesive and formation energies are 

computed to show the chemical stability of the 

compound. It is possible to express the cohesive 

and formation energies for the FeMnVAl 

compound as [49, 50] 

Efor= EFeMnVAl
total − (EFe

bulk+EMn
bulk+ EV

bulk+EAl
bulk)  (2)

Ecoh= EFeMnVAl
total − (EFe

iso+EMn
iso +EV

iso+ EAl
iso)       (3)

Here, Efor and Ecoh represents formation and 

cohesive energies of the compound and total 

energy per formula unit is represented by 

EFeMnVAl
total

. EFe
bulk

,EMn
bulk

,EV
bulk

,EAl
bulk

 denote the 

total energy per atom for Fe, Mn,  V,  Al in  bulk 

form whereas ,EFe
iso

EMn
iso

,EV
iso

,EAl
iso

Stand the total energy of the corresponding 

single isolated atom, respectively. 

The investigated values of formation and 
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cohesive energies of FeMnVAl are -0.535 

eV/atom and -5.325 eV/atom respectively, 

indicating that compound shows chemical 

stability. Both structructural and chemical 

stability ensures that the compound can also be 

synthesized experimentally. 

Similarly, we simply require the three 

independent elastic constants C11, C12, and C44 to 

determine the mechanical properties of this 

cubic compound. In order to study these elastic 

constants without changing the system's overall 

volume, the strain is used. Born and Huang have 

articulated [51, 52], the conventional mechanical 

stability standards for cubic crystal as follows:  

C11 - C12 > 0, C11 > 0, C44 > 0, C11 + 2C12 > 0, 

C12 < B < C11       (4) 

The considered alloy becomes stable if these 

stability conditions are satisfied by elastic 

constants otherwise the alloy is unstable. The 

computed values of elastic constants C11, C12 

and C44 are tabulated in table-III. From the table, 

it is observed that all elastic constants have 

positive values and meet all the mechanical 

stability conditions. Hence, the compound 

(FeMnVAl) is mechanically stable against 

deformation. The compressibility of materials 

can be measured by measuring bulk modulus B, 

which is computed by using the relation, 

      B=
1
3
(C11+2C12)     (5) 

The value of bulk modulus obtained from the 

Birch-Murnaghan equation of state for the 

compound FeMnVAl is 206.19 GPa which is 

nearly close to the bulk modulus calculated 

using the elastic constants (table-II). 

TABLE II: The investigated elastic constants C11, C12, C44 (GPa) and moduli in GPa for FeMnVAl 

compound  

   Alloy  C11  C12  C44  B  G  E  B/G    Ν 

 FeMnVAl  420.80  200.10  132.80 273.67 123.32 321.65    2.21  0.30 

The stiffness of materials are predicted by 

measuring its shear modulus G. The average 

value of G can be obtained by using the Hill 

approximation as [66], 

     G=
1
2
(GR+GV)    (6) 

Where 

     GV=
1
5

(C11− C12+3C44)         (7) 

   GR=
5

3

(C11− C12)C44

(C11− C12)+4C44

  (8) 

Here, subscripts V and R represents Voigt and 

Reuss bounds in GV and GR respectively.

The ratio of linear stress to strain gives the 

measure of Young’s modulus E. The increase in 

value of E increases the covalent property of the 

material and therefore, affects the ductility. In 

terms of bulk modulus B and shear modulus G, 
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the Young’s modulus E can be written as, 

       E=
9BG

(3B+G) (9) 

The ductility or brittleness of materials can be 

determined by another parameter called 

Poisson’s ratio ν given by the following equation 

as 

      ν=
(3B−2G)

2(3B+G)
(10) 

The material is ductile if its Poisson’s value is 

greater than critical value 0.26, otherwise the 

material is brittle.  The calculated value of ν for 

the compound is 0.30 showing ductile nature.  

Similarly the positive value of Cauchy 

pressure (CP = C11 – C44) and the Pugh’s index 

(B/G)  value ( 2.21 greater than critical value 

1.75) confirms the  ductile nature of 

FeMnVAl compound. 

B:  Electronic properties 

Analysis of the density of states (DOS) and 

electronic band structure is crucial to understand 

the electronic characteristics. The band structure 

and DOS plot of FeMnVAl using the 

GGA method are displayed in Figure 

3(a,b).

FIG. 3. (Color online) (a) The band structure of FeMbVAl for spin-up (red) and spin-down (blue) 

channels and (b) DOS plot under the GGA technique. 

Figure shows that there is a gap around the 

Fermi level in the spin up channel, whereas in 

the down spin channel, the conduction and 

valence bands are crossing near the Fermi level, 

indicating half- metallic behaviour of the 

compound. It is observed that the valence band 

(VB) maxima appears slightly above the Fermi 

level at the Γ symmetric point in the up spin 

channel. The clear gap is observed in up spin 

channel from the corresponding DOS plot.  As a 

result, under the GGA approach, the compound 

(FeMnVAl) exhibits metallic behaviour in the 

down spin channel and nearly semiconducting 

behaviour in the up spin 
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channel. The contributions of DOS for the half 

metalicity is in the order of Mnd > Fed >Vd . 

The electronic properties of FeMnVAl 

compound were also examined using mBJ and 

GGA+U techniques. Under the mBJ method and 

GGA+U method, the Fermi energy level seems 

more enhance and clear.  The mBJ method 

revealed a clear energy gap around the Fermi 

level in the spin-up channel(0.605 eV), 

indicating semiconducting behavior, while the 

spin-down channel showed metallic 

characteristics (Fig. 4 a, b) . Similarly, the 

GGA+U method also demonstrated half-metallic 

behavior with 0.314 eV gap at spin up channel 

(Fig 5 a, b). Additionally, analysis of the density 

of states (DOS) plots corroborated these 

findings, showing nearly semiconducting 

behavior in the spin-up channel and metallic 

behavior in the spin-down channel under both 

the mBJ and GGA+U methods. Overall, 

FeMnVAl exhibits true half-metallic nature, as 

confirmed by multiple computational methods 

and electronic structure analyses. There is no 

change in the ratio of the contributions observed 

from projected DOS while moving from GGA to 

mBJ and GGA+U. 

FIG. 4. (Color online) The band structure of FeMnVAl for spin-up (red) and spin-down (blue) 

channels under the mBJ technique. 

FIG. 5. (Color online) The band structure of FeMnVAl for spin-up (red) and spin-down (blue) 

channels under the GGA+U technique. 
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C: Magnetic properties 

The study on FeMnVAl compound reveals its 

magnetic nature through asymmetrical density of 

states (DOS) for up and down spin channels. 

Total spin magnetic moments, calculated using 

under  GGA, mBJ and GGA+U techniques 

which shows almost   an integer value 1.00 μB in 

all techniques (Table IV), which meet with the 

Slater-Pauling rule Mt = Zt -24, where Mt and Zt 

represents total magnetic moment and total 

number of valence electrons of the compound 

[53,54]. The positive magnetic moments in Fe 

and Mn dominate suggesting ferromagnetic 

behavior of compound. 

TABLE III: Total magnetic moments μtotal(μB/f.u.) and atomic magnetic moments μatomic(μB/f.u.) of

FeMnVAl under the GGA, mBJ and GGA+U techniques. 

   Alloy  μtotal    μFe  μMn  μV  μAl    VBM    CBM    Ebg 

FeMnVAlGGA 0.991  0.608    0.914   -0.457   -0.011    0.087   0.344   0.257 

FeMnVAlmBJ 0.999  0.654    1.006    -0.557   -0.019    -0.081    0.524   0.605 

FeMnVAlGGA+U 0.999  0.671    1.173    -0.705    -0.023  0.010    0.324   0.314 

The spin polarization (P) will be analyzed using 

DOS of up spin and down spin electrons at the 

Fermi level  using a relation: 

P=
n↑(EF )−n↓(EF )

n↑(EF)+n↓(EF)
             (11)

where n↑(EF) and n ↓(EF) represents the DOS at 

the Fermi level for the majority (spin up) and 

minority (spin down) states respectively. The 

electrons are fully polarized, when n↑(EF) or n 

↓(EF) is equal to zero. The results of spin 

polarization indicates that FeMnVAl is 100 % 

spin polarized. 

IV. CONCLUSIONS

We investigated the structural, mechanical, 

electronic, and magnetic properties of FeMnVAl 

alloys using GGA, mBJ, and GGA+U 

techniques. Structural optimization identified the 

stable type I structure with a ferromagnetic (FM) 

state. Negative values for formation and 

cohesive energies confirm the compound's 

chemical stability. The equilibrium lattice 

constant of FeMnVAl was found to be 5.757 Å. 

Mechanical stability was confirmed by Born-

Huang conditions, while mechanical parameters 

indicate ductile behavior. Electronic structure 

analysis revealed nearly half-metallic (HM) 

behavior under GGA and true HM nature under 

mBJ and GGA+U techniques. The computed 

magnetic moment of FeMnVAl, close to 1.00 

μB/f.u., adheres to the Slater-Pauling rule (Mt = 

Zt - 24), where where Mt and Zt represents total 

magnetic moment and total number of valence 

electrons of the compound. Such properties of  

the compounds are suitable for optoelectronic 

aswell as spintronics device  applications.  
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