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Abstract 

The Structural, electronic, magnetic, and elastic properties for both normal and inverse 

full-Heusler compounds Co2MnSi and Co2MnGe were investigated by using full 

potential linearized augmented plane wave (FP-LAPW) method, within density 

functional theory (DFT) that implemented in WEIN2k package. The generalized 

gradient approximation (GGA) has been used to compute the structural properties such 

as lattice parameter (a), bulk modulus (B), it’s first pressure derivative (B') and 

minimum energy (E0). Moreover, electronic,magnetic and elastic properties were found 

using GGA. In addition to GGA, modified Becke-Johnson Potential (mBJ) was used to 

enhance the band structure (BS). According to the density of states (DOS) and BS, both 

normal Co2MnSi and Co2MnGe compounds have half-metallic behavior, while invers 

Co2MnSi and Co2MnGe compounds are metallic. both normal and inverse Co2MnSi and 

Co2MnGe compounds are ferromagnetic materials. The normal Co2MnSi and Co2MnGe 

compounds and inverse Co2MnSi are mechanically stable, whereas inverse Co2MnGe 

compound is mechanically unstable. According to anisotropic factor (A), normal and 

inverse Heusler compounds Co2MnSi and normal Heusler compound Co2MnGe are 

elastic anisotropy. Pugh ratio (B/S) indicates that both normal and inverse Heusler 

compounds Co2MnSi, and normal Heusler compound Co2MnGe are ductile. According 

to Poisson’s ratio (ν) normal and inverse Heusler compounds Co2MnSi and normal 

Heusler compound Co2MnGe have ionic bonds. 

Keywords: Full Heusler, structural, electronic, magnetic, half-metallic, stability. 



1 

Chapter One 

Introduction 

Since 1903, the first Heusler alloy was discovered by the German scientist Friedrich 

Heusler, it was Cu2MnAl. Surprisingly, this alloy was ferromagnetic, although none of 

its components show magnetic behavior by themselves. Nowadays, more than a 

thousand Heusler alloys are known. 

Heusler compounds have many applications involve spin-gapless semiconductors 

(SGSs), topological insulators, spintronic (1), Shape memory (2), thermoelectric (3), 

and superconductors (4). 

Heusler compounds belong to the class of face-centered cubic (FCC) crystalline 

structure of intermetallic molecules which is a kind of metallic alloy that combines two 

or more metallic elements to form an ordered solid-state compound. They were 

classified mainly into two groups, ternary and quaternary compounds (5). 

Ternary Heusler compounds were divided into two groups, the first one is full Heusler 

compounds with chemical structure X2YZ (2:1:1) -L21 structure, the second is half 

Heusler compounds with chemical structure XYZ (1:1:1) -C1b structure. 

Quaternary Heusler compounds have a chemical structure XX'YZ (1:1:1:1). Where X 

and Y are transition metals and Z is the primary group element (5). The elements 

forming Heusler compounds have been indicated in figure 1 (6). 
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Figure 1 

Periodic table of elements forming Heusler compounds X2YZ 

 

Full Heusler compounds can crystallize in two types, regular full Heusler alloy with 

space group 225-Fm3-m. at the positions (0.25,0.25,0.25), (0.75,0.75,0.75) for X atom, 

(0.5,0.5,0.5) for Y atom and (0,0,0) for Z atom. 

The other one is inverse Heusler alloy with space group 216- F-43Mm at the positions 

(0.25,0.25,0.25), (0.5,0.5,0.5) for X atom, (0.75,0.75,0.75) for Y atom and (0,0,0) for Z 

atom (7).  

The site of the second X atom is vacant in Half-Heusler compounds (8) – atoms at the 

positions (0.25,0.25,0.25) for X atom, (0.5,0.5,0.5) for Y atom and (0,0,0) for Z atom. 

The unit cells of L21-type and C1b have been represented in figure 2. 
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Figure 2 

Schematic representation of Husler compounds  

 
Note: (a) full Heusler and (b) half Heusler. 

Some of Heusler compounds have totally different behavior for spin-up and spin-down 

bands. The spin-up electrons behave as metallic, whereas the spin-down electrons 

behave as semiconductor. These compounds called half-metallic (HM), so HM 

materials exhibiting a 100% spin polarization. The half-metallic materials have been 

proposed as a very exiting material for spintronic devices (9–18). 

Heusler compounds and half-metallic compounds have been the subject of several 

earlier studies using various techniques. 

In 1985 Brown et al (19), studied the magnetization density in Heusler alloy Fe2MnSi 

by using polarized neutron diffraction and analyzed its distribution across different 

components of the alloy. The study investigated that that the magnetization density is 

unequally distributed, which reflecting the effect of the alloy's chemical structure on its 

magnetic properties. It’s also provided a theoretical explanation of the role of Mn and Si 

in modifying the magnetization intensity within the alloy. In addition, it indicated the 

potential of Fe2MnSi for applications requiring precise and specific magnetization 

because it’s  exhibits complex magnetic properties dependent on its chemical 

composition. 
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In 1995, Fujii et al. (20) computed the lattice constant, density of states and the band 

structure of Fe2MnZ (Z=Al, Si, p) by LMTO-ASA method, to find these compounds 

didn’t behave a half-metallic character except Fe2MnSi. The lattice constant found to be 

5.67, 5.59 and 5.56 A⁰  for Fe2MnAl, Fe2MnSi and Fe2MnP respectively. Fe2MnAl 

atomic magnetic moment is 0.16, 2.35 and -0.03 µB for Fe, Mn and Al respectively. 

While for Fe2MnSi it’s 0.20, 2.63 and -0.04 µB for Fe, Mn and Si respectively. Whereas 

for Fe2MnP the atomic magnetic moment is 0.66, 2.73 and -0.04 µB for Fe, Mn and P 

respectively. 

Electronic and magnetic properties of Fe2YSi (Y=Cr, Mn, Fe, Co, Ni) was found by 

Hongzhi et al, in 2007 (21). Lattice constant, density of state and magnetic moment was 

found both experimentally and theoretically. 

Theoretical method they used FP-LAPW method. They found that both Fe2CrSi and 

Fe2MnSi are half-metallic ferromagnetic material. While the other compounds are 

metallic. The lattice constant estimated to be 5.679, 5.672, 5.654, 5.645, 5.648 and 

5.648 A⁰  for Fe2CrSi, Fe2MnSi, Fe3Si, Fe2CoSi, normal Fe2NiSi and inverse Fe2NiSi 

consequently. The total magnetic moment estimated to be 2 µB for Fe2CrSi compound. 

While the atomic magnetic moment is -0.12, 2.26 and -0.02 µB for Fe, Cr and Si 

consequently. In addition, for Fe2MnSi the total magnetic moment estimated to be 2.99 

µB. Whereas, the atomic magnetic moment is -0.1, 3.22 and -0.02 µB for Fe, Mn and Si 

consequently. Moreover, the total magnetic moment estimated to be 5.04 µB for Fe3Si 

compound. While the atomic magnetic moment for Fex, Fey and Si is 1.28, 2.62 and -

014 µB consequently. Also, the total magnetic moment for Fe2CoSi estimated to be 5 

µB. While the atomic magnetic moment is 1.38, 2.82, 0.29 and -0.1 µB for Fe1, Fe2, Co 

and Si consequently. Furthermore, the total magnetic moment estimated to be 5.648 µB 

for both normal and inverse Fe2NiSi compound. The atomic magnetic moment for 

normal Fe2NiSi is 1.48, 0.4 and -0.18 µB for Fe, Ni and Si respectively. While the 

atomic magnetic moment for inverse Fe2NiSi is 1.62, 2.58, 0.24 and -0.06 µB for Fe1, 

Fe2, Ni and Si respectively. 

In 2007, Ishida et al, (22) had studied theoretically searched of spintronic material in 

two alloys systems Fe2(Cr1-xMnx)Si and (Fe1-xCox)2MnSi by LMTO-ASA method with 

LSD approximation. They found that the ferromagnetic state was stable. Fe2(Cr1-

xMnx)Si was very high spin polarized and (Fe1-xCox)2MnSi was perfect half-metallic 
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material. In (Fe1-xCox)2MnSi there were promising materials which are suitable for 

spintronic devices. 

In 2010, Saito et al (23), studied the interface structure of a half-metallic Heusler 

compound Co2MnSi thin layer when it contacts an MgO tunnelling wall by using X-ray 

Magnetic Circular Dichroism (XMCD). The study showed that the interface between 

Co2MnSi and MgO plays an essential role in determining the magnetic and electronic 

properties of the film, which is very important for the application of spintronic 

apparatuses. It indicated that the Co2MnSi thin film maintains its half-metallic nature, 

meaning it behaves as a perfect spin filter with full spin polarization at the Fermi level, 

which is essential for efficient spin transport. Furthermore, the study showed how the 

interface affects the magnetization and orbital moment of atoms at the Co2MnSi/MgO 

interface. 

In 2011, Itoh et al (24), studied the electronic properties and spin-injection 

characteristics of Co-based Heusler compounds semiconductor junctions. The study 

focused on understanding how the electronic structure of Co-based Heusler 

compounds affects their ability to inject spins into semiconductor materials, which 

fundamental condition for spintronics applications. The study used first principles band 

calculation to analyze the electronic structure of Co-based Heusler compounds, showing 

their semi-metallic behavior, in which the materials exhibit full spin polarization at the 

Fermi level. This property makes Co-based Heusler compounds promising possibilities 

for efficient spin injection into semiconductors, as they can inject polarized spins into 

the semiconductor with minimum cost. 

Hamad et al, (25) in 2011 studied the impact of defects on the electronic and magnetic 

properties of Fe2MnSi Heusler compound by using FP-LAPW method. They studied 

three defects that were antistites, swap and vacancy. Although the defects the alloy 

retained the half- metallicity, which means it’s promising for the potential application in 

spintronics. 

In 2012, Shigeta et al, (26) studied experimentally magnetization and spin polarization 

of Co2-xFexMnSi Heusler compounds. They found that those compounds were half-

metallics and the values of spin polarization (P) were less dependent on different 

concentrations of x. P=0.53 for x=1.25 and P=0.50 for x=0.50, respectively. 
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Pedro et al. (27) studied the effect of Ga replacing on the structural and magnetic 

characteristics of half-metallic Fe2MnSi Heusler compound experimentally in 2015. 

They found that the lattice parameter has linearly increased as the increasing of Ga 

content in Fe2MnSi1-xGax Heusler compound. Moreover, the compound doesn’t follow 

the Slater-Pauling rule, which says that “adding an element to a metal alloy will reduce 

the alloy's saturation magnetization by an amount proportional to the number of valence 

electrons outside of the added element's d shell”. 

In 2018, Hiroi et al. (28), studied Magnetization and magnetic phase diagram of Heusler 

alloys Fe₃ ₋ ᵧ(Mn1-xVᵧ)ᵧSi (y=1 and 1.5). The study investigated experimentally the 

impacts of changing the Fe, Mn and V ratios on the magnetic properties at different 

temperature and different magnetic field. They found that there was transition phase 

between ferromagnetic and antiferromagnetic phase.  

The magnetic characteristics of Heusler alloy Fe1.3Mn1.7Si was studied in 2018 by Hiroi 

et al. (29). They found that there was transition phase between ferromagnetic and 

antiferromagnetic phase at different temperature. 

In 2019, Arshad et al. (5), studied structural, electronic and magnetic characteristics of 

equiatomic quaternary CoPdCrZ (Z=Si, Ge, P) Heusler compounds theoretically. The 

study used full potential linearized augmented plane wave method (FP-LAPW). They 

study three types of alloys, type 1 with positions (0.25,0.25,0.25), (0. 5, 0. 5, 0. 5), 

(0.75, 0.75, 0.75) and (0, 0, 0) for Co, Pd, Cr and Z respectively. Type 2 with positions 

(0.25, 0.25, 0.25), (0.75, 0.75, 0.75), (0.5, 0.5 0.5) and (0, 0, 0) for Co, Pd, Cr and Z 

respectively. Type 3 with positions (0.5, 0.5, 0.5), (0.25, 0.25, 0.25), (0.75, 0.75, 0.75) 

and and (0, 0, 0) for Co, Pd, Cr and Z respectively. The lattice constant (a), bulk 

modulus (B) and minimum energy (E0) for three types were found. minimum energy 

was indicated that the most stable type is type 2 for CoPdCrSi compound, type 2 for 

CoPdCrGe compound and type 1 for CoPdCrP compound The lattice constant for 

CoPdCrSi is 5.8317, 5.9201 and 5.8226 A⁰  for type 1, type 2 and type 3 respectively. 

The bulk modulus is 230.9931, 186.2799 and 220.8084 GPa for type 1, type 2 and type 

3 respectively. The minimum energy for type 1, type 2 and type 3 is -15562.884574, -

15562.914623 and -15562.898988 eV respectively. The lattice constant for CoPdCrGe 

is 5.9913, 6.0222 and 5.9151 A⁰  for type 1, type 2 and type 3 respectively. The bulk 
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modulus is 117.6941, 163.7297 and 199.2034 GPa for type 1, type 2 and type 3 

respectively. 

The minimum energy for type 1, type 2 and type 3 is -19180.962943, -19180.987520 

and -19180.960361 eV respectively. The lattice constant for CoPdCrP is 5.8084, 5.9498 

and 5.8130 A⁰  for type 1, type 2 and type 3 respectively. The bulk modulus is 

212.1556, 150.3140 and 209.7352 GPa for type 1, type 2 and type 3 respectively. The 

minimum energy for type 1, type 2 and type 3 is -15666.994232, -15666.976846 and -

15666.981722 eV respectively. CoPdCrSi and CoPdCrGe have metallic behavior with 

zero energy gap at spin-up, but at spin-down they behave nearly half-metallically and 

have small energy band gap because fermi level doesn’t lie in the gap. CoPdCrP behave 

metallically. The total magnetic moment is 4.235, 4.415 and 0.864 µB for CoPdCrSi, 

CoPdCrGe and CoPdCrP respectively. 

In 2020, El Karmi et al. (30), have been studied structural, electronic, magnetic and 

thermoelectric characteristics of Full-Heusler Fe2MnSi theoretically using FP-LAPW 

method implemented in WIEN2k. The lattice constant for normal and inverse 

compound is 5.5912 and 5.5911 A⁰  consequently. The bulk modulus was 232.73 and 

232.30 GPa for normal and inverse compound respectively. And its derivative for both 

normal and invers compound is 4.91 and 4.93 GPa respectively. This compound is 

metallic in spin-up with zero band gap, and indirect energy band gap in spin-down. 

Fe2MnSi full Heusler compound is half metallic compound with 0.365 eV band gap by 

GGA and 0.583 eV by mBJ approximation. The total and atomic magnetic moment 

have calculated by both GGA and mBJ approximations, total magnetic moment is 

3.0009 µB by GGA and 4.5079 µB by mBJ approximation. Partial magnetic moment for 

this compound by GGA is 3.0433, -0.0492, 0.0006 and 0.0555 µB for Mn, Fe, Si and 

interstitial respectively. By mBJ approximation it’s 2.2169, 1.2344, -0.0532 and -0.1246 

µB for Mn, Fe, Si and interstitial respectively. These values indicate that this compound 

is ferromagnetic compound. 

In 2021, structural, electronic, magnetic and elastic characteristics of full Heusler 

compounds Cr2-xFexMnSi have studied by Wu et al. (31), theoretically by CASTEP 

method. Both Cr2MnSi and Fe2MnSi have normal and invers structure, while CrFeMnSi 

have three types of structure, type 1, type 2 and type 3. The lattice constant is 5.707, 

5.718, 5.579 and 5.581 A⁰  for normal Cr2MnSi, inverse Cr2MnSi, normal Fe2MnSi and 
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inverse Fe2MnSi respectively. The lattice constant for type1, type 2 and type 3 

CrFeMnSi compound is 5.709, 5.715 and 5.594 A⁰  respectively. Minimum energy is -

22787.5757, -22790.3715, -9972.7645 and -9971.6957 eV for normal Cr2MnSi, inverse 

Cr2MnSi, normal Fe2MnSi and inverse Fe2MnSi respectively. It’s -16381.1621, -

16379.5597 and -16382.4777 eV for type1, type2 and type 3 CrFeMnSi compound 

respectively. Total and atomic magnetic moment have found for all compounds. Total 

magnetic moment for normal Cr2MnSi, inverse Cr2MnSi, normal Fe2MnSi and inverse 

Fe2MnSi is 2.2, 1, 3 and 3 µB respectively. Total magnetic moment is 1.02, 2.24 and -1 

µB for type1, type2 and type 3 CrFeMnSi compound respectively. Atomic magnetic 

moment for normal Cr2MnSi compound is 0.62, 0.90 and 0.06 µB for Cr, Mn and Si 

respectively. While for inverse Cr2MnSi it’s 1.50, -1.44, 0.88 and 0.06 µB for Cr1, Cr2, 

Mn and Si respectively. In addition, for normal Fe2MnSi the atomic magnetic moment 

is 0.26, 2.44 and 0.04 µB for Fe, Mn and Si respectively. Whereas for inverse Fe2MnSi 

the atomic magnetic moment for Fe1, Fe2, Mn and Si is 2.24, 0.88, -0.16 and 0.04 µB 

consequently. Moreover, the atomic magnetic moment for type 1 CrFeMnSi compound 

is -1.76, 0.26, 2.54 and -0.02 µB for Cr, Fe, Mn and Si respectively. While for type 2 

CrFeMnSi compound it’s -1.30, 2.22, 1.48 and 0.02 µB for Cr, Fe, Mn and Si 

respectively. Whereas for type 3 CrFeMnSi compound atomic magnetic moment for Cr, 

Fe, Mn and Si is -1.32, -0.06, 0.38 and 0 µB respectively. According the band structure 

with density of state inverse Cr2MnSi, normal Fe2MnSi and type 3 CrFeMnSi 

compounds are half-metallic. The energy band gap is 0.136, 0.160 and 0.502 eV for 

Cr2MnSi, CrFeMnSi and Fe2MnSi consequently. These values indicate that energy band 

gap value increase as number of Fe atom increase in compound. The elastic constants 

have found to be 280.1, 155.5 and 113 GPa for C11, C12 and C44 consequently for 

inverse Cr2MnSi compound. Moreover it’s 404.6, 156 and 137.5 GPa for C11, C12 and 

C44 consequently for type 3 CrFeMnSi compound. In addition, the elastic constants for 

normal Fe2MnSi are 307.3, 224.2 and 173.3 GPa for C11, C12 and C44 consequently. All 

three compounds found to be mechanically stable. The bulk modulus was 197, 244.9 

and 251.9 GPa for inverse Cr2MnSi, type 3 CrFeMnSi and normal Fe2MnSi compound 

respectively. Shear modulus for inverse Cr2MnSi, type 3 CrFeMnSi and normal 

Fe2MnSi compound found to be 82.4, 87.1 and 101.8 GPa respectively. Pugh’s ratio 

found to be 2.39, 2.81 and 2.47 for inverse Cr2MnSi, type 3 CrFeMnSi and normal 

Fe2MnSi compound respectively. All three compounds found to be ductile material. 
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Poisson’s ratio calculated for inverse Cr2MnSi, type 3 CrFeMnSi and normal Fe2MnSi 

compound to be 0.316, 0.341 and 0.322 respectively, which indicates that all three 

compounds are ductile. The anisotropy parameter found to be 1.18, 1.15 and 4.17 for 

inverse Cr2MnSi, type 3 CrFeMnSi and normal Fe2MnSi compound respectively. 

According that all three compounds are elastic anisotropic. 

All previous studies mentioned above were discussed full Heusler compounds in 

general. There were some of studies that have specifically discussed Co2MnSi and 

Co2MnGe Heusler compounds. 

In 1998, Ishida et al. (32) calculated the electric structure for Co2MnSi and Co2MnGe 

using LMTO-ASA method with LSD approximation to find them half-metallic 

compounds, calculated the magnetic moment and lattice parameter also. The lattice 

parameter for Co2MnSi and Co2MnGe found to be 5.620 and 5.727 A⁰  consequently, 

the magnetic moment was 1.07 and 2.59 µB for Co and Mn respectively in Co2MnSi 

compound, while it found to be 1.03 and 3.02 µB for Co and Mn respectively in 

Co2MnGe compound. 

In 2006, Galanakis et al. (8) calculated the magnetic moment for Co2MnSi and 

Co2MnGe from the first principles using full potential screened Korringa-Kohn-

Rostoker (FSKKR) method. The total magnetic moment of these compounds was 4.940 

and 4.941 µB respectively. The atom dependent magnetic moment for those compounds 

was 1.021, 2.971 and -0.047 µB for Co, Mn and Si respectively for for Co2MnSi 

compound, on the other hand, they found to be 0.981, 3.040 and -0.061 µB for Co, Mn 

and Ge respectively for Co2MnGe compound. 

In 2015, lattice parameter for Co2MnSi was found experimentally to be 5.661 A⁰  by 

Bhatt et al. (33). 

In 2019, Aguilera-Granja et al. (34) studied the structural, electronic, and magnetic 

characteristics of 60 Heusler alloys, through using SIESTA code. The lattice parameters 

were found to be 5.694 and 5.825 A⁰  for Co2MnSi and Co2MnGe respectively. Both of 

compounds founded to be half-metallic. According to the total magnetic moment, it was 

5 µB for both compounds. In order to partial magnetic moment, they founded to be 

0.893, 3.253 and -0.037 µB for Co, Mn and Si atom respectively in Co2MnSi compound. 
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While for Co2MnGe compound, they founded to be 0.901, 3.395 and -0.196 µB for Co, 

Mn and Ge atom respectively. Also spin down energy gap was founded to be 0.69 and 

0.58 ev for Co2MnSi and Co2MnGe respectively. While both compounds are metallic in 

spin-up with zero energy gap.

In 2021, Pradines et al. (35) used FP-LAPW method with GGA approximation to 

calculate lattice parameter, spin down energy gap and magnetic moment for Co2MnSi. 

The lattice parameter founded to be 5.63 A⁰ . the total magnetic moment was 5 µB. 

According to atom dependent magnetic moment, it was 0 1.07, 2.85 and -0.04 µB for 

Co, Mn and Si atom respectively. In order to the band gap, this compound is half-

metallic. It is metallic in spin-up with zero energy gap, and semi-conductor in spin 

down with 0.83 ev energy gap. 

All of these studies found that these two compounds have L21 structure and half-

metallic ferromagnets behavior. 

Importance of this study 

Heusler compounds had been discovered more than a century earlier, but they attracted 

the researcher's attention continuously. They have amazing controllability and unuque 

characteristics. 

Heusler alloys have a lot of exciting physical characteristics that give them the potential 

for a lot of applications in several technical field, including spin-gapless semiconductors 

(SGSs), spintronic, topological insulators, thermo-electric materials, shape memory 

alloys (SMAs) and superconductors. 

This research is considered as a hot topic since the importance of this study lies in the 

totally different behavior at spin-up and spin-down bands for these materials. The spin-

up electrons behave as metallic, while the spin-down electrons behave as 

semiconductor. 

They can be categorized as metallic, semiconductors, semimetals, and various kinds of 

magnetic order including ferromagnets, antiferromagnets and half-metallic 

ferromagnets. 
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For spintronic and magneto-electronic applications, half-metallic magnetic materials are 

thought to be quite promising. 

Pradines et al. (35) have been used FP-LAPW technique within generalized gradient 

approximation (GGA) only. 

In this work modified Becke-Johnson potential (mBJ) is going to be utilized to improve 

the calculations of the total and partial density of state and energy band gaps. In 

addition to the previous studies, the elastic properties will be investigated for both 

compounds. 

Previous studies on Co₂ MnSi and Co₂ MnGe Heusler compounds have focused only 

on the structural, magnetic, and electronic properties of the normal structure. 

In this study, moreover to these properties, we investigate the elastic properties of both 

compounds. Furthermore, the structural, magnetic, electronic, and elastic properties of 

both compounds are examined at the inverse structure. 

The mBJ method is essential for determining whether the compounds are 

semiconductors, insulators, metals, or half-metals. Understanding half-metallicity is 

particularly important for spin-polarized systems. 

The elastic properties are critical for evaluating the stability of the compounds, bond 

nature, harmonic or anharmonic behavior, ductility, brittleness, and several other 

characteristics. 

The methodology is detailed in chapter two. We will show our results and discussion in 

chapter three. Finally in chapter four conclusion is summarized. 
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Chapter Two 

Methodology 

In solids, to calculate the quantitative properties we need the solution of the time 

independent Schrödinger Equation (SE) for N-body system (36–38) 

Ĥψ = Eψ  (1) 

where H is the Hamiltonian of N-body system, E is the energy for N-body system and Ψ 

is a wave function of all participating particles. 

𝐻 = −
ħ2

2
∑

𝛻2𝑅⃗ 𝑖
𝑀𝑖

𝑁

𝑖=1

−  
ħ2

2
∑

𝛻2𝑟 𝑖
𝑚𝑒

𝑁

𝑖=1

−
1

4𝜋𝜖0
∑

𝑒2𝑍𝑖

|𝑅⃗ 𝑖 − 𝑟 𝑖|

𝑁

𝑖𝑗

+
1

8𝜋𝜖0
∑

𝑒2

|𝑟 𝑖 − 𝑟 𝑗|

𝑁

𝑖≠𝑗

+
1

8𝜋𝜖0
∑

𝑒2𝑍𝑖𝑍𝑗

|𝑅⃗ 𝑖 − 𝑅⃗ 𝑗|

𝑁

𝑖≠𝑗

  

 

(2) 

The first term in this equation is the nuclei’s kinetic energy operator (𝑇𝑛), the second 

one for the electrons (𝑇𝑒). The last three terms described the coulomb interaction 

between electron and nuclei (𝑉𝑒𝑛), electron and other electrons (𝑉𝑒𝑒), nuclei and other 

nuclei (𝑉𝑛𝑛) respectively. 

This SE can’t be solved exactly for N-body system. So here are some approximations to 

solve this problem: 

2.1 The Born-Oppenheimer Approximation (BOA) 

The Born-Oppenheimer Approximation assumed that the mass of nuclei is significantly 

larger than the mass of electron (39,40), therefore much slower than the electron, so that 

it is appears as fixed comparing with electron. So according to BOA 𝑇𝑛 can be dropped 

and 𝑉𝑛𝑛 will be reduced to a constant. 

Therefore equation (2) with applying BOA can be written as 

Ĥ = 𝑇̂𝑒 + V̂en + V̂ee + V̂nn (3) 

Ĥ = 𝑇̂𝑒 + V̂ee + V̂ext (4) 



13 

with fixed position of nuclei, where 𝑉𝑒𝑥𝑡 = 𝑉𝑒𝑛 + 𝑉𝑛𝑛 and called the external potential. 

The N-particle problem become simpler but it still difficult to calculate, and the 

complex represented in 𝑉𝑒𝑒 term. 

2.2 Hartree and Hartree-Fock Approximation 

Hartree approximation based on assuming that the electrons were independent of each 

other (40), so the wave function (ψ) of many electrons can be written as: 

ψn(r1, r2, r3, … , rN) = ψ1(r1)ψ2(r2)ψ3(r3). . . ψN(rN) (5) 

where: 𝛹N(𝑟N) is the wave function for the electrons. 

depending on that total Hamiltonian can be expressed as: 

Ĥ = 𝑇̂𝑒 + V̂ext + V̂H (6) 

where Te is the kinetic energy, Vext is the external potential and VH is the Hartree 

potential that can be written as: 

V̂H =
1

8πε0
∑

|ψ(ri⃗⃗ )|
2|ψ(rj⃗⃗ )|

2
d3rid

3rj

|ri⃗⃗ − rj⃗⃗ |
.

N

ij

 

 

(7) 

The main problem with this method is that it needs a lot of computational prosses, that 

makes it a more complex system. 

2.3 Density Functional Theory (DFT) 

DFT have been established by Hohenberg and Kohn in 1964, it replaces the electron 

wave function of many electrons with the electron density as the basic quantity (41). 

By DFT the N-body problem can be solved as a one-body problem (non-interacting 

system having the same total density). It's efficient reduction of the functional energy 

would lead to the density of the ground state (𝜌0). 

Thus 𝐸(𝜌) can be redefined as the Hartree total energy plus another smaller unknown 

functional called exchanged-correlation functional 𝐸𝑥𝑐(𝜌). 
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E(ρ) =  Ts(ρ) + Ec(ρ) + EH(ρ) + Eii(ρ) + Exc(ρ) (8) 

where 𝑇𝑠 refers to single kinetic energy, 𝐸𝑐 is coulomb energy between nuclei and 

electrons, 𝐸𝑖𝑖(𝜌) the interaction between nuclei, 𝐸𝑥𝑐 is exchange correlation energy, 

which is an unknown part and 𝐸𝐻 is Hartree potential. 

EH(ρ) =
e2

2
∫d3r d3r′ 

ρ(r )ρ(ŕ )

|r − ŕ |
 

 

(9) 

SE for one electron can be written as: 

[TS  + Vext(r) + VH(ρ(r)) + VXC(ρ(r))] Фi(r) =  εiФi(r) (10) 

where, 𝜀𝑖 is the single particle energy, Фi is the electron wave function, 𝑉𝐻 is the 

Hartree potential, 𝑉𝑒𝑥𝑡 the coulomb potential and 𝑉𝑋𝐶 is the exchange-correlation 

potential. 

2.4 Single particle Kohn-Sham Equation 

Kohn-Sham (KS) equations of a N-electron system for the density of the ground state, 

total energy, and KS eigenvalues (energy bands) were solved by LAPW method (38). 

This expression could be explained as the functional energy of a non-interacting 

classical electron gas, subjected into two external potentials: the first one is because of 

the nuclei  𝑉̂𝑒𝑥𝑡[𝜌], and the second is because of the exchange and correlation effects 

𝑉̂𝑥𝑐[𝜌]. 

The exact ground-state density 𝜌(𝑟) of an N-electron system is: 

ρ(r )  =  ∑ϕi
∗(r )ϕi(r )

N

i=1

= ∑|ϕi(r )|
2,

N

i=1

 

 

(11) 

where ϕi(r ) is the single-particle wave functions, that are the N lowest-energy solutions 

of the KS equation 

ĤKSϕi  =  ϵiϕi  (12) 

 



15 

KS equation sometimes is written as: 

 
Ĥϕi(r ) =  [−

ℏ2

2me
∇⃗⃗ i
2 + Veff] ϕi = ϵiϕ i 

 

(13) 

where 𝐻̂ is the Hamiltonian operator. The effective potential 𝑉𝑒𝑓𝑓(r ) is the sum of the 

external, the Hartree (electrostatic), and the exchange-correlation potentials: 

Veff(r ) =  Vext(r ) +
δEH[ρ]

δρ
+
δExc[ρ]

δρ
 

 = Vext(r ) +
e2

4πϵ0
∫

ρ(r′⃗⃗  )

|r − r ′|
dr ′ + Vxc(r ) 

 

(14) 

From the above equation, 𝑉𝐻 and 𝑉𝑥𝑐 depends on the charge density 𝜌(𝑟́ ), which 

depends on the 𝜙𝑖 that were being searched. That implies we were dealing with a self -

consistency problem. 

The solution ϕi obtain the original equation (VH and  𝑉𝑥𝑐 in 𝐻𝑘𝑠), It is impossible to 

write down an equation and solve it before knowing it's solution. 

Some initial density 𝜌0 is guessed, and a Hamiltonian HKS1 can be constructed through 

it. The eigenvalue problem is solved, and ϕ1 can be determined from 𝜌1. Now 𝜌1 can be 

utilized to construct HKS2 that will lead to 𝜌2, etc. The procedure can be used until the 

series converge and ρf get out (42). These steps are shown in figure (3). 
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Figure 3 

Flow chart of the 𝒏𝒕𝒉 repitition in the self-consistent procedure to solve Hartree-Fock or Kohn-

Sham equations 
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2.5 The Exchange-Correlation Functional 

The Kohn-Sham scheme mentioned previously was accurate if no other approximations 

were made except the preceding Born-Oppenheimer approximation. But we don't know 

the functional exchange-correlation yet. 

The introduction of an approximation is needed. Two such often-used approximations 

are Local Density Approximation (LDA) and Generalized Gradient Approximation 

(GGA) (38). 

2.6 Local Density Approximation (LDA) 

LDA was applied to DFT by Kohn and Sham. The functional exchange-correlation 

doesn’t known exactly but can be estimated. 

LDA can be solved by the exchange-correlation energy (43). The LDA for the 

exchange-correlation energy would be given as: 

Exc
LDA = ∫ρ(r⃑)εxc[ρ(r⃑)] dr ⃗⃗⃑ 

(15) 

where the εxc[ρ(r⃑)] is defined as the exchange-correlation energy per electron of a 

homogenous electron gas, whose electronic density is precisely 𝜌0(𝑟) at any r. 

The LDA approximation going to be valid when the electronic density changes very 

slowly with the position due to lack of ρ0 (r) derivative in the expression for εxc[ρ(r⃑)], 

which indicates by the term "local". 

If the exchange and correlation contributions are considered independently, the first 

contribution could be calculated analytically. 

The Correlation energy, due to lacks analytic expression and it represented as a complex 

function of ρ0  that depends on the parameters whose values were fitted using a precise 

simulation of the homogeneous electron gas energy as reference. 

Exc
LDA = Ex

LDA + Ec
LDA (16) 

The first term is the exchange energy which comes from the Pauli Exclusion Principle, 

while the second term, called the correlation energy which comes from the interaction 

of electrons with the same spin (43). 
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2.7 Generalized Gradient Approximation (GGA) 

GGA improves the local spin density (LSD) definition of the exchange-correlation 

energy through including the first derivatives of the electronic density (43).  

While LDA uses the exchange energy density of the homogeneous electron gas, 

neglected of the homogeneity of the actual charge density, GGA takes care of such 

inhomogeneity by including the gradient of the electron density ∇⃗⃑⃗𝜌(𝑟) in the function. 

Exc
GGA = ∫ρ(r⃑)εxc[ρ(r⃑), ∇⃗⃑⃗ρ(r⃑)] dr⃑ 

(17) 

where ρ(r ) is the charge density, and ∇ρ(r ) is the gradient of charge density. GGA was 

found to be more accurate than the LDA in electronic structure calculation. 

2.8 Augmented Plane Wave (APW) Method 

APW method is a procedure for solving the KS equation. In APW method (38), unit cell 

is splited into two types of areas. The first one is separated atomic spheres centered at 

the atomic sites such a sphere is called a muffin tin (Sα) with radius Rα. The second is 

the remaining space outside the spheres that are called the interstitial area. 

These regions are displayed in figure (4). 

Figure 4 

Scheme of Augmented Plane Wave 
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In the area far away from the nuclei, the electrons are approximately free so it can be 

described within plane waves. But if electrons are close to the nuclei, they behave quite 

as they were in a free atom, so they can be described within spherical harmonic 

functions.  

APW used in the expansion of φ𝑛 is defined as: 

 

𝝓
𝑲⃑⃗⃗⃗
𝒌⃑⃗⃗ (𝒓⃑⃗, 𝑬) =  

{
 
 

 
 

𝟏

√𝑽
𝒆𝒊(𝒌⃑⃗⃗+𝑲⃑⃗⃗⃗).𝒓⃑⃗, 𝒓 >  Rα 

∑𝑨𝒍𝒎
𝜶,𝒌⃑⃗⃗+𝑲⃑⃗⃗⃗

𝒍,𝒎

𝒖𝒍
𝜶(𝒓′, 𝑬)𝒀𝒍

𝒎(𝒓̂′), 𝒓′ < Rα
 

 

(18) 

Where 𝑘⃑⃗ is the wave vector inside the Brillion zone, 𝐾⃑⃗⃗ is the reciprocal lattice vectors, 

V is the volume of the unit cell, 𝑟´ is the position vector inside the sphere, and 𝑢𝑙
𝛼 is the 

radial part solution of SE at energy ε. 

2.9 The Linearized Augmented Plane Wave (LAPW) Method 

LAPW method is a procedure for solving the KS equation (38). Anderson was 

introduced to the LAPW scheme (look like APW scheme). He suggested expanding the 

energy dependence of radial wave functions u(r′) inside the atomic spheres with its 

energy derivative 
∂uα(r′,E)

∂E
= u̇α(r′, E), A linear combination of radial function times 

spherical harmonics is utilized in this scheme. 

For a sphere of radius 𝑅𝛼, spherical harmonic 𝑌𝑙𝑚(𝑟) is used where 𝑢𝑙(𝑟, 𝐸𝑙) is the 

normal solution of the radial SE for energy 𝐸𝑙 , and the spherical part of the potential 

inside sphere 𝑢̇𝛼(𝑟′, 𝐸) is the energy derivative of 𝑢𝑙  taken at the same energy. 

𝜙
𝐾⃑⃗⃗
𝑘⃑⃗(𝑟, 𝐸) =∑(𝑎𝑙𝑚

𝛼,𝑘⃑⃗+𝐾⃑⃗⃗

𝑙,𝑚

𝑢𝑙
𝛼(𝑟′, 𝐸) + 𝑏𝑙𝑚

𝛼,𝑘⃑⃗+𝐾⃑⃗⃗𝑢̇𝑙
𝛼(𝑟′, 𝐸)) 𝑌𝑚

𝑙 (𝑟̂′), 𝑟′ < 𝑅𝛼 
(19) 

In the interstitial area this expansion for plane wave is used: 

𝝓
𝑲⃑⃗⃗⃗
𝒌⃑⃗⃗ (𝒓⃑⃗, 𝑬) =

𝟏

√𝑽
𝒆𝒊(𝒌⃑⃗⃗+𝑲⃑⃗⃗⃗).𝒓⃑⃗, 𝒓 >  Rα 

(20) 
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In general form LAPW method expands the potential as the following formula: 

 

V(r⃑)  =  

{
 
 

 
 ∑Vlm(r)Ylm(r̂) insidesphere

lm

∑Vk⃗⃑⃗
k⃗⃑⃗

eik⃗⃑⃗.r⃑⃗ outsidesphere
 

 

(21) 

2.10 Modified Becke-Johnson Potential (mBJ) 

Because mBJ improves the band structure of materials, particularly semiconductor 

materials (44), it is a tool that is highly important and is applied in the WIEN2k code. 

As a result, it is significant in terms of general agreement with the experiment. Due to 

the absence of an exchange and correlation energy term from which to deduce the mBJ-

GGA potential, a straight optimization to determine the lattice parameter is not feasible. 

The experimental gap value can deviate by as much as 20-40 percent. It was proposed 

that the LDA, GGA optimization approach was previously utilized to compute the band 

structure and the resulting lattice parameter, and this suggestion is important because 

small percentage differences in the lattice parameter can result in higher relative 

deviations from experimental in the expected band gap. 
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Chapter Three 

Results and Discussion 

3.1 Computational Method 

The full potential linearized augmented plane wave method (FP-LAPW) which 

implemented in Wien2k package(38), within generalized gradient approximation (PBE-

GGA) has been used in this work. 

For Co2MnSi compound Co, Mn and Si atoms have muffin-tin radii (RMT) 2.18,2.18 and 

2.01 a.u., consequently, while in Co2MnGe compound Co, Mn and Ge atoms have RMT 

of 2.22,2.22 and 2.16 a.u., consequently. 

To achieve a self-consistency for Co2MnSi and Co2MnGe 165 special k-points in the 

irreducible Brillion zone (IBZ) have been used with a grid equivalent to 5000 k-points 

in the overall BZ. 

Moreover, the number of plane waves has been limited by Kmax * RMT = 8, while the 

wave functions expansions have been set to l = 10 inside the muffin tin spheres. 

The self-consistent computations have been determined to have converge only when the 

computated total energy of the crystal converged to lower than 10-2 mRy. 

Lastly, the elastic constants C11, C12 and C44 have been computed by using the second-

order derivative within the IRelast (45) formalism at Wien2k code. 

 1

𝑉0
 [

𝜕2𝐸

𝜕εi𝜕εj
]
εk=0

=  ijC 
(22) 

Where Eis the energy of strained system and can be written as 

 E (V, εk) = E0 + V0 [∑ 𝜎𝑖
6
i=1 εi +

1 

2
∑ 𝐶𝑖𝑗εiε𝑗
6
ij=1 ]  (23) 

Where εk is the energy and V is the volume of strained system. 
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3.2 Structural Properties 

Computation of the structural properties; optimized lattice constant (a), bulk modulus 

(B), its pressure derivative (B′), and minimal energy 𝑬𝟎 . The total energy (Ry) versus 

volume (a.u3) graphs have been fitted by utilizing Murnaghan’s equation of state (EOS) 

which presented by (32): 

 

𝐸(𝑉) =  𝐸0 + 
𝑉𝐵

B′

{
 
 

 
 

[
(
𝑉0

𝑉
)
B′

B′ − 1
] + 1

}
 
 

 
 

− [
𝐵𝑉0
B′ − 1

]  

 

(24) 

Where Pressure, P = - 
𝑑𝐸

 𝑑𝑉
, Bulk modulus, B = - V 

𝑑𝑃

𝑑𝑉
 = V 

𝑑2𝐸

𝑑𝑉2
  

Normal Heusler Co2MnSi and Co2MnGe compounds with the space group Fm-3m L21 

(225), where inverse Heusler Co2MnSi and Co2MnGe compounds have space group F-

43m X (216) (46). Figure (5) indicates the full Heusler Co2MnSi and Co2MnGe 

compounds crystal structures. 

During the optimization volume calculation, estimates of the lattice parameter have 

been determined for both normal and inverse Co2MnSi and Co2MnGe compounds. 

The total energy versus the volume of Co2MnSi and Co2MnGe compounds in both 

normal and inverse structures are appeared in figure (6(a-d)). 

The calculated structural properties for normal and invers Co2MnSi and Co2MnGe 

Heusler compounds are tabulated in table (1). 
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Figure 5 

Crystal structures of the full Heusler Co2MnSi and Co2MnGe compounds (red: Co, blue: Mn, 

green: Si / Ge) 

 

 
 

Note: (a) normal Heusler (L21) and (b) inverse Heusler (Xa), 

 

a 

b 
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Figure 6 

The total energy (Ry) versus volume (a.u3) of Heusler compounds  

(a)       (b) 

 

  (c)       (d) 
 

Note: (a) normal Co2MnSi, (b) inverse Co2MnSi, (c) normal Co2MnGe and (d) inverse Co2MnGe. 
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Table 1 

Calculated lattice parameter(a), bulk modulus (B), first pressure derivative of the Bulk modulus 

(B') and minimum energy E0 for normal and inverse Heusler Co2MnSi and Co2MnGe Heusler 

compounds 

Compounds 
Space 

group 
Reference a (Å) B (GPa) B(GPa) E0 (eV) 

Co2MnSi 

Normal 

Fm-3m 

(225) 

Present 5.6347 226.5334 5.2684 -8471.426864 

Experimental 
5.654 (32,34) 

5.661 (33) 
   

Theoretical 

5.620 (32) 

5.694 (34) 

5.63 (35) 

   

Inverse 

F-43m 

(216) 

Present 5.6459 180.7051 -0.6028 -8471.355770 

Co2MnGe 

Normal 

Fm-3m 

(225) 

Present 5.7351 200.9877 5.5049 -12089.414823 

Experimental 5.743 (32,34)    

Theoretical 
5.727 (32) 

5.825 (34) 
   

Inverse 

F-43m 

(216) 

Present 5.7528 125.9760 20.6020 -12089.389507 

 

Table (1) show that the lattice parameter is 5.6347, 5.7351, 5.6459 and 5.7528 A0 for 

normal Co2MnSi, normal Co2MnGe, inverse Co2MnSi and inverse Co2MnGe 

respectively. 

Table (1) indicate a good agreement between present results and experimental lattice 

parameter for both normal compounds. For normal Co2MnSi compound our result is 

0.34% smaller than experimental lattice parameter, but for normal Co2MnGe compound 

it is 0.14% smaller than experimental.

According to minimum energy (E0), table (1) shows that E0 is -8471.426864, -

12089.414823, -8471.355770 and -12089.389507 eV for normal Co2MnSi, normal 

Co2MnGe, inverse Co2MnSi and inverse Co2MnGe respectively. 
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 From table (1) we can notice that normal Co2MnSi compound has minimal energy E0 

less than inverse structure, which mean comparing to the inverse structure, the normal 

structure is more mechanically stable. 

The same for Co2MnGe compound, E0 for normal structure lower than inverse structure, 

which mean comparing to the inverse structure, the normal structure is more 

mechanically stable. 

The bulk modulus for normal Co2MnSi, normal Co2MnGe, inverse Co2MnSi and 

inverse Co2MnGe is 226.5334, 200.9877, 180.7051 and 125.9760 GPa respectively. 

And its first derivative is 5.2684, 5.5049, -0.6028 and 20.6020 GPa for normal 

Co2MnSi, normal Co2MnGe, inverse Co2MnSi and inverse Co2MnGe respectively. 

The previous studies found the lattice parameter only, this study has a good agreement 

with the earlier results. 

In addition to that, this study found the bulk modulus, it’s first derivative and the 

minimum energy for both normal and inverse Co2MnSi and Co2MnGe full Heusler 

compounds. Moreover the lattice parameter for inverse Co2MnSi and inverse Co2MnGe 

full Heusler compounds were founded in this study. 

3.3 Magnetic Properties 

The total and partial magnetic moment of normal and inverse Heusler compounds 

Co2MnSi and Co2MnGe have been calculated using GGA, and the result have been 

compared with other previous studies, as mentioned in table (2). In addition, mBJ used 

to prove that compounds are half metallic or not, and the result mentioned in table (3). 

The total magnetic moment of normal Co2MnSi, normal Co2MnGe, inverse Co2MnSi 

and inverse Co2MnGe is 4.99382, 4.96698, 4.31954 and 4.97734 µB respectively. 

In contrast, the partial magnetic moment firstly of normal Co2MnSi compound is 

1.06500, 2.95095, -0.04115 and -0.04597 µB for both Co atom, Mn atom, Si atom and 

interstitial respectively. 

Then for normal Co2MnGe compound it’s 1.01069, 3.01243, -0.03382 and -0.03301 µB 

for both Co atom, Mn atom, Ge atom and interstitial respectively. 
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Moreover, partial magnetic moment is 0.89886, 1.68790, 1.84580, -0.03163 and -

0.08139 µB for first Co atom, second Co atom, Mn atom, Si atom and interstitial 

respectively at inverse Co2MnSi compound. 

Finally, at inverse Co2MnGe compound it’s 1.03149, 1.64726, 2.39885, -0.03439 and -

0.06587 µB for first Co atom, second Co atom, Mn atom, Ge atom and interstitial 

respectively. 

From table (2) we notice that both normal and inverse Heusler compounds Co2MnSi 

and Co2MnGe are ferromagnetic materials. 

In Co2MnSi, the total magnetic moment in normal structure is larger than that in inverse 

structure because of the high contribution of Mn atom in the normal case. 

Table (2) indicates that the main contribution in the total magnetic moment of both 

normal and inverse Heusler Co2MnGe compound is from Mn atom. 

Table (2) shows a good agreement between present results and previous experimental 

total magnetic moment for both compounds Co2MnSi and Co2MnGe. For Co2MnSi our 

result is 1.503 % lower than the experimental result, and for Co2MnGe it is 2.799 % 

lower than experimental one. 
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Table 2 

Total, atomic and interstitial GGA magnetic moment of normal and inverse Heusler compounds Co2MnZ where Z (Si. Ge) 

Structure Reference 

Magnetic Moment in (𝜇𝐵) 

Co1 Co2 Mn Z Interstitial 
Total magnetic 

moment (𝑀𝑡𝑜𝑡) 

Normal 

Co2MnSi 

Present 1.06500 1.06500 2.95095 -0.04115 -0.04597 4.99382 

Experimental      5.07 (34) 

Theoretical 

1.07 (32,35) 

1.021 (8) 

0.893 (34) 

1.07 (32,35) 

1.021 (8) 

0.893 (34) 

2.95 (32) 

2.971 (8) 

3.253 (34) 

2.85 (35) 

-0.074 (8) 

-0.037 (34) 

-0.04 (35) 

 
4.940 (8) 

5 (34,35) 

Inverse 

Co2MnSi 
Present 0.89886 1.68790 1.84580 -0.03163 -0.08139 4.31954 

Normal 

Co2MnGe 

Present 1.01069 1.01069 3.01243 -0.03382 -0.03301 4.96698 

Experimental      5.11 (34) 

Theoretical 

1.03 (32) 

0.981 (8) 

0.901 (34) 

1.03 (32) 

0.981 (8) 

0.901 (34) 

3.02 (32) 

3.04 (8) 

3.393 (34) 

-0.061 (8) 

-0.196 (34) 
 

4.941 (8) 

5 (34) 

Inverse 

Co2MnGe 
Present 1.03149 1.64726 2.39885 -0.03439 -0.06587 4.97734 
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Table 3 

Total, atomic and interstitial mBJ magnetic moment for normal and inverse Heusler compounds Co2MnZ where Z (Si. Ge) 

Structure Reference 

Magnetic Moment in (𝜇𝐵) 

Co1 Co2 Mn Z Interstitial 
Total magnetic 

moment (𝑀𝑡𝑜𝑡) 

Normal 

Co2MnSi 
Present 1.17379 1.17379 3.02703 -0.07775 -0.29688 4.99999 

Inverse 

Co2MnSi 
Present 1.08738 2.02467 1.95504 -0.06462 -0.21975 4.78272 

Normal 

Co2MnGe 
Present 1.15090 1.15090 3.10702 -0.07531 -0.33358 4.99994 

Inverse 

Co2MnGe 
Present 1.34288 1.98689 3.05165 -0.05403 -0.18791 6.13948 
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Table (3) indicates the total, atomic and interstitial magnetic moment of both normal 

and inverse Heusler compounds Co2MnSi and Co2MnGe with mBJ approximation. 

Total magnetic moment is 4.99999, 4.78272, 4.99994 and 6.13948 µB for normal 

Heusler compound Co2MnSi, invers Heusler compound Co2MnSi, normal Heusler 

compound Co2MnGe and invers Heusler compound Co2MnGe respectively. 

In contrast, the partial magnetic moment firstly of normal Co2MnSi compound is 

1.17379, 3.02703, -0.07775 and -0.29688 µB for both Co atom, Mn atom, Si atom and 

interstitial respectively. 

Then for normal Co2MnGe compound it’s 1.15090, 3.10702, -0.07531 and -0.33358 µB 

for both Co atom, Mn atom, Ge atom and interstitial respectively. 

Moreover, partial magnetic moment is 1.08738, 2.02467, 1.95504, -0.06462 and -

0.21975 µB for first Co atom, second Co atom, Mn atom, Si atom and interstitial 

respectively at inverse Co2MnSi compound. 

Finally, at inverse Co2MnGe compound it’s 1.34288, 1.98689, 3.05165, -0.05403 and -

0.18794 µB for first Co atom, second Co atom, Mn atom, Ge atom and interstitial 

respectively. 

From table (3) we notice that both normal and inverse Heusler compounds Co2MnSi 

and Co2MnGe are ferromagnetic materials. 

In Co2MnSi, the total magnetic moment in normal structure is larger than that in inverse 

structure because of the high contribution of Mn atom in the normal case. 

Table (3) indicates that the main contribution in the total magnetic moment of normal 

and inverse Heusler Co2MnGe compound is from Mn atom. 

By comparing table (2) and table (3), we notice the impact of mBJ approximation on the 

magnetic moment of both normal and inverse Heusler compounds Co2MnSi and 

Co2MnGe. Moreover, total magnetic moment for both normal Heusler compounds 

Co2MnSi and Co2MnGe nearly integer, that means the compounds are half metallic. 

The total magnetic moment for normal Co2MnSi is 0.124 % larger by mBJ 

approximation than GGA. For normal Co2MnGe it’s 0.664 % larger by mBJ 
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approximation than GGA. Moreover, for inverse Co2MnSi the total magnetic moment is 

10.723 % larger by mBJ approximation than GGA. Also, it’s 23.349 % larger by mBJ 

approximation than GGA for inverse Co2MnGe. 

The previous studies found the total and partial magnetic moment of normal Heusler 

compounds Co2MnSi and Co2MnGe by GGA only. In addition to that, in this study the 

total and partial magnetic moment of inverse Heusler compounds Co2MnSi and 

Co2MnGe by GGA. Moreover, the total and partial magnetic moment of normal and 

inverse Heusler compounds Co2MnSi and Co2MnGe by mBJ approximating. 

3.4 Electronic Properties 

In this section, the band structure (BS), the partial density of states (PDOS) and the total 

density of states (TDOS) were investigated for both normal and inverse Heusler 

Co2MnSi and Co2MnGe Heusler compounds using GGA. Also using mBJ to enhance 

band gsp. 

The analysis of the BS for normal Heusler structures of Co2MnSi and Co2MnGe 

investigated that they behave half-metallically. It is metallic in spin-up with zero band 

gap, and semiconductor in spin-down, using both GGA-PBE and mBJ-GGA techniques. 

The BS for inverse Heusler structures of Co2MnSi and Co2MnGe indicated that they 

behave metallically with zero band gap in both spin-up and spin down, using GGA-PBE 

and mBJ-GGA techniques. 

Figures (7-11) showed the band structure for both normal and inverse Co2MnSi and 

Co2MnGe Heusler compounds. 
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Table 4 

Band gap of normal and inverse Heusler compounds Co2MnSi and Co2MnGe 

Compound Reference 𝐸𝑔 GGA (eV) 𝐸𝑔 mBJ (eV) 𝐸𝑔 Type 

Normal Co2MnSi 

Present 0.819 1.471 direct 

Theoretical 
0.69 (34) 

0.83 (35) 
  

Inverse Co2MnSi Present 0 0  

Normal Co2MnGe 
Present 0.578 1.551 direct 

Theoretical 0.58 (34)   

Inverse Co2MnGe Present 0 0  

 

Table (4) shows the energy band gap for both normal and invers Heusler compounds 

Co2MnSi and Co2MnGe by both approximations GGA and mBJ. 

The energy band gap for normal Co2MnSi and normal Co2MnGe is 0.819 and 0.875 eV 

respectively by GGA for spin down, these two compounds are metallic for spin up with 

zero energy band gap. According these band gaps both normal Heusler compounds 

Co2MnSi and Co2MnGe are half metallic compounds. 

Both inverse Heusler compounds Co2MnSi and Co2MnGe have zero energy band gap, 

so both of these compounds are metallic compounds. 

Table (4) indicates a good agreement between previous studies and our study. For 

normal Co2MnSi present energy band gap is 18.696 % and 1.325 % lower than previous 

studies. For normal Co2MnGe it’s 0.345 % lower than previous study. 

Previous studies found the energy band gap for both normal Co2MnSi and Co2MnGe by 

GGA only. 

In addition to that, this study found the energy band gap of both inverse Heusler 

compounds by GGA. Moreover, the energy band gap of both normal and inverse 

Heusler Compounds Co2MnSi and Co2MnGe by mBJ approximation. 

Table (4) indicates the effect of mBJ approximation on the computed energy band gap 

of both normal Heusler Co2MnSi and Co2MnGe. 
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Energy band gap for normal Co2MnSi is 79.609 % larger by mBJ approximation than 

by GGA. And for normal Co2MnGe it’s 168.339 % larger by mBJ approximation than 

by GGA. 

Figure 7 

Band structure of normal Co2MnSi  

 
(a)              (b) 

 
  (c)       (d) 
 

Note: (a) spin-up with GGA, (b) spin-down with GGA, (c) spin-up with mBJ and (d) spin-down with 

mBJ. 
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Figure 8 

Band structure of inverse Co2MnSi  

 
          (a)     (b) 

 
           (c)     (d) 

 
Note: (a) spin-up with GGA, (b) spin-down with GGA, (c) spin-up with mBJ and (d) spin-down with 

mBJ. 
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Figure 9 

Band structure of normal Co2MnGe  

 
            (a)            (b) 

 
           (c)                                                                  (d) 
 

Note: (a) spin-up with GGA, (b) spin-down with GGA, (c) spin-up with mBJ and (d) spin-down with 

mBJ. 
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Figure 10 

Band structure of inverse Co2MnGe  

 
            (a)                            (b) 

 
          (c)                                                                (d) 
 

Note: (a) spin-up with GGA, (b) spin-down with GGA, (c) spin-up with mBJ and (d) spin-down with 

mBJ. 
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Figure 7 (a) indicated that the normal Heusler compound Co2MnSi is metallic in spin up 

with no band gap, figure 7 (b) showed that this compound is semiconductor in spin 

down, which means the compound is half metallic. 

Comparing figures 7 (b) and 7 (d) indicated the effect of mBJ method according to the 

band gap, it’s clear that mBJ method improved the band structure of normal Co2MnSi 

compound at spin-down. 

Figure 8 showed that inverse Heusler compound Co2MnSi is metallic with no band gap 

at both spin-up and spin-down, and the effect of mBJ method not clear because the 

compound is metallic. 

Figure 9 (a) indicated that the normal Heusler compound Co2MnGe is metallic in spin 

up with no band gap, figure 9 (b) showed that this compound is semiconductor in spin 

down, which means the compound is half metallic. 

Comparing figures 9 (b) and 9 (d) indicated the effect of mBJ method according to the 

band gap, it’s clear that mBJ method improved the band structure of normal Co2MnSi 

compound at spin-down. 

Figure 10 showed that inverse Heusler compound Co2MnSi is metallic with no band gap 

at both spin-up and spin-down, and the effect of mBJ method not clear because the 

compound is metallic 

For both normal Co2MnSi and Co2MnGe compounds at spin-up, the effect of mBJ 

doesn’t appear clearly, because these compounds are metallic at spin-up and have zero 

energy gap. 

Total and partial density of states for both normal and inverse Co2MnSi and Co2MnGe 

Heusler compounds in both spin-up and spin-down using GGA were appeared in figures 

(11 – 18) in appendix A. 

Figure (11) in appendix A showed TDOS and PDOS of normal Co2MnSi at spin-up. For 

spin-up the main contributions to the valence band (VB) is because of d-state of Co, d-

state of Mn and p-state of Si. The major contributions of VB are from Co atom, then Mn 

atom and then a little contribution from Si atom for normal Co2MnSi compound. 
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Moreover, the major contributions to the conduction band (CB) is because of d-state of 

Co, d-state of Mn and p-state of Si. The major contributions of CB are from Co atom, 

then Mn atom and then a little contribution from Si atom for normal Co2MnSi 

compound. 

Figure (12) in appendix A showed TDOS and PDOS of normal Co2MnSi at spin-down. 

For spin-down the major contributions of the VB is because of d-state of Co, d-state of 

Mn and p-state of Si. The major contributions of VB are from Co atom, then Mn atom 

and then a little contribution from Si atom for normal Co2MnSi compound. 

Furthermore, the major contribution to the CB is because of d-state of Co, d-state of Mn 

and both s and p-state of Si. The major contributions of CB are from Co atom, then Mn 

atom and then a little contribution from Si atom for normal Co2MnSi compound. 

Figures (11) and (12) in appendix A showed that normal Co2MnSi Heusler compound 

has a half-metallic behavior, it’s metallic at spin-up with no band gap, and semi-

conductor at spin-down with small band gap. 

Figure (13) in appendix A showed TDOS and PDOS of inverse Co2MnSi at spin-up. For 

spin-up the major contributions of the VB is because of d-state of Co, d-state of Mn and 

p-state of Si. The major contributions of VB are from Co atom, then Mn atom and then 

a little contribution from Si atom for inverse Co2MnSi compound. 

Moreover, the major contributions of the CB are because of d-state of Mn, d-state of Co 

and both s and p-state of Si. The major contributions of CB are from Mn atom, then Co 

atom and then a little contribution from Si atom for inverse Co2MnSi compound. 

Figure (14) in appendix A showed TDOS and PDOS of invers Co2MnSi at spin-down. 

For spin-down the major contributions of the VB is because of d-state of Co, d-state of 

Mn and p-state of Si. The major contributions of VB are from Co atom, then Mn atom 

and then a little contribution from Si atom for invers Co2MnSi compound. 

Also, the major contributions of the CB are because of d-state of Mn, d-state of Co and 

both s and p-state of Si. The major contributions of CB are from Mn atom, then Co 

atom, then a little contribution from Si atom for invers Co2MnSi compound. But near 
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fermi level the major contribution comes from Co atom. But near fermi level the major 

contribution comes from Co atom. 

Figure (15) in appendix A showed TDOS and PDOS of normal Co2MnGe at spin-up. 

For spin-up the major contributions of the VB is because of d-state of Co, d-state of Mn 

and p-state of Ge. The major contributions of VB are from Co atom, then Mn atom and 

then a little contribution from Ge atom for normal Co2MnGe compound. 

Also, the major contribution of the CB is because of d-state of Co, d-state of Mn and 

both s and p-state of Ge. The major contributions of CB are from Co atom, then Mn 

atom and then a little contribution from Ge atom for normal Co2MnGe compound. 

Figure (16) in appendix A showed TDOS and PDOS of normal Co2MnGe at spin-down. 

For spin-down the major contributions of the VB is because of d-state of Co, d-state of 

Mn and p-state of Ge. The major contributions of VB are from Co atom, then Mn atom 

and then a little contribution from Ge atom for normal Co2MnGe compound. 

Moreover, the major contribution of the CB is because of d-state of Co, d-state of Mn 

and both s and p-state of Ge. The major contributions of CB are from Co atom, then Mn 

atom and then a little contribution from Ge atom for normal Co2MnGe compound. 

Figures (15) and (16) in appendix A showed that normal Co2MnGe Heusler compound 

has a half-metallic behavior, it’s metallic at spin-up with zero band gap, and semi-

conductor at spin-down with small band gap. 

Figure (17) in appendix A showed TDOS and PDOS of inverse Co2MnGe at spin-up. 

For spin-up the major contributions of the VB is because of d-state of Co, d-state of Mn 

and p-state of Ge. The major contributions of VB are from Co atom, then Mn atom and 

then a little contribution from Ge atom for inverse Co2MnGe compound. But near fermi 

level the major contribution comes from Mn atom. 

Furthermore, the major contribution of the CB is because of d-state of Mn, d-state of Co 

and both s and p-state of Ge. The major contributions of CB are from Mn atom, then Co 

atom and then a little contribution from Ge atom for inverse Co2MnGe compound. 

Figure (18) in appendix A showed TDOS and PDOS of invers Co2MnGe at spin-down. 

For spin-down the major contributions of the VB is because of d-state of Co, d-state of 
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Mn and p-state of Ge. The major contributions of VB are from Co atom, then Mn atom 

and then a little contribution from Ge atom for inverse Co2MnGe compound. 

On the other hand, the major contributions of the CB is because of d-state of Mn, d-state 

of Co and both s and p-state of Ge. The major contributions of CB are from Mn atom, 

then Co atom and then a little contribution from Ge atom for inverse Co2MnGe 

compound. But near fermi level the major contribution comes from Co atom. 

Figures (13), (14), (17) and (18) in appendix A indicated the metallic behavior for both 

inverse Co2MnSi and Co2MnGe Heusler compounds, both of inverse compounds have 

zero band gap in both spin-up and spin-down. 

Total and partial density of states for both normal and inverse Co2MnSi and Co2MnGe 

Heusler compounds in both spin-up and spin-down using mBJ were appeared in figures 

(19 – 26) in appendix A. 

Figure (19) in appendix A showed TDOS and PDOS of normal Co2MnSi at spin-up. For 

spin-up the main contributions to the valence band (VB) is because of d-state of Co, d-

state of Mn and p-state of Si. The major contributions of VB are from Co atom, then Mn 

atom and then a little contribution from Si atom for normal Co2MnSi compound. 

Moreover, the major contributions to the conduction band (CB) is because of d-state of 

Co, d-state of Mn and p-state of Si. The major contributions of CB are from Co atom, 

then Mn atom and then a little contribution from Si atom for normal Co2MnSi 

compound. 

Figure (20) in appendix A showed TDOS and PDOS of normal Co2MnSi at spin-down. 

For spin-down the major contributions of the VB is because of d-state of Co, d-state of 

Mn and p-state of Si. The major contributions of VB are from Co atom, then Mn atom 

and then a little contribution from Si atom for normal Co2MnSi compound. 

Furthermore, the major contribution to the CB is because of d-state of Co, d-state of Mn 

and p-state of Si. The major contributions of CB are from Co atom, then Mn atom and 

then a little contribution from Si atom for normal Co2MnSi compound. 
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Figures (19) and (20) in appendix A showed that normal Co2MnSi Heusler compound 

has a half-metallic behavior, it’s metallic at spin-up with no band gap, and semi-

conductor at spin-down with small band gap. 

Figure (21) in appendix A showed TDOS and PDOS of inverse Co2MnSi at spin-up. For 

spin-up the major contributions of the VB is because of d-state of Co, d-state of Mn and 

p-state of Si. The major contributions of VB are from Co atom, then Mn atom and then 

a little contribution from Si atom for inverse Co2MnSi compound. But near fermi level 

the major contribution comes from Mn atom. 

Moreover, the major contributions of the CB are because of d-state of Mn, d-state of Co 

and both s and p-state of Si. The major contributions of CB are from Mn atom, then Co 

atom and then a little contribution from Si atom for inverse Co2MnSi compound. 

Figure (22) in appendix A showed TDOS and PDOS of invers Co2MnSi at spin-down. 

For spin-down the major contributions of the VB is because of d-state of Co, d-state of 

Mn and p-state of Si. The major contributions of VB are from Co atom, then Mn atom 

and then a little contribution from Si atom for invers Co2MnSi compound. 

Also, the major contributions of the CB are because of d-state of Mn, d-state of Co and 

both s and p-state of Si. The major contributions of CB are from Mn atom, then Co 

atom, then a little contribution from Si atom for invers Co2MnSi compound. But near 

fermi level the major contribution comes from Co atom. 

Figure (23) in appendix A showed TDOS and PDOS of normal Co2MnGe at spin-up. 

For spin-up the major contributions of the VB is because of d-state of Co, d-state of Mn 

and p-state of Ge. The major contributions of VB are from Co atom, then Mn atom and 

then a little contribution from Ge atom for normal Co2MnGe compound. 

Also, the major contribution of the CB is because of d-state of Co, d-state of Mn and 

both s and p-state of Ge. The major contributions of CB are from Co atom, then Mn 

atom and then a little contribution from Ge atom for normal Co2MnGe compound. 

Figure (24) in appendix A showed TDOS and PDOS of normal Co2MnGe at spin-down. 

For spin-down the major contributions of the VB is because of d-state of Co, d-state of 
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Mn and p-state of Ge. The major contributions of VB are from Co atom, then Mn atom 

and then a little contribution from Ge atom for normal Co2MnGe compound. 

Moreover, the major contribution of the CB is because of d-state of Co, d-state of Mn 

and both s and p-state of Ge. The major contributions of CB are from Co atom, then Mn 

atom and then a little contribution from Ge atom for normal Co2MnGe compound. 

Figures (23) and (24) in appendix A showed that normal Co2MnGe Heusler compound 

has a half-metallic behavior, it’s metallic at spin-up with zero band gap, and semi-

conductor at spin-down with small band gap. 

Figure (25) in appendix A showed TDOS and PDOS of inverse Co2MnGe at spin-up. 

For spin-up the major contributions of the VB is because of d-state of Co, d-state of Mn 

and p-state of Ge. The major contributions of VB are from Co atom, then Mn atom and 

then a little contribution from Ge atom for inverse Co2MnGe compound. But near fermi 

level the major contribution comes from Mn atom. 

Furthermore, the major contribution of the CB is because of d-state of Mn, d-state of Co 

and both s and p-state of Ge. The major contributions of CB are from Mn atom, then Co 

atom and then a little contribution from Ge atom for inverse Co2MnGe compound. 

Figure (26) in appendix A showed TDOS and PDOS of invers Co2MnGe at spin-down. 

For spin-down the major contributions of the VB is because of d-state of Co, d-state of 

Mn and p-state of Ge. The major contributions of VB are from Co atom, then Mn atom 

and then a little contribution from Ge atom for inverse Co2MnGe compound. 

On the other hand, the major contributions of the CB is because of d-state of Mn, d-state 

of Co and both s and p-state of Ge. The major contributions of CB are from Mn atom, 

then Co atom and then a little contribution from Ge atom for inverse Co2MnGe 

compound. But near fermi level the major contribution comes from Co atom. But near 

fermi level the major contribution comes from Co atom. 

Figures (21), (22), (25) and (26) in appendix A indicated the metallic behavior for both 

inverse Co2MnSi and Co2MnGe Heusler compounds, both of inverse compounds have 

zero band gap in both spin-up and spin-down. 
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Previous studies have been studied the electronic properties for normal Heusler 

compounds Co2MnSi and Co2MnGe using GGA only. In addition to that in this study 

mBJ have been used, and the electronic properties for inverse Heusler compounds 

studied for the first time. 

3.5 Elastic Properties 

The bulk modulus (B), shear modulus (S), elastic constants (Cij), Bugh ratio (B/S), 

Poisson’s ratio (ν), Young’s modulus (Y), and the anisotropic factor (A) of both normal 

and inverse Heusler compounds Co2MnSi and Co2MnGe were investigated in this 

study. 

For cubic bulk alloys, we computed 3 symmetry elements, C11, C12 and C44 to 

investigate the stability of compounds. 

The mechanical stability Born–Huang criteria are as follows:(47–49) 

 

C11 > 0, 

C44 > 0, 

C11 + 2C12 > 0, 

C11 − C12 > 0, 

C11 > B > C12 

(25) 

The elastic constants for the normal Co2MnSi Heusler compound are 317.387, 177.926 

and 154.657 GPa for C11, C12 and C44 consequently. 

Also, for inverse Co2MnSi Heusler compound these constants are 186.428, 184.205 and 

107.202 GPa for C11, C12 and C44 consequently. 

For normal Co2MnGe Heusler compound they are 281.542, 168.646 and 132.657 GPa 

for C11, C12 and C44 consequently. 

Moreover, for inverse Co2MnGe Heusler compound they are 105.229, 161.111 and 

98.077 GPa for C11, C12 and C44 consequently. 
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According to the above mechanical stability conditions, regular Heusler alloys Co2MnSi 

and Co2MnGe and inverse Heusler alloy Co2MnSi were mechanically stable, while the 

inverse Heusler alloys Co2MnGe were mechanically unstable, as appeared in table (5). 

Table 5  

Elastic constants (Cii) and bulk modulus (B) of normal and inverse Heusler compounds 

Co2MnSi and Co2MnGe 

Compound C11 (GPa) C12 (GPa) C44 (GPa) B (GPa) 

Normal Co2MnSi 317.378 177.926 154.657 224.410 

Inverse Co2MnSi 186.428 184.205 10: 7.202 148.946 

Normal Co2MnGe 281.542 168.646 132.657 206.278 

Inverse Co2MnGe 105.229 161.111 98.077 142.484 

 

Thereafter, the type of chemical bonds and the ductile behavior were investigated. The 

compounds have a Pugh ratio of B/S > 1.75 and Poisson’s ratio ν > 0.26 had ductility, 

whereas others had brittle (50–53). 

The Voigt shear modulus Sv, the Reuss shear modulus SR, the Hill shear modulus SH, 

and the bulk modulus B, have been determined within the following formulas (54–56): 

𝑆𝑣 =
1

5
(𝐶11 − 𝐶12 + 3𝐶44) (26) 

SR =
5𝐶44(𝐶11−𝐶12)

4𝐶44+3(𝐶11−𝐶12)
 (27) 

𝑆𝐻 =
1

2
(𝑆𝑣 + 𝑆𝑅) (28) 

𝐵 =
1

3
(𝐶11 + 2𝐶12) (29) 

The nature of bonding has been investigated by the ν value. Compounds have covalent 

bonds if ν < 0.25, while compounds have ionic bonds if 0.25 < ν < 0.5(48–50). 
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The ν value can be given by: 

𝑣 =
3𝐵 − 2𝑆

2(3𝐵 + S)
 (30) 

 Or 

𝑣 =
𝐶12

𝐶11 + 𝐶12
 (31) 

 Young modulus (Y) (the ratio between stress and strain) and the anisotropic factor (A) 

are computed by the following: 

𝑌 =
9𝑆𝐵

𝑆 + 3𝐵
 (32) 

𝐴 =
2𝐶44

𝐶11 − 𝐶12
 (33) 

The Shear modulus (S), Pugh ratio (B/S), Voigt Poisson’s ratio (ν), and Young’s 

modulus (Y) for normal and inverse Heusler compounds Co2MnSi and Co2MnGe are 

shown in table (6). 

Table 6 

The Shear modulus (S), Bugh ratio (B/S), Voigt Poisson’s ratio (ν), Young’s modulus (Y) and 

anisotropic factor (A) for Heusler compounds 

Compound S (GPa) B/S (GPa) Y (GPa) ν A 

Normal Co2MnSi 112.337 1.998 288.819 0.285 3.221 

inverse Co2MnSi 33.751 4.414 95.448 0.414 96.448 

Normal Co2MnGe 94.156 2.191 245.167 0.302 2.350 

 

B and S moduli determined the hardness of materials(57), whereas Y determined the 

stiffness of materials. 

Moreover, the degree of anisotropy for the materials is measured by A(58). For an 

isotropic materials A = 1, otherwise, any other value show elastic anisotropy(59). 
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The anisotropic factor for normal Co2MnSi Heusler compound, normal Co2MnGe 

Heusler compound and inverse Co2MnSi Heusler compound is 3.221, 2.350 and 96.448 

respectively. 

Table (5) shows that both normal and invers Heusler compounds Co2MnSi and normal 

Heusler compound Co2MnGe are satisfy the stability criteria and they classified 

mechanically stable, while inverse Heusler compound Co2MnGe doesn’t satisfy the 

stability conditions, and it’s considered mechanically unstable. 

According to anisotropic factor, both normal and inverse Heusler compounds Co2MnSi 

and normal Heusler compound Co2MnGe are elastic anisotropy. 

B/S ratio for normal Co2MnSi Heusler compound, normal Co2MnGe Heusler compound 

and inverse Co2MnSi Heusler compound is 1.998, 2.191 and 4.414 GPa respectively. 

Voigt Poisson’s ratio (ν) for normal Co2MnSi Heusler compound, normal Co2MnGe 

Heusler compound and inverse Co2MnSi Heusler is 0.285, 0.302 and 0.414 

respectively. 

Table (6) indicates that both normal and invers Heusler compounds Co2MnSi, and 

normal Heusler compound Co2MnGe are ductile since B/S > 1.75 and ν > 0.26. 

According to ν values table (6) indicates that both normal and inverse Heusler 

compounds Co2MnSi and normal Heusler compound Co2MnGe have ionic bonds. 
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Chapter Four 

Discussions and Conclusions 

In this study structural, electronic, magnetic and elastic properties of both normal and 

inverse Co2MnSi and Co2MnGe full Heusler compounds have been determined. 

Lattice constant (a) have been computed by Murnaghan’s equation of state (EOS). For 

normal Co2MnSi, normal Co2MnGe, inverse Co2MnSi and inverse Co2MnGe lattice 

constant was 5.6347, 5.7351, 5.6459 and 5.7528, respectively.  

New results are in good agreement with earlier experimental and theoretical results for 

normal compounds, but for invers compounds there aren’t previous studies. 

The band structure studied found that both normal Co2MnSi and Co2MnGe full Heusler 

compounds behave as half-metallic with direct band gap at spin-down. These 

compounds behave as metallic at spin-up, and semiconductor at spin-down. While 

inverse Co2MnSi and Co2MnGe full Heusler compounds behave as metallic, with no 

band gap. 

The mBJ approximation enhances the energy band gap for both normal Co2MnSi and 

Co2MnGe full Heusler compounds in spin-down by 79.609 % and 168.339 % for 

normal Co2MnSi and normal Co2MnGe. 

New results are in good agreement with earlier results for normal compounds by GGA. 

The mBJ approximation and invers compounds haven’t studied before yet. 

The total density of state cleared that the major contributions of the valence and 

conducting band come from Co atom, then Mn atom and then a little contribution from 

Si at both spin-up and spin-down of normal Co2MnSi full Heusler compound. 

For normal Co2MnGe full Heusler compound, the major contributions for the valence 

and conducting band are from Co atom, then Mn atom and then a little contribution 

from Ge at both spin-up and spin-down. 

Moreover, for inverse Co2MnSi full Heusler compound the major contributions of the 

valence band are from Co atom, then Mn atom and then a little contribution from Si at 

both spin-up and spin-down, but for conducting band the major contributions are from 
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Mn atom, then Co atom, then a little contribution from Si atom at both spin-up and spin-

down. 

Furthermore, for inverse Co2MnGe full Heusler compound the major contributions of 

the valence and conducting band are from Co atom, then Mn atom and then a little 

contribution from Ge at both spin-up and spin-down, but for conducting band the major 

contributions are from Mn atom, then Co atom, then a little contribution from Ge atom 

at both spin-up and spin-down.. 

The calculated total magnetic moments for normal Co2MnSi, normal Co2MnGe, inverse 

Co2MnSi and inverse Co2MnGe are 4.99382, 4.96698, 4.31954 and 4.97734 𝜇𝐵 

respectively by GGA. These values indicate that all of these compounds are 

ferromagnetic material. 

The calculated total magnetic moments by mBJ approximation are 4.99999, 4.99994, 

4.78272 and 6.13948 𝜇𝐵 for normal Co2MnSi, normal Co2MnGe, inverse Co2MnSi and 

inverse Co2MnGe respectively. These values indicate that all of these compounds are 

ferromagnetic material. 

Our new calculations have a good agreement with previous results for both normal 

Co2MnSi, normal Co2MnGe by GAA. The inverse compounds Co2MnSi and Co2MnGe 

and the mBJ approximation studied for the first time in this research. 

The elastic properties indicate that normal Co2MnSi, normal Co2MnGe and inverse 

Co2MnSi Heusler compounds are mechanically stable, while inverse Co2MnGe Heusler 

compound is mechanically unstable. 

The anisotropic factor for normal Co2MnSi, normal Co2MnGe and inverse Co2MnSi is 

3.221, 2.350 and 96.448 respectively. These values indicate that all of these compounds 

are elastic anisotropy. 

B/S results for normal Co2MnSi, normal Co2MnGe and inverse Co2MnSi are 1.998, 

2.191 and 4.414 respectively. According to these results both normal and invers Heusler 

compounds Co2MnSi, and normal Heusler compound Co2MnGe are ductile. 
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Poisson’s ratio (ν) for normal Co2MnSi, normal Co2MnGeand inverse Co2MnSi is 

0.285, 0.302 and 0.414 respectively. These results show that both normal and inverse 

Co2MnSi and normal Co2MnGe have ionic bonds. 

This study is considered as a hot topic since the importance of this study lies in the 

totally different behavior in spin-up and spin-down bands for these normal Heusler 

compounds. The spin-up electrons behave metallically, while the spin-down electrons 

are semiconducting. They are classified half-metallic ferromagnets material. 

The half-metallic ferromagnetic materials are identified as an extremely exiting material 

for spintronic and magneto-electronics. 
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List of Abbreviations 

Abbreviation Meaning 

FP-LAPW Full Potential Linearized Augmented Plane Wave 

FCC Face-centered cubic 

BOA Born-Oppenheimer Approximation 

DFT Density Functional Theory 

LDA Local Density Approximation 

GGA Generalized Gradient Approximation  

APW Augmented Plane Wave 

LAPW Linearized Augmented Plane Wave 

mBJ Modified Becke-Johnson  

BS Band Structure 

DOS Density Of State 

TDOS Total Density of State 

PDOS Partial Density of State 

HM Half-Metallic 

SE Schrödinger Equation 

KS Kohn-Sham 

CB Conduction Band 

VB Valence Band 
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Appendices 

Appendix A 

DOS Figures 

Figure 11 

TDOS and PDOS of spin-up for normal Co2MnSi compound using GGA  

          
          (a)         (b) 

 
(c)       (d) 

 

Note: (a) TDOS (b) PDOS for Co atom, (c) PDOS for Mn atom, (d) PDOS for Si atom. 
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Figure 12 

TDOS and PDOS of spin-down for normal Co2MnSi compound using GGA  

 
(a)                                                                (b) 

 
           (c)                                                                     (d) 
 

Note: (a) TDOS (b) PDOS of Co atom, (c) PDOS of Mn atom, (d) PDOS of Si atom. 
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(a)                                                                         (b)  

(c)                                                                      (b)  

                 (d)  

Figure 13 

TDOS and PDOS of spin-up for inverse Co2MnSi compound using GGA  

  

 
Note: (a) TDOS (b) PDOS for Co1 atom, (c) PDOS for Co2 atom, (d) PDOS for Mn atom, (e) PDOS for Si atom. 
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(a)                                                                        (b) 

(c)                                                                        (d) 

(e) 

Figure 14 

TDOS and PDOS of spin-down for inverse Co2MnSi compound using GGA  

 

 

 
 

Note: (a) TDOS (b) PDOS for Co1 atom, (c) PDOS for Co2 atom, (d) PDOS for Mn atom, (e) PDOS for 

Si atom. 
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Figure 15 

TDOS and PDOS of spin-up for normal Co2MnGe compound using GGA  

 
(a) (b) 

 
(b)     (d) 

 

Note: (a) TDOS (b) PDOS for Co atom, (c) PDOS for Mn atom, (d) PDOS for Ge atom. 
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Figure 16 

TDOS and PDOS of spin-down for normal Co2MnGe compound using GGA  

 
(a)      (b) 

 
(c)      (d) 

 

Note: (a) TDOS (b) PDOS for Co atom, (c) PDOS for Mn atom, (d) PDOS for Ge atom. 
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(c)                                                                                    (d) 

(e) 

Figure 17 

TDOS and PDOS of spin-up for inverse Co2MnGe compound using GGA  

 
(a)       (b) 

 

 
Note: (a) TDOS (b) PDOS for Co1 atom, (c) PDOS for Co2 atom, (d) PDOS for Mn atom, (e) PDOS for 

Ge atom. 
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(a)                                                                                    (b) 

(c)                                                                                    (d) 

(e)                                                                   

 

(c)                                                                                 (d) 

(e) 

(a)                                                                                 (b) 

Figure 18 

TDOS and PDOS of spin-down for inverse Co2MnGe compound using GGA  

 

 

 
Note: (a) TDOS (b) PDOS for Co1 atom, (c) PDOS for Co2 atom, (d) PDOS for Mn atom, (e) PDOS for 

Ge atom. 
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Figure 19 

TDOS and PDOS of spin-up for normal Co2MnSi compound using mBJ  

 
 

(a)       (b) 

 

 
(c)  (d) 

 

Note: (a) TDOS (b) PDOS for Co atom, (c) PDOS for Mn atom, (d) PDOS for Si atom. 
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Figure 20 

TDOS and PDOS of spin-down for normal Co2MnSi compound using mBJ 

 
(a)       (b) 

 

 
 

(c)   (d) 
 

Note: (a) TDOS (b) PDOS for Co atom, (c) PDOS for Mn atom, (d) PDOS for Si atom. 
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Figure 21 

TDOS and PDOS of spin-up for inverse Co2MnSi compound using mBJ 

 
(a)       (b) 

 
(d)  (d) 

 
(e) 

 
Note: (a) TDOS (b) PDOS for Co1 atom, (c) PDOS for Co2 atom, (d) PDOS for Mn atom, (e) PDOS for 

Si atom. 
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Figure 22 

TDOS and PDOS of spin-down for inverse Co2MnSi compound using mBJ 

 
(a)       (b) 

 
(c)      (d) 

 
(e)

 

Note: (a) TDOS (b) PDOS for Co1 atom, (c) PDOS for Co2 atom, (d) PDOS for Mn atom, (e) PDOS for 

Si atom. 
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Figure 23 

TDOS and PDOS of spin-up for normal Co2MnGe compound using mBJ 

 
(a)       (b) 

 
(c)       (d) 

 

Note: (a) TDOS (b) PDOS for Co atom, (c) PDOS for Mn atom, (d) PDOS for Ge atom. 
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Figure 24 

TDOS and PDOS of spin-down for normal Co2MnGe compound using mBJ 

 
(a)       (b) 

 

 
(c)      (d) 

 

Note: (a) TDOS (b) PDOS for Co atom, (c) PDOS for Mn atom, (d) PDOS for Ge atom. 
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Figure 25 

TDOS and PDOS of spin-up for inverse Co2MnGe compound using mBJ  

 
(a)       (b) 

 

 
(c)       (d) 

 

 
(e) 

 

Note: (a) TDOS (b) PDOS for Co1 atom, (c) PDOS for Co2 atom, (d) PDOS for Mn atom, (e) PDOS for 

Ge atom. 
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Figure 26 

TDOS and PDOS of spin-down for inverse Co2MnGe compound using mBJ 

 
(a)       (b) 

 
(c)       (d) 

 
(e) 

 

Note: (a) TDOS (b) PDOS for Co1 atom, (c) PDOS for Co2 atom, (d) PDOS for Mn atom, (e) PDOS for 

Ge atom. 
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