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ABSTRACT

Heusler alloys are at the center of scientific research for their potential use in spintronics de-

vice applications, since several among them have been predicted to show half-metallicity at room

temperature due to their observed high Curie temperature and large interinsic magnetic moments.

However, the experimentally observed spin polarization of most of the ternary Heusler alloys are

always much smaller than the predicted theoretical values. The discrepancy between theory and

experiment is expected due to the structural disorder in the crystal lattices. In this work, we have

introduced a new approach of designing novel materials to precisely control the relationship be-

tween structure and various physical properties. Here, promising alloys were first screened and

investigated utilizing theoretical approach, followed by experimental analysis on the bulk proper-

ties of Heusler alloys. Our findings shed light on tuning the electronic and magnetic properties to

get robust half-metallicity.

Full Heulser alloys (X2YZ) exhibit exceptional tunability in the electronic and magnetic phe-

nomenon depending upon the nature of elements occupying X and/or Y site. This work utilizes the

substitution of low valence transition metal atoms Sc, Ti, V, Cr, Mn, or Fe as a quaternary element

in X site. Various Co- and Fe-based ternary Heusler alloys Co2FeZ (Z = Ge, Si, Ga, Al) are se-

lected and the substitutional effect of all low valence transition metal atoms Y = Sc, Ti, V, Cr, Mn,

or Fe for Co atom in the parent system on structural, electronic, magnetic, electron transport and

mechanical properties of quaternary Heusler compounds Co2�xYxFeZ (0  x  1) are examined,

both experimentally and theoretically.
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The first Heusler system that we studied is the substitution of Cr and V for Co in disordered

Co2FeGe. Our investigations revealed that Cr and V substitutions for Co not only stabilized the

disordered Co2FeGe, but also tuned the electronic and magnetic properties, making Cr and V ideal

dopant for achieving robust half-metallic behavior. The next system studied was Co2�xYxFeSi

(Y = Sc, Ti, V, Cr, Mn, or Fe, 0  x  1), which eventually leads to a global overview of the

electronic, magnetic, electron transport and mechanical properties of promising candidates for

spintronics applications. Next, our investigations for finding half-metallic Heuslers led to synthe-

sizing Co2�xYxFeGa/Al (Y = Ti, V, Cr, Mn, or Fe, x = 0.50) where we found Co1.50Mn0.50FeGa to

show spin-gapless semiconducting behavior in the complete temperature regime (5K-400K). Other

alloys in the series are also observed to show interesting tunable half-metallic behavior.

Further, inspired from the fact that identifying a hexagonal Heusler analogue that retains half-

metallic and exhibits a high magneto-crystalline anisotropy may be very attractive for applications

such as perpendicular media, current perpendicular to plane giant magnetoresistance (CPP-GMR),

and spin-torque-transfer RAM (STT-RAM), we synthesized and investigated the Fe-based Heusler

alloys Fe3�xYxGe (Y = V, or Cr, 0  x  1) with the hexagonal DO19 structure. These materials

possess high magnetic moment and high magneto-crystalline anisotropy, which adds a step toward

finding the half-metallic Heusler compounds in hexagonal crystal structure for their potential use

in perpendicular media and CPP-GMR.
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CHAPTER 1

INTRODUCTION

1.1 Spintronic devices: recent development and future perspectives

Spintronics, spin-based electronics, is one of the most promising and rapidly developing paradigm

of electronics based on spin degree of freedom in addition to the charge of electrons. Spintronics

devices have a potential to revolutionize the world of electronics. The discovery of giant mag-

netoresistance (GMR) by Fert et al. [23] and Grünberg et al. [24] independently was the first

major breakthrough in the field of spintronics. In GMR effect, the electrical resistance can be

switched from high to low and vice-versa significantly just by switching the magnetization of ad-

jacent ferromagnetic layers separated by thin non-magnetic spacer from antiparallel alignment to

parallel and vice-versa, respectively by applying an external magnetic field. This phenomenon

is utilized in the development of data storage devices, such as magnetic field sensors, hard disk

drives, magnetic random access memory (MRAM) and biosensors [25–28]. The improvement in

MR junctions are magnetic tunnel junctions (MTJ) where ferromagnetic layers are separated by

an oxide tunnelling barrier. MTJ are promising in spin transfer torque-magnetic random access

memory (STT-MRAM) as shown in Fig. 1.1(a). The performance of MTJ is determined in terms

of tunnelling magnetoresistance (TMR) ratio as;

TMR ratio =
2P1P2

(1�P1P2)
(1.1)

where P1 and P2 are effective spin polarisation of ferromagnetic layers. Ferromagnetic layers with

100% spin polarization are expected for the coherent tunnelling which ideally results the TMR ratio
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of infinity. STT is reported to provide an ultra-low-power switching (writing) solution and make

a down-scaling of the individual bit cell below 10 nm possible [1]. Another promising spintronics

device is spin-polarized field effect transistor (SFET) whose performance depends on the injected

spin current through source (ferromagnetic electrode) as shown in Fig. 1.1(b). In order to detect

all the current without any loss through transistor gate, injection of 100% spin polarized current is

expected.

(a) (b)

Figure 1.1: Schematic of (a) STT-MRAM and (b) SFET showing the possible use of half-metallic
ferromagnets. Reproduced after [3, 4]

To improve the performance of spintronics devices which use MR junctions including MTJ,

half-metallic ferromagnets (HMFs) are promising to achieve 100% spin polarisation at the Fermi

energy level (EF ) at room temperature, leading to an infinite MR ratio. The half-metallicity is

to due the exceptional electronic structure with a energy band gap at EF in one of the spin sub-

band in density of states (DOS) as schematically shown in Fig. 1.10 [20, 29–34]. There are

mainly four types of HMFs predicted theoretically and demonstrated experimentally; (1) oxide

compounds (e.g., rutile CrO2 [35] and spinel Fe3O4 [36]), (2) perovskites (e.g., (La,Sr)MnO3)

[37], (3) magnetic semiconductors, including Zinc-blende compounds (e.g., EuO and EuS [38],

(Ga,Mn)As and CrAs) [39], and (4) Heusler alloys (e.g., NiMnSb) [29]. Among these HMFs,

100% spin polarization has been reported in the magnetic semiconductors due to their Zeeman
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splitting in two spin bands. However, their Curie temperatures (Tc) are below room temperature

[40]. There are no experimental reports with half-metallicity at room temperature to date. The

Heusler alloys are observed to exhibit the half-metallicity at room temperature [41–43] and a 100%

spin polarization for bulk MnNiSb was confirmed by polarized positron-annihilation experiments

and inverse photo-emission [44–46] and about 93% spin polarization has been reported in an in-

situ Heusler films [47]. Therefore, the Heusler alloys can be the most promising candidate for the

room temperature half-metallicity due to their lattice matching with major substrates, high Tc and

large band gap at EF and hence ideal spin injectors into a semiconductor.

1.2 Heusler Compounds

Heusler compounds, first discovered by and named after Fritz Heusler in 1903 [48], are very

unique and versatile because one can get ferromagnets from the mixture of non-magnetic con-

stituents, such as the first Heusler prototype Cu2MnAl. Heusler compounds have attracted the

interest of scientific community due to their immense technological potential exhibiting a se-

ries of diverse magnetic phenomena such as itinerant magnetism, localized magnetism, antifer-

romagnetism [49], ferrimagnetism [50], Pauli paramagnetism [51], heavy-fermionic behaviour

[52], half-metallicity [29], spin-glass semiconducting behaviour [53], magneto-caloric behavior

[54], magneto-optic behavior [55], superconductivity [56], and thermo-electricity [57]. Because of

the fact that Heusler alloys exhibit these above mentioned diverse magnetic phenomena, they are

promising in spintronics technology, yet to be realized, which would also help in advancing high-

density memory storage. The Nobel Prize in physics in 2007 for the discovery of GMR clearly

demonstrates the paramount interest in this field [23, 24]. Additionally, some of the Heuslers

are recently predicted to be topological insulators [58] and Weyl Semi-metals [59], making this

family appealing to explore new physics creating multifunctional topological heterostructures. In

addition, the thermoelectric properties of Heusler alloys are promising in the energy harvesting

technologies in industries [57, 60]. Considerable amount of dissipated heat in industries can be

converted back into electricity using thermoelectric Heuslers which are environment friendly and
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mechanically robust. Various aspects of Heusler compounds are displayed in Fig. 1.2

Figure 1.2: Different aspects of Heusler compounds, Reproduced after [1].

1.2.1 Types, crystal structure and atomic ordering

Mainly, there are four types of Heusler compounds, based on their crystal structure and the

number of constituents elements: Full Heusler, Half-Heusler, Inverse-Heusler, and Quaternary-

Heusler compounds. Properties of these compounds depend on the crystal structure, atomic and

chemical ordering of the elements in the structure.

Full Heusler compounds have the stoichiometry 2:1:1 with chemical formula X2YZ, where X

and Y are transition metal atoms and Z is main group element. The elements normally associated

with X, Y and Z are indicated in Fig. 1.3. At the stoichiometric composition, full Heusler alloys

crystallize in the L21 structure with space group Fm3̄m (#225) which consists of four interpenetrat-

ing face-centred cubic (fcc) sublattices (with two magnetic sublattice) with the Wyckoff positions
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Figure 1.3: The periodic table of the elements showing the candidates for Heusler compounds
according to the color scheme. Reproduced after [5].

8c(1
4 ,1

4 ,1
4) (or 4c(1

4 ,1
4 ,1

4), and 4d(3
4 ,3

4 ,3
4)) for X, 4b(1

2 ,1
2 ,1

2) for Y, and 4a(0,0,0) for Z [1, 61], as

shown in Fig. 1.4(a). In the chemical formula X2YZ, the low valence transition metal atom Y with

least electronegativity, and the most electronegative main group element Z form NaCl-type ionic

bonding and occupy the octahedral positions while transition metal atoms X are of the intermedi-

ate electronegativity values and fill the tetrahedral positions in the crystal structure forming zinc

blende-type covalent bonding with Z atoms.

Half Heusler compounds have the stoichiometry 1:1:1 with chemical formula XYZ. They crys-

tallize in the C1b structure with space group F 4̄3m (#216) which consists of three interpenetrat-

ing fcc sublattices (with one magnetic sublattice) with the Wyckoff positions 4c(1
4 ,1

4 ,1
4) for X,

4b(1
2 ,1

2 ,1
2) for Y, and 4a(0,0,0) for Z [1, 61], as shown in Fig. 1.4(b). The two structures L21

and C1b are closely related with vacant cite 4d, C1b structure can be obtained from L21 just

by replacing half of the X site elements in an ordered fashion so that the structure is no longer

centro-symmetric. In the chemical formula XYZ, the low valence transition metal atom Y with

least electronegativity, and the most electronegative main group element Z form NaCl-type ionic
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(a) (b)

(c) (d)

Figure 1.4: Crystalline structures of the (a) full-Heusler alloys (L21), (b) half-Heusler alloys (C1b),
(c) inverse-Heusler alloys (XA), and (d) quaternary-Heusler alloys (Y). The VESTA program was
used to visualize the crystalline structures [274].

bonding and occupy the octahedral positions while transition metal atom X is of the intermediate

electronegativity value and fill the tetrahedral positions in the crystal structure forming strong zinc

blende-type covalent bonding with Z atoms.

Inverse Heusler compounds have chemical formula YX2Z, where the valence of the Y element

is the largest. These compounds crystallize in the so-called XA structure with space group F 4̄3m

(#216) which consists of four interpenetrating fcc sublattices similar to the case of full Heuslers,

with the Wyckoff positions 4c(1
4 ,1

4 ,1
4), and 4b(1

2 ,1
2 ,1

2) for X, 4d(3
4 ,3

4 ,3
4)) for Y, and 4a(0,0,0) for Z,

as shown in Fig. 1.4(c).

For quaternary Heusler compounds, one of the higher valence transition metal atom X is re-
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Table 1.1: Sites occupancy of atoms in various Heusler types in their ordered form.

Types 4a 4b 4c 4d
(0,0,0) ( 1

2 , 1
2 , 1

2 ) ( 1
4 , 1

4 , 1
4 ) ( 3

4 , 3
4 , 3

4 )

Full Heuslers (L21) Z Y X X
Half Heuslers (C1b) Z Y X -
Quaternary Heuslers (Y) Z Y X X’
Inverse Heuslers (XA) Z X X Y

placed by different higher valence transition metal atom X’, with chemical formula XX’YZ. The

crystal structure of these compounds is Y with space group F 4̄3m (#216) which consists of four in-

terpenetrating fcc sublattices (with two magnetic sublattice) with the Wyckoff positions 4c(1
4 ,1

4 ,1
4)

for X, 4d(3
4 ,3

4 ,3
4)) for X’, 4b(1

2 ,1
2 ,1

2) for Y, and 4a(0,0,0) for Z, as shown in Fig. 1.4(d).

The sites occupancy of atoms in various Heusler types in their ordered form are summarized in

Table 1.1.

1.2.2 Atomic order-disorder

Electronic and magnetic properties of Heusler compounds, including their half-metallicity and

spin polarization, are known to be fragile against atomic disorders in their crystal structure. Any

kind of disorder induce states at the edges of the minority-spin band gap leading eventually to the

loss of half-metallicity for a critical value of disorder, the later being specific and depending on the

kind of disorder [1, 62]. In such cases, the magnetic moments may still follow a Slater-Pauling rule

(described in the forthcoming section). Thus, understanding the possible types of atomic disorders,

their experimental realizations and the effects on the properties of materials is vital to control the

desired properties.

At the stoichiometric composition as well, disorder can occur in various forms due to partial

interchange of atoms in different sublattices. The random partial distribution of Y and Z atoms in

4a and 4b positions leads to the CsCl-like structure also known as a B2-type disorder, as shown in

Fig. 1.5(a). This kind of disorder reduces the symmetry, and the resulting space group is Pm3̄m

(#221). The ratio of the L21/B2 strongly depends on the annealing conditions. The smaller inter-
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Table 1.2: Site occupancy, general formula and crystal structure of atomically ordered/disordered full Heusler com-
pounds. Crystal structures are reported according to notations from Crystal Structure Database (ICSD), the Struk-
turberichte (SB), alongside the space groups, after [1].

Site occupancy Formula Strukturberichte Prototype Space group No.

X, X’, Y, Z XX’YZ Y LiMgPdSn F 4̄3m 216
X = X’, Y, Z X2YZ L21 Cu2MnAl Fm3̄m 225
X, X’= Y, Z YX2Z XA CuHg2Ti F 4̄3m 216
X = X’= Y, Z X3Z DO3 BiF3 Fm3̄m 225
X = X’, Y = Z X2Y2 B2 CsCl Pm3̄m 221
X = Y, X’= Z X2X2’ B32a NaTl Fd3̄mm 227
X = X’ = Y = Z X4 A2 W Im3̄m 229

atomic distance in B2 disorder is known to result antiferromagnetic ordering [63]. The random

partial distribution of X (or/and X’) and Y atoms in 8c(4c and 4d) and 4b positions leads to BiF3-

like structure known as a DO3-type disorder (space group Fm3̄m, #225), as shown in Fig. 1.5(b).

Further, the random partial distribution of X (or/and X’) and Y atoms; and X and Z atoms leads

to NaTl-like structure known as a B32a-type disorder (space group Fd3̄m, #227), as shown in

Fig. 1.5(c). While complete intermixing of X (and/or X’), Y and Z elements in the crystal struc-

ture results to W (tungsten)-type (bcc) structure, known as A2-type disorder (space group Im3̄m,

#229), as shown in Fig. 1.5(d). Table 1.2 summarizes various ordering/disordering variants of Full

Heusler compounds [1].

Due to strong covalent bonding between atoms in half-Heusler compounds, the disordered

structures are rarely happen. Table 1.3 summarizes various possible ordering/disordering for half-

Heusler compounds [1].

Table 1.3: Site occupancy, general formula and crystal structure of atomically ordered/disordered half Heusler
compounds. Crystal structures are reported according to notations from Crystal Structure Database (ICSD), the Struk-
turberichte (SB), alongside the space groups, after [1].

Site occupancy Formula Strukturberichte Prototype Space group No.

X, Y, Z XYZ C1b LiAlSi F 4̄3m 216
X , Y = Z XZ2 C1 CaF2 Fm3̄m 225
X, Y = Z XY2 B2 CsCl Pm3̄m 221
X = Y, Z Y2Z B32a NaTl Fd3̄mm 227
X = Y = Z X3 A2 W Im3̄m 229

In addition to the above atomic disorders in the general cubic structure of Heusler compounds,
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(a) (b)

(c) (d)

Figure 1.5: Atomically disordered structures in full Heusler alloys (a) CsCl-type disorder (B2,
Y=Z), (b) BiF3-type disorder (DO3, X=Y), (c) NaTl-type disorder (B32a, X=Y, X=Z), and (d)
W-type disorder (A2=bcc, X=Y=Z).

there also occurs structural deformation. The deformation via compression or elongation along one

of the cubic axes (say; [100]) generates a tetragonal (D022) lattice with space group I4/mmm (139)

and a similar deformation along the body diagonal [111] direction results in a hexagonal (D019)

structure with space group P63/mmc (194) [64, 65]), as shown in Fig. 1.6. For applications in

magnetics and spintronics [66], the inherently low magnetocrystalline anisotropy in cubic Heusler

compounds can be a limiting factor [67]. Identifying a tetragonal or a hexagonal Heusler analogue

that exhibits a high magneto-crystalline anisotropy may be very attractive for applications such

as perpendicular media, current perpendicular to plane giant magnetoresistance (CPP-GMR), and

spin-torque-transfer RAM (STT-RAM) [68–71]. In tetragonal Heuslers, the preferred magnetiza-
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Figure 1.6: Tetragonal and Hexagonal distortion in cubic Heusler compounds. Reproduced after
[6]

Table 1.4: Structure factors for completely ordered L21 structure and disordered B2-, DO3, and A2-structures.

Crystal Structure 4a 4b 4c 4d F111 F200 F220

L21 Z Y X X 4| fY � fZ | 4|2 fX � ( fY + fZ)| 4|2 fX +( fY + fZ)|
B2 B B X X 0 4|2 fX �2 fB| 4|2 fX +2 fB|
DO3 Z D D D 4| fD � fZ | 4| fD � fZ | 4|3 fD + fZ |
B32a Z Y Z Y 4| fY � fZ | 0 8| fY + fZ |
A2 A A A A 0 0 4|4 fA|

tion orientation can be tuned from in-plane to out-of-plane directions and sometimes stabilize in a

complex non-collinear order due to large magneto-crystalline anisotropy [6].

1.2.3 Experimental determination of atomic ordering in the crystal structures

As mentioned earlier, the study of the crystal structure and degree of chemical ordering in

Heusler compounds are vital to understand and control electronic and magnetic properties, in-

cluding their half-metallicity and spin polarization. The most common and accessible method

to analyze the crystal structure and chemical ordering of materials is the standard X-ray pow-

der diffraction (XRD) technique. Although, XRD suffers from some limitations for compounds

with the constituent elements having very similar atomic scattering factors, an important struc-
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tural information concerning atomic disorder can be obtained from the analysis of the relative

intensities of the superstructure reflection peaks (111) and (200). Simple structural information

of a cubic single phase can be gained by indexing all XRD peaks. For all Heusler cubic phases,

only three distinct reflection peaks (h, k, l all odd or even) are observed; fundamental peaks with

h+ k + l = 4n, even superlattice peaks with h+ k + l = 4n+ 2 and odd superlattice peaks with

h+ k+ l = 2n+ 1. Heusler alloys in the ordered L21 structure are characterized by the presence

of superlattice diffraction peaks; the presence of (111) peak indicates the chemical ordering of

atoms in octahedral positions, and (200) peak indicates the order for atoms in tetrahedral posi-

tions, while (220) peak is a principal reflection which is independent of the state of the order [72].

The intensities of superstructure peaks are sensitive to different kinds of atomic disorders, e.g., (i)

A2-type disordered structure with vanishing superstructure peaks when all the atoms are randomly

distributed over lattice sites 4a, 4b, 4c, and 4d, (ii) disordered L21 structure (like B2-type in FHA)

with only the (200) superstructure peak and vanishing (111) peak when there is a disorder between

atoms in 4a and 4b sites, and (iii) B32a type when disorder is between atoms in 4a and 4c sites, and

4b, and 4d sites [1, 73]. This disordered structure DO3 results (111) superstructure peak with much

higher intensity than the (200) peak. Table 1.4 lists the structure factors for ordered and disordered

full Heusler compounds with corresponding XRD patterns of Co2FeSi using a Co Ka radiation

source, simulated by CaRine software shown in Fig. 1.7. The simulated powder diffraction pattern

of Co2FeSi (fig. 1.7) shows the (111) and (200) superstructure peaks for the defect free structure.

Besides XRD, other important and more efficient techniques in determining the crystal struc-

ture and the degree of chemical disordering in Heusler compounds are: Extended X-ray absorption

fine structure (EXAFS) [74], spin echo nuclear magnetic resonance [75], Mössbauer spectroscopy

[76], and anomalous X-ray studies with synchrotron source [77]. During our investigations of

Heusler compounds in this dissertation, structural characterization has been performed with XRD

as the standard method. The CaRIne crystallography 4.0 software [78], Vesta, as well as in-house

PYTHON code [79] including the dispersive corrections to the atomic scattering factors, Crystal

impact Match! software were used to simulate the expected XRD pattern for different Heusler
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compounds. In order to confirm the predicted crystal structure of the materials, Rietveld refine-

ment was done using a MATCH! software based on the FullProf algorithm [80] which is described

in the forthcoming experimental section in detail.

(a) (b)

(c) (d)

Figure 1.7: X-ray diffraction pattern of ordered and disordered full-Heusler Co2FeSi using a Co
Ka radiation source, (a) L21, (b) B2, (c) B32a, and (d) A2.

1.2.4 Magnetic properties and Slater-Pauling behaviour in Heusler compounds

The saturation magnetization values of the 3d transition metals and their alloys are observed to

depend on total number of valence electron concentration (NV ), calculated by Slater and Pauling

using both collective-electron and rigid-band models [81, 82] as shown in Fig. 1.8(a). The graph

shown in Fig. 1.8(a) known as Slater-Pauling curve shows two distinct locus of lines for the

saturation magnetization value of 3d metals and their alloys. The first line is a linear increase of

saturation magnetization from Cr to Fe for NV  8 and bcc structure with localized magnetism
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and another is a linear decrease, dropping to zero magnetization between Ni and Cu for NV � 8

and fcc or hcp structures with itinerant magnetism. Heusler compounds exhibit various magnetic

phases (ferromagnetic, antiferromagnetic, fully compensated ferrimagnetism) that the constituent

atoms cannot. In 1984, Kübler introduced the concept to predict the net magnetic moment of

Heusler compounds by counting the total number of valence electrons in the compound, also know

as Generalized Slater-Pauling rule [83].

The total number of valenece electrons (NV ) and magnetic moment (m; in unit of Bohr magne-

ton, µB) for an atom with number of majority spin-up (n ") and minority spin-down (n #) electrons

are given by;

NV = n "+n # (1.2)

m = n " �n #= NV �2n # (1.3)

The minority spin channel of half-metallic alloys including Heusler compounds has exactly n # =

3 electrons per atom. So, the magnetic moment per atom is given by;

m = NV �6 (1.4)

The magnetic moment per atom of Heusler compounds with bcc-driven crystal structures (L21 and

C1b) should increase with increasing number of valence electrons as shown on the left half of the

Slater-Pauling curve (Fig. 1.8(a)). In the full Heusler alloys, the minority electron population is

fixed to 12 electrons per unit cell: four occupying the low lying s and p bands of the sp element

and 8 in the d-bands (2� eg,3� t2g, and 3� t1u), so that the screening is achieved by filling the

majority band [7]. Thus, the Slater-Pauling rule for full Heusler alloys, as shown Fig. 1.8(b), is

given by;

m = NV �24 (1.5)

While there are nine minority bands below the Fermi level; four with s, p character and five

with d character in half Heusler compounds. So, the Slater-Pauling rule for half Heusler alloys, as
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(a) (b) (c)

Figure 1.8: (a) Slater-Pauling curve for 3d transition metals, their binary and ternary alloys, in-
cluding Heusler compounds, after [1], Slater-Pauling behaviour of the total magnetic moment for
(b) full Heusler alloys, after [7], and (c) half Heusler alloys, after [8].

shown Fig. 1.8(c), is given by;

m = NV �18 (1.6)

As shown in Fig. 1.9(a), Co2-based full Heusler compounds which exhibit half metallic fer-

romagnetism follow the linear trend of the Slater-Pauling rule while a considerable deviation has

been observed in Fe2-and Ni2-based Heusler compounds [1]. Co2FeSi is reported to have the

highest magnetic moment of 5.97 µB/ f .u. at T=5 K and Curie temperature of Tc 1100 K among

the known Heusler compounds [20]. Further, Co2-based full Heusler compounds are observed to

exhibit a linear dependence of the Curie temperature on the magnetic moment as shown in Fig.

1.9(b) [1].

1.2.5 Half-metallicity, spin-gapless behavior and spin-polarization

Fig. 1.10 displays a schematic illustration of the spin resolved density of states (DOS) of

normal metals, ferromagnets, half-metallic ferromagnets, spin-gapless semiconductors, and com-

pensated half-metallic ferrimagnets, respectively. As shown in Fig. 1.10(a), normal metals contain

finite density of states at the Fermi level on both the spin channels and are identical and equally

occupied which results zero net magnetization. Fig. 1.10(b) shows the DOS of ferromagnets, in

which the majority and minority states are shifted against each other, leading to a finite net mag-
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(a) (b)

Figure 1.9: (a) Magnetic moment, and (b) Curie temperature of Co2-based full-Heusler compounds
as function of total number of valence electrons in their formula unit, after [1].

netization. In such materials, there exists limited spin polarization at the Fermi level. The spin

polarization P at EF is defined as;

P =
r"(E f )�r#(E f )

r"(E f )+r#(E f )
(1.7)

where r"(E f ) and r#(E f ) are the DOS of majority spin channel and minority spin channel, respec-

tively.

Half-metallic ferromagnets (HMFs) behave like a metal for one spin channel (e.g. majority/up)

and like an insulator or semiconductor for another spin channel (e.g. minority/down), as shown in

Fig. 1.10(c). So, half metallic ferromagnets can exhibit, ideally, a 100% spin polarization at the

Fermi level, and hence generate a fully spin-polarized current which makes them ideal spin injec-

tors into a semiconductor, maximizing the efficiency of spintronic devices. Heusler compounds,

especially Co2-based full Heusler compounds with stoichiometric composition Co2YZ, (Co,Y) be-

ing two transition metals, and Z being main group element, crystallizing in the L21 structure (space

group Fm3̄m, # 225 [64, 65]) belong to the most promising candidates of this family scientifically

and technologically [1, 30, 66, 84–91]. These materials exhibit high Curie temperature (Tc), vary-

ing magnetic moments ranging from 0.3 µB to 1.0 µB at the Co site (depending on the constituents

Y and Z), compatible lattice mismatch with conventional semiconductors, and 100% spin polariza-
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(a) (b) (c)

(d) (e) (f)

Figure 1.10: Schematic diagrams of the spin resolved density states (DOS) of (a) nonmagnetic
metals, (b) ferromagnets, (c) half-metallic ferromagnets, (d) spin-gapless semiconductors, (e) com-
pensated half-metallic ferrimagnets, and (f) labelling of electron spins.

tion at room temperature, arising from the exceptional electronic structure with a energy band gap

at EF for minority spin sub-band [20, 29–34]. However, the complete spin polarization of charge

carriers in a HMF is expected for vanishing spin–orbit interactions. Since most of the Heusler com-

pounds containing only 3d elements do not show any spin–orbit coupling, they are ideal candidates

to exhibit robust half-metallic ferromagnetism [1].

Some of the Heusler compounds characterized by a unique spin-polarized band structure known

as Spin-gapless semiconductors (SGSs), shown in Fig. 1.10(d). Unlike conventional semiconduc-

tors or half-metallic ferromagnets, SGSs carry a finite band gap for one spin channel and a close

(zero) gap for the other [1]. These are the latest classes of materials considered for spintronics de-

vice applications because of their high Curie temperature, almost no threshold energy required to
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excite electrons from the valence to conduction band, and the availability of both charge carriers,

i.e., electrons as well as holes, where excited electrons have spin polarisation of 100% [92–96].

Another important class of Heusler materials for spintronic applications are half-metallic fer-

rimagnets as shown in Fig. 1.10(e). These materials offer distinct advantages over their ferromag-

netic counterparts because of their small magnetic moment resulting from the compensation of the

moments carried by the different sublattices. The total magnetic moment of an ideal compensated

half-metallic ferrimagnet is zero. Because of zero or small magnetic moment, they do not give rise

to strong stray fields and are less affected by external magnetic fields which makes them ideal to

consider as a perfectly stable spin-polarized electrode in MTJs [1].

Best way to predict above mentioned properties in Heusler compounds is by first-principles

studies based on the density functional theory (DFT) calculations, which will be explained in the

forth-coming section. Experimental realization of half-metallicity is possible through techniques,

such as point contact Andreev reflection (PCAR) [97], positron-annihilation studies [45], Infrared

absorption [46], spin polarized tunneling [98].

1.2.6 Electron transport properties

Electrical resistivity, commonly measured as a function of temperature r(T ) is one of the useful

physical properties of metals that provide information about the electronic structure of materials.

In concentrated metallic alloys, it is difficult to study the physical origin of electrical resistivity

as it involves contributions from various scattering mechanisms. According to Matthiessen’s rule

[99], the total contribution from different and independent scattering mechanisms to the electrical

resistivity is additive, however this rule fails if there exists any correlation between the scattering

mechanisms. In order to understand the temperature dependence of electrical resistivity in metals

and alloys, various theoretical models have been proposed. The total resistivity of magnetic alloys

is reported to follow the following Matthiessen’s rule [99];

r(T ) = r0 +re�ph(T )+re�m(T ) (1.8)
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where r0 is the temperature independent residual resistivity due to lattice imperfections, impuri-

ties etc., re�ph and re�m are temperature dependent terms due to the scattering by phonons and

magnons respectively.

According to Bloch model, the periodicity in solids allows treating the electron wave functions as

Bloch waves. So, as the temperature of the material raises, the thermal vibrations of atoms/ions

about their equilibrium position increases which enhance the probability of conduction electron

scattering by phonons. At high temperatures (T >> qD), the electron-phonon (re�ph) interac-

tion is the dominant mechanism contributing linear temperature dependence to the total electrical

resistivity. For other temperatures (T  qD), re�ph is given by Bloch-Grüneisen formula;

re�ph(T ) = A
✓

T
qD

◆n
"Z T

qD

0

xn

(ex �1)(1� ex)
dx

#
(1.9)

Where A is a constant for different metals (depends on the velocity of electrons at Fermi surface

and density of states), qD is Debye temperature, the integral within brackets is the Bloch-Grüneisen

function and n is an index that depends on nature of the scattering mechanism.

n = 5 ! electron-phonon scattering in case of non-magnetic metals,

n = 3 ! s�d electrons scattering by phonons (transition metals),

n = 2 ! electron-electron interaction.

In the case of magnetic materials, electron-magnon interaction to the total electrical resistivity

in addition to the usual electron-phonon interaction needs to be considered. In strong ferromagnets,

the resistivity is reported to arise from intraband (s � s; d � d) and interband (s � d) spin-flip

transitions caused by electron-magnon scattering [100] which exits at low temperatures and has T 2

dependence.

However, temperature dependence of the resistivity considering the conventional electron-

magnon scattering of ferromagnets has been reported to be not sufficient in half-metallic systems.

In half-metallic ferromagnets, due to the presence of a gap at the Fermi level in one of the spin
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channels (say, the minority spin channel), a minimum excitation energy kBD of majority charge

carriers is required to occupy empty minority states involving a spin flip. As a consequence, the

usual quadratic magnonic term (re�m) is expected to be exponentially suppressed at low temper-

atures [101, 102]. Thus, the usual electron-magnon scattering term can be modified by adding a

Boltzmann factor as [102–105],

re�m(T ) = bT 2e�D/T (1.10)

where D is a measure of the energy gap between the Fermi level and the band edge of the unoccu-

pied band. The exponential suppression of one magnon scattering implies the possibility of HMF

behavior.

The possibility of half-metallic ferromagnetism in Heusler alloys has also been studied by

looking for the signature of two-magnon scattering in the low temperature resistivity, which should

present a power law dependence as [106–109];

re�m(T ) = bT m (1.11)

where m is an exponent factor. In conventional ferromagnets, since one-magnon scattering (or

electron-electron scattering) dominates the resistivity at low temperature, m becomes 2 theoreti-

cally [108]. For half-metallic ferromagnets, due to the 100% spin polarisation, the one-magnon

scattering is suppressed by the factor of e�D/T (D is energy gap for the minority spins at EF ), so

typically m lies between 3.5  m  4.5 at low temperature [107–109]. At a finite temperature, spin

fluctuation activates the minority band and unconventional one-magnon scattering starts to happen

[106].

Due to the unique electronic structure in spin gapless Heusler compounds, the free carriers are

not only fully spin polarized but are also easily excited. Further, free carriers have high mobility

compared to conventional semiconductors. Relatively lower electrical conductivity compared to

that of HMFs in spin gapless Heusler compounds makes them suitable to inject spin current in

semiconductors (because of better conductivity match). In general, the main experimental signa-
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tures of a spin-gapless semiconductors (SGS) include [110];

• nearly temperature-independent low conductivity (but resistivity decreases linearly with tem-

perature),

• relatively low and almost temperature independent charge carrier concentration,

• a vanishingly small Seebeck coefficient,

• quantum linear magneto-resistance (MR) at low temperatures, and

• low anomalous Hall conductivity.

1.3 MOTIVATION, OBJECTIVES AND SCOPE OF THE PRESENT WORK

Ternary Co2-based Heusler compounds with stoichiometric composition Co2YZ, (Co,Y) be-

ing two transition metals, and Z being main group element, crystallizing in the L21 structure

(space group Fm3̄m, # 225 [64, 65]) belong to the most promising candidates of Heusler fam-

ily scientifically and technologically for their potential use in spin-electronic device applications

[1, 20, 30, 66, 85, 89, 111]. These materials are predicted to exhibit highly stable half-metallic

ferromagnetism (100% spin polarization at the Fermi level EF ) arising from the exceptional elec-

tronic structure with an energy band gap at the Fermi level (EF ) for minority spin sub-band over

wide range of temperature due to their high Curie temperature (Tc), highest among the known

half-metallic ferromagnets, varying magnetic moments ranging from 0.3 µB to 1.0 µB at the Co

site (depending on the constituents Y and Z), and compatible lattice mismatch with conventional

semiconductors [20, 29, 30, 32, 34]. However, the experimentally observed highest spin polariza-

tions of most of the Co2-based ternary Heusler alloys amount to 60-70% at low temperatures, with

much smaller value at room temperature [112–114]. Thus, the search of Heusler alloys with robust

half-metallicity is still the focus of interest. The discrepancy in spin polarization between theory

and experiment is expected to be due to the structural and chemical disorder in the crystal lattices

[1, 41]. In the past, improvements in various properties such as structure, magnetization, transport,
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critical temperature Tc, magnetoresistance as well as high spin polarization are realised in slightly

disordered Heusler alloys by the substitution of a quaternary element, as quaternary element addi-

tions are observed to reduce the structural disorder and change the degree of hybridization between

the 3d orbitals of different elements with consequent changes in the position of the Fermi level with

respect to the spin sub-band [115–120]. In particular, low valence transition metal atom substitu-

tion in ternary Heusler alloys has been observed theoretically to tailor the Fermi level to fall exactly

in the middle of the energy gap, giving rise to 100% spin polarization and half-metallic character

[107, 121, 122]. So, doping is considered as one of the promising ways to stabilize Co2-based new

robust half-metals [122].

In ternary Heusler alloys X2YZ where X is higher valence transition metal atom, Y is lower

valence transition metal atom, and Z is main group element (see Fig. 1.3), the band gap at the

Fermi level can be tuned by substituting a fourth element in various ways [41, 62, 123–127];

• substitution at Z site, i.e., X2YZ1�xZ⇤
x , where Z, and Z⇤ both are main group elements,

• substitution at Y site, i.e., X2Y1�xY⇤
xZ, where Y, and Y⇤ both are low valence transition

metal atoms,

• substitution at X site, i.e., X2�xX⇤
xYZ, where X, and X⇤ both are higher valence transition

metal atoms, and

• substitution at X site, i.e., X2�xY⇤
xYZ, where X is higher valence and Y⇤ is least valence

transition metal atoms

The substitution at X/Y site is reported to be more convincing as X/Y site element plays main role

in tailoring the half-metallicity and magnetic properties compared to Z site [128]. Substitution on

the X site is rather less explored. First three types of substitutions are direct substitution of atoms in

the crystal lattice but the forth type of substitution that we introduced for the first time is bit tricky

and indirect substitution of atoms in the crystal lattice, as substituted Y⇤ atom being the least elec-

tronegative among others prefers to make an ionic-type sublattice with most electronegative main
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group element Z. In this course, substituted Y⇤ atoms are assumed to replace Y atoms partially

towards vacated X site, as X and Y both have intermediate electronegativity. This phenomenon is

discussed in more detail in the result section later.

Among the various Heuslers, ternary Co2FeZ (Z = Ge, Si, Ga, Al) are always the promising

candidates to be used in spintronic devices. The Co2FeGe (CFG) system is of interest in spintronic

applications because of its high Curie temperature of 981 K [17]. CFG is predicted theoretically to

be stable crystallizing in the L21 structure, with Fermi level falling on the conduction band edge of

the minority spin channel, but it is observed experimentally to be unstable in bulk form [17, 129].

In the past, quaternary element substitution has been adopted to stabilize and study the electronic

and magnetic properties of the disorderd CFG system. Most of the previous studies on CFG system

are based on the quaternary element substitution on Y or Z sites only [105, 130, 131]. If one of

the Co atom in CFG is substituted by another low valence transition metal atom Y = Fe, Mn, Cr,

V, Ti, or Sc, alloys with rich and useful properties can be tailored. The quaternary Heusler alloy

CoFeCrGe is observed theoretically and experimentally to be half metallic with Fermi level falling

on the edge of the minority valence band, leading to an unstable half-metallicity [18, 132–134].

Similarly, high spin polarization of 70% is reported in half-metallic CoFeMnGe [135, 136].

The Co2FeSi (CFS) is another most studied Heusler system because of its large magnetic mo-

ment of 6 µB and highest Curie temperature of 1100 K among known Heusler systems so far [20].

However, both half-metallic [137] and non-half-metallic [7] properties have been reported theoret-

ically in CFS. But again, the Fermi level falls on the edge of the minority conduction band, leading

to an unstable half-metallicity. If one of the Co atom in CFS is substituted by Fe, i.e., inverse

Heusler alloy Fe2CoSi has been reported to be zero-gap half-metal with very low Gilbert damping

parameter [138, 139]. The quaternary Heulser alloy CoFeMnSi has been observed theoretically

and experimentally to be spin-gapless semiconductor [93, 140, 141], CoFeCrSi has been reported

to be half-metallic with some structural disorder [133], while CoFeVSi and CoFeTiSi are reported

theoretically to be nearly half-metallic and half-metallic respectively, but both have been observed

experimentally to show multi-phase behavior in bulk form [142, 143]. In all these quaternary
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Heusler alloys, the Fermi level again lies on the edge of the minority valence band.

Further, Co2FeGa (CFGa) is reported to be stable with excellent transport properties [144].

The quaternary Heulser alloy CoFeMnGa has been observed theoretically and experimentally to

be nearly half-metallic [136] with possibility to tune spin gapless semiconducting behavior with

chemical substitution. CoFeCrGa has been reported to be spin gapless semiconductor [92], while

CoFeVGa and CoFeTiGa are reported theoretically to be nearly half-metallic and semiconductor

respectively [142].

Again, Co2FeAl (CFA) is one of the most studied full-Heusler compounds because of it’s

reported giant tunneling magnetoresistance (GTMR) of up to 330% at room temperature in mag-

netic tunnel junctions [145, 146] and low Gilbert damping parameter of ⇠ 0.001 [147], as low

damping is essential for spin switching with low currents and spin torque oscillators. The well

known B2-type disorder in the crystal structure of CFA is observed to be effective in enhancing the

TMR effect and Gilbert damping parameter due to the the fact that the density of states calculated

from first principles decreases with increasing the degree of B2 ordering [145–147]. CoFeMnAl

has been reported to be stable with half-metallic properties both experimentally and theoretically

[136] while CoFeCrAl is reported to be spin-gapless semiconductor both experimentally and theo-

retically [148, 149]. But, both of them are again B2-disordered. Both CoFeVAl and CoFeTiAl are

reported theoretically to be nearly half-metallic and semiconducting with some anti-site disorder

[142, 150].

In all ternary Heusler compounds Co2FeZ (Z = Ge, Si, Ga, Al), it is seen clearly that the Fermi

level lies near the conduction band edge of minority spin channel in their reported spin-polarized

DOS [7, 17, 129, 137, 144, 151]. If one of the Co atom in Co2FeZ (Z = Ge, Si, Ga, Al) is replaced

by another low valence transition metal atoms like Ti, V, Cr, Mn, and Fe, then the Fermi level in

resulting quaternery Heusler compounds is reported to fall near the valence band edge in DOS with

interesting half-metallic and spin-gapless behavior [18, 92, 93, 132–136, 140–143, 148–150]. So,

as we go from ternary Co2FeZ (Z = Ge, Si, Ga, Al) to quaternary CoFeYZ (Y = Ti, V, Cr, Mn, Fe; Z

= Ge, Si, Ga, Al), Fermi level is observed to shift from lower edge of conduction band to upper edge
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of valence band in minority spin channel which is in accordance to the calculations by Galanakis et

al. [128]. They have suggested that an expansion of the lattice should shift the Fermi level deeper

in energy and the contraction should shift it higher in energy. If the Fermi energy is near one of

the band edges, the energy gap may easily be smeared out at finite temperatures or destroyed by

quasiparticle excitation [107, 152]. Therefore, one can expect robust half metallicity with Fermi

level exactly at the middle of the band gap for some intermediate Y content in Co2�xYxFeZ (Y =

Sc, Ti, V, Cr, Mn, Fe; Z = Ge, Si, Ga, Al; 0  x  1) due to the expansion of the lattice when Y

atom with larger atomic radius substitutes for Co [153]. The substitution of Y atom for Co may be

also seen as d-electron deficiency.

The half-metallic ferromagnets with a high thermal stability of energy gap in minority spin

channel are desired for technical applications [107, 152]. For such robustness, compounds with

high Curie temperature and Fermi level located at the middle of the energy gap are highly preferred

[107, 152]. For that, our new substitutional approach is more promising where alloys with rich

and useful properties can be tailored. Furtehr, in most of the experimentally reported Heusler

compounds, especially in their bulk form, the metallography and hence the microstructural analysis

has not been performed throughly as expected from a metallurgy or materials science standpoint.

This all inspired us to synthesize the promising Heusler compounds Co2�xYxFeZ (Y = Sc, Ti, V,

Cr, Mn, Fe; Z = Ge, Si, Ga, Al; 0  x  1) and investigate the structural, electronic, magnetic,

transport, and mechanical properties [105, 154–162].

Further, our study also extends to the search of hexagonal analogue of Heusler compounds, as

such compounds are expected to exhibit high magneto-crystalline anisotropy promising for per-

pendicular media, current perpendicular to plane giant magnetoresistance (CPP-GMR), and spin-

torque-transfer RAM (STT-RAM) [68–71]. For that, we have synthesized the Fe-based Heusler

compounds Fe3�xYxGe (Y = V, Cr; 0 x  1) and investigated the structural, electronic, magnetic,

transport, and mechanical properties [163–166].
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CHAPTER 2

EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES

2.1 Sample synthesis : Arc-melting

The poly-crystalline ingots of Heusler compounds were synthesized using arc-melting tech-

nique under an Argon atmosphere using an Edmund Bḧler compact arc melter MAM-1, as shown

in Fig. 2.1(a). Arc-melting is a well-established technique for processing different metallic com-

pounds and alloys because of its relatively high speed of sample preparation, high homogeneity

and user facility. This technique uses a strong electric discharge between two electrodes of op-

posite polarity to produce an electric arc. A sharp tip tungsten rod connected to a variable high

voltage DC power supply capable of producing ⇠ 600 amp acts as anode and a dismountable cop-

per crucible plate connected to the ground acts as the cathode and both are water-cooled, as shown

in Fig. 2.1(b). This technique can attain temperature close to 3500�C.

The initial step starts with weighting the constituent elements at a 3N minimum purity level

in their relative atomic weight ratio according to the stoichiometric proportions using a precise

weighting scale with credible calibration. An electronic balance, A&D WeightingT M ER-182A

with a precision of 0.1 milligrams is utilized for our work. An extra 5% of the initially calculated

mass must be added to compensate the loss of volatile elements such as Manganese, during arc-

melting. The mixture of constituent elements was then placed in a shallow hemispherical cavity of

the water-cooled copper hearth. A small piece of Titanium was also placed in another cavity as an

oxygen getter.

The next step starts with the evacuation of the melting chamber using a roughing pump (ro-

tary pump) to the pressure of ⇠ 10�2 mbar and purging with an ultrahigh 5N purity argon gas.
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(a) (b)

Figure 2.1: (a) Outside view of arc melting unit with Edmund Bühler GmbH compact arc melter
MAM-1 and its main components, and (b) inside view of the arc-melting chamber (top left) and
arc-melted Co1.50Mn0.50FeSi as-cast sample (bottom right).

Then, the chamber was evacuated to a pressure of ⇠ 10�5 mbar using a turbo-molecular pump.

After reaching a base pressure of less than 5x10�5 mbar, the chamber was filled with argon gas

which ensures the removal of other gases present in the chamber. Then, Ti was melted prior to

each arc-melting round, to get rid of the oxygen left in the chamber and to avoid the possible ox-

idization of the samples. The shiny silver colour of Ti, after melting indicates oxygen-free argon

atmosphere whereas the light yellow/dark blue colour of Ti indicates the presence of oxygen re-

mains inside the chamber. After ensuring that the chamber is free from oxygen, the mixture of

elements to form the alloys was melted together. During the melting procedure the cupper cru-

cible was constantly water cooled, using a recirculating chiller set at T⇠ 15�C. During melting,

the electrode was moved over the constituent elements by gradually increasing the arc intensity

for about 60 seconds as continuation of the arc might emit hazardous X-rays. After each melting

cycle, the sample ingot was turned over and the same procedure was repeated at least 6 times to

ensure the chemical homogeneity. A resulting perfect hemispherical shaped ( button-shaped) ingot

is usually an indication of well mixing while an irregularly-shaped specimen indicates the lack of

miscibility. The final mixture of constituents (ignot) was again weighted in order to examine the
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(a) (b)

Figure 2.2: (a) Tube, and (b) box furnaces used for thermal treatments of the Heusler samples.

mass loss during the melting procedure. The weight loss during the process was negligible. The

resulting ingot was cut into pieces and examined using an energy dispersive X-ray spectroscopy

(EDS) detector equipped in JEOL 7000 or Apreo Field Emission Scanning Electron Microscope

(FESEM) to ensure the stoichiometry and homogeneity, which is explained in section II. Ater en-

suring stoichiometry and homogeneity, as-cast samples undergo thermal treatment (annealing) to

get optimum crystallization to promote the formation of the targeted Heusler phase.

2.2 Thermal treatment : Annealing

Annealing is a heat treatment process in which the metal/alloy is warmed to a temperature over

its recrystallization temperature, preserved at that temperature for quite a while for homogeniza-

tion of temperature followed by exceptionally moderate cooling to create an equilibrium structure

in the alloys. In this process, the distorted lattice structure is reformed to one which is strain-free

through the solicitation of heat. The annealing process is categorized into three phases: recov-

ery, re-crystallization, and grain growth. Recovery is a process by which deformed grains can

reduce their stored energy by the removal or rearrangement of defects in their crystal structure. Re-

crystallization is a process by which deformed grains are replaced by a new set of defect-free grains

that nucleate and grow until the original grains have been entirely consumed. Re-crystallization is

usually accompanied by a reduction in the strength and hardness of a material and a simultaneous
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increase in ductility. Grain growth is the increase in the size of grains (crystallites) in a material

at a high temperature. This occurs when recovery and re-crystallization are complete and a fur-

ther reduction in the internal energy can only be achieved by reducing the total area of the grain

boundary. Large grains enhance ductility.

After confirming the correct stoichiometry and homogeneity, the as-cast ignots were sealed in

evacuated quartz tubes prior to heat treatments. The phase purity as well as the crystal structure

can be improved by subsequent annealing of the as-cast ignots in a sealed quartz tubes. In general,

high annealing temperatures are preferred since the diffusion velocity is increased and impurities

vanish more easily [1]. However, some Heusler compounds undergo structural phase transitions at

elevated temperatures which needs to be taken into account before starting the annealing process.

Thermal treatments were done using tube and box furnaces, under atmospheric pressure, and for

various annealing temperatures and dwell times, as shown in Fig. 2.2. At the end of each temper-

ature cycle, samples were cooled slowly in the furnace to get optimum crystallization to promote

the formation of targeted Heusler structure. Occasionally, some samples were quenched in ice-

water mixture, to check the effect of cooling rates on the properties of the materials. To make the

comparison uniform, only the samples annealed under similar heat treatments are reported for each

series. The heat treatments were followed by metallography to produce a metallic shiny surface

for micro-structural analysis.

2.3 Hot mounting and metallography

A hot mounting technique was used to mount the annealed samples in conductive graphite

powder for metallography, using Struers LaboPress-3T M hot mounting press, as shown in Fig.

2.3(a). The graphite powder avoids charge accumulation by providing conductive path during

SEM/EDS analysis.

The metallography begins with grinding using silicon carbide abrasive discs (120 through 1200

grit size) followed by diamond suspension polishing to achieve a submicron surface roughness

required for SEM/EDS analysis. Colloidal silica suspension of grit size 0.02 µm was used at
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(a) (b)

Figure 2.3: (a) Struers LaboPress-3T M hot mounting press (reproduced after Ref. [9]), and (b)
grinding/polishing machines for metallography.

last for the finest polishing. After obtaining a smooth and reflective surface, the samples were

chemically etched using various etchants, including Marble, Kalling No2, Kroll, Nital, Adler, and

Walner, depending on the type of their elemental constituents and reactions to these etchants. The

purpose of etching is that etchant attacks different phases present in the samples at different rates,

and provides high quality surface contrast for microstructure characterization. Choosing proper

chemical etchant and etching times are crucial to investigate detailed microstructures. The detail

on how to choose the proper chemical etchants and the ingredients of the chemical etchants can

be found on ASM handbook, volume 9 [167]. Fig. 2.3(b) shows the grinding/polishing machine

used.

2.4 Microscopy Techniques

XRD can not detect additional phases when the impurity phase contents are either below the

detection limit of XRD (less than roughly 5% of the overall volume) or amorphous in nature

[163, 168, 169]. In such case, optical microscopy and SEM of polished and etched samples are

the most direct ways to characterize the microstructure because they give a morphological image

which can clearly figure out secondary phases and grain boundary segregation even for minor

constituents.
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Figure 2.4: An external image of Optical microscope system used to take optical images. The
image displaying in PC screen is of CoFeMnAl Heusler alloy annealed at 850�C for 7 days.

2.4.1 Optical Microscopy Technique

Optical microscopy is the first magnification technique to see morphology of alloys under

study. It is a direct and simple technique that can be used to visualize amorphous and crystalline

materials with homogeneous or heterogeneous micro-structure and grains as well. Fig. 2.4 shows

the external image of optical microscope system utilized for optical microscopy. After adjusting

optics and observing different contrast in etched specimen seen from optical microscopy, we can

speculate the presence of impurity phases, or possible different crystallite orientations.

2.4.2 Electron Microscopy and Compositional Analysis Technique

Scanning electron microscopy technique is one of the important technique to get valuable in-

formation about the specimen including external morphology (texture), chemical composition,

crystalline structure and orientations. This technique provides higher spatial resolution over op-

tical microscopy (⇠ 1 µm spatial resolution). The imaging technique reveals a clear view of the

specimen topography and quantitative chemical analysis could be done using energy dispersive

spectroscopy (EDS). The back-scattered electrons technique helps us to obtain contrast image for

different phases if present in the specimen.
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(a) (b) (c)

Figure 2.5: Scanning electron microscope (a) electron scattering mechanism from electronic shells
in specimens [10], (b) schematic of scanning electron microscope [11], (c) tear-drop showing the
signals emitted from different parts of the interaction volume in the specimen [12].

2.4.2.1 Scanning Electron Microscopy (SEM)

Fig. 2.5(a) shows a schematic diagram of scanning electron microscope (SEM). In SEM, elec-

tron source (tungsten filament, cathode) emits electron beam through thermionic or field emission

method. The electron beam with energy ranging from 0.2 keV to 40 keV is then focused to pass

through the pair of condenser and objective lens. This arrangement helps to control the spot size

and the direction of the electron beam over the specimen under the study. The deflector coils (or

scanning coils) in the electron columns deflect the electron beam in the x and y direction scanning

in a raster fashion over the specimen surface.

When focused primary electron beam interacts with the sample, the electrons lose energy by

repeated random scattering and absorption within teardrop-shaped volume, also known as interac-

tion volume. Fig. 2.5(b) shows the interaction volume showing various scattering processes. The

depth of various interactions depend on various factors, i.e., the accelerating voltage of the electron

source, beam spot size, the type of materials under study. Fig. 2.5(c) shows the interaction of elec-

tron beam with a sample having nucleus N, and electronic shells K,L,M etc. Inelastic scattering

of primary electron beams results secondary electrons (SE), which can be used for compositional
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(a) (b)

Figure 2.6: Scanning electron microscopes (a) JEOL 7000, and (b) Thermo ScientificT H Apreo.

analysis, as well as electron imaging where as elastic scattering of incident electrons by sample

nuclei or electrons results back-scattered electrons (BSE) with intensity proportional to the atomic

number of the elements in the sample and can be used in compositional contrast and microstruc-

tural analysis of the material. In a typical SEM, these informations can be collected by a secondary

electron detector, a back-scattered electron detector, a wavelength-dispersive X-ray (WD) detector,

an energy-dispersive X-ray detector (EDS), etc, as shown in Fig. 2.5(a).

Both JEOL 7000 and Apreo Field Emission Scanning Electron Microscope (FESEM) with a

Schottky type Field Emission (FE) gun, equipped with a secondary electron detector (SED), a

back-scattered electron detector (BED), an electron back-scatter diffraction detector (EBSD), an

energy-dispersive X-ray spectroscopy detector (EDS), a wavelength-dispersive X-ray spectroscopy

detector (WDS), were used for the analysis of specimens, shown in Fig. 2.6. The resolution of this

SEM is ⇠ 1nm with adjustable spot size and accelerating voltage of 0 to 30kV with magnification

of 25X to 1,000,000X. Using this SEM, electron images, EDS, and EBSD analysis of our samples

were possible. Prior to this analysis, as explained in the previous section, samples need to be

mounted in a conducting mount hold, and their surface should be ground and polished to a very

smooth surface with submicrometer roughness.
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(a) (b)

Figure 2.7: (a) Schematic illustration of Bragg’s law. Reprinted after Ref. [13], and (b) Bruker D8
Discover X-ray diffractometer used for our investigations.

2.4.2.2 Energy Dispersive Spectroscopy (EDS)

Observing different contrast in etched sample seen from optical microscopy, we can speculate

the presence of impurity phases, and SEM with EDS can be used to directly quantify whether areas

of different contrasts represent impurity phases or possible different crystallite orientations.

2.5 Crystal structural analysis Methods

Structural analysis was carried out by using X-ray diffraction (XRD) as the standard method.

A brief discussion on the principle of X-ray diffraction and refinement of the crystal structure is

given below.

X-ray diffraction technique is one of the most fundamental and versatile non-destructive tool

for analyzing the crystal structure of crystalline materials. Fundamentals and physical principles

of X-ray diffraction method and how this technique explores the quality of the crystals and relates

the information of the reciprocal and real space are thoroughly explained in text books [2, 168–

171]. The elastic scattering of incident X-rays from different scattering centers (nuclei) reinforce

at certain phase relations which give rise to constructive interference (alternative maximum and

minimum intensities). The typical phenomenon is shown in Fig. 2.7(a). The diffraction condition
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is given by the Bragg’s law;

2dSinq = nl (2.1)

where d is the interplanar spacing, l is the wavelength of X-ray employed for diffraction and q is

the angle between incident X-rays and crystal planes.

Each crystalline compound possess unique X-ray diffraction pattern. So, for pure crystalline

material, it acts as a ’fingerprint’. This uniquesness is due to unique interplanar spacing related to

the lattice constant of material and specific planes upon which the Bragg law is allowed. So far,

the Heusler alloys are known to crystallize in three crystal structures, namely, cubic (face-centered

cubic), tetragonal, and hexagonal. The interplanar spacing d of the planes (hkl) for three different

crystal systems is given by [2];

Cubic :
1
d2 =

h2 + k2 + l2

a2 (2.2)

Tetragonal :
1
d2 =

h2 + k2

a2 +
l2

c2 (2.3)

Hexagonal :
1
d2 =

3
4

✓
h2 +hk+ k2

a2

◆
+

l2

c2 (2.4)

Where a and c are lattice parameters.

Not all the atomic planes in the crystal diffract the incident beam, only the planes meeting the

Bragg’s conditions with a non-zero consequent structure factor are reflected and observed. The

condition for this constructive interference can be calculated for different Bravais lattices as;

Powder X-ray diffraction (XRD) patterns of our Heusler compounds were taken at room tem-

perature using a Bruker D8 Discover X-ray diffractometer equipped with monochromatic Co-Ka

(l = 0.179 nm) radiation, source, a Hi-STAR two dimensional (area) detector, and an Euler cradle

with capability to vibrate and rotate the samples during the measurement. This machine can be

used to identify crystalline phase, crystal structur, texturing, residual stress of powder, bulk and

single crystal samples. The GADDS software was used to collect the data in the 2q range of

17� < 2q < 130�. In most cases, the bulk ingots were crushed into pieces and ground to obtain
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Table 2.1: The planar reflections in specific Bravais lattices. Reprinted with permission form Ref. [2].

Ceystal type Bravais Lattice type Reflections possible Reflections necessarily
present absent

Simple Primitive Any h, k, l None
Body-centered Body-centered h + k + l even h + k + l odd
Face-centered Face-centered h, k, and l unmixed h, k, and l mixed
Diamond cubic Face-centered cubic As fcc, but if all even h, k, and l mixed and if all

and h + k + l 6= 4N; even and
then absent h + k + l 6= 4N

Base-centered Base-centered h and k both even or h and k mixed
or both odd
h + 2k = 3N with l
even

Hexagonal close-packed Hexagonal h + 2k = 3N ± 1 with h + 2k = 3N with l odd
l odd
h + 2k = 3N ± 1
with l even

powders of micron size using hammer. During this process care was taken to avoid possible oxi-

dation and contamination of powder samples. To reduce the surface effects, the polished/powder

samples were rotated around the f axis during the XRD measurement. The Bruker D8 Discover

X-ray diffractometer used for our investigation is shown in Fig. 2.7(b). The anode current and the

excitation voltage were 30 mA and 40 kV respectively for exciting the Co-Ka radiation. Diffrac-

tometer is equipped with filters to prevent the detection of parasite wavelengths. These filters act

as absorbers with absorption edge close to the spurious wavelengths. The integrated intensity of

X-ray diffraction by a diffractometer can be obtained as [171]:

I = |F |2 p
✓

1+Cos22q
2Sin2qCosq

◆✓
1

2µ

◆
exp2B( Sinq

l )
2

(2.5)

Where F is the structure factor which depends on the type of crystal structure and atomic ordering,

p is multiplicity factor, which represents the number of crystal planes with similar structure factors

and spacing, but different orientations. q is Bragg’s angle. The first parentheses in equation 2.5

is known as the Lorentz-polarization (LP) factor, representing the polarization of the X-ray due

to the gradient of the electric fields, which results in a difference between the polarizations of X-

rays in the plane perpendicular to the propagation direction. The term 1
2µ is the absorption factor,
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representing the X-ray absorption by the sample and is constant for thick samples. The last term in

equation 2.5 is the temperature factor or Debye-Waller factor, representing the decrease in the X-

ray peaks intensity due to the atomic displacement from thermal vibrations of atoms in the crystal,

above zero Kelvin. The factor B is the isotropic temperature factor which is proportional to the

mean squared displacement of the atoms.

The structure factor for the reflection from (hkl) plane in a unit cell consisting of N atoms at

positions (un, vn, wn) and atomic scattering factors fn is given by [171];

Fhkl =
N

Â
n=1

fnexp2pi(hun+kvn+lwn) (2.6)

Considering the fact that Heusler-like compounds can crystallize in a number of structures,

particularly the ordered L21 (Fm3̄m, space group no. 225) or Y (F 4̄3m, space group no. 216) or

X�a (F 4̄3m, space group no. 216 [64, 65]) and possible disordered phases D03 (Fm3̄m, space

group no. 225 [64, 65]), D019 (P63/mmc, space group no. 194 [64, 65]) [172–174], and D022

(I4/mmm, space group no. 139 [64, 65]), structure assignment should be undertaken carefully. The

structural deformation through compression or elongation along one of the cubic (100) axes forms

a tetragonal lattice while a similar deformation along the (111) direction results in a hexagonal

structure [6]. In order to avoid a selection bias, we first determined the crystal class from the XRD

data alone, following the procedure in Ref. [171]. From the observed XRD peaks, the values of

sin2q were tabulated. If the structure is in the cubic system, then these values, when properly

normalized, will yield a set of integers. Omissions in the list of integers distinguish the type of

cubic lattice (sc, bcc, fcc). If there is no overall normalization of the values that results in only

integral values, the system is not cubic. A similar but slightly more involved procedure [171]

can be used to test the XRD data against tetragonal and hexagonal systems. After confirming the

crystal system and indexing all XRD peaks, lattice parameters were extracted for all alloys in the

series using Cohen’s method with a Nelson-Riley extrapolation function [171]. The X-ray patterns

were further analyzed by the Rietveld refinement technique.
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2.5.1 XRD pattern simulation and structure refinement using the Rietveld method

CaRIne crystallography 4.0 software [78], Vesta, the Crystal impact Match! software [80] as

well as in-house PYTHON code [79] including the dispersive corrections to the atomic scattering

factors were used to simulate the XRD patterns to compare with the experimental XRD patterns.

Rietveld refinement was done using a MATCH! software based on the FullProf algorithm [80].

Rietveld method is a least-squares approach to fit the experimental XRD intensity profile to the

simulated XRD pattern of the possible phases of the materials. In Rietveld refinement, many pa-

rameters of crystal structure (s), diffraction optics effects, instrumental factors and other specimen

characteristics (e.g., preferred orientation, texture, lattice constants, etc.) are refined iteratively. For

the best fit, the difference between the observed and calculated diffraction pattern is minimized in

the iteration. The quantity minimized is the residual Sy given by [175];

Sy =
N

Â
n=i

(yio � yic)2

yio
(2.7)

where, yio and yic are the observed and calculated intensities of the ith data point respectively.

The intensity of powder X-ray diffraction pattern of a polycrystalline material IK (where K

stands for the Miller indices, h,k, l) is proportional to the square of the absolute value of the struc-

ture factor |FK|2. The calculated intensities yic, observed at any arbitrarily chosen point are deter-

mined from the |FK|2 values calculated by summing the contributions from neighbouring regions

of a particular Bragg’s reflection and the background as well is [175];

yic = sÂ
K

LK|FK|2f(2qi �2qk)PKA� yib (2.8)

where s is scale factor, K represents the Miller indices, h,k, l for a Bragg’s reflection, LK is the

Lorentzian function, f is the reflection profile function, PK is the preferred orientation function

which is equal to 1 for polycrystalline materials. A is an absorption factor that depends on instru-

ment geometry and is a constant for most instrument geometries used in X-ray diffractometers,
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and yib is the background intensity at the ith step.

For Rietveld refinement, a good starting model is expected because the method is not a structure

solution method, it is a structural refinement method. So, the best suitable initial-guesses on various

parameters of the unit cell (space group, lattice parameters, fractional coordinates of the atoms/ions

present in the unit cell, site occupancy, thermal parameters of atoms/ions, etc.), proper background

and profile functions is the key factor. A model which gives the lowest residue among the others

upon the completion of the refinements is considered as the best fit. Various figures of merit used

to characterize both full pattern decomposition, and Rietveld refinement quality are given below

[175];

Profile value : Rp =
Â |yio � yic|

Âyio
(2.9)

Weighted value : Rwp =


Â(yio � yic)

Âwiy2
io

�1/2
(2.10)

Bragg’s R-factor : RB =
Â |Iko � Ikc|

Â Iko
(2.11)

Expected value : Rexp =


N �P
Âwiy2

io

�1/2
(2.12)

Goodness of fit : c2 =


Rwp

Rexp

�2
(2.13)

Where N = total number of points measured in X-ray diffraction pattern, P = number of free least

square parameters, wi = weight of the ith data point = 1
yio

.

2.5.2 Electron back scattered diffraction

Further, the crystal structures determined from XRD were confirmed using electron backscatter

diffraction (EBSD) phase mapping analysis in a JEOL 7000 FESEM system. EBSD is an effective

tool where EBSD inverse pole figure (IPF) color map and phase map help us to determine the

degree of texturing, crystallographic orientations and purity of phase considered in the microstruc-

ture. EBSD is suitable in wide dimensional range of millimeters to nanometers on the sample. The
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working principle of EBSD is similar to the XRD method with the exception of diffractive source

being the electron beam instead of an X-ray. A very good surface quality of the sample is needed

to enhance the signal quality. Usage of final polishing agent with low mesh such as colloidal silica

is highly recommended. Also it is essential to minimize the surface charging as much as possible.

The sample is tilted at a high angle of 60 to 80 degrees to enhance the received signal during mea-

surement. The patterns formed are called Kikuchi patterns which follow the Bragg’s law and their

intensity also depends on the structure factors of the diffracted material and is therefore unique.

The scanning step size should not be more than a tenth of the average grain or feature size, so that

enough data is gathered from the surface.

2.5.3 Phase transformation behaviour and thermal stability

Differential Scanning Calorimetry (DSC) is a simple but an effective tool to identify phase

transformation temperatures and melting points of the materials. If the local composition of sam-

ple does not change in going from one structure to another, this serves to indicate that the transfor-

mation is a diffusionless martensitic transformation. The phase evolution can be clearly identified

from the DSC curves by observing the large, sharp endothermic/exothermic peaks during heating

and cooling cycles of the samples.

Figure 2.8: Setaram Labsys Evo. which can work in the temperature range between room tem-
perature and 1600�C, the heating and cooling speeds are between 0.01 an 100�C/min. Weighing
precision of ± 0.01%. Reprinted after Ref. [14].

For some of our sample series, DSC measurements were carried out to confirm the diffusionless

39



martensitic transformation (with a ramp rate 10�C/min during heating and cooling) in the temper-

ature range up to 1200�C in a Setaram Labsys Evo. (see Fig. 2.8) in Ar gas flux at the rate of

20mL/min to prevent the possible oxidation of the samples. The temperature and the heat reaction

were calibrated using high purity indium, aluminum, silver and nickel standards.

2.6 Magnetic Characterization

Vibrating sample magnetometry techniques are widely used to measure the magnetic properties

of materials due to high sensitivity and versatility. Here, low temperature magnetic measurements

of our polycrystalline samples were performed using VSM option of cryogen-free Quantum de-

sign PPMS Dynacol working in the temperature range of T = 1.8 K to 400 K and with maximum

possible magnetic field of 9 T. The accuracy level of measuring moments in PPMS is lower than

10�6 emu. The high temperature magnetic properties were studied using LakeShore VSM 7407

and 7410 both equipped with a high temperature stage. VSM measures magnetic moment as a

function of applied magnetic filed, temperature, and time.

Figure 2.9: Schematic of a Quantum Design VSM system. Reprinted after Ref. [15].
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2.6.1 Working principle of VSM

Basic working principle of VSM is based on the Faraday’s law of electromagnetic induction,

i.e., a changing magnetic flux will induce a voltage in a pickup coil. The voltage induced in a pick-

up coil due to change in magnetic flux (F) resulting from the oscillation of sample along vertical

(z-) direction is given by [176];

Vcoil =
dF
dt

=

✓
dF
dz

◆✓
dz
dt

◆
(2.14)

Vcoil = 2pCmAsin(2p f t) (2.15)

Where C is a coupling constant, m is the DC magnetic moment of the sample, A is the amplitude

of oscillation, and f is the frequency of oscillation.

The VSM option of PPMS contains a motor head module at the top of the sample chamber

to produce vertical sinusoidal oscillations of the sample placed at the center of the pick-up coils

attaching it to the end of a sample transfer rod and the pick-up coils are placed between two

electromagnets at the bottom of the sample chamber, as shown in Fig. 2.9.

For magnetometry such as field dependent magnetization and temperature dependent magne-

tization, we place a very small sample (⇠ less than 5mg) at the center of the gradiometer pick-up

coils by a centering technique and the sample is allowed to oscillate sinusoidally with typical fre-

quency ⇠ 40 Hz and amplitude ⇠ 2 mm. VSM pick-up coil module records the voltage induced

in the coil and the VSM motor module at the top of chamber records the amplitude and position

of the sample oscillation. Then, two readings from two different modules are averaged and sent to

the CAN bus connected to the PC in order to save the magnetization data.

From the field dependent magnetization data i.e., M(H) curves, we can get the information of

the magnetic systems (ferromagnetic, paramagnetic, diamagnetic, etc.), saturation magnetization

Ms, coercivity Hc, magnetic remanence Mr, and so on while temperature dependent magnetization

data i.e., M(T) curves can be used to examine the Curie temperature of ferromagnets or Neel

temperature of antiferromagnets or blocking temperature of superparamagnets etc. M(T) graphs
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can detect the existence of multiple phases in the alloys, and also magnetic phase transformations

in the materials, and many more.

2.7 Electrical Transport Characterization

Heusler alloys are very promising for their use in potential spintronics device applications,

thermopower and thermoelectric applications [1]. Important information about metallic, semicon-

ductiong, insulating, superconductiong behavious of materials can be uncovered by the study of

electrical transport measurements. The residual resistivity r0 and residual resistivity ratio (RRR),

r(300 K)/r(5 K) in temperature dependence of resistivity and magnetoresistance MR(H) in field

dependence of resistance can provide the important bulk properties including half-metallicity,

atomic orderings, structural and magnetic transitions etc. The RRR values less than 1 is observed

in Heusler alloy Co2CrAl [177], indicating intrinsic semiconducting behavior. Vary large RRR

values of 6.5 and 4.2 are reported in Co2MnSi [108] bulk single crystal and bulk Co2TiSn [178]

respectively due to the improvement of the crystallinity of the alloy at low temperature.

Figure 2.10: PPMS resistivity puck for resistivity measurement in Van der Pauw geometry.

The electrical transport measurements were done using the van der Pauw method [179] in a

PPMS Dynacool for samples with approximate dimensions 4 x 4 x 1 mm3. PPMS can measure the

temperature dependent of dc electrical resistance in the range of 10µW < R < 4MW with less than
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1% error in the temperature ranges from 1.9 K<T<400 K. PPMS Dynacool utilizes a“pulsed tube

cooling” technique without the need for liquid Helium and uses cryogenic pumps to reach pres-

sures less than 10�4 torr. For magnetic filed dependence of transport measurement such as magne-

totransport and Hall measurements, the built-in superconducting magnets can yield the field up to 9

Tesla, which are properly shielded to avoid any interference with nearby instruments. Schematics

of the Dynacool cryostat and vacuum system and more details on their operating principles can be

found in Dynacool user manual [15]. Heusler bulk samples were placed on the resistivity pucks

placing a thin layer of Mica insulating sheet covered with GE varnish underneath which acts as

an electrical insulation between the sample and puck, and are ultrasonically wire-bonded on the

four corners of the samples to the puck using aluminum wires, shown in Fig. 2.10. The surface of

the sample should be clean and free of cracks, any organic and inorganic contaminants for better

contact and results. Also, the contacts on the surface of the specimens should be at four corners

for more accurate resistivity measurement.

2.8 Mechanical Hardness Characterization

Figure 2.11: Outside view of Buehler model 1600-6100 micro-hardness tester.

Adaptation of materials to industrial applications requires mechanical robustness to undergo
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repetitive thermal cycling and resist cracking from vibrations. Most of the previous studies on me-

chanical properties are theoretical in nature and only few are verified experimentally. The observed

disconnect between the few available experimental results and the various theoretical results re-

quires the necessity of more experimental studies in this area. So, the mechanical properties were

studied in terms of Vickers hardness by using Buehler model 1600-6100 micro-hardness tester,

shown in Fig. 2.11. Hardness values were obtained by taking the average of data taken from at

least 12 different regions of each specimen with 0.2 kg load and 10 s loading time.

The whole experimental and characterization techniques are summarized in Fig. 2.12.

Figure 2.12: Flow chart showing experimental and characterization techniquesof Heusler com-
pounds.
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CHAPTER 3

THEORETICAL CALCULATIONS

In order to obtain important information about the stability, chemical ordering, ectronic and

magnetic properties for potential half-metallic and spin-gapless Heusler compounds, we have per-

formed density-functional theory (DFT) calculations employing the projector augmented wave

(PAW) pseudopotentials by Blöchl [180], implemented by Kresse and Furthmüller in the Vienna

ab initio simulation package (VASP) [181]. We have adopted the generalized-gradient approxima-

tion (GGA) in the scheme of PerdewBuekeErnzerhof (PBE) for the electronic exchange-correlation

functional [182]. We have used a 16-atom supercell, i.e., 4 formula units of the underlying L21

structure adopted by the perfect full-Heusler compounds like Co2MnGe. The integration over the

irreducible Brillouin-zone (IBZ) of cubic systems was done with the automatic mesh generation

scheme within VASP with the mesh parameter (the number of k points per �1 along each recipro-

cal lattice vector) set to 64 (sometimes 30). Total energies were converged upto 10�7eV/cell with

a plane-wave cutoff of 520 eV. Full relaxation of cell (initially cubic) volume, shape and atomic

positions were performed until the forces on each atom become less than 10�2 meV/cell using the

conjugate-gradient method. Our calculations did not include spin-orbit interaction as most of the

Heusler compounds containing only 3d elements do not show any spin–orbit coupling, they are

ideal candidates to exhibit robust half-metallic ferromagnetism [1, 183].

For theoretical calculations, cubic supercell structures consisting of 16 atoms were constructed

using both Special Quasirandom Structure (SQS) and the Monte Carlo Special Quasirandom Struc-

ture (MCSQS) method [184] which is a part of the open source ATAT toolkit [185] accessible from

[186]. The MCSQS method can handle double-site substitutions as described in experimental sec-

tion above taking care of nearest neighbor interaction and predicts a special quasirandom structure
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by generating a set of clusters with specific correlations relative to a target random structure. The

best MCSQS structures were confirmed after waiting for a long enough time until a correlation dif-

ference relative to the target random structure approach to zero. The predicted MCSQS structures

were then optimized using GGA method.

It is known that standard PBE tends to underestimate the band gap and does not correctly

model the electronic properties of materials with strongly correlated electrons [115, 129, 133,

187, 188]. To circumvent this, often times the DFT+U approach is used, which adds an intra-

atomic Hubbard like term to the energy functional [189]. The U correction treats the strong on-site

Coulomb interaction of localized electrons while the rest of the electrons are treated with normal

DFT approximations [189].

The Hubbard U parameter cannot be calculated simultaneously with the minimization of the to-

tal energy because total energy remains constant with respect to the U term. Both experimental and

computational determination of the U values is very difficult and tedious tasks and in 2013 Sasioglu

and collaobrators employed the constrained random-phase approximation (CRPA) scheme to cal-

culate the U values for several half-metals [190]. For the calculations presented in the rest of this

work, we have used the semi-empirical values mentioned in Ref. [191], where Kandpal et al. have

employed the LDA+U scheme to study the electronic structure of several half-metallic Heusler

compounds. The considered U values for the d-orbitals of Co, Fe, Mn, Cr, V, Ti, and Sc are 1.92

eV, 1.80 eV, 1.69 eV, 1.59 eV, 1.34 eV, 1.36 eV, and 1.30 eV respectively. Finally, it should be

noted that the inclusion of U artificially opens a band-gap in the minority spin channel and only

comparison to experimental data guarantees that the used U parameters in the calculations are

adequate for a particular material.

Although DFT+U can correct electronic and magnetic properties, the U parameter is usu-

ally obtained semi-empirically by fitting to experimental data, making the results not completely

ab-initio. As a fully first-principles alternative to DFT+U, we used the hybrid functional HSE-

06 [192], which is formed by mixing 75% of the PBE exchange with 25% of the Fock exchange

and 100% of the correlation energy from PBE and has been reported to give more accurate re-
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sults [16, 193, 194]. In order to account for van der Waals (vdW) effects, the DFT-D2 method of

Grimme [195] was implemented for calculations of electronic properties.

Figure 3.1: Various methods to predict the band gap in solids and their efficacy by using density
functional theory calculations, after [16]

Fig. 3.1 shows the validity of various methods to predict the band gap in solids using density

functional theory calculations, however the resulting methods appear to be material dependent

[16].

Pre- and post-processing modules of the VASPKIT, a command-line program which provides a

robust and user-friendly interface to perform high-throughput analysis of various material proper-

ties from the raw data produced by the VASP code. The former module was used to prepare input

files such as symmetry analysis, and k-path generation for a given crystal structure while the latter

module was utilized to extract and analyze the raw data about electronic structure, charge density,

and wave function plots in real space. Linux, macOS, and Windows platforms can be used to run

VASPKIT. To find the executable versions of VASPKIT and the related examples and tutorials,

one can follow its official website vaspkit.com [196]. Further, P4vasp [197] and OriginLab [198]

softweres were used for the graphical interpretation of data.
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CHAPTER 4

RESULTS

4.1 Possible half-metallic behavior of Co2�xCrxFeGe Heusler alloys: Theory and Experiment

4.1.1 Abstract

This work reports a combined experimental and theoretical study of structural, electronic,

magnetic, and mechanical properties of quaternary Heusler alloys Co2�xCrxFeGe prepared by

arc-melting with Cr concentrations 0  x  1. Single phase microstructures are observed for Cr

compositions from x = 0.25 to x = 1. Lower Cr concentrations are multi-phased. X-ray diffrac-

tion patterns at room temperature reveal a face-centered cubic crystal structure in all single phase

samples. The low-temperature saturation magnetic moments, as determined from magnetization

measurements, agree fairly well with our theoretical results and also obey the Slater-Pauling rule

for half-metals, a prerequisite for half metallicity. All alloys are observed to have high Curie tem-

peratures that scale linearly with the saturation magnetic moments. Relatively high mechanical

hardness values are also observed. First-principles calculations also predict a finite band gap in

the minority spin channel of the alloys, increasing in size with increasing Cr concentration. Cr

substitution brings the Fermi level toward the center of this gap while also increasing the majority

spin density of states near the Fermi level. As a whole Co2�xCrxFeGe shows great promise as a

half-metal with 100% spin polarization.

PUBLISHED AS: R. Mahat*, S. KC, U. Karki, J. Law, V. Franco, I. Galanakis, A. Gupta & P. LeClair,
Possible half-metallic behavior of Co2�xCrxFeGe Heusler alloys: Theory and Experiment, Physical Review B,
104,014430(2021).
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4.1.2 Introduction

Heusler alloys consist of a large family of intermetallic compounds exhibiting varieties of mag-

netic phenomena. Recently, the interest has been focused on those having half metallic character

for their potential use in magneto-electronic devices [29]. Co2-based full Heusler compounds with

stoichiometric composition Co2YZ, (Co,Y) being two transition metals, and Z being main group

element, crystallizing in the L21 structure (space group Fm3̄m, # 225 [64, 65]) belong to the most

promising candidates of this family scientifically and technologically [1, 30, 66, 84–91]. These

materials exhibit high Curie temperature (Tc), varying magnetic moments ranging from 0.3 µB to

1.0 µB at the Co site (depending on the constituents Y and Z), compatible lattice mismatch with

conventional semiconductors, and 100% spin polarization at room temperature, arising from the

exceptional electronic structure with a energy band gap at the Fermi level (EF ) for minority spin

sub-band [20, 29–34].

However, the experimentally observed spin polarization of most of the Co2-based ternary

Heusler alloys are always much smaller than the theoretical values. The discrepancy between

theory and experiment is expected due to the structural disorder in the crystal lattices [1, 41]. In

many cases, improvements in various properties such as structure, magnetization, transport, critical

temperature Tc, magnetoresistance as well as high spin polarization are realised in slightly disor-

dered Heusler alloys by the substitution of a quaternary element, as quaternary element additions

are observed to reduce the structural disorder and change the degree of hybridization between the

3d orbitals of different elements with consequent changes in the position of the Fermi level with

respect to the spin sub-band [115–120]. Özdoğan et al. [121] have done the theoretical study of the

doping effect of low-valent transition metal atoms in ternary Heusler alloys. They have observed

the change in electronic structure opening the energy gap around Fermi level in minority states by

electron doping, which gives 100% spin polarization, stabilizing the half-metallic character. So,

doping is considered as one of the promising ways to stabilize Co2-based new robust half-metals

[122].

The Co2FeGe (CFG) system is of interest in spintronic applications due to its high Curie
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temperature and is predicted theoretically to be stable, crystallizing in the L21 structure with

Fermi level falling on the edge of the minority conduction band making the system shy from

being half metallic, but it is observed experimentally to show multi-phase behavior in bulk form

[17, 105, 129]. High Tc = 981 K and large magnetic moment of 5.74 µB/ f .u. for disordered CFG

is reported in Ref [17]. Balke et al. [199] have observed CFG to crystallize in L21 structure by

analysing the EXAFS data. While, quaternary Heusler alloy CoFeCrGe (CFCG) is observed the-

oretically and experimentally to be nearly half metallic with Fermi level falling on the edge of the

minority valence band, leading to an unstable half-metallicity [18, 132–134]. So, as we go from

CFG to CFCG, Fermi level is shifted from lower edge of conduction band to upper edge of valence

band in minority spin channel which is in accordance to the calculations by Galanakis et al. [128].

They have suggested that an expansion of the lattice should shift the Fermi level deeper in energy

and the contraction should shift it higher in energy. Therefore, one can expect robust half metallic-

ity with Fermi level exactly at the middle of the band gap for some intermediate Cr concentrations

in CFG due to the expansion of the lattice when Cr with larger atomic radius substitutes for Co

[153]. The substitution of Cr to Co may be also seen as d-electron deficiency.

There are some successful reports on CFG system where substitution plays an important role

to stabilize the L21 phase and tune the Fermi level towards the minority band gap. The band gap

at the Fermi level can be tuned by substituting a fourth element at X/Y/Z site i.e., Co2�xY⇤
xYZ,

Co2Y1�xY⇤
xZ or Co2YZ1�xZ⇤

x where Y, Y* are low valent transition elements and Z, Z* are main

group elements [41, 62, 123–127]. The substitution at X/Y site is more convincing as X/Y site

element plays main role in tailoring the half-metallicity and magnetic properties compared to Z

site [128]. Ti substitution to Co in disordered CFG is reported to stabilize the system and tune the

Fermi level towards the middle of the band gap [105]. Venkateswarlu et al. [130] were able to

obtain the stable L21 phase in Co2Ti1�xFexGe substitutional series in bulk form with some antisite

disorder. Varaprasad et al. [120] were able to measure spin polarization as high as 0.69 in CFG by

substituting Ga for Ge i.e., Co2Fe(Ga1�xGex). All these approaches have inspired us to synthesize

CFG, a potential candidate for spintronic applications, and investigate the effect of Cr substitution
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for Co in CFG on structural, electronic, magnetic and mechanical properties. In particular, we

present results on the extent to which Cr can help to tune the half metallic character stabilizing the

L21 structure in Co2�xCrxFeGe Heusler system.

4.1.3 Methods

4.1.3.1 Experimental Methods

The bulk Co2�xCrxFeGe (0  x  1) stoichiometric Heusler alloys were prepared by melting

Co, Fe, Cr, and Ge pieces of 99.99% purity in an arc furnace on a Cu hearth provided with water

cooling under argon flow at a base pressure of 10�4 mbar. The mixture was melted at least 6 times

to ensure chemical homogeneity. As an oxygen getter, Ti was melted inside the vacuum chamber

separately before melting the compound to avoid oxygen contamination. The weight loss during

the process was negligible. The resulting ingots were cut into pieces and examined using an energy

dispersive X-ray spectroscopy (EDS) detector equipped in a JEOL 7000 field emission scanning

electron microscope (FESEM) to ensure the target composition after the arc melting. These pieces

were annealed in evacuated quartz tubes for different heat treatments, and cooled slowly in the

furnace to get optimum crystallization to promote the formation of L21 structure. To make the

comparison uniform across all compositions, only the samples annealed under similar heat treat-

ments (i.e., 1000�C for 15 days) are reported. The heat treatments were followed by metallography

(see details in supplementary information) to produce a metallic shiny surface for microstructure

analysis by optical and electron microscopes. After the heat treatment and metallography, the

composition and homogeneity of the samples were again confirmed by using EDS.

Structural analysis was carried out by using X-ray diffraction (XRD) using a Bruker D8 Dis-

cover X-ray diffractometer equipped with monochromatic Co-Ka (l = 0.179 nm) radiation. The

polished samples were rotated around the f axis during the XRD measurement to minimize sur-

face effects. CaRIne crystallography 4.0 software [78] as well as in-house PYTHON code [79]

including the dispersive corrections to the atomic scattering factors were used to simulate the XRD
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patterns to compare with the experimental XRD patterns. Rietveld refinement was done using a

MATCH! software based on the FullProf algorithm [80]. The low temperature magnetic properties

were studied in Quantum Design Physical Properties Measurement System (PPMS), while the high

temperature magnetization was measured using LakeShore VSM 7407. The mechanical proper-

ties were studied in terms of Vickers hardness by using Buehler model 1600-6100 micro-hardness

tester.

4.1.3.2 Computational Methods

We have performed density-functional theory (DFT) calculations employing the projector aug-

mented wave (PAW) pseudopotentials by Blöchl [180], implemented by Kresse and Furthmüller in

the Vienna ab initio simulation package (VASP) [181]. We have adopted the generalized-gradient

approximation (GGA) in the scheme of PerdewBuekeErnzerhof (PBE) for the electronic exchange-

correlation functional [182]. We have used a 16-atom supercell, i.e., 4 formula units of the under-

lying L21 structure adopted by the perfect full-Heusler compounds like Co2MnGe. The integration

over the irreducible Brillouin-zone (IBZ) of cubic systems was done with the automatic mesh gen-

eration scheme within VASP with the mesh parameter (the number of k points per �1 along each

reciprocal lattice vector) set to 30, which generates a 10⇥ 10⇥ 10 G-centered Monkhorst-Pack

grid in the case of cubic lattices [200]. Total energies were converged upto 10�7eV/cell with a

plane-wave cutoff of 520 eV. Full relaxation of cell (initially cubic) volume, shape and atomic

positions were performed until the forces on each atom become less than 10�2 meV/cell using the

conjugate-gradient method. Our calculations did not include spin-orbit interaction but the latter is

not crucial for the half-metallic properties of Heusler compounds [183].
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4.1.4 Results and Discussions

4.1.4.1 Experimental results and Discussions

4.1.4.1.1 Microstructural and Compositional analysis

XRD can not detect additional phases when the impurity phase contents are either below the

detection limit of XRD (less than roughly 5% of the overall volume) or amorphous in nature [105,

168, 169]. In such case, optical microscopy and SEM of polished and etched samples are the most

direct ways to characterize the microstructure because they give a morphological image which can

clearly figure out secondary phases and grain boundary segregation even for minor constituents.

Observing different contrast in etched sample seen from optical microscopy, we can speculate the

presence of impurity phases, and SEM with EDS can be used to directly quantify whether areas of

different contrasts represent impurity phases or possible different crystallite orientations.

In accordance with previous reports of the full stoichiometric CFG [17, 105, 129, 163], mul-

tiphase microstructure was obtained for all the heat treatments performed at 900, 950, or 1000�C

for different dwelling times; 3, 7, or 15 days. However, with the substitution of Cr for Co, there

is a rapid conversion of this multiphase microstructure toward a single phase microstructure for

the samples annealed at 1000�C for 15 days in the composition range (0.25  x  1). Low Cr

concentration (x < 0.25) produced multiphase behavior. Fig. 4.1 shows the microstructure of all

single phase samples observed using optical microscope. The contrast developed in micrograph

Figure 4.1: Optical micrograph of Co2�xCrxFeGe annealed at 1000�C for 15 days followed by
slow cooling showing the granular microstructure. The samples were etched for 30 seconds using
the Adler etchant.
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Figure 4.2: SEM micrograph of Co2�xCrxFeGe annealed at 1000�C for 15 days followed by slow
cooling showing the granular microstructure.

(see details in Supplementary information) suggests significant compositional differences between

phases in the case of parent CFG (x = 0). The composition was measured to differ from the target

composition by more than 5% with the secondary phase mainly located in grain boundaries and

same trend is observed with the chromium substitution x = 0.125 in place of Co, though the ma-

jor granular phase was identified to be close to target and nominal secondary phase was observed

to segregate in grain boundaries which can also be seen from elemental mapping images of con-

stituent elements in homogenized Co2�xCrxFeGe alloys presented in Supplementary information.

The stoichiometry within the grains of all the single-phase samples was confirmed as the target

composition within an instrumental uncertainty of ⇠ 5% using EDS. Typical SEM images display-

ing the microstructure of single phase samples are shown in Fig. 4.2. Relatively large grains are

observed.

4.1.4.1.2 Crystal structure and atomic order analysis

Structural characterization has been performed with XRD as the standard method. Although,

XRD suffers from some limitations due to very small differences in the atomic scattering fac-

tors between constituent transition elements in Co2�xCrxFeGe, an important structural information

concerning atomic disorder can be obtained from the analysis of the relative intensities of the su-

perstructure reflection peaks (111) and (200). Fig. 4.3 shows the XRD patterns for Co2�xCrxFeGe

alloys annealed at 1000�C for 15 days, measured at room temperature, using a Co-Ka radiation

source. Single phase behavior can be seen only for 0.25  x  1 while low Cr concentrations are
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Figure 4.3: Experimental XRD patterns of Co2�xCrxFeGe alloy series annealed at 1000�C for
15 days investigated at room temperature, here, ⇤ corresponds to the secondary phase/unknown
impurity phase. The first from the bottom is the simulated XRD pattern for ordered L21 structure
of CFG. The relative Intensity (y-axis) is plotted in log scale so that all the peaks can be seen
clearly.

multi-phase (impurity peaks are represented by asterisks). Simple structural information of a cubic

single phase can be gained by indexing all XRD peaks. For all cubic single-phase compositions,

only three distinct Heusler-like reflection peaks (h, k, l all odd or even) are observed; fundamental

peaks with h+ k + l = 4n, even superlattice peaks with h+ k + l = 4n+ 2 and odd superlattice

peaks with h+ k+ l = 2n+1. Heusler alloys in the ordered L21 structure are characterized by the

presence of superlattice diffraction peaks; the presence of (111) peak indicates the chemical order-

ing of atoms in octahedral positions, and (200) peak indicates the order for atoms in tetrahedral

positions, while (220) peak is a principal reflection which is independent of the state of the order

[72].
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(a) (b)

Figure 4.4: (a) Enlargement of (111) and (200) X-ray diffraction peaks of single phase samples
and (b) the corresponding simulated patterns for the ideal ordered structure.

In full Heusler alloys (FHA) of the type X2YZ, transition metal atoms X are of the intermediate

electronegativity values and occupy 8c(1
4 ,1

4 ,1
4) (or 4c(1

4 ,1
4 ,1

4), and 4d(3
4 ,3

4 ,3
4)), the low valence tran-

sition metal atom Y with least electronegativity occupies 4b(1
2 ,1

2 ,1
2), and the most electronegative

main group element Z occupies 4a(0,0,0) Wyckoff positions of the space group Fm3̄m [1, 61].

Here, we refer 4a and 4b sites as A sublattice and 4c and 4d as B sublattice as shown in Fig.

4.6. If one X is replaced by a different transition metal X’, a quaternary Heusler structure (or Y

structure) with different symmetry (space group F 4̄3m # 216) is obtained and written as XX’YZ.

In the present system under study, one can expect a change in structural order from L21 (x = 0)

to Y structure (x = 1) after Cr substitution, as the parent alloy CFG (x = 0) has been reported to

crystallize in L21 structure with some disorder [17, 120, 129]. The intensities of superstructure

peaks are sensitive to different kinds of atomic disorders, e.g., (i) A2-type disordered structure

with vanishing superstructure peaks when all the atoms are randomly distributed over lattice sites

4a, 4b, 4c, and 4d, (ii) disordered L21 structure (like B2-type in FHA) with only the (200) super-

structure peak and vanishing (111) peak when there is a disorder between atoms in 4a and 4b sites,

and (iii) B32a-type when disorder is between atoms in 4a, and 4c sites and 4b, and 4d sites [1, 73].
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This disordered structure DO3 results (111) superstructure peak with much higher intensity than

the (200) peak. All these types of disorder induce states at the edges of the minority-spin band

gap leading eventually to the loss of half-metallicity for a critical value of disorder, the later being

specific and depending on the kind of disorder [62]. In such cases, the magnetic moments may still

follow a Slater Pauling rule.

We present the enlargement of the experimental XRD patterns between 29.5� and 37� for single

phase samples to clearly show the superlattice reflections (111) and (200) in Fig. 4.4(a) with cor-

responding simulated patterns of ideal L21 structure (Y structure for x = 1) for comparison in Fig.

4.4(b); the two diffraction peaks are clearly visible as expected for the defect-free ordered Heusler

structure, indicating the presence of a long range ordering in these samples. The measured and

expected I111/I220 and I200/I220 are also labeled. These values agree with each other qualitatively.

Figure 4.5: Rietveld refinement performed on Co1.50Cr0.50FeGe annealed at 1000�C for 15 days
followed by slow cooling considering first atomic configuration given in Table 4.1.

Due to the small differences in the atomic scattering factors between the constituent 3d-metals

in Co2�xCrxFeGe and the unknown degree of texturing in the samples which might alter the rela-

tive intensity of XRD peaks, it is difficult to identify the exact chemical ordering. Therefore, we

performed Rietveld refinement of experimental XRD pattern for x = 0.50 i.e., Co1.50Cr0.50FeGe
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Table 4.1: Possible site assignments for cubic Co2�xCrxFeGe with corresponding goodness of fit parameter for
x = 0.50.

Type 4a 4b 4c 4d c2
x=0.50

(0,0,0) ( 1
2 , 1

2 , 1
2 ) ( 1

4 , 1
4 , 1

4 ) ( 3
4 , 3

4 , 3
4 )

I Ge Fe1�xCrx Co1�x/2Fex/2 Co1�x/2Fex/2 1.1
II Ge Fe1�xCrx Co1�xFex Co 1.7
III Ge Co1�xCrx Fe Co 1.9
IV Ge Fe Co1�xCrx Co 2.2

(a) (b)

Figure 4.6: Crystal structure in unit cell of (a) CFG and (b) Co1.50Cr0.50FeGe (I) configuration
mentioned in Table 4.1 assuming L21 structure. The structures are shown in their ideal, unrelaxed
forms.

considering four non-degenerate configurations. Further detail about other possible chemical or-

derings will be discussed in the forthcoming theoretical section. These four non-degenerate con-

figurations and corresponding goodness of fit parameters for x = 0.50 are shown in Table 4.1. Fig.

4.5 shows the observed, calculated and difference profiles for the best fit configuration (I) after

performing the Rietveld refinement. The crystal structure for this configuration is shown in Fig.

4.6(b) (see Supplementary information for crystal structures for other possible configurations). In

this configuration, the Ge atoms occupy the 4a position, a statistical distribution of the Fe and the

Cr which substitute Co atoms in the chemical formula is expected at 4b, the Fe atoms initially

at these site in the perfect L21 structure migrate to the tetrahedral sublattice B initially occupied
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Figure 4.7: Variation of lattice parameter with Cr concentration showing linear behavior. The black
data points represent literature values [17, 18].

purely by Co, i.e., Co and Fe are on the tetrahedral sublattice B (4c & 4d) and Fe, Cr, and Ge

on the octahedral sublattice A (4a & 4b). In Co2�xCrxFeGe, Cr is the least electronegative (1.66

Pauli units) [201]. Therefore, we presume that Cr substitution will displace the Fe atoms towards

vacated Co sites and it will fill the site previously occupied by Fe forming an ionic-type sublattice

with Ge (which has a larger electronegativity of 2.01 Pauli units) rather than with Co and Fe and

becomes stable by donating its electrons to other elements in the alloy. Ge tries to accept electrons

from other elements. The Co and displaced Fe atoms have intermediate electronegativities and oc-

cupy tetrahedral sites [1, 61]. This is also in agreement with the Hume-Rothery condition of phase

stability of substitutional solid solution. According to this rule, the atomic size difference between

two elements should be no larger than 15% and electron negativity difference no higher than 0.4 in

order to form substitutional solid solution [202–204]. In our case, the atomic-size and electroneg-

ativity difference between Fe (atomic radius 156 pm & electronegativity 1.83 Pauli units) and Cr

(atomic radius 166 pm & electronegativity 1.66 Pauli units) are ⇠ 10% and �0.11 respectively and

that between Co (atomic radius 152 pm & electronegativity 1.88 Pauli units) and Fe are ⇠ 3% and

�0.03 respectively [153, 201].

Lattice parameters were calculated using Cohen’s method with a Nelson-Riley extrapolation
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[171]. Fig. 4.7 displays the dependence of the lattice parameter a on the Cr concentration x

for Co2�xCrxFeGe. It is clearly seen that the lattice parameter increases linearly with increasing

chromium content. This behaviour is expected from Vegard’s law [205] due to the larger atomic

radius of Cr (185pm) compared with Co (152pm) [153].

4.1.4.1.3 Magnetic Characterization

(a) (b)

Figure 4.8: (a) The field-dependent magnetization at 1.8 K of Co2�xCrxFeGe (0 x 1). The inset
shows the enlargement for x = 0.50. (b) The saturation magnetic moment versus Cr concentration,
both experimental and expected from Slater Pauling rule for half metals.The inset shows the Arrot
plot for x = 0.50. The black data points represent reported literature values [17, 18].

Most of the Co-based half-metallic Heusler alloys show a Slater-Pauling-like behavior for the

magnetization when crystallized in a fully ordered state [206]. The Slater-Pauling (SP) rule relates

the dependence of the magnetic moment with the valence electron concentration (Zt) following a

simple electron counting scheme for ordered, half-metallic ferromagnetic Heusler compounds. If

the value of the saturation magnetization changes with Cr concentration x according to the Slater-

Pauling rule of thumb for half-metals, then we expect the total magnetization to be [1, 7]

Mt = [(2� x)ZCo + xZCr +ZFe +ZGe]�24 (4.1)
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where, Mt is the total spin magnetic moment per f.u. in µB and Zi is the number of valence electrons

of each individual atom. In Co2�xCrxFeGe system, the total number of valence electrons change

from 30 in CFG to 27 in CFCG. Therefore, the SP behavior predicts that the saturation magnetic

moment should decrease with the partial substitution of Cr for Co. A saturation magnetic moment

of

M(x) = 6�3x (4.2)

is expected for Co2�xCrxFeGe.

The low temperature magnetic measurements for all single-phase alloys were done using the

VSM option of a Quantum design PPMS Dynacool working in the temperature range of T = 1.8 K

to 400 K and with maximum possible magnetic field of 9 T. Fig. 4.8(a) shows the magnetization

curves measured at 1.8 K (see Supplementary information for magnetization curves at 300 K). The

magnetization curves shown in Fig. 4.8(a) are characteristic for ferromagnets. All the alloys are

saturated in magnetic field of about 5 kOe, indicating small magnetocrystalline anisotropy. All

the alloys are observed to be magnetically very soft with low coercivity (Hc) of about 20 Oe (see

inset to Fig. 4.8(a) for x = 0.50). The spontaneous magnetizations (Ms) were determined from an

Arrot plot [207], i.e., by linear extrapolation to H/M=0 of M2 versus H/M curve (see inset to Fig.

4.8(b)). The saturation magnetic moments deduced from the spontaneous magnetization at 1.8 K

are in good agreement with those expected for Slater-Pauling half metals (see red data points) and

decrease almost linearly with the increase of Cr content (see Fig. 4.8(b)). The decrease of the total

saturation magnetic moment with the increase in Cr content can only be attributed to the decrease in

number of Co atoms. The magnetic moment per formula unit for x= 1, i.e., CoFeCrGe is measured

to be 3.07 µB, which is also in agreement with the observation of Enamullah et al. [18]. The

slight deviation from integer value of magnetic moment could be due to the slight variation in the

stoichiometry of the compounds, weighing and measurement errors, partial surface oxidation, and

the measurement temperature of 1.8 K. All experimentally extracted saturation magnetic moments

are also in good agreement with those obtained from first-principle calculations (see Table 4.4), as

described in the forthcoming section.
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(a) (b)

Figure 4.9: (a) Temperature dependence of magnetization at 100 Oe. The inset shows the first-
order derivative of magnetization as a function of temperature, the minima of which is used to
extract Tc. (b) Variation of Curie temperature as a function of saturation magnetic moment.The
black data points represents reported literature value [18].

Figure 4.9(a) shows the temperature dependent specific magnetization of the investigated spec-

imens, measured by means of a vibrating sample magnetometer (LakeShore VSM 7407) equipped

with a high temperature stage. The measurements were performed in a constant magnetic field

of 100 Oe. The Curie temperatures of intermetallic alloy series were extracted from the inflection

point i.e., by taking the minima of the first-order derivative of M(T) curves (see inset in Fig. 4.9(a)).

The Curie temperature is observed to decrease with increasing Cr content due to the weakening

of the exchange interaction caused by small magnetic moment of substituted Cr compared to Co.

The decrease in Tc can also be attributed to the increase in lattice parameter with the substitution

of Cr changing the distance between magnetic ions leading to a weak exchange interaction. Com-

pared to other low valence transition metals V and Ti, the large magnetic moment at the Cr sites

due to the exchange splitting between the Cr-d states in the spin-up and the spin-down channels

is responsible for the small variation of Tc with the increase of Cr content [105, 208]. A linear

dependence is obtained when plotting the Curie temperature Tc of all single phase samples as a

function of their saturation magnetic moments (see Fig. 4.9(b)), which is expected in half metallic
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Table 4.2: Experimental lattice parameters and saturation magnetic moments at T = 1.8 K along with the Slater-
Pauling (S-P) values, and the measured Curie temperature (Tc) of Co2�xCrxFeGe alloy series. The numbers in paren-
theses are the uncertainty in the last digit, e.g., 5.29(2) = 5.29±0.02.

x Expt. lattice Expt. Ms S-P TC
parameter (Å) (µB/f.u.) (µB/f.u.) (K)

0† a = 5.751(3) 5.71(3) 6.00 981[17]
0.25 a = 5.756(1) 5.29(2) 5.25 952(4)
0.50 a = 5.760(1) 4.53(3) 4.50 917(5)
0.75 a = 5.765(1) 3.78(3) 3.75 864(5)
1 a = 5.771(1) 3.05(2) 3.00 861(8)

† Multiphase specimen

Co-based Heusler alloys [124]. According to this plot, Tc is the highest for those that exhibit a

large magnetic moment, or equivalently for those with a high valence electron concentration as

derived from the Slater-Pauling rule. The high values of Curie temperatures usually imply stable

magnetism and half metallicity over wide temperature range, necessary in practical applications.

By extrapolating a linear dependence, Tc is estimated to be 980 K for parent Co2FeGe (x = 0) in

good agreement with the reported value 981 K [17].

The experimentally determined lattice parameters, saturation magnetic moments at 1.8 K and

corresponding Curie temperature of all single phase samples in Co2�xCrxFeGe alloy series are

summarized in Table 4.2.

4.1.4.1.4 Vickers micro hardness

Adaptation of materials to industrial applications requires mechanical robustness to undergo

repetitive thermal cycling and resist cracking from vibrations. Most of the previous studies on

mechanical properties are theoretical in nature and only few are verified experimentally. The ob-

served disconnect between the few available experimental results and the various theoretical results

requires the necessity of more experimental studies in this area. Fig. 4.10 shows the variation of

Vickers micro hardness of the alloy series with Cr concentration measured at room temperature

with corresponding values in Table 4.3. Hardness values reported are the averages of data taken

from at least 12 different regions of each sample with 0.2 kg load and 10 s loading time. The
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Figure 4.10: Vickers hardness versus Cr concentration in Co2�xCrxFeGe, all annealed at 1000�C
for 15 days, with imprint of the indenter with radial cracks for x = 0.50 [bottom right].

Vickers hardness is calculated from

HV = 1.8544F/D2[kg/mm2] (4.3)

where, D is the diagonal length of the impression of the diamond probe. Relatively high hard-

ness values are measured, approaching 6.71 GPa for x = 1, comparable to the values reported for

Heuslers in the literature [105, 155, 158, 163, 164, 209, 210]. The hardness is observed to increase

almost linearly with the increase of Cr concentration and depends on phases present as reported in

the literature [211].

Table 4.3: Vickers micro-hardness of the Co2�xCrxFeGe alloy series.

x Vickers Hardness (GPa)

0† 5.75 ± 0.26
0.25 6.00 ± 0.05
0.50 6.31 ± 0.04
0.75 6.59 ± 0.07
1 6.71 ± 0.06

† Multiphase specimen
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4.1.4.2 Theoretical Results and Discussions

From experiment, it is clear that the Cr substitution in Co2FeGe stabilizes the Co2�xCrxFeGe

system with XRD patterns consistent with L21 structure. But, small differences in the atomic scat-

tering factors between the constituent 3d-metals Co, Fe, and Cr and the unknown degree of textur-

ing in the samples make it difficult to determine the chemical order relying only on XRD data. In

order to obtain further information about the stability and chemical ordering in Co2�xCrxFeGe sys-

tem, we have calculated the zero-temperature electronic structure, magnetic structure, and relative

site preference energies for various possible atomic configurations, considering the symmetry of

L21, Y and other disordered structures. The site preference energies of different configurations are

shown in Fig. 4.11. The magnetic moment value is also depicted in the color axis on the right. The

highlighted data points correspond to the most stable configuration (Type I in Table 4.1). These

calculations show that the higher Cr content alloys are energetically most stable. Various calcu-

lated parameters are summarized in Table 4.4. To describe the atomic configurations, we have used

the occupation of the Wyckoff positions of space group 216 (structure Y) referring 4a and 4b sites

as A sublattice and 4c and 4d as B sublattice as implemented in Ref. [105]. Before relaxation,

both A and B sublattices are simple cubic with every atom on A sublattice at the center of a cube

with eight B sublattice atoms at the corners and every atom on the B sublattice at the center of a

cube with eight A sublattice atoms at the corners. The distortion from cubic symmetry in most of

the considered configurations after relaxation to eliminate the forces on the atom is observed to be

of the order of a few percents or less.

From present calculations, the configuration with Ge and Fe atoms occupying A sublattice and

Co atoms on B sublattice, which is L21 structure, appear to be energetically favorable in the case of

parent compound CFG (x = 0), consistent with the reported results [17, 105, 129, 212]. However,

the configuration with Co, Fe, Cr, and Ge atoms occupying 4d, 4c, 4b, and 4a sites, respectively,

which is Y structure, is observed to be more stable in the case of other end member CFCG (x = 1),

which is also consistent with reported results [18, 133]. So, the crystal structure has changed as

we go from one end (x = 0, L21) to the other end (x = 1, Y). It can also be seen that the Fe atoms
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Figure 4.11: Site preference energies (in eV/atom) for different configurations of Co2�xCrxFeGe
as a function of Cr concentration created manually. Each data point represents a different configu-
ration given in Table 4.4 and the color axis indicates the magnetic moment value for each structure.

can occupy 4b sites sharing the same sublattice A with Ge (x = 0) as well as 4c sites sharing the

Co sublattice B (x = 1).

Out of different possible configurations shown in Table 4.4, only the configurations with Fe, Cr

and Ge on A sublattice (4a and 4b sites) and Co and Fe on the B sublattice (4c and 4d sites) appear

to be energetically favourable after Cr substitution. This is consistent with the electronegativity

rule as Cr is the least electronegative in the series and more likely to form an ionic-type sublattice

with the most electronegative Ge rather than Fe or Co as discussed in XRD section above. In the

case of x = 0.50, the two Cr atoms which substitute Co atoms in the chemical formula occupy

actually sites within the A sublattice (4b sites) and the two Fe atoms initially at these sites in

the perfect L21 structure migrate to the B sublattice initially occupied purely by Co atoms. The

displaced two Fe atoms occupy 4c and 4d sites one each together with Co atoms in B sublattice.

This pattern of atoms distribution among the various sites was found to be the most favorable

energetically against any other configuration, that we have considered, as shown in Table 4.4. The

effect of Cr substitution seems to be significant on structural parameters. The computationally

optimized lattice parameters are found to increase with the increase of Cr content, consistent with

experimentally observed values. Due to the fact that experiments were done at a finite temperature,
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Figure 4.12: (a)-(e) Spin polarized total DOS for Co2�xCrxFeGe (x = 0, 0.25, 0.50, 0.75 and
1). The blue arrow represents the majority spin channel and red arrow represents minority spin
channel. Number of states in each figure is scaled with respect to one formula unit. (f) Atom-
resolved DOS for x = 0.50. I and II in parenthesis distinguishes the same atom type with different
magnetic environment. For simplicity same color is used for minority (lower-half) and majority
(upper-half) spin channels in each case.
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Table 4.4: Possible atomic configurations and corresponding parameters extraced from DFT calculations. In the
table E, E0, M, MSP, and hai represent calculated energy, energy of most stable configuration, calculated magnetic
moment, Slater-Pauling moment, and optimized lattice parameter. The last column shows the tetragonality in the
structure.

Configurations 4d 4c 4b 4a E-E0 M M-MSP hai Tet.
(eV) (µB/ f .u.) (µB/ f .u.) (Å) (a/c-1)

x = 0
Co8-Fe4Ge4 4Co 4Co 4Fe 4Ge 0 5.773 -0.227 5.747 0.000
Co7Fe-Fe3CoGe4 4Co 1Fe,3Co 1Co,3Fe 4Ge 1.060 4.990 -1.010 5.719 0.012
Co8-Fe4Ge4 4Co 4Co 3Fe,1Ge 1Fe,3Ge 2.210 5.031 -0.969 5.731 0.020
Co7Ge-Fe4CoGe3 4Co 1Ge,3Co 4Fe 1Co,3Ge 3.104 4.932 -1.068 5.752 0.020
x = 0.25
Co7Fe-Fe3CrGe4 4Co 1Fe,3Co 1Cr,3Fe 4Ge 0 5.242 -0.008 5.753 0.000
Co7Cr-Fe4Ge4 4Co 1Cr,3Co 4Fe 4Ge 0.546 5.195 -0.055 5.752 0.000
Co7Ge-Fe4CrGe3 4Co 1Ge,3Co 4Fe 1Cr,3Ge 2.421 5.512 0.262 5.798 0.000
x= 0.50
Co6Fe2-Fe2Cr2Ge4 1Fe,3Co 1Fe,3Co 2Cr,2Fe 4Ge 0 4.500 0 5.759 0.012
Co6Fe2-Fe2Cr2Ge4 4Co 2Fe,2Co 2Cr,2Fe 4Ge 0.124 4.495 -0.009 5.755 0.015
Co4Fe4-Co2Cr2Ge4 4Co 4Fe 2Cr,2Co 4Ge 0.268 4.428 -0.072 5.757 0.024
Co6Cr2-Fe4Ge4 4Co 2Cr,2Co 4Fe 4Ge 0.571 4.408 -0.092 5.768 0.010
Co5Fe3-CoFeCr2Ge4 1Fe,3Co 2Fe,2Co 1Co,2Cr,1Fe 4Ge 0.600 4.111 -0.389 5.785 0.025
Co6FeCr-Fe3CrGe4 1Fe,3Co 1Cr,3Co 1Cr,3Fe 4Ge 0.860 4.481 -0.019 5.749 0.003
Co6Cr2-Fe4Ge4 1Cr,3Co 1Cr,3Co 4Fe 4Ge 0.903 4.458 -0.043 5.787 0.020
Co4Fe2Cr2-Co2Fe2Ge4 4Co 2Fe,2Cr 2Fe,2Co 4Ge 0.930 3.084 -1.416 5.752 0.010
Co5Cr2Fe-CoFe3Ge4 1Cr,3Co 1Cr,1Fe,2Co 1Co,3Fe 4Ge 1.324 3.816 -0.684 5.702 -0.009
Co4Fe2Cr2-Co2Fe2Ge4 1Fe,1Cr,2Co 1Fe,1Cr,2Co 2Co,2Fe 4Ge 1.544 3.445 -1.055 5.790 0.020
Co4Fe2Cr2-Co4Ge4 2Fe,1Cr,1Co 2Fe,1Cr,1Co 4Co 4Ge 1.676 3.395 -1.105 5.961 0.089
Fe4Co2Cr2-Co4Ge4 2Cr,2Co 4Fe 4Co 4Ge 1.756 3.904 -0.596 5.860 0.064
x= 0.75
Co5Fe3-FeCr3Ge4 1Fe,3Co 2Fe,2Co 3Cr,1Fe 4Ge 0 3.750 0 5.764 0.000
Co4Fe4-CoCr3Ge4 4Co 4Fe 1Co,3Cr 4Ge 0.326 3.124 0.626 5.708 0.001
Co5Cr3-Fe4Ge4 1Cr,3Co 2Cr,2Co 4Fe 4Ge 0.831 3.746 -0.004 5.729 -0.013
Co5FeCr2-CrFe3Ge4 1Cr,3Co 1Cr,1Fe,2Co 1Cr,3Fe 4Ge 1.593 3.745 0.005 5.759 0.003
x= 1
Co4Fe4-Cr4Ge4 4Co 4Fe 4Cr 4Ge 0 3.000 0 5.770 0.000
Co4Cr4-Fe4Ge4 4Co 4Cr 4Fe 4Ge 0.103 2.963 -0.037 5.759 -0.007
Co4Cr4-Fe4Ge4 2Cr,2Co 2Cr,2Co 4Fe 4Ge 0.233 2.971 -0.029 5.817 0.021
Co4Ge4-Fe4Cr4 4Co 4Ge 4Fe 4Cr 2.230 0.611 -2.389 5.767 0.000

the experimental lattice parameters are slightly higher than those calculated from DFT (at 0 K) due

to the thermal expansion coefficient of the material.

Co-based Heusler alloys are potential candidates for various spintronic applications. They

usually show metallic behavior in the majority spin channel and give significant band gap in the

minority spin channel. We have also simulated the spin-polarized electronic structure for most sta-

ble configurations of Co2�xCrxFeGe (x = 0, 0.25, 0.50, 0.75 and 1). Fig. 4.12 shows the calculated

density of states (DOS) plots for majority and minority spin channels where the Fermi level is rep-

resented by the zero energy. It can be seen clearly that the system exhibits half-metallic behavior

after Cr substitution because there is finite DOS at the Fermi level in the majority spin channel,

while a band gap exists in the minority spin channel. In the case of parent compound CFG (Fig.
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4.12(a)), there is significant amount of DOS at the Fermi level on both the spin channels. After Cr

substitution, the Fermi level is observed to shift deeper in energy-levels and falls at the middle of

the energy gap on spin down channel for x = 0.50 (Fig. 4.12(c)). Further increase of Cr content

shifts the Fermi level towards the lower edge of energy gap due to lattice expansion as reported by

Galanakis et al. [30]. But, still Fermi level lies within energy gap making the system Half-metallic.

The energy gap is observed to increase with the increase of Cr content. Computationally extracted

minority spin gaps at Fermi level for x = 0.50, 0.75 and 1 are respectively 0.121 eV, 0.173 eV and

0.471 eV. It can be seen clearly that the equiatomic CFCG system has a significant minority spin

gap, agreeing well with the reported results [18, 133]. Although, the calculated minority spin gap

is the highest for x = 1, the half-metallic gap is greater for x = 0.50. Here, the half-metallic gap

refers to the spin flip gap and is the minimum between the lower edge of the conduction bands

with respect to the Fermi level and the absolute value of the upper edge of the valence bands in the

minority spin channel [213, 214]. In Co2�xCrxFeGe alloy series, the bottom of the minority con-

duction bands are located at 0.041 eV, 0.145 eV, and 0.444 eV while the top of the minority valence

bands at -0.080 eV, -0.028 eV, -0.027 eV for x = 0.50, 0.75 and 1 respectively. So, half-metallic

gaps are 0.041 eV, 0.028 eV, and 0.027 eV for x = 0.50, 0.75 and 1 respectively.

Fig. 4.12(f) shows the calculated atom-resolved DOS plots for x = 0.50. In predicted most

stable configuration (I) (Fig. 4.13), it is clear that Fe(I) atoms, which share the same sublattice A

with Cr, and Fe(II) atoms sharing the same sublattice B with Co have different nearest neighbor

environment. Though all Co atoms occupy A sublattice, there are two different magnetic envi-

ronments due to Fe atoms which are represented by Co(I) and Co(II) in Fig. 4.13. Likewise, in

B sublattice, the nearest neighbour environment of Ge(I) and Ge(II) are different, but that of two

substituted Cr atoms is same. The contribution to spin-resolved DOS from same atom types with

different nearest neighbor environment is different, which is depicted in Fig. 4.12(f). Further, the

atomic spin magnetic moments are calculated to be 1.027µB, 0.975µB, 2.795µB, 1.308µB 1.964µB,

-0.063µB and -0.034µB for Co(I), Co(II), Fe(I), Fe(II), Cr, Ge(I) and Ge(II), respectively. We can

safely conclude that symmetry and the nearest-neighbors environment play a crucial role in the
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properties of the various atoms in half-metallic Heusler compounds. Co(I) and Co(II) atoms at the

4c and 4d sites have the same nearest neighbors (two Fe(I) and two Cr atoms at the 4b sites and

four Ge atoms at the 4a sites) but different next-nearest neighbors. Both Co(I) and Co(II) atoms

have similar DOS as shown in Fig. 4.12(f) and their atom-resolved spin magnetic moments differ

by about only 0.052µB. In the case of Fe atoms, the situation is more complex. Fe(I) atoms share

the same sublattice A with the Cr atoms while Fe(II) atoms share the same sublattice B with the Co

atoms. Thus their nearest-neighbors environment is completely different. As a result and as shown

in Fig. 4.12(f) their DOS is completely different. The Fe(I) atoms present a d-DOS which shares

a lot of features with the one of the Cr atoms. There is a very large exchange splitting between

majority-spin occupied and minority-spin unoccupied d-states resulting to a very large minority

spin gap and a very large Fe(I) spin magnetic moment of 2.795µB, which is more than double the

spin magnetic moment of the Fe(II) atoms. All 3d atoms in Co2�xCrxFeGe series have parallel

spin magnetic moments and are ferromagnetically coupled. The details of the calculated atomic

spin magnetic moments is provided in Supplementary information section.

Figure 4.13: Crystal structure showing the different magnetic environments in unit cell of x = 0.50
assuming I configuration in Table 4.4.

If one looks at Cr DOS in Fig. 4.12(f), it has some very nice characteristics which make it ideal

for using it as an impurity in Heusler alloys. First, there is a large exchange splitting between the
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occupied majority-spin and unoccupied minority-spin states. This leads to large band gaps since

the conduction minority-spin states are located higher in energy with respect to the Fermi level

when compared to Co or Fe atoms. Second and also very important, since Cr has less electrons

than Co or Fe, the width of the majority-spin d-bands is smaller in the case of Cr and the Fermi

level intersects almost the DOS peak. This leads to considerable higher majority-spin d-DOS at

the Fermi level in the Cr-doped CFG compounds which in real world means that these compounds

should keep a higher degree of spin-polarization at the Fermi level.

4.1.5 Conclusion

In conclusion, we performed a detailed experimental and theoretical study on the structural,

electronic, magnetic and mechanical properties of Cr-substituted Co2FeGe Heusler alloys. The

alloys are found to crystallize in the face-centered cubic structure for 0.25  x  1. The isothermal

magnetization curves showed that the saturation magnetic moment decreases with the increase of

Cr content and the values at 1.8 K are found in good agreement with the Slater-Pauling rule of

thumb for half-metals. High values of Tc, decreasing with increasing Cr substitution from 952 K

for x = 0.25 to 861 K for x = 1 are measured, allowing for applications at room temperature and

above. First-principles calculations predicted finite band gap in the minority spin channel, with

half-metallic gaps 0.041 eV, 0.028 eV, and 0.027 eV for x = 0.50, 0.75 and 1 respectively. The

small finite states at EF in the minority spin channel of CFG are observed to decrease forming a

finite band gap with the increase of Cr content. All these properties, with a confirmation from both

theory and experiment, make Co2�xCrxFeGe Heusler alloy a promising material for spintronics

application. However, experimental study of other properties such as current spin polarization is

needed to confirm the above observations.
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4.2 Experimental and theoretical study on the possible half-metallic behavior of Co2�xVxFeGe

Heusler alloys

4.2.1 Abstract

We present a combined theoretical and experimental study of quaternary Heusler alloys Co2�xVxFeGe

with 0  x  1 prepared by arc melting and annealing, arguing they are promising candidates

for spintronics applications. Single phase microstructures are observed for V compositions from

x = 0.25 to x = 0.625. Other V concentrations studied are multi-phased. All single phase samples

exhibit a face centered cubic crystal structure with a lattice constant increasing linearly with V

concentration. The low-temperature saturation magnetic moments agree fairly well with our the-

oretical results and also obey the Slater-Pauling rule of thumb for half-metals, a prerequisite for

half metallicity. All alloys are observed to have high Curie temperatures that scale linearly with

the saturation magnetic moment, allowing for applications at room temperature and above. Elec-

trical transport measurements are performed to elucidate the electronic structure of the alloys. The

temperature dependence of electrical resistivity is analyzed and discussed in the framework of the

two current conduction model taking into account the existence of an energy gap in the electronic

spectrum around the Fermi level of the spin down sub-band. Our ab initio calculations with the

HSE-06 exchange correlation functional also predict half-metallic character in the alloys after V

substitution. High mechanical hardness values are also observed.

4.2.2 Introduction

Ternary Co2-based Heusler compounds with stoichiometric composition Co2YZ, (Co,Y) being

two transition metals, and Z being main group element, crystallizing in the L21 structure (space

group Fm3̄m, # 225 [64]) are interesting scientifically and technologically for their potential use

in spin electronic device applications [1, 20, 30, 66, 85, 89, 111]. These materials are predicted

PUBLISHED AS: R. Mahat*, D. Wines, S. KC, U. Karki, F. Ersan, J. Law, V. Franco, C. Ataca, A. Gupta & P.
LeClair, Experimental and theoretical study on the possible half-metallic behavior of Co2�xVxFeGe Heusler alloys,
Manuscript submitted for publication (2022).

72

Patrick LeClair

Patrick LeClair



to exhibit highly stable half-metallic ferromagnetism (100% spin polarization at the Fermi level

EF ) over wide range of temperature due to their high Curie temperature (Tc), highest among the

known half-metallic ferromagnets [20, 29, 30, 32, 34]. However, experimentally observed highest

spin polarizations of most of the Heusler alloys amount to 60-70% at low temperatures, with much

smaller value at room temperature [112–114]. Thus, the search of Heusler alloys with robust half-

metallicity is still the focus of interest. The discrepancy in spin polarization between theory and

experiment is expected to be due to chemical disorder [1, 41]. In the past, substitution of a fourth

element has been used to improve both ordering and spin polarization in ternary Heusler alloys

[105, 115, 117–119, 131, 154]. In particular, low valence transition metal atom substitution in

ternary Heusler alloys has been observed theoretically to tailor the Fermi level to fall exactly in

the middle of the energy gap, giving rise to 100% spin polarization and half-metallic character

[107, 121, 122].

The Co2FeGe system is one of the promising candidates to be used as spin-injector in spintronic

devices because of its high Curie temperature of 981 K [17]. Co2FeGe is predicted theoretically to

be stable crystallizing in the L21 structure, with Fermi level falling on the conduction band edge of

the minority spin channel, but it is observed experimentally to be unstable in bulk form [17, 129]. In

the past, quaternary element substitution has been adopted to stabilize and study the electronic and

magnetic properties of the disorderd Co2FeGe system. The quaternary element substitution can

be done on any of the three (X/Y/Z) sites i.e., Co2�xY⇤
xYZ, Co2Y1�xY⇤

xZ or Co2YZ1�xZ⇤
x where

Y, Y* are low valence transition elements and Z, Z* are main group elements [41, 62, 122, 124–

127, 215]. Substitution at the X/Y sites is important as X/Y the site elements play a dominant role

in tailoring the half-metallicity and magnetic properties compared to Z site element [128]. Most

of the previous studies on Co2FeGe system are based on the quaternary element substitution on Y

or Z sites only [105, 130, 131]. Substitution on the X site is rather less explored. We have already

reported the tunable properties of Co2FeGe after Cr and Ti substitution for Co [105, 154]. In

this study, we investigate the effect of V substitution for Co on the structural, magnetic, transport,

and mechanical properties, even though the end members of the series Co2�xVxFeGe, i.e., both
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Co2FeGe, and CoFeVGe are multi-phase.

The experimental results presented in the following include a structural analysis by powder x-

ray diffraction (XRD) and electron backscatter diffraction (EBSD), magnetic and electron transport

characterization by a Quantum Design Physical Properties Measurement System (PPMS), and an

investigation of the mechanical properties using micro-hardness tester.

4.2.3 Methods

4.2.3.1 Experimental Methods

Co2�xVxFeGe (0  x  1) bulk samples were prepared by repeated arc melting of mixture of

high purity constituents (99.9 % pure, Alfa Aesar) in an argon atmosphere at a base pressure of

10�4 mbar. The mixture of constituent elements Co, V, Fe and Ge in a ratios 2� x : x : 1 : 1 was

melted at least 6 times, turning the specimen over before each melting cycle, to ensure chemical

homogeneity. Ti, as an oxygen absorber, was melted inside the vacuum chamber separately before

melting the mixture to avoid possible oxygen contamination. The as-cast specimens were exam-

ined using an energy dispersive X-ray spectroscopy (EDS) detector equipped in a JEOL 7000 field

emission scanning electron microscope (FESEM) to ensure the target composition after the arc

melting. The specimens were then annealed in an evacuated quartz tube at 950�C for 7 days. The

heat treatments were followed by metallography (see details in the supplementary information of

our previous publications [164, 216]) which yields a metallic shiny surface for microstructure anal-

ysis using optical and electron microscopes. The composition and homogeneity of the specimens

were again confirmed by using EDS before other characterizations.

The crystal structure was investigated by means of X-ray diffraction (XRD) using a Bruker D8

Discover X-ray diffractometer equipped with monochromatic Co-Ka (l = 0.179 nm) radiation.

The polished samples were rotated around the f axis during the XRD measurement to minimize

surface effects. In-house PYTHON code [79] including the dispersive corrections to the atomic

scattering factors were used to simulate the XRD patterns to compare with the experimental XRD
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patterns. XRD patterns were analyzed by Rietveld refinement using a MATCH! software based on

the FullProf algorithm [80]. Further, the crystal structures determined from XRD were confirmed

using electron backscatter diffraction (EBSD) phase mapping analysis in a JEOL 7000 FESEM

system. The low temperature magnetic and electrical transport properties were studied in Quantum

Design Physical Properties Measurement System (PPMS), while the Lakeshore VSM 7407 was

used for the high temperature magnetization measurements. DC electrical resistivity measurements

were carried out using van der Pauw method [179]. Al wire bonding was used to make the contacts.

Vickers hardness tests were performed on all the polished specimens using Buehler model 1600-

6100 micro-hardness tester to study the mechanical properties.

4.2.3.2 Computational Methods

We performed first-principles spin-polarized density functional theory (DFT) calculations us-

ing projector augmented-wave (PAW) potentials and the Perdew-Burke-Enzerhof (PBE) functional

[180, 182]. Numerical calculations were carried out using the Vienna ab initio Simulation Pack-

age (VASP) with a plane wave basis set cutoff energy of 400 eV and an 8 x 8 x 8 k-point grid to

sample the Brillouin zone within the Monkhorst-Pack scheme [181, 200, 217]. PBE was used to

optimize the atomic positions and lattice constants using the conjugate gradient method, where a

maximum force of 0.01 eV/Å�1 was allowed on each atom and an energy convergence value of

10�5 eV between each consecutive step was chosen. For the non-self-consistent calculations of

the electronic density of states and projected density of states, a Gaussian-type Fermi-level smear-

ing width of 0.05 eV was used. Due to computational cost, our spin-polarized calculations did

not include spin-orbit interactions, which is not necessary to reveal the half-metallic properties of

Heusler compounds [183]. Co 3d84s1, Fe 3d74s1, V 3p63d54s1, and Ge 3s23p2 are considered as

valence electrons.

It is known that standard PBE tends to underestimate the band gap and does not correctly model

the electronic properties of materials with strongly correlated electrons [115, 129, 133, 187, 188].

To circumvent this, often times the DFT+U approach is used, which adds an intra-atomic Hub-
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bard like term to the energy functional [189]. The U correction treats the strong on-site Coulomb

interaction of localized electrons while the rest of the electrons are treated with normal DFT ap-

proximations [189]. Although this can correct electronic and magnetic properties (and has been

used in similar theoretical studies of Heusler alloys [188, 218]), the U parameter is usually obtained

semi-empirically by fitting to experimental data, making the results not completely ab-initio. As

a fully first-principles alternative to DFT+U, we used the hybrid functional HSE-06 [192], which

is formed by mixing 75% of the PBE exchange with 25% of the Fock exchange and 100% of the

correlation energy from PBE and has been reported to give more accurate results [16, 193, 194].

In order to account for van der Waals (vdW) effects, the DFT-D2 method of Grimme [195] was

implemented for calculations of electronic properties.

4.2.4 Results and Discussions

4.2.4.1 Experimental results

4.2.4.1.1 Microstructural and Compositional analysis

The detection limit of our XRD under typical conditions is ⇠ 5% of the sample volume in our

experience, which means XRD is not always sufficient to identify the presence of impurity phases

[105, 154, 168, 169]. For this reason, among others, we use optical and electron microscopy of

polished and etched specimens to characterize microstructure, revealing grain boundaries, phase

boundaries, and inclusion distributions. In this process, SEM with EDS can be used to directly

quantify the compositions in different regions of the specimens.

Starting from fully stoichiometric Co2FeGe, multi-phase microstructures were obtained for all

the heat treatments performed: at 900, 950, or 1000�C, for different dwelling times of 3, 7, or 15

days, in accordance with previous reports [105, 129]. However, V substitution for Co in Co2FeGe

is observed to stabilize the system in the composition range (0.25  x  0.625). All other higher

V contents measured are observed to produce multiphase behavior, as did the lower V content

sample at x = 0.125. Fig. 4.14 shows the optical micrographs of all single phase specimens and
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Figure 4.14: Optical micrograph of Co2�xVxFeGe annealed at 950�C for 7 days followed by slow
cooling. The samples were etched for 3 seconds using the Adler etchant.

Figure 4.15: SEM micrograph of Co2�xVxFeGe annealed at 950�C for 7 days followed by slow
cooling showing the granular microstructure.

corresponding electron images are shown in Fig. 4.15. The composition within the grains of all the

single-phase specimens was measured as the target composition within an instrumental uncertainty

of ⇠ 5% using EDS (see in Supplementary information). As reported in previous publications, the

composition in parent Co2FeGe (x = 0) was measured to differ from the target composition by

more than 5 % with the secondary phase mainly located in grain boundaries and only nominal

secondary phase was observed to segregate in grain boundaries with the vanadium substitution

x = 0.125 in place of Co (see in Supplementary for multiphase specimens).

4.2.4.1.2 Crystal structure and atomic order analysis

Fig. 4.16 shows the XRD patterns for Co2�xVxFeGe alloys annealed at 950�C for 7 days, mea-

sured at room temperature, using a Co-Ka radiation source. Consistent with our microstructural

analysis, single phase behavior can be seen only for 0.25  x  0.625 while others are multi-phase

(impurity peaks are represented by asterisks). Here, for all single-phase alloys, only three dis-

tinct Heusler-like reflection peaks (h, k, l all odd or even) are observed; fundamental peaks with
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h+ k + l = 4n, even superlattice peaks with h+ k + l = 4n+ 2 and odd superlattice peaks with

h+ k+ l = 2n+1 that are typical for the face centered cubic (fcc) lattice. In general, the presence

of (111) peak indicates the chemical ordering of atoms in octahedral positions (4a and 4b), and

the presence of (200) peak indicates the order for atoms in tetrahedral positions (4c and 4d), while

(220) peak is a principal reflection which is independent of the state of the order [72]. The simu-

lated powder diffraction pattern of Co2FeGe shown at the bottom of Fig. 4.16 shows the decisive

(111) and (200) peaks for the defect-free structure. The presence of both the superlattice diffrac-

tion peaks (111) and (200) in our case indicates L21 type ordering as expected for the defect-free

structure.

Figure 4.16: Experimental XRD patterns of Co2�xVxFeGe alloy series annealed at 950�C for
7 days investigated at room temperature, here, * corresponds to the secondary phase/unknown
impurity phase. The bottom one is the simulated XRD pattern for CFG (L21 structure) using
CaRIne.

Fig. 4.17(a) shows the enlargement of the experimental XRD patterns between 29.5� and

37� for single phase samples to clearly show the superlattice reflections (111) and (200) with
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(a) (b)

Figure 4.17: (a) Enlargement of (111) and (200) X-ray diffraction peaks of single phase samples
and (b) the corresponding simulated patterns for the ideal ordered structure.

corresponding simulated patterns of ideal L21 structure for comparison in Fig. 4.17(b). The two

superlattice diffraction peaks are clearly visible as expected for the defect-free ordered Heusler

structure, indicating the presence of a long range ordering in these specimens. The measured and

expected I111/I220 and I200/I220 are also labeled. These values agree with each other qualitatively.

Table 4.5: Possible site assignments for cubic Co2�xVxFeGe with corresponding goodness of fit parameter for
x = 0.50.

Type 4a 4b 4c 4d c2
x=0.50

(0,0,0) ( 1
2 , 1

2 , 1
2 ) ( 1

4 , 1
4 , 1

4 ) ( 3
4 , 3

4 , 3
4 )

I Ge Fe1�xVx Co1�x/2Fex/2 Co1�x/2Fex/2 0.9
II Ge Fe1�xVx Co1�xFex Co 1.1
III Ge Co1�xVx Fe Co 1.4
IV Ge Fe Co1�xVx Co 2.1

In an attempt to determine the possible chemical ordering in the alloys, we further performed

Rietveld refinement of experimental XRD pattern for x = 0.50 considering four non-degenerate

atomic configurations adopted in our previous study [105, 154, 155] (see in Table 4.5, Fig. 4.19(a)

& (b) and supplementary information). The corresponding goodness of fit parameters for x = 0.50

are also listed in Table 4.5. All structures considered showed a reasonably good fit, but the best fit
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Figure 4.18: Rietveld refinement performed on Co1.50V0.50FeGe annealed at 950�C for 7 days
followed by slow cooling considering first atomic configuration given in Table 4.5.

between observed and calculated XRD intensities is observed for the first configuration (reduced

c2 = 0.9 and weighted average Bragg R-factor = 7.5) as shown in Fig. 4.18. In this configuration,

Ge and (Fe+V) occupy the 4b sites on the octahedral A sublattice, while Co and Fe are on the

4c and 4d sites forming the tetrahedral B sublattice. That is: even though V substitutes for Co in

the chemical formula as written, V does not actually replace Co directly. If we first consider the

removal of Co, Fe atoms initially on octahedral 4b sites in the stoichiometric ideal L21 compound

(at x = 0) migrate to the tetrahedral 4c and 4d sites replacing Co. The V atoms introduced occupy

the octahedral 4b sites vacated by Fe. This is also what we observed in the (Co2�xTix)FeGe system,

where Fe replaced missing Co atoms and Ti occupied the subsequently vacant Fe positions [105].

This scheme also agrees well with electronegativity rule: since V in Co2�xVxFeGe is the least

electronegative (1.63 Pauli units) [201], V atoms therefore displaces Fe atoms towards vacated Co

sites and will themselves fill the sites previously occupied by Fe, forming an ionic-type sublattice

with most electronegative atom, Ge (2.01 Pauli units). The Co and displaced Fe atoms occupy

tetrahedral sites as they have intermediate electronegativities [1].

We have also performed an EBSD inverse pole figure (IPF) color map and phase map of

Co1.50V0.50FeGe alloy to determine the degree of texturing and purity of phase considered. The

IPF shown in Fig. 4.20(a) shows relatively large grains with some preferred orientation, which
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(a) (b)

Figure 4.19: Crystal structure in unit cells of a Heusler alloys (a) Co2FeGe, and (b)
Co1.50V0.50FeGe assuming I configuration in Table 4.5.

can be considered as a possible reason for the observed XRD peak intensities to deviate from the

expected values for some peaks. More than 99% of the selected microstructure is observed to

match the proposed I configuration (red color in the EBSD phase map (see Fig. 4.20(b)) with

some zero solution regions (black spots) mainly due to the artifact of polishing and some nominal

composition deviation in grain boundaries.

Fig. 4.21 shows the variation of the lattice parameter a with the V concentration x in Co2�xVxFeGe.

Here, Cohen’s method with a Nelson-Riley extrapolation is used to extract lattice parameters [171].

It is clearly seen that the lattice parameter increases linearly with increasing V content. This behav-

ior is expected from Vegard’s law [205] due to the larger atomic radius of substituted V (171pm)

compared with Co (152pm) [153].

4.2.4.1.3 Magnetic Characterization

Half-metallic Heusler alloys are expected to follow a Slater-Pauling-like behavior for the mag-

netization in a fully ordered state [206]. The Slater-Pauling (SP) rule relates the saturation mag-

netization with the valence electron concentration. Here, we expect the total magnetization to be

[1, 7]

Mt = (2� x)ZCo + xZV +ZFe +ZGe �24. (4.4)
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(a) (b)

Figure 4.20: (a) Inverse pole figure (IPF) color map of Co1.50V0.50FeGe taken using EBSD in SEM
showing grain orientation with preferred texture. (b) The corresponding EBSD phase map of the
same area showing single-phase behavior.

Figure 4.21: Variation of lattice parameter with V concentration showing linear behavior. The
black solid end data points represent lattice parameter for multiphase specimens.

where, Mt is the total spin magnetic moment per f.u. in µB and Zi is the number of valence electrons

of each individual atom. Further, in Co2�xVxFeGe system, the total number of valence electrons

change from 30 in CFG to 26 in CFVG. Therefore, the SP behavior predicts that the saturation

magnetic moment should change with the partial substitution of V for Co, following the equation

M(x) = 6�4x. (4.5)

Fig. 4.22(a) shows the variation of magnetization with applied magnetic field at temperature
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(a) (b)

Figure 4.22: (a) The field-dependent magnetization at 2 K of Co2�xVxFeGe (x = 0, 0.25, 0.375,
0.50, and 0.625) (b) The saturation magnetic moment versus V concentration both experimental
and expected from Slater Pauling rule.

2 K. The magnetization curves are typical for the soft ferromagnets. The corresponding magnetic

moments at saturation are given in Table 4.6. The saturation magnetic moments (Ms) were ex-

tracted from an Arrot plot [207], i.e., by extrapolating the linear part to H/M=0 of M2 versus H/M

curve (see inset to Fig. 4.22(a)). The extracted saturation magnetic moments are observed to fol-

low the SP rule of thumb for half-metals and decrease linearly with the increase of V content (see

Fig. 4.22(b)). The decrease of the total saturation magnetic moment with the increase in V con-

tent can only be attributed to the decrease in number valence electrons in the system. The slightly

smaller values can be attributed to the weighing and measurement errors, sample inhomogeneities,

partial surface oxidation, and to the measurement temperature of 2 K. All experimentally extracted

saturation magnetic moments are also in good agreement with those obtained from first-principle

calculations (see Table 4.6), as described in the forthcoming section.

Fig. 4.23(a) displays the temperature dependent specific magnetization of the investigated sam-

ples in a constant magnetic field of 100 Oe. The Curie temperatures Tc were extracted from the

inflection point i.e., by taking the minima of the first-order derivative of M(T) curves (see inset

in Fig. 4.23(a)). Evidently, all alloys exhibit high Tc, facilitating technological applications at

room temperature and above. The Tc is observed to decrease with increasing V content due to the
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(a) (b)

Figure 4.23: (a) Temperature dependence of magnetization at 100 Oe. The inset shows the first-
order derivative of magnetization as a function of temperature, the minima of which is used to
extract Tc. (b) Variation of Curie temperature as a function of saturation magnetic moment.

Table 4.6: Experimental and theoretical lattice parameters and saturation magnetic moments at T = 2 K along with
the Slater-Pauling (S-P) values in (µB/ f .u.), and the measured Curie temperature (Tc) of Co2�xVxFeGe alloy series.
The numbers in parentheses are the uncertainty in the last digit, e.g., 5.751(2) = 5.751±0.002.

x Expt. Theor. Expt. Theor. S-P Ms Tc
a (Å) a (Å) Ms Ms Ms (K)

0† 5.751(2) 5.735 5.71(3) 6.07 6.00 981[129]
0.25 5.760(1) 5.741 4.96(2) 5.07 5.00 828(7)
0.375 5.765(1) 5.742 4.46(2) 4.56 4.50 750(5)
0.50 5.769(1) 5.742 3.97(1) 4.04 4.00 672(8)
0.625 5.773(1) 5.743 3.44(3) 3.54 3.50 603(12)

† Multiphase specimen

weakening of the exchange interaction caused by small magnetic moment of substituted V com-

pared to Co. Further, Tc is observed to change linearly with the saturation magnetic moment in all

single phase alloys, as reported for Co2-based Heuslers [124] (see Fig. 4.23(b)). By extrapolating

a linear dependence, Tc is estimated to be 984 K for parent CFG (x = 0), in good agreement with

the reported value 981 K [17].

The experimentally determined as well as calculated lattice parameters, saturation magnetic

moments at 2 K and corresponding Curie temperature of all single phase samples in Co2�xVxFeGe

alloy series are summarized in Table 4.6.
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4.2.4.1.4 Electrical resistivity

(a) (b)

Figure 4.24: (a) Temperature dependence of electrical resistivity in Co2�xVxFeGe in zero magnetic
field for x = 0.25, x = 0.50, and x = 0.625, and (b) Low temperature (0-100 K) resistivity data
fitting for x = 0.50.

Temperature dependence of electrical resistivity r of the Co2�xVxFeGe (x = 0.25, 0.50, and

0.625) alloys was measured using the van der Pauw method [179] in a PPMS Dynacool for sam-

ples with approximate dimensions 4 x 4 x 1 mm3. Fig. 4.24(a) shows the variation of resistivity

r with temperature T for zero magnetic filed measured during cooling process in the temperature

range from 5 K to 400 K. The alloys show metallic behavior in the resistivity which decreases

with decreasing temperature and remains independent below 50 K. Also, the resistivity is observed

to saturate at higher temperatures, indicating weak variation of resistivity resulting from the par-

allel contribution of the intrinsic resistivity and some limiting resistivity known as shunting with

temperature [219, 220]. The total resistivity of magnetic alloys follows Matthiessen’s rule [99];

r(T ) = r0 +re�ph(T )+re�m(T ) = r0 +aT +bT 2 (4.6)

where r0 is the temperature independent residual resistivity due to defects in the crystal lattice,

re�ph and re�m are temperature dependent terms due to the scattering by phonons and magnons

respectively. As reported in the literature [174, 219, 220], a parallel shunting resistivity is also
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introduced to the total resistivity to include the contribution from grain boundaries as;

1/rtot(T ) = 1/ri(T )+1/rshunt (4.7)

However, the attempt to fit r(T ) of Co2�xVxFeGe (x = 0.25, 0.50, and 0.625) alloys considering

the conventional electron-magnon scattering of ferromagnets using equations 4.6, and 4.7 is ob-

served to be insufficient (see Fig. 4.24(b) for x = 0.50 and supplementary information). Thus, we

have considered the predicted half-metallic character of the compounds to better understand the

transport property. A minimum excitation energy kBD of majority charge carriers is required to

occupy empty minority states involving a spin-flip scattering in half-metallic ferromagnets, due to

the presence of a energy gap at the Fermi level in minority spin channel. As a consequence, the

usual quadratic magnonic term (re�m) is expected to suppress exponentially at low temperatures

[101, 102]. Thus, the usual electron-magnon scattering term can be modied by adding a Boltzmann

factor as [102–105],

re�m(T ) = bT 2e�D/T (4.8)

where D is a measure of the energy gap between the Fermi level and the nearest band edge of

unoccupied minority spin channel. The fitting implies the exponential suppression of T2 term in

all samples. The fitting also yields the energy gap of kBD = 25.97 meV, 17.78 meV, and 17.17

meV respectively for x = 0.25, x = 0.50, and x = 0.625. The observed exponential suppression of

one magnon scattering implies the possibility of HMF behavior in the alloys. Previously, the half-

metallic behavior of Heusler alloys has been studied by observing electrical resistivity behavior

at low temperature [107–109]. The two-magnon scattering (T9/2 dependence) is considered to

be the signature of half-metallic ferromagnetism [109, 221]. The observed resistivity data at low

temperature is found to fit well for x = 0.50 only (see Fig. 4.24(b)) with the relation [107–109]

re�m(T ) = r0 +bT 9/2 (4.9)
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This good fitting (x = 0.50) with T9/2 term over T2 term suggests a strong contribution from

two-magnon scattering process expected in half metallic systems. However, complementary mea-

surements of magnetoresistance, anisotropic magnetoresistance, and Hall resistivity are required

to better characterize the transport properties.

Table 4.7: Fitted parameters of resistivity data of Co2�xVxFeGe (x = 0.25, 0.50, and 0.625). The numbers in
parentheses are the uncertainty in the last digit, e.g., 151.43(30) = 151.43±0.30.

Extracted parameters x = 0.25 x = 0.50 x = 0.625

r0(µW-cm) 135.92(20) 151.43(30) 179.19(15)
a (µW-cm/K) ⇥ 10�1 4.29(5) 0.17(3) 2.76(3)
b (µW-cm/K2) ⇥ 10�2 3.53(1) 2.55(1) 2.30(5)
rshunt (µW-cm) 213.97(10) 252.08(25) 292.52(20)
D ( K) 301(14) 206(6) 199(8)
Reduced c2 ⇥ 10�14 1.37 4.95 8.98

4.2.4.1.5 Vickers micro hardness

We have also performed Vickers hardness testing, which is an important and widely used test

for quickly understanding the mechanical properties of materials. Fig. 4.25 shows the variation of

Vickers micro hardness of our alloy series (all annealed at 950�C for 7 days) with V concentration

and corresponding values are given in Table 4.8. Hardness values reported are the averages of data

taken from at least 12 different regions of each specimen with 0.2 kg load and 10 s loading time.

The Vickers hardness is calculated using the equation

HV = 1.8544F/D2[kg/mm2] (4.10)

where D is the diagonal length of the impression of the diamond probe. Relatively high hardness

values are measured, approaching 9 GPa for x = 0.625, comparable to the values reported for

Heuslers in the literature [105, 154–156, 158, 164, 209, 210, 216]. The hardness is observed to

increase with the increase of V concentration and strongly depends on the microstructure and the

phases present in the alloys [211].

87



Figure 4.25: Vickers hardness versus V concentration in Co2�xVxFeGe, all annealed at 950�C
for 7 days, with imprint of the indenter with radial cracks for x = 0.625 [bottom of single phase
section]. The data points in shaded regions represent the multi-phase compositions.

Table 4.8: Vickers micro-hardness of the Co2�xVxFeGe alloy series.

x Vickers Hardness (GPa)

0 5.75 ± 0.26
0.125 6.23 ± 0.30
0.25 7.08 ± 0.09
0.375 8.04 ± 0.21
0.50 8.67 ± 0.21
0.625 9.56 ± 0.23
0.75 9.39 ± 0.22
1 9.62 ± 0.43

4.2.4.2 Theoretical Results

To investigate the electronic and magnetic properties of the Co2�xVxFeGe alloy series and

compare to experiment, we created alloys using the Monte Carlo Special Quasirandom Structure

(MCSQS) [? ] method at x = 0.25, 0.375, 0.50, and 0.625. It is important to note that this method-

ology can handle double-site substitutions of the disordered system, making it ideal for predicting

the atomic structure of each concentration. After considering double-site substitutions and nearest

neighbor interactions, and constraining the supercell to be cubic, we were able to construct MC-

SQS structures that fit our criteria while matching the maximum amount of correlation functions.

Our MCSQS structures are in close agreement with the experimentally predicted configuration of
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Fig. 4.19(b) and structure I in Table 4.5 and are composed of a 16 atoms supercell for x = 0.25,

0.50 and 128 atoms for x = 0.375, and 0.625.
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Figure 4.26: The DOS and PDOS of the MCSQS structure for x = 0.25, 0.375, 0.50 and 0.625
for the Co2�xVxFeGe series. The black arrows depict the spin up and spin down contributions and
the red dotted line represents the Fermi level. The figure insets include the optimized structures
(blue = Co, bronze = Fe, red = V, purple = Ge), magnetic moment values and ground state lattice
constants. All results depicted involving electronic and magnetic properties are carried out using
the HSE06 functional, while the geometric structure is optimized with PBE.

After obtaining viable MCSQS candidate structures, we optimized lattice constants and atomic

positions with PBE. For comparison, we also optimized the structure with PBE-D2 (provided in

Supplementary Information), but find that the PBE optimized values are in better agreement with

experiment. The PBE calculated lattice parameters of each structure are given in the insets of

Fig. 4.26 and Table 4.6 and are in good agreement with measured values (within ⇠ 0.5%). As

expected, the increase of V concentration results in a slight increase in lattice parameter. Due to

the fact that experiments were done at a finite temperature, this can cause the lattice parameters of

the crystal structure to change from the structures at 0 K due to the thermal expansion coefficient of

the material (one might need a longer annealing time to reach the true ground state). This creates
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a margin of error such that all the structures generated with MCSQS lie in the range of thermal

fluctuation at a given concentration. In addition, the interaction of V with the Co2FeGe system

may be difficult to model with PBE due to the strongly localized 3d electrons in the material.

This could result in a value of lattice constant that is more off from the experimental value. If

these structures were optimized with the HSE06 functional, we could achieve a lattice parameter

in closer agreement with experiment, but this is beyond the available computational capabilities.

We employed the HSE06 functional, which has been reported to correct the electronic and mag-

netic properties for complex materials. To understand the bonding mechanisms of the Co2�xVxFeGe

series, we performed Bader charge transfer analysis. Similar to predictions based on experimental

observations outlined in the previous section, we observe that each V atom donates 1.4� 1.5e�

to other atoms in the crystal for each alloy (due to the electronegativity difference). We observe

that the HSE06 magnetic moment values are in excellent agreement with the experimental values

and the Slater-Pauling moments (see insets of Fig. 4.26 and Table 4.6). We also observe that as V

concentration increases, the magnetic moment decreases, which is in accordance with Hund’s rule.

Because the theoretical/measured values for magnetic moment are close to the Slater-Pauling

moment, we expect to see half metallic properties for these alloys. This is confirmed from our

HSE06 corrected density of states (DOS) depicted in Fig. 4.26 where we see a gap in the spin-

down channel for all structures. It is important to note that when the DOS is calculated with solely

PBE (as opposed to the HSE06 corrected DOS), we do not observe this gap in the spin-down chan-

nel (see Supplementary Information). There is significant contribution in the DOS from Co, Fe

and V around the Fermi level in the spin-down channel for all alloys in the series. The gap in the

spin-down channel for Co2FeGe is 2.03 eV, which is significantly higher than previous computa-

tional results [188]. This is expected because PBE and PBE+U are expected to underestimate the

gap, while HSE06 has been shown to yield gap values in closer agreement with experiment and

higher order Green’s function methods (GW approximation). As V is introduced into the structure,

the spin-down gap is effectively lowered. For x = 0.25 we calculate a gap of 1.93 eV, and as V

concentration increases we calculate gaps of 1.82 eV, 1.79 eV, and 1.75 eV for x = 0.375, x = 0.50,
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and x = 0.625 respectively. We also observe a systematic lowering of the Fermi level as we intro-

duce V into the structure. From these results we can say that V substitution can effectively tune the

band gap in the spin-down channel of this alloy series, opening up the possibility to engineer these

materials for applications in spintronics and magnetic devices. These results also demonstrate that

the use of the fully first-principles HSE06 functional can yield electronic and magnetic proper-

ties in closer agreement to experiment than PBE for Heusler systems without any semi-empirical

correction (such as DFT+U). For comparison and benchmarking purposes, we provide the PBE

calculated DOS and PDOS of the alloy series in addition to the HSE06 calculated band structures

(see Supplementary Information). We also provide the PBE and HSE06 calculated data for the

Co2FeGe structure (x = 0).

4.2.5 Conclusion

In conclusion, we have synthesized Co2�xVxFeGe Heusler alloys using arc melting and per-

formed a detailed experimental and theoretical study on the structural, magnetic, transport, elec-

tronic and mechanical properties. X-ray diffraction revealed the L21 structure type for all single

phase samples of the series. The experimental saturation magnetic moment values are in good

agreement with the theory as well as Slater-Pauling rule. These alloys possess high values of

Curie temperature. The resistivity measurements indirectly support the half-metallic behavior.

The atomic and magnetic disorders can be considered as the main reasons for high values of the

electrical resistivity of the alloys studied in this work. The ab intio calculations based on the hy-

brid exchange-correlation functional (HSE-06) also predict the half-metallic ferromagnetic state

with high spin polarization in all these alloys. Thus, nearly half-metallic character with high Tc

makes these mechanically hard alloys promising for spintronic applications at room temperature

and above.
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4.3 Structural, electronic, magnetic, transport and mechanical properties of the half-metal-type

quaternary Heusler alloy Co2Fe1�xVxGe

4.3.1 Abstract

We report on the bulk properties of the Heusler alloy system Co2Fe1�xVxGe with 0  x  1 in

steps of 0.125. We find single-phase alloys only for x = 0.25 and x = 0.375, both of which exhibit

an L21 crystal structure. The alloys are found to be soft ferromagnets with high Curie temperatures

(⇠ 800K). Magnetization measurement shows the saturation magnetization to be 5.21 µB/ f .u. and

4.78 µB/ f .u. for Co2Fe0.75V0.25Ge and Co2Fe0.625V0.375Ge respectively, in good agreement with

the values expected from a Slater-Pauling rule for half metals. In zero applied magnetic field, the

resistivity versus temperature of these alloys does not display the usual T2 dependence at low tem-

peratures indicative of electron-magnon scattering, another indirect suggestion of half metallicity.

Our ab initio calculations also predict half-metallic character in the alloys after V substitution.

The large exchange splitting between the occupied majority- and unoccupied minority-spin states

leads to the Fermi level almost intersecting a peak in the V majority density of states. This leads

to a markedly higher spin polarization upon V doping, making V an ideal dopant for achieving

half-metallic behavior in Co2FeGe. Relatively high mechanical hardness values are also observed.

4.3.2 Introduction

Half-metallic ferromagnets are ideal candidates for spintronic applications because of their

high spin polarization (almost 100%) of charge carriers at the Fermi level [29, 128]. A high Curie

temperature is an important prerequisite from a practical standpoint [7, 85, 124]. Co2Fe- based

Heusler alloys (L21 structure, space group Fm3̄m, # 225 [64, 65]) have recently attracted great

interest because most of these alloys are expected to have both of these properties [20, 32, 69,

146, 222]. However, the experimental values of spin polarization for most ternary Heusler alloys

PUBLISHED AS: R. Mahat*, S. KC, U. Karki, J. Law, V. Franco, I. Galanakis, A. Gupta & P. LeClair, Struc-
tural, electronic, magnetic, transport and mechanical properties of the half-metal-type quaternary Heusler alloy
Co2Fe1�xVxGe, Journal of Magnetism and Magnetic Materials, 539,168352(2021).
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are substantially smaller than those predicted theoretically, due to anti-site disorder in their crystal

lattices among other things [1, 62, 223]. Anti-site disorder destroys the high spin polarization, and

as such precise control of atomic structure is necessary. One of the approaches to control structural

disorder is to substitute a fourth element to the ternary Heusler alloys [41, 62, 105, 123–127].

The Co2FeGe system is one of the candidates with a high Curie temperature which is predicted

theoretically to be stable in the L21 structure, with the Fermi level falling on the edge of the

minority conduction band leading to high spin polarization. However, it is observed experimentally

to show multi-phase behavior in bulk form [17, 129]. Kumar et al. have reported high Tc 980 K

and large magnetic moment 5.6 µB/ f .u. for disordered Co2FeGe. A reduction in the total number

of valence electrons by partial replacement of the element Fe by low valence transition elements is

found to be an effective way to stabilize the L21 phase, and achieve a virtual shift of EF within the

half-metallic band gap in Co2FeGe [121]. The decrease in the total number of valence electrons

to tune the position of EF in the band gap can be performed by substituting a fourth element

at Y/Z site i.e., Co2Y1�xY⇤
xZ or Co2YZ1�xZ⇤

x where Y, Y* are low valence transition elements

and Z, Z* are main group elements [41, 62, 123–127]. Özdoğan and collaborators[224] have

shown in quinary half-metallic heusler alloys Co2 [Cr1�xMnx][Al1�ySiy] that the properties scale

in the same way with the number of valence electrons irrespective of whether the change in the

valence charge comes from the transition metal or the metalloids atoms. Substitution at the Y site

is perhaps more convincing, as the Y site element plays a main role in tailoring the half-metallicity

and magnetic properties compared to the Z site [128]. Varaprasad et al. [120] were able to obtain

spin polarization as high as 0.69 in Co2FeGe by substituting Ga for Ge, i.e., Co2Fe(Ga1�xGex).

Venkateswarlu et al. [130] were able to obtain a stable L21 phase in Co2Ti1�xFexGe substitutional

series in bulk form with some anti-site disorder.

All these approaches inspired us to synthesize Co2FeGe, a potential candidate for spintronic

applications, and investigating the effect of V substitution for Fe on the structural, electronic,

magnetic, transport, and mechanical properties, even though both end members of the series

Co2Fe1�xVxGe, viz. Co2FeGe and Co2VGe, are not stable.
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4.3.3 Methods

4.3.3.1 Experimental Methods

The polycrystalline bulk samples Co2Fe1�xVxGe with x varying in steps of 0.125 from x = 0

to x = 1, were prepared by arc melting the appropriate quantities of the constituents in an argon

atmosphere at 10�4 mbar (see details in Supplementary Information). The ingots were flipped and

melted at least 6 times for homogeneity. To further increase the homogeneity, the ingots were then

annealed in an evacuated quartz tube for 9 days at different temperatures 900, 950 and 1000�C,

and at the end of each annealing cycle, the samples were cooled slowly in the furnace or quenched

in ice/water mixture to get optimum crystallization to promote the formation of L21 structure.

To make the comparison uniform, only the samples annealed under similar heat treatments (i.e.,

1000�C for 9 days quenched in ice/water mixture) are reported in main manuscript. Metallography

techniques were utilized to investigate the microstructure of alloys under study. The details on Met-

allography techniques are described in the supplementary information of our previous publications

[163, 164].

The crystal-structural studies were carried at room temperature by means of X-ray diffraction

(XRD) using a Bruker D8 Discover X-ray diffractometer equipped with monochromatic Co-Ka

(l = 0.179 nm) radiation. To reduce the surface effects, the polished samples were rotated around

the f axis during the XRD measurement. The obtained XRD patterns were analyzed using least

square fitting program in CRYSTAL IMPACT MATCH! software based on the FULLPROF algo-

rithm [80]. The low temperature magnetic and electrical transport measurements were performed

using Quantum Design Physical Properties Measurement System (PPMS), while the high temper-

ature magnetization was measured using the Lakeshore VSM 7407. Temperature dependent of dc

electrical resistivity measurements were performed using van der Pauw method [179]. Al wire

bonding was used to make the contacts. Vicker’s hardness values were measured using a Buehler

model 1600-6100 micro-hardness tester.
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4.3.3.2 Computational Methods

The present paper additionally reports density-functional theory (DFT) calculations employing

the projector augmented wave (PAW) pseudopotentials by Blöchl [180], implemented by Kresse

and Furthmüller in the Vienna ab initio simulation package (VASP) [181]. We have adopted the

generalized-gradient approximation (GGA) in the scheme of Perdew-Bueke-Ernzerhof (PBE) for

the electronic exchange-correlation functional [182]. We have used a 16-atom supercell, i.e., 4

formula units of the underlying L21 structure. A 2⇥ 2⇥ 2 supercell involving 128 atoms/cell

with 64 Co, 20 Fe, 12 V, and 32 Ge atoms is used specifically to study the x = 0.375 alloy. The

integration over the irreducible Brillouin-zone (IBZ) of cubic systems was done with the automatic

mesh generation scheme within VASP with the mesh parameter (the number of k points per Å�1

along each reciprocal lattice vector) set to 64. The integration employed the linear tetrahedron

method with Blöchl corrections. Total energies were converged up to 10�7eV/cell with a plane-

wave cutoff of 520 eV. Full relaxation of cell (initially cubic) volume, shape and atomic positions

were performed until the forces on each atom become less than 0.01 meV/cell using the conjugate-

gradient method. Our calculations did not include the spin-orbit interaction.

Kandpal and collaborators in 2006 have argued employing ab-initio electronic structure cal-

culations that in the case of Heusler compounds with 30 valence electrons per formula unit it is

essential to account for the on-site electronic correlations [225]. They have used as prototypes

for their study Co2MnSi and Co2FeSi, which have 29 and 30 valence electrons per formula unit

and employed the LDA+U method to account for the on site electronic correlations. The so called

Hubbard U is described by Anisimov et al. to add an orbital-dependent electron-electron correla-

tion, which is absent in the plain LDA or GGA schemes [226]. Kandpal et al. have shown that the

inclusion of U alters considerably the energy position of the minority-spin bands in the case of the

Co2FeSi compounds making it a real half-metal while its effect on Co2MnSi was much more mild

[225]. Thus we expect on-site electronic correlations to play an important role also in the case

of Co2FeGe compound which has also 30 valence electrons per formula unit as suggested also by

other authors [115, 129, 187, 212]. The total energy is not variational with respect to the U term
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and thus cannot be calculated simultaneously with the minimization of the total energy. Experi-

mental determination of the U term is very difficult and data are scarce. Even the computational

determination of the U values is a tedious task and in 2013 Sasioglu and collaborators employed

the constrained random-phase approximation (CRPA) scheme to calculate the U values for sev-

eral half-metals [190]. In our study, we have used the semi-empirical values mentioned in Ref.

[191], where Kandpal et al. have employed the LDA+U scheme to study the electronic structure

of several half-metallic Heusler compounds. We have included in our study the U values for the

d-orbitals of the three transition metal atoms: Co, Fe and V and the considered values were 1.92

eV, 1.80 eV, and 1.34 eV for Co, Fe, and V respectively. Finally, we should note that actually

the inclusion of U artificially pushes apart the bands below and above the Fermi level and only

comparison to experimental data guarantees that the used U values in the calculations are adequate

for a particular material.

4.3.4 Results and Discussions

4.3.4.1 Experimental Results and Discussions

Starting from the full stoichiometric Co2FeGe, substitution was made with x in steps of 0.125.

Out of all, only the alloy with x = 0.25 in Co2Fe1�xVxGe series is observed to be stable phase

in slow cooling method, while x = 0.375 in addition to x = 0.25 is found to be stable using the

rapid ice/water mixture quenching method. Multi-phase microstructures were obtained for all

other alloys in the series (see details in Supplementary Information). Fig. 4.27 shows the optical

microscopy of ice/water mixture quenched single phase alloys from the series Co2Fe1�xVxGe.

The composition of all the stable single phase specimens in the series are confirmed to be close

to the target composition, within ⇠ 5% instrumental uncertainty range using EDS. The nominal

composition of all including multiphase samples is presented Supplementary Information. SEM

images displaying the microstructure for single phase specimens are shown in Fig. 4.28.

Structural characterization has been performed with X-ray diffraction using a Co-Ka radiation
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Figure 4.27: Optical micrograph of (a) Co2Fe0.75V0.25Ge, and (b) Co2Fe0.625V0.375Ge heat treated
at 1000�C for 9 days followed by ice/water mixture quenching. The samples were etched for 5
seconds using the Adler etchant.

Figure 4.28: SEM micrograph of (a) Co2Fe0.75V0.25Ge, and (b) Co2Fe0.625V0.375Ge heat treated at
1000�C for 9 days followed by ice/water mixture quenching showing the granular microstructure.

source at room temperature as the standard method. Simple structural information of a single cubic

phase can be gained by indexing all XRD peaks as shown in Fig. 4.29. Comparatively small (5% of

the (220) peak) (111) and (200) superstructure peaks are observed for the face centered cubic (fcc)

structure. The simulated powder diffraction pattern of Co2FeGe (Fig. 4.29, bottom pattern) shows

the (111) and (200) superstructure peaks for the defect free structure. The random occupation of

all lattice sites 4a(0,0,0), 4b(1
2 ,1

2 ,1
2), and 8c (1

4 ,1
4 ,1

4) results in a A2-type disordered structure with

vanishing superstructure peaks while random occupation of 4a and 4b sites by V, Fe, and Ge gives

a B2 structure with only the (200) superstructure peak and a vanishing (111) peak. If one of the

Co sites atoms is replaced by Fe or V, and another by Ge, the disordered structure is called B32a

structure [1, 73]. This disordered structure results in a (111) superstructure peak with much higher

intensity than the (200) peak. All these types of disorder would destroy the half-metallicity of the
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material by closing the band gap at Fermi level in the minority spin channel of density of states

(DOS) [62]. In such cases, the magnetization values may still follow a Slater-Pauling rule. Our

experimental data for single phase samples shows both the (111) and (200) peaks with nearly equal

intensity for x = 0.25 as expected for the defect free structure, but the (111) peak is clearly more

intense than (200) peak for x = 0.375, as shown in Fig. 4.29.

Figure 4.29: Experimental XRD patterns of Co2Fe1�xVxGe (x = 0.25 and x = 0.375) annealed at
1000�C for 9 days followed by ice/water mixture quenching). The simulated XRD pattern is for
ordered L21 structure of Co2FeGe. The inset shows the systematic shifting of fundamental peak
with the increase of V concentration.

The Rietveld refinement of a room temperature XRD pattern was performed using the FullProf

suite considering three non-degenerate atomic arrangements (see Table 4.9). The goodness of fit

parameters are listed in Table 4.9 for both x = 0.25 and 0.375 alloys. Slightly higher values than

those expected for a perfect fit are due to the sample texture altering the relative intensities of ex-

perimental XRD peaks compared to the calculated pattern. The corresponding crystal structures

along with parent Co2FeGe are shown in Fig. 4.31 (see also Supplementary information). The re-

finement reveals that both x = 0.25 and 0.375 crystallize in the L21(I) (see Fig. 4.30) structure with

98



Table 4.9: Possible site assignments for cubic Co2Fe1�xVxGe (x = 0.25, and 0.375) assuming space groups L21
(Fm3̄m).

Type 4a (0,0,0) 4b( 1
2 , 1

2 , 1
2 ) 8c ( 1

4 , 1
4 , 1

4 ) c2
x=0.25 c2

x=0.375

I Ge Fe1�xVx Co2 1.1 1.9
II Ge Co1�xVx Fe1�xCo1+x 1.6 2.1
III Ge Co Fe1�xVx Co 2.3 2.8

lattice constants (5.755 ± 0.001)Å and (5.760 ± 0.002)Å, respectively. The refinement yielded a

reasonably good fit for all of the structures, but the best fit is obtained for a structure where the Ge

atoms occupy the 4a position, the 8c position is occupied by Co atoms, and a statistical distribution

of the Fe and V atoms at 4b is expected, i.e., Co atoms occupy the tetrahedral sublattice and Fe, V,

and Ge on the octahedral sublattice. This is also in accordance with the Pauling electronegativity

rule [1] as V and Ge prefer to form a ionic type lattice and coordinate octahedrally due to their

higher electronegativity difference.

Figure 4.30: Rietveld refinement performed on Co2Fe1�xVxGe (x = 0.25 and x = 0.375) annealed
at 1000�C for 9 days followed by ice/water mixture quenching considering first atomic configura-
tion given in Table 4.9.

The Co2-based Heusler alloys, which are half-metallic ferromagnets, show a Slater-Pauling-
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(a) (b)

Figure 4.31: Crystal structure in unit cells of a Heusler alloys (a) Co2FeGe, and (b)
Co2Fe0.75V0.25Ge assuming L21(I) structure.

like behavior for the magnetization. The Slater-Pauling rule describes the dependence of the sat-

uration magnetization on the valence electron concentration (Nv) for ordered, half-metallic ferro-

magnetic Heusler compounds. This dependence is given by [1]

m = Nv �24. (4.11)

A saturation magnetic moment of

m(x) = 6�3x (4.12)

is expected for Co2Fe1�xVxGe.

Low-temperature magnetometry of the single-phase samples was performed by means of the

VSM option of a Quantum design PPMS Dynacool. Fig. 4.32(a) shows the field dependent magne-

tization M(H) curves of the stable alloys with x = 0.25 and x = 0.375 in the Co2Fe1�xVxGe series

at 5 K. The decrease of the saturation moment with increasing V concentration is clearly visible.

In addition, it is found that stable Co2Fe1�xVxGe samples are soft ferromagnets with a small rema-

nence and a small coercive field. The saturation moments at 5 K were extracted to be 5.21 µB/ f .u.

and 4.78 µB/ f .u. for Co2Fe0.75V0.25Ge and Co2Fe0.625V0.375Ge respectively, in agreement with

the values 5.25 µB/ f .u. and 4.875 µB/ f .u. expected from a Slater-Pauling-like behavior. The sat-
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uration magnetic moments were extracted from an Arrot plot [207], i.e., by extrapolating the linear

part of M2 versus H/M curve to H/M=0 (see inset to Fig. 4.32(a)). In Co2YZ alloys, the local

magnetic moment of low valence transition metal at Y site determines the nature of exchange cou-

pling. If the transition element at Y site carries large moment (Y = Mn, Fe) the exchange coupling

between Co�Y sublattices becomes dominant whereas for small moment at Y site (Y = Ti, V)

the strongest coupling is between the Co�Co sublattices. In Co2Fe1�xVxGe series, magnetism in

single phase samples is expected to arise due to dominant coupling from Co�Fe instead of Co�Co

due to higher Fe concentration in Y site. The high temperature magnetization was measured by

(a) (b)

Figure 4.32: (a) The field-dependent magnetization at 5 K of Co2Fe1�xVxGe (x = 0.25 and 0.375)
(b) Temperature dependence of magnetization at 100 Oe. The arrow shows the magnetic transition
due to possible secondary phase formation in x = 0.375. The inset shows the first-order derivative
of magnetization as a function of temperature, the minima of which is used to extract Tc.

means of a vibrating sample magnetometer VSM equipped with a high temperature stage. The

plot of Fig. 4.32(b) shows the temperature dependence of magnetization M(T) curves in a constant

field of 100 Oe for Co2Fe1�xVxGe (x = 0.25 and 0.375) showing the ferro-paramagnetic transi-

tion. The Curie temperatures were extracted from the inflection point i.e., by taking the minima

of the first-order derivative of M(T) curves. The estimated Tc values are about 820 K and 790 K,

respectively for x = 0.25 and 0.375. In alloy x = 0.375, the magnetic transition around 630 K could

be due to the formation of small amount of secondary phase (see Supplementary information) dur-

ing vacuum annealing, as the alloy x = 0.375 is stable only after annealing at high temperature
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followed by ice/water mixture quenching. The change in interatomic spacing in Co2FeGe due to

the substitution of a fourth element V is expected to lead to a change in magnetic interactions. The

increase in lattice parameter with V concentration changes the distance between magnetic ions,

leading a weaker exchange interaction between Co�(Fe, V) sublattices and hence giving lower Tc

values compared to parent Co2FeGe.

Resistivity r of the Co2Fe1�xVxGe (x = 0.25 and 0.375) alloys was measured using the van

der Pauw method [179] in a PPMS Dynacool for samples with approximate dimensions 4 x 4 x

1.5 mm3. Fig. 4.33 shows the resistivity r as a function of temperature T for zero magnetic field

measured during cooling process in the temperature range from 2 K to 400 K. In zero field the

resistivity is observed to show a clear metallic temperature dependence with a monotonic increase

with increasing temperature and saturating at higher temperatures, indicating weak variation of

resistivity resulting from the parallel contribution of the intrinsic resistivity and some limiting

resistivity known as shunting with temperature [219, 220]. The total resistivity of magnetic alloys

obeys the following Matthiessen’s rule [99];

r(T ) = r0 +re�ph(T )+re�m(T ) = r0 +aT +bT 2 (4.13)

where r0 is the temperature independent residual resistivity due to lattice imperfections, impurities

etc., re�ph and re�m are temperature dependent terms due to the scattering by phonons (linear tem-

perature dependence) and magnons (quadratic temperature dependence) respectively. As reported

in the literature [219, 220], a parallel shunting resistivity is also introduced to the total resistivity

to include the contribution from grain boundaries, assuming a weak variation of the resistivity of

the highly disordered grain boundaries with temperature, which leads to the following expression

for the resistivity;

1/rtot(T ) = 1/ri(T )+1/rshunt (4.14)

However, the attempt to fit r(T ) of Co2Fe1�xVxGe (x= 0.25 and 0.375) alloys with a quadratic

and a quadratic plus linear temperature dependence (for pure magnon and magnon plus phonon
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(a) (b)

Figure 4.33: Temperature dependence of electrical resistivity in Co2Fe1�xVxGe in zero magnetic
field (a) x = 0.25, and (b) x = 0.375.

scattering of the electrons, respectively) as described in equation 4.13 fails completely (see insets in

Fig. 4.33(a) & (b)). The observed temperature dependence of the resistivity can not be understood

considering the conventional electron-magnon scattering of ferromagnets. The predicted half-

metallic character of the material can be employed to better understand the transport properties (see

details in theoretical section below). In half-metallic ferromagnets, due to the presence of a gap at

the Fermi level in one of the spin channels (say, the minority spin channel), a minimum excitation

energy kBD of majority charge carriers is required to occupy empty minority states involving a spin

flip. As a consequence, the usual quadratic magnonic term (re�m) is expected to be exponentially

suppressed at low temperatures [101, 102]. Thus, the usual electron-magnon scattering term can

be modified by adding a Boltzmann factor as [102–105],

re�m(T ) = bT 2e�D/T (4.15)

where D is a measure of the energy gap between the Fermi level and the band edge of the un-

Table 4.10: Fitted parameters of resistivity data of Co2Fe1�xVxGe (x = 0.25 and 0.375).

x r0(µW-cm) a (µW-cm/K) b (µW-cm/K2) rshunt (µW-cm) D (K) Reduced c2

0.25 160.66(4) 1.36(9) ⇥10�3 1.02(4) ⇥10�1 186.32(12) 340(6) 1.68 ⇥10�14

0.375 181.06(2) 1.98(9) ⇥10�3 1.06(7) ⇥10�1 203.08(18) 358(12) 1.97 ⇥10�14
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occupied band. Fig. 4.33(a) & (b) show the plot of a nonlinear least-squares fit to this model

over the entire temperature range, with fitting parameters summarized in Table 4.10. The fitting

yields an energy gap of D = 29.30 meV and 30.85 meV, respectively for x = 0.25 and x = 0.375.

The observed exponential suppression of one magnon scattering implies the possibility of HMF

behavior.

The possibility of half-metallic ferromagnetism in Heusler alloys has also been studied by look-

ing for the signature of two-magnon scattering in the low temperature resistivity [107–109] which

should present a T9/2 dependence [109, 221, 227]. The observed resistivity data at low temper-

ature is found to fit this dependence well (see insets in Fig. 4.33(a) & (b)), using the following

expression and now eliminating the shunt and electron-phonon terms: [107–109]

r(T ) = r0 +bT 9/2 (4.16)

In the insets to Fig. 4.33(a) & (b), we also fit the low-temperature data to r(T ) = r0 +bT 2

(again without the shunting or electron-phonon terms) to compare the 9/2 and 2 power laws. That

the T9/2 behavior is a much better fit than T2 behavior at low temperatures, not to mention the

fact that only a single temperature-dependent term is necessary, suggests a strong contribution

from two-magnon scattering, as expected in half metallic systems [109, 221]. However, one can

seemingly always find a workable model for resistivity, either by restricting the range or adding

parameters as we have done, so we should not say that either fitting result should be taken as more

than suggestive on its own.

From the application point of view, the mechanical properties of Heusler alloys can also be

an important factor for their final use. Most of the previous studies on mechanical properties are

theoretical in nature and only few are verified experimentally. Hardness values reported here are

the averages of data taken from at least 12 different regions of each sample with F = 0.2kg load

and a 10 s loading time. The Vickers hardness is calculated from

HV = 1.8544F/D2[kg/mm2] (4.17)
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Table 4.11: Possible atomic configurations and corresponding parameters calculated using GGA approach. The
values in the parentheses represent the calculated values using GGA+U approach for the most stable configurations
predicted from GGA approach. In the table E, EL, M, MSP, and hai represent calculated energy, energy of most stable
configuration, calculated magnetic moment, Slater-Pauling moment, and optimized lattice parameter. The last column
shows the tetragonality in the structure.

Configurations 8c 4b 4a E-EL M M-MSP hai Tet.
(eV) (µB/ f .u.) (µB/ f .u.) (Å) (a/c-1)

x = 0
Co8-Fe4Ge4 8Co 4Fe 4Ge 0 5.773(6.000) -0.227(0) 5.747(5.758) 0.000
Co4Fe4-Co4Ge4 4Fe,4Co 4Co 4Ge 1.060 4.990 -1.010 5.719 0.012
Co4Ge4-Fe4Co4 4Ge,4Co 4Co 4Fe 2.210 4.932 -1.068 5.752 0.020
Co8-Fe4Ge4 8Co 3Fe,1Ge 3Ge,1Fe 3.012 5.012 -0.988 5.739 0.020

x = 0.25
Co8-Fe3VGe4 8Co 1V,3Fe 4Ge 0 5.191(5.250) -0.089(0) 5.758(5.759) 0.000
Co5Fe3- Co3VGe4 5Co,3Fe 1V,3Co 4Ge 1.261 3.397 -1.853 5.710 0.000
Co4Fe3V- Co4Ge4 4Co,3Fe,1V 4Co 4Ge 2.101 3.632 -1.618 5.705 -0.008
Co8-Fe3VGe4 8Co 3Fe,1Ge 3Ge,1V 3.532 4.180 -1.070 5.736 0.050
Co4Ge4-Fe3VCo4 4Co,4Ge 3Fe,1V 4Co 3.900 3.818 -1.432 5.771 -0.030

x= 0.375
Co64-Fe20V12Ge32 64Co 12V,20Fe 32Ge - 4.750(4.875) -0.125(0) 5.765(5.769) 0.005(0.003)

where, D is the diagonal length of the impression of the diamond probe. Relatively high hard-

ness values (7.39 ± 0.22) GPa and (8.40 ± 0.07) GPa are measured for Co2Fe0.75V0.25Ge and

Co2Fe0.625V0.375Ge, respectively. Hardness values are comparable to the values reported for full

Heusler alloys in the literature [105, 154, 155, 158, 163, 164, 209, 210]. The hardness is observed

to increase with V concentration, as we also observed in Fe3�xVxGe [163].

4.3.4.2 Theoretical Results and Discussions

From experiment, it is clear that only nominal V substitution to Fe stabilizes disordered Co2FeGe

system with XRD patterns consistent with L21 structure. But, small differences in the atomic scat-

tering factors between the constituent 3d-metals Co, Fe, and V and the unknown degree of texturing

in the samples make it difficult to determine the chemical order relying only on XRD data. In order

to obtain further information about the stability and chemical ordering in Co2Fe1�xVxGe system,

we have calculated the zero-temperature electronic structure, magnetic structure, and relative site

preference energies for three different possible atomic configurations discussed in Table 4.9, con-

sidering the symmetry of L21 and other disordered structures. We used both GGA and GGA+U

approach. Usually, Heusler alloys exhibit localized moments where electron-electron correlations
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Figure 4.34: Spin polarized DOS for Co2Fe1�xVxGe (x = 0, 0.25, and 0.375, from top to bottom)
calculated using both GGA (left) and GGA+U (right) approaches. Number of states in each DOS
plots are scaled with respect to one formula unit. The horizontal dotted line represents Fermi level.

on localized d-states of Co, Fe, and V may play an important role. The GGA+U is used for calcu-

lation of the electronic structure to resolve the discrepancy between the theoretical and measured

magnetic moment. The plain GGA calculations are considered not sufficient to explain the mag-

netic moments in Co2FeZ systems.

We fixed the Ge atoms at the 4a position and permuted rest of the three atoms Co, Fe and V on

4b and 8c Wyckoff sites. To describe the atomic configurations, we have used the occupation of the

Wyckoff positions of space group #225 (structure L21) referring 4a and 4b sites as A sublattice and

8c as B sublattice. Before relaxation, both A and B sublattices are simple cubic with every atom on

A sublattice at the center of a cube with eight B sublattice atoms at the corners and every atom on

the B sublattice at the center of a cube with eight A sublattice atoms at the corners. The distortion
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Figure 4.35: Atom-resolved DOS for x = 0.25 calculated using GGA+U approach. The vertical
dotted line represents Fermi level. The d in parenthesis represents d-orbital.

from cubic symmetry in most of the considered configurations after relaxation to eliminate the

forces on the atom is observed to be of the order of a few percents or less.

Out of three different possible configurations shown in Table 4.11, only the configuration with

Co only on the B sublattice (8c site) and Fe, V and Ge on A sublattice (4a and 4b sites) is appeared

to be energetically the most stable configuration, as also confirmed by experiment for x = 0.25,

which is I configuration. This is also consistent with the electronegativity rule as V is the least elec-

tronegative in the series and more likely to form an ionic-type sublattice with most electronegative

Ge rather than Co as discussed in XRD section above. The most stable configuration (I) observed

in the alloy x = 0.25 is utilized to generate the electronic and magnetic structure of x = 0.375 alloy

with bigger supercell 2⇥2⇥2. Various calculated parameters are summarized in Table 4.11.

Fig. 4.34 shows the calculated spin resolved band structure and density of states (DOS) of the

energetically most favorable configuration for x = 0, x = 0.25, and x = 0.375 respectively from
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top to bottom. The electronic band structures are plotted along the high symmetry directions of

Co2Fe1�xVxGe (x = 0, 0.25, and 0.375) Heusler compounds. The large number of bands in the

case of x = 0.375 is due to the bigger (2⇥ 2⇥ 2) supercell involving 128 atoms/cell considered

for the calculations. There is good agreement between band structure and DOS calculations. The

DOS for other compositions which are not experimentally stable, are provided in Supplementary

information. Our calculations using GGA approach show nearly half-metallic behavior for x =

0.25 and 0.375 as the band gap is present in the vicinity of the Fermi level in minority spin channel

as shown in Fig. 4.34 while Fermi level is observed to fall in conduction band edge for Co2FeGe

(see Fig. 4.34 (x = 0)) as reported in literatures [17, 105, 129, 212]. However, the inclusion of

electron-electron correlation in GGA+U approach opened an energy gap, as expected in minority

spin channel with calculated magnetic moments 6 µB/ f .u. for Co2FeGe (Mexpt = 5.74 µB/ f .u.),

5.25 µB/ f .u. (Mexpt = 5.21 µB/ f .u.) for x = 0.25 and 4.875 µB/ f .u. (Mexpt = 4.78 µB/ f .u.)

for x = 0.375, which follow Slater-Pauling rule for half-metals. In GGA approach, the energy

gaps of 0.073 eV and 0.091 eV are calculated around Fermi level for x = 0.25 and x = 0.375

respectively while the energy gaps of 0.751 eV, 0.773 eV and 0.786 eV are calculated for x = 0,

x = 0.25, and x = 0.375 respectively in GGA+U approach. Though the energy gaps extracted from

resistivity analysis above are slightly smaller than those from DFT calculations, the half metallic

characteristic with the electron transport being dominated by the spin-up electrons is expected from

both theory and experiment in V substituted alloys.

Fig. 4.35 shows the atom-resolved DOS plots calculated using the GGA+U approach for Co,

Fe, and V respectively from top to bottom in x= 0.25. V in this compounds plays an important role

towards technological applications. While the Fe and Co atoms have vanishing majority-spin DOS

at the Fermi level, V majority-spin DOS on the contrary is significant. Thus the spin-polarization

at the Fermi level in the V-doped compounds increases considerably with respect to the parent

compounds making possible the creation of a significant spin-polarized current. Second, there is a

large exchange splitting between the occupied majority-spin and unoccupied minority-spin states

of the V atom. This leads to large band gaps since the conduction minority-spin states are located
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higher in energy with respect to the Fermi level when compared to Co or Fe atoms.

4.3.5 Conclusion

In summary, the substitutional series of the quaternary Heusler alloy Co2Fe1�xVxGe was syn-

thesized and investigated, both experimentally and theoretically. Single phase microstructures

were observed only for x = 0.25 and x = 0.375 from the series. All stable specimens of the sub-

stitutional series exhibit an L21 order. The saturation magnetic moments are in good agreement

with the expectation from the Slater-Pauling rule of thumb for half-metals, a prerequisite for half

metallicity. The alloys also show interesting temperature changes of resistivity which appears to be

consistent with the band structure calculations. The ab intio calculations predict the half-metallic

ferromagnetic state in all these alloys. Thus, half-metallic character with high Tc makes these al-

loys promising for room temperature spintronics applications. However, study of other properties

such as current spin polarization is needed to confirm the above observations.
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4.4 Effect of mixing the low-valence transition metal atoms Y = Co, Fe, Mn, Cr, V, Ti, or Sc on

the properties of quaternary Heusler compounds Co2�xYxFeSi (0  x  1)

4.4.1 Abstract

In this paper, we report an experimental study of structural, magnetic, electrical transport, and

mechanical properties of quaternary Heusler alloys Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, Ti, or

Sc, 0  x  1) and the experimental findings are supported by ab initio electronic structure calcula-

tions. The alloys were synthesized using an arc-melting technique. Single phase microstructures

are observed for all alloys substituted with low valence transition metals Y except Sc. X-ray pow-

der diffraction patterns at room temperature show the presence of Heusler like face-centered cubic

crystal structure in all single phase specimens. The low-temperature saturation magnetic moments,

as determined from magnetization measurements, agree fairly well with our theoretical results and

also follow the Slater-Pauling rule of thumb for half-metals, a prerequisite for half metallicity.

The alloys are predicted to exhibit half-metallic ferromagnetism by ab initio electronic structure

calculations using GGA+U approach. All stable compounds are observed to have high Curie tem-

peratures with linear dependence with the valence electrons concentration in the alloys. Relatively

high hardness values are also measured, approaching 15.72 GPa for Ti-substituted material, high-

est among the values reported for Heuslers so far. All these properties strongly suggest the alloys

are promising for the spintronic applications at room temperature and above.

4.4.2 Introduction

Co2-based full Heusler compounds with stoichiometric composition Co2YZ, (Co,Y) being two

transition metals, and Z being main group element, crystallizing in the L21 structure (space group

Fm3̄m, # 225 [64, 65]) belong to the most promising class of materials for magneto-electronics

applications because of their half-metallic ferromagnetic (HMF) nature, high Curie temperatures,

PUBLISHED AS: R. Mahat*, U. Karki, S. KC, J. Law, V. Franco, I. Galanakis, A. Gupta & P. LeClair, Effect of
mixing the low-valence transition metal atoms Y = Co, Fe, Mn, Cr, V, Ti, or Sc on the properties of quaternary Heusler
compounds Co2�xYxFeSi (0  x  1), Manuscript ready for submission (2022).
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compatible lattice mismatch with conventional semiconductors, and 100% spin polarization at

room temperature, arising from the exceptional electronic structure with a energy band gap at the

Fermi level (EF ) for minority spin sub-band [20, 29–34]. But, there is a fact that the experimen-

tally observed spin polarization of most of the Co2-based ternary Heusler alloys are always much

smaller than the theoretical values. The discrepancy between theory and experiment is expected

due to the structural disorder in the crystal lattices [1, 41]. In many cases, improvements in various

properties such as structure, magnetization, transport, critical temperature Tc, magnetoresistance

as well as high spin polarization are realised in slightly disordered Heusler alloys by the substitu-

tion of a quaternary element, as quaternary element additions are observed to reduce the structural

disorder and change the degree of hybridization between the 3d orbitals of different elements with

consequent changes in the position of the Fermi level with respect to the spin sub-band [115–120].

In previous studies, the doping of low-valent transition metal atoms in ternary Heusler alloys has

been reported to change the electronic structure opening the energy gap around Fermi level in mi-

nority states, which gives 100% spin polarization, stabilizing the half-metallic character [121]. So,

doping is considered as one of the promising ways to stabilize Co2-based new robust half-metals

[122].

Among the various Heuslers, Co2FeSi (CFS) system is suitable for spintronic device applica-

tions because of its large magnetic moment of 6 µB and high Curie temperature of 1100 K [20].

But, regarding the half-metallicity in CFS, both half-metallic [137] and non-half-metallic [7] prop-

erties have been reported theoretically. Kandpal et al. [137] have reported a half-metallic band

structure calculations using local spin density approximation and generalized gradient approxi-

mation, including optimum effective coulomb exchange interaction (Ueff) while Galanakis et al.

[7] have reported the non-half-metallic character by the full-potential screened Korringa-Kohn-

Rostoker Green’s function approach. In these approaches, the Fermi level falls on the edge of the

minority conduction band, leading to an unstable half-metallicity. Half-metallic ferromagnets with

a high thermal stability of energy gap in minority spin channel are desired for technical applications

[107, 152]. For such robustness, compounds with Fermi level located at the middle of the energy
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gap are highly preferred [107, 152]. If one of the Co atom in CFS is substituted by another low va-

lence transition metal atom Y = Fe, Mn, Cr, V, Ti, or Sc, alloys with rich and useful properties can

be tailored. Inverse Heusler alloy Fe2CoSi has been reported to be zero-gap half-metal with very

low Gilbert damping [138, 139]. The quaternary Heulser alloy CoFeMnSi has been observed the-

oretically and experimentally to be spin-gapless semiconductor [93, 140, 141], CoFeCrSi has been

reported to be half-metallic with some structural disorder [133], while CoFeVSi and CoFeTiSi are

reported theoretically to be nearly half-metallic and half-metallic respectively, but both have been

observed experimentally to show multi-phase behavior in bulk form [142, 143]. In all these qua-

ternary Heusler alloys, the Fermi level again lies on the edge of the minority valence band. So,

as we go from CFS to CoFeYSi, Fermi level is shifted from lower edge of conduction band to

upper edge of valence band in minority spin channel which is in accordance to the calculations by

Galanakis et al. [128]. They have suggested that an expansion of the lattice should shift the Fermi

level deeper in energy and the contraction should shift it higher in energy. If the Fermi energy is

near one of the band edges, the energy gap may easily be smeared out at finite temperatures or

destroyed by quasiparticle excitation [107, 152]. Therefore, one can expect robust half metallicity

with Fermi level exactly at the middle of the band gap for some intermediate Y content in CFS due

to the expansion of the lattice when Y atom with larger atomic radius substitutes for Co [153]. The

substitution of Y atom to Co in CFS may be also seen as d-electron deficiency.

There have already been many achievements on CFS system where substitution plays an im-

portant role to realize useful electronic and magnetic properties tuning the Fermi level towards the

minority band gap [107, 115, 228–230]. The band gap at the Fermi level can be tuned by substi-

tuting a fourth element at X/Y/Z site i.e., Co2�xY⇤
xYZ, Co2Y1�xY⇤

xZ or Co2YZ1�xZ⇤
x where Y, Y*

are low valence transition elements and Z, Z* are main group elements [41, 62, 123–127]. The

substitution at X/Y site is more convincing as X/Y site element plays main role in tailoring the

half-metallicity and magnetic properties compared to Z site [128]. Previously, Cr substitution for

Fe on CFS has been observed to increase the spin polarization steeply from 0.57 to 0.64 due to the

improvements in half-metallicity [115]. Low Gilbert damping has been observed in half-metallic
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Co2FexMn1�xSi substitutional series [229]. The tuning of Fermi level for half-metallicity has been

demonstrated in Heusler alloy Co2FeAl0.5Si0.5 [228, 230]. It is the aim of this work to synthesize

CFS, a potential candidate for spintronic applications due to promising temperature stability, and

investigate the effect of low valence transition metal Y substitution for Co in CFS on structural,

electronic, magnetic, electrical transport, and mechanical properties. In particular, we present re-

sults on the extent to which Y = Fe, Mn, Cr, V, Ti, or Sc substitution to Co can help to tune the half

metallic character stabilizing the L21 structure in Co2�xYxFeSi (CFYS) Heusler system.

4.4.3 Methods

4.4.3.1 Experimental Methods

The polycrystalline Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc, 0 x 1) off-stoichiometric

Heusler alloys were prepared by conventional arc melting of constituents of 99.99% purity on a Cu

hearth provided with water cooling under argon flow at a base pressure of 10�4 mbar. The mixture

was flipped and melted at least 6 times to ensure chemical homogeneity. As an oxygen absorber, Ti

was melted inside the vacuum chamber separately before melting the compound to avoid oxygen

contamination. The weight loss during the process was less than 1%. The resulting ingots were cut

into pieces and examined using an energy dispersive X-ray spectroscopy (EDS) detector equipped

in a JEOL 7000 field emission scanning electron microscope (FESEM) to ensure the target com-

position after the arc melting. These pieces were annealed in evacuated quartz tubes for different

heat treatments, and cooled slowly in the furnace to get optimum crystallization to promote the

formation of L21 structure. To make the comparison uniform across all compositions, only the

samples annealed under similar heat treatments (i.e., 900�C for 7 days) are reported. The heat

treatments were followed by metallography (see details in the supplementary information of our

previous publications [163, 164]) to produce a metallic shiny surface for microstructure analysis

by optical and electron microscopes. After the heat treatment and metallography, the composition

and homogeneity of the samples were again confirmed by using EDS.
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The crystal structure was investigated by means of X-ray diffraction (XRD) using a Bruker

D8 Discover X-ray diffractometer equipped with monochromatic Co-Ka (l = 0.179 nm) radia-

tion at room temperature. The specimens were crushed by hand using a mortar and the XRD

measurements were carried out on crushed powder samples by rotating around the f axis to min-

imize surface effects. It should be noted that steel ball milling results in a distortion in crystalline

structure due to mechanical robustness of our alloys (discussed in forth coming session). CaRIne

crystallography 4.0 software [78] as well as in-house PYTHON code [79] including the dispersive

corrections to the atomic scattering factors were used to simulate the XRD patterns to compare

with the experimental XRD patterns. Rietveld refinements of the XRD data were performed using

a MATCH! software based on the FullProf algorithm [80]. Magnetization isotherms at 5 and 300 K

were studied by means of Quantum Design Physical Properties Measurement System (PPMS) us-

ing small spherical sample pieces of ⇠ 20-30 mg, while the high temperature magnetization was

measured using LakeShore VSM 7407. The mechanical properties in terms of Vickers hardness

were measured by using Buehler model 1600-6100 micro-hardness tester.

4.4.3.2 Computational Methods

Ab initio calculations are performed using density-functional theory (DFT) employing the pro-

jector augmented wave (PAW) pseudopotentials by Blöchl [180], implemented by Kresse and

Furthmüller in the Vienna ab initio simulation package (VASP) [181]. We have adopted the

generalized-gradient approximation (GGA) as formulated by Perdew, Bueke, and Ernzerhof (PBE)

for the electronic exchange-correlation potential [182]. A 16-atom supercell, i.e., 4 formula units

of the underlying L21 structure adopted by the perfect full-Heusler compounds like Co2MnGe is

used in all of our calculations. The integrals in the reciprocal space of cubic systems was done

considering a 20⇥ 20⇥ 20 G-centered Monkhorst-Pack grid [200] using the linear tetrahedron

method with Blöchl corrections. Total energies were converged upto 10�7eV/cell with a cutoff for

the kinetic energy of the plane waves of 520 eV. Full relaxation of cell (initially cubic) volume,

shape and atomic positions were performed until the forces on each atom become less than 10�2
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meV/cell using the conjugate-gradient method. Spin-orbit interaction is ignored in our calculations

as it is not crucial for the half-metallic properties of Heusler compounds [183].

Ab-initio electronic structure calculations using GGA approach in the case of parent compound

CFS with 30 valence electrons per formula unit has been reported to predict a significantly reduced

magnetic moment with respect to experiment and the Slater-Pauling value, due to the well-known

on-site electronic correlations of the d-electrons and related fractional state occupation [225]. The

observed half-metallic properties of CFS is reported to be recovered by introducing an appropriate

Hubbard U term into the electronic Hamiltonian [225]. In our study, we have also presented

GGA+U calculations on Co2�xYxFeSi system and explore how the CFS electronic properties are

affected by low valence atomic substitutions.

The Hubbard U parameter cannot be calculated simultaneously with the minimization of the to-

tal energy because total energy remains constant with respect to the U term. Both experimental and

computational determination of the U values is very difficult and tedious tasks and in 2013 Sasioglu

and collaobrators employed the constrained random-phase approximation (CRPA) scheme to cal-

culate the U values for several half-metals [190]. For the calculations presented in the rest of this

work, we have used the semi-empirical values mentioned in Ref. kandpal2007calculated, where

Kandpal et al. have employed the LDA+U scheme to study the electronic structure of several

half-metallic Heusler compounds. The considered U values for the d-orbitals of Co, Fe, Mn, Cr,

V, Ti, and Sc are 1.92 eV, 1.80 eV, 1.69 eV, 1.59 eV, 1.34 eV, 1.36 eV, and 1.30 eV respectively.

Finally, it should be noted that the inclusion of U artificially opens a band-gap in the minority spin

channel and only comparison to experimental data guarantees that the used U parameters in the

calculations are adequate for a particular material.
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4.4.4 Results and Discussions

4.4.4.1 Experimental results and Discussions

4.4.4.1.1 Microstructural and Compositional analysis

Optical microscopy and SEM of polished and etched samples are very helpful to characterize

the microstructure specially when the impurity phase contents are either below the detection limit

of XRD (less than roughly 5% of the overall volume) or amorphous in nature [105, 168, 169].

These methods provide a morphological image which can clearly figure out secondary phases and

grain boundary segregation even for minor constituents. We can speculate the presence of impurity

phases by observing different contrast in optical microscopy, and SEM with EDS can be utilized

to quantify whether regions of different contrasts represent impurity phases or possible different

crystallite orientations.

Figure 4.36: Optical micrograph of Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) annealed
at 900�C for 7 days followed by slow cooling showing the granular microstructure. The samples
were etched for 60 seconds using the Adler etchant.

Fig. 4.36 shows the microstructures of all single phase specimens Co2�xYxFeSi (Y = Co, Fe,

Mn, Cr, V, or Ti, x = 0.50) annealed at 900�C for 7 days, observed using optical microscope. With

the substitution of 50% Y content (Co, Fe, Mn, Cr, V, Ti, or Sc) for Co in CFS, we observed single

phase microstructures except for 50% Sc. Our results are in accordance with previous reports for

50% Co and Fe for Co in CFS. It is found that the grain size of the alloys decreased greatly with
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Figure 4.37: SEM micrograph of Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) alloys
annealed at 900�C for 7 days followed by slow cooling, showing the granular microstructure.

the substitution of less valence Y content. The contrast developed in micrograph (see details in

Supplementary information) suggests significant compositional differences between phases in the

case of 50% Sc for Co. The composition was measured to differ from the target composition by

more than 5% with the secondary phase mainly located in grain boundaries. The stoichiometry

within the grains of all the single-phase specimens was confirmed as the target composition within

an instrumental uncertainty of ⇠ 5% using EDS (see Supplementary information). Fig. 4.37

shows the typical electron images displaying the microstructure of single phase alloys. The optical

and electron micrographs of all the remaining alloys in the series are presented in Supplementary

information.

4.4.4.1.2 Crystal structure and atomic order analysis

The crystallographic order of the alloys is highly important for their use in any kind of spin-

tronics applications. So, structural analysis has been performed with XRD as the standard method.

Fig. 4.38 shows the powder XRD spectra of the studied alloys with x = 0.50, measured at room

temperature, using a Co-Ka radiation source (see details in Supplementary information). All the

alloys showed single phase behavior except for Sc, consistent with microstructures observed in

previous section. The asterisks correspond to Heusler cubic peaks while others are from secondary

phase/unknown impurity phase in the case of Sc based alloy. All the XRD peaks in single-phase al-
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Figure 4.38: Experimental XRD patterns of Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, Ti or Sc,
x = 0.50) alloy series annealed at 900�C for 7 days investigated at room temperature, here, ⇤
corresponds Heusler cubic peaks in Sc based alloy while others are from secondary phase/unknown
impurity phase. The first from the bottom is the simulated XRD pattern for ordered L21 structure
of CFS. The relative Intensity (y-axis) is plotted in log scale so that all the peaks can be seen
clearly.

loys can be indexed as face centered cubic (fcc) structure. As expected only three distinct Heusler-

like reflection peaks (h, k, l all odd or even) are observed; fundamental peaks with h+ k+ l = 4n,

even superlattice peaks with h+ k+ l = 4n+2 and odd superlattice peaks with h+ k+ l = 2n+1.

Heusler alloys in the ordered L21 structure are characterized by the presence of superlattice reflec-

tion (SR) peaks; the presence of (111) peak indicates the chemical ordering of atoms in octahedral

positions, and (200) peak indicates the order for atoms in tetrahedral positions, while (220) peak is

a principal reflection which is independent of the state of the order [72].

In full Heusler alloys (FHA) of the type X2YZ (L21 structure), Z is the main group element

with highest electronegativity which occupies 4a(0,0,0), Y is the low valence transition metal atom
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with least electronegativity which occupies 4b(1
2 ,1

2 ,1
2), and transition metal atoms X are of the

intermediate electronegativity values and occupy 8c(1
4 ,1

4 ,1
4) (or 4c(1

4 ,1
4 ,1

4), and 4d(3
4 ,3

4 ,3
4)) Wyckoff

positions of the space group Fm3̄m [1, 61]. Hereafter, we refer 4a and 4b sites as A sublattice

and 4c and 4d as B sublattice as shown in Fig. 4.40. The intensities of superstructure peaks are

affected by various types of atomic disorders, e.g., (i) A2-type disorder due to random distribution

of atoms over lattice sites 4a, 4b, 4c, and 4d which results vanishing superstructure peaks, (ii) B2-

type disorder due to random distribution between atoms in 4a and 4b sites which results only the

(200) superstructure peak and vanishing (111) peak, and (iii) B32a-type when disorder is between

atoms in 4a, and 4c sites, and 4b, and 4d sites [1, 73]. This disordered structure B32a results (111)

peak with much higher intensity than the (200) peak. All these types of disorder would destroy

the half-metallic property of the material by introducing density of states (DOS) at Fermi level

in the minority spin channel [62] but the magnetic moment of the materials may still follow a

Slater-Pauling rule.

(a) (b)

Figure 4.39: (a) Enlargement of (111) and (200) X-ray diffraction peaks of single phase alloys and
(b) the corresponding simulated patterns for the ideal ordered structure.
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Fig. 4.39(a) shows the enlargement of the experimental XRD patterns between 30� and 38� for

all single phase specimens and Fig. 4.39(b) shows the corresponding simulated XRD patterns of

ideal L21 structure for comparison. The superlattice reflections (111) and (200) are clearly visible

as expected for the defect-free ordered Heusler structure, indicating the presence of a long range

ordering in these samples. The measured and expected values for I111/I220 and I200/I220 are also

labeled. These values agree with each other qualitatively. The degree of chemical ordering in

Co2�xYxFeSi is evaluated by Webster’s model [231] using factors S and a .

S =

s
(I200/Ifund)exp

(I200/Ifund)cal
(4.18)

(1�2a)S =

s
(I111/Ifund)exp

(I111/Ifund)cal
(4.19)

where I111, I200, and Ifund are the integrated intensities of (111) and (200) superlattice reflection

peaks and a fundamental peak, respectively. The numerator is an experimentally extracted value,

and the denominator is the calculated value for the perfect-order case. The long range ordering

parameter S = 0 indicates the A2-type disorder, and S = 1 indicates ordering of atoms in B sublattice

sites. The factor a = 0 means ordering in A sublattice and a = 0.5 means disorder in A sublattice

called B2-type disorder. Thus, L21 ordering is characterized by S = 1 and a = 0 while S = 1 and

a = 0.5 indicate B2-type disorder. To minimize the effect of preferred orientation and texturing

in our specimens, we have reported the average S and a values estimated using Ifund as (220),

(400), (422), and (440) fundamental peaks in equations 4.18 and 4.19. As shown in Table 4.12, the

extracted high S value and a low a value for all of the specimens indicates that the crystal structure

of alloys is sufficiently ordered. A certain amount of disorder is expected in V and Ti substituted

alloys.

In order to gain more insight on chemical ordering, we performed Rietveld refinement of ex-

perimental XRD pattern for Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) considering

three non-degenerate configurations as presented in Table 4.13. Details of the refinements for

120

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair

Patrick LeClair



Table 4.12: Ordering parameters S and a with corresponding goodness of fit parameters (c2 and RBragg factor)
obtained from Rietveld refinement for Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) alloys. The numbers
in parentheses are the standard deviation (SD), e.g., 1.04(5) = 1.04± 0.05. The SD was calculated among values
estimated using Ifund for the (220), (400), (422), and (440) fundamental peaks.

Y element S a c2 RBragg

Co 1.01(5) 0.01(8) 1.1 5.3
Fe 1.04(7) 0.01(7) 1.3 6.9
Mn 1.02(9) 0.01(5) 1.5 11.2
Cr 1.01(4) -0.02(4) 1.9 9.1
V 0.90(10) -0.06(9) 1.6 8.3
Ti 0.88(12) -0.04(4) 1.5 7.7

Table 4.13: Possible site assignments for cubic Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc, x = 0.50) Heusler
system.

Type 4a 4b 4c 4d
(0,0,0) ( 1

2 , 1
2 , 1

2 ) ( 1
4 , 1

4 , 1
4 ) ( 3

4 , 3
4 , 3

4 )

I Si Fe0.50Y0.50 Co0.50Fe0.50 Co
II Si Co0.50Y0.50 Fe Co
III Si Fe Co0.50Y0.50 Co

the best fit configuration (I) are provided in Table 4.12. The observed, calculated and difference

profiles for the best fit configuration (I) after performing the Rietveld refinement are provided in

Supplementary information. The crystal structure for this configuration is shown in Fig. 4.40(b)

(see Supplementary information for crystal structures for other possible configurations). In this

configuration, we presumed that low-valence Y substitution (Y being least electronegative) in CFS

with perfect L21 structure will displace half of the Fe atoms from 4b sites towards vacated Co

sites and it will fill the site previously occupied by Fe forming an ionic-type sublattice with Si

(which has a larger electronegativity) rather than with Co and Fe and becomes stable by donating

its electrons to other elements in the alloy. The Co and displaced Fe atoms have intermediate elec-

tronegativities and occupy tetrahedral sites [1, 61]. In other word, Co and Fe atoms are assumed

on the tetrahedral sublattice B (4c & 4d) and Fe, Y, and Si on the octahedral sublattice A (4a &

4b). This Hume-Rothery condition of phase stability of substitutional solid solution also supports

this atomic configuration. According to this rule, the atomic size difference between two elements

should be no larger than 15% and electron negativity difference no higher than 0.4 in order to form
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the stable solid solution [202–204].

(a) (b)

Figure 4.40: Crystal structure in unit cell of (a) CFS and (b) Co1.50Y0.50FeSi (Y = Fe, Mn, Cr,
V, Ti, or Sc) (I) configuration mentioned in Table 4.13 assuming L21 structure. The structures are
shown in their ideal, unrelaxed forms.

We have used Cohen’s method with a Nelson-Riley extrapolation to accurately determine

the lattice parameters [171]. The dependence of the lattice parameter a on the Y content for

Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, 0  x  1) is shown in Fig. 4.41(a) while Fig. 4.41(b)

shows the variation of lattice parameter with atomic number of Y element in Co1.50Y0.50FeSi (Y

= Co, Fe, Mn, Cr, V, or Ti). It is noticed that the lattice parameter increases linearly with the

substitution of less valence Y content, consistent with Vegard’s law [205] as atomic radii decrease

in the order Ti > V > Cr > Mn > Fe > Co [153].

4.4.4.1.3 Magnetic Characterization

Most of the Co-based half-metallic Heusler alloys show a Slater-Pauling-like behavior for the

magnetization when crystallized in a fully ordered state [206]. The Slater-Pauling (SP) rule relates

the dependence of the magnetic moment with the valence electron concentration (Zt) following a

simple electron counting scheme for ordered, half-metallic ferromagnetic Heusler compounds. If

the value of the saturation magnetization changes with Y element according to the Slater-Pauling
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(a) (b)

Figure 4.41: Variation of lattice parameter with (a) Y content in Co2�xYxFeSi (Y = Co, Fe, Mn,
Cr, V, or Ti, 0  x  1), and (b) atomic number of low valence transition metal element Y in
Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) showing linear behavior. The pink data
points represent literature values [19, 20].

rule of thumb for half-metals, then we expect the total magnetization to be [1, 7]

Mt = [(2� x)ZCo + xZY +ZFe +ZSi]�24 (4.20)

where, Mt is the total spin magnetic moment per f.u. in µB and Zi is the number of valence electrons

of each individual atom. In Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, 0  x  1) system, the

total number of valence electrons change from 30 in CFS to 25 in CoFeTiSi. Therefore, the SP

behavior predicts that the saturation magnetic moment should decrease with the substitution of Y

element for Co. A saturation magnetic moment of

M(Y ) = 6� x⇥ (ZCo �ZY) (4.21)

is expected for Co2�xYxFeSi.

Here, we have utilized the VSM option of a Quantum design PPMS Dynacool working in the

temperature range of T = 5 K to 400 K and with maximum possible magnetic field of 9 T to ob-

serve low temperature magnetisations for all single-phase alloys. Fig. 4.42(a) shows the isothermal
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(a) (b)

Figure 4.42: (a) Isothermal magnetization curves of Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or
Ti, x = 0.50) at 5 K, and (b) The saturation magnetic moment versus valence electron counts per
formula units with element Y, both experimental(at 5 K and 300 K) and expected from Slater-
Pauling rule for half metals. The pink data points represent reported literature values [19, 20].

magnetization curves measured at 5 K for x = 0.50 (see Supplementary information for magneti-

zation curves of all other alloys in the series), as expected for ferromagnets. All the alloys are

saturated in magnetic field of about 4 kOe which indicates small magnetocrystalline anisotropy

in the specimens. Arrot plot method [207] (i.e., by linear extrapolation to H/M=0 of M2 versus

H/M curve) is utilized to determine the spontaneous magnetizations (see inset to Fig. 4.42(a)).

Total saturation magnetic moments (Ms) obtained from the spontaneous magnetization at 5 K are

observed to follow the Slater-Pauling rule of thumb for half metals (see red data points) and de-

crease with the decrease of valence electrons in Y atoms (see Fig. 4.42(b)). The decrease of Ms

is expected due to the decrease in number of Co atoms. The magnetic moment per formula unit

for x = 0, i.e., CFS is measured to be 5.92 µB, which is also in good agreement with reported

results [19, 20]. Fig. 4.44(a) shows the systematic variation of saturation magnetic moment with Y

atom concentration (0  x  1) in the series. The slight deviation of magnetic moments from ex-

pected Slater-Pauling values could be due to the slight variation in the stoichiometry of the alloys,

weighing and measurement errors, partial surface oxidation, and the measurement temperature of

5 K. The experimentally determined spin magnetic moments are also in good agreement with those

obtained from first-principle calculations (see Table 4.15), as discussed in the forthcoming section.
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(a) (b)

Figure 4.43: (a) Temperature dependence of magnetization at 100 Oe, and (b) Variation of Curie
temperature as a function of valence electron counts per formula units with element Y (x = 0.50).
The inset shows the first-order derivative of magnetization as a function of temperature, the minima
of which is used to extract Tc. The pink data points represents reported literature values [19, 20].

Fig. 4.43(a) shows the temperature dependent specific magnetization of the alloys for x =

0.50 (see Supplementary information for all other alloys in the series), measured by means of a

vibrating sample magnetometer (LakeShore VSM 7407) equipped with a high temperature stage.

The measurements were not performed at saturation but in a constant magnetic field of 100 Oe.

The Curie temperatures Tc were extracted from the inflection point i.e., by taking the minima of

the first-order derivative of M(T) curves (see inset in Fig. 4.43(b)). The Curie temperature is

observed to decrease with the substitution of low valence transition metal element Y due to the

weakening of the exchange interaction caused by small magnetic moment of substituted element

Y compared to Co. The decrease in Tc can also be attributed to the increase in lattice parameter

with the substitution of Y changing the distance between magnetic ions leading to a weak exchange

interaction. A linear dependence is obtained when plotting Tc as a function of number of valence

electron concentration, and hence Ms (see Fig. 4.43(b)), which is expected in half-metallic Co-

based Heusler alloys [124]. According to this plot, Tc is the highest for those that exhibit a large

magnetic moment, or equivalently for those with a high valence electron concentration as derived

from the Slater-Pauling rule. The high values of Tc usually imply stable magnetism and half-

metallicity over wide temperature range, necessary in practical applications. Fig. 4.44(b) shows
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(a) (b)

Figure 4.44: The variation of (a) saturation magnetic moment at 5 K, and (b) Curie temperature
with Y content in Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, 0  x  1). The solid lines in Fig.
4.44(a) represent the vaules expected from Slater Pauling rule for half metals. The pink data points
represent reported literature values [19, 20].

the systematic variation of Curie temperature with Y atom concentration (0  x  1) in the series.

The experimental values of lattice parameters, saturation magnetic moments at 5 K, Curie

temperatures, and corresponding mechanical hardness values of all single phase specimens in

Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, 0  x  1) alloy series are summarized in Table

4.14.

4.4.4.1.4 Vickers micro hardness

For industrial applications, materials require mechanical robustness to undergo repetitive ther-

mal cycling and resist cracking from vibrations. Here, we have measured the mechanical properties

in terms of Vickers hardness. Fig. 4.45(a) displays the variation of Vickers micro hardness with

transition metals of increasing atomic number in Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti)

series with 0  x  1 and Fig. 4.45(b) shows the variation for allows with x = 0.50, all measured

at room temperature. The corresponding harness values are given in Table 4.14. The data were

taken from at least 12 different regions of each sample with 0.2 kg load and 10 s loading time and
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Table 4.14: Experimental lattice parameters and saturation magnetic moments at T = 5 K along with the Slater-
Pauling (S-P) values, and the measured Curie temperature (Tc) of Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti,
0  x  1) alloy series. The numbers in parentheses are the uncertainty in the last digit, e.g., 5.92(3) = 5.92± 0.03.
The numbers in square brackets are the uncertainty

Series Concentartion Expt. lattice Expt. Ms S-P TC Vickers Hardness
parameter (Å) (µB/f.u.) (µB/f.u.) (K) (GPa)

Co2FeSi x = 0 a = 5.641(2)[5.636] 5.92(3)[6.00] 6.00 1094(10)[1100] [20, 109] 7.33(4)
Co2�xFexFeSi x = 0.25 a = [5.641] [5.75] 5.60 [1058][19, 109] -

x = 0.50 a = 5.646(2)[5.642] 5.58(2)[5.62] 5.50 1040(10)[1069][19, 109] 7.55(6)
x = 0.75 a = [5.647] [5.60] 5.20 [1052][19, 109] -

x = 1 a = [5.655] [5.20] 5.00 [1036][19, 109] -
Co2�xMnxFeSi x = 0.25 a = 5.646(2) 5.57(4) 5.50 - 7.51(4)

x = 0.50 a = 5.651(2) 5.06(3) 5.00 947(10) 7.94(3)
x = 0.75 a = 5.658(3) 4.49(2) 4.50 869(10) 8.51(5)

x = 1 a = 5.661(2) 4.03(3) [3.99] 4.00 761(10)[763] 9.69(7)
Co2�xCrxFeSi x = 0.25 a = 5.650(2) 5.20(4) 5.25 969(10) 7.82(6)

x = 0.50 a = 5.662(1) 4.46(3) 4.50 873(10) 8.61(8)
x = 0.75 a = 5.673(2) 3.72(2) 3.75 790(10) 9.78(9)

x = 1 a = 5.687(3) 2.91(2)[2.82] 3.00 710(10) 11.33(9)
Co2�xVxFeSi x = 0.25 a = 5.656(1) 4.89(4) 5.00 924(10) 8.52(5)

x = 0.50 a = 5.671(1) 3.90(3) 4.00 791(10) 9.85(7)
x = 0.75 a = 5.683(3) 2.89(4) 3.00 553(10) 11.37(8)
x = 1† a = 5.694(6) 1.45(5) 2.00 345(10) 11.79(10)

Co2�xTixFeSi x = 0.25 a = 5.665(4) 4.75(5) 4.75 902(10) 10.75(7)
x = 0.50 a = 5.681(2) 3.45(2) 3.50 720(10) 12.58(3)
x = 0.75 a = 5.707(3) 2.23(5) 2.25 487(10) 13.81(9)
x = 1† a = 5.716(6) 0.88(9) 1.00 331(10) 15.72(14)

† Multiphase specimen

average values are reported here. The Vickers hardness is calculated from

HV = 1.8544F/D2[kg/mm2] (4.22)

where, D is the diagonal length of the impression of the diamond probe. Relatively high hardness

values are measured, approaching 15.72 GPa for CoFeTiSi, highest among the values reported for

Heuslers so far [105, 154–156, 158, 163, 164, 209, 210]. The hardness is observed to increase

with the substitution of Y element of increasing atomic radius and depends on phases present as

reported in the literature [211].

4.4.4.2 Theoretical Results and Discussions

The parent compound CFS of the series Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc,

x = 0.50) is already reported in literatures to form the L21 structure with a low degree of chemical
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(a) (b)

Figure 4.45: Vickers hardness versus Y content in Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc),
all annealed at 900�C for 7 days (a) for all the alloys 0  x  1, and (b) for alloys with x = 0.50.
The imprints of the indenter with radial cracks for Ti = 1 [bottom right of Fig. 4.45(a)] and Ti =
0.50 [top right of Fig. 4.45(b)] are shown.

disorder [107] and our experimental investigations confirmed the low valence transition metals Y

substitution for Co in CFS also give stable single phases with XRD patterns consistent with the

ordered L21 structure except for Scandium substituted alloy. These experimental facts allow us

accurate comparison between experiment and theory. The fact that DFT using GGA approach pre-

dicts a significantly reduced magnetic moment with respect to experiment and the Slater-Pauling

value and the introduction of Hubbard U terms in GGA approach i.e., GGA+U resolves the dis-

crepancy in CFS [107, 225]. In order to predict the size and nature of band gaps and magnetic

moments, we have performed the electronic-structure calculations using both GGA and GGA+U

approaches.

For theoretical calculations, bulk Co1.50Y0.50FeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc) cubic su-

percell structures consisting of 16 atoms were constructed using the Monte Carlo Special Quasir-

andom Structure (MCSQS) method [184] which is a part of the open source ATAT toolkit [185]

accessible from [186]. The MCSQS method can handle double-site substitutions as described

in experimental section above taking care of nearest neighbor interaction and predicts a special

quasirandom structure by generating a set of clusters with specific correlations relative to a target

random structure. The best MCSQS structures were confirmed after waiting for a long enough
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Figure 4.46: Spin polarized total density of states (TDOS) of Co1.50Y0.50FeSi (Y = Co, Fe, Mn,
Cr, V, Ti, or Sc) alloys using both GGA (Blue) and GGA+U (Red) methods. Number of states in
each plot is scaled with respect to one formula unit.

time until a correlation difference relative to the target random structure approach to zero. The pre-

dicted MCSQS structures are in good agreement with configuration I predicted in Table 4.13 (see

also Fig. 4.40(b)). The predicted MCSQS structures were then optimized using GGA method. The

experimental lattice constants extracted in our experimental work were employed as starting val-

ues for the calculations. The optimized lattice parameters are in good agreement with experimental

values, increasing with the substitution of atoms with low-valency. All the calculated parameters

are presented in Table 4.15.

As shown in Fig. 4.46, Our calculations show the systematic shifting of Fermi level from
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conduction band edge in parent compound CFS towards the energy gap in minority-spin channel

after substituting low-valence transition metals. In GGA approach, only Co1.50Mn0.50FeSi alloy

is observed to be perfect half-metal with Fermi level at energy gap in minority-spin channel. The

non-zero contribution to DOS from Fe(I) (which share the same sublattice A with Y atoms) at

Fermi level in minority-spin channel is observed to play major-role to destroy the half-metallicity

in all other alloys. The calculated magnetic moment in Co1.50Mn0.50FeSi is also in good agree-

ment with that extracted from experiment and expected from Slater-Pauling rule while the calcu-

lated moments are way less in other alloys (see Table 4.14 and Table 4.15), given that calculations

are done at 0 K and experimental magnetic moments were measured at 5 K. However, the inclu-

sion of electron-electron correlation in GGA+U approach opened the energy gap, as expected in

minority spin channel with calculated magnetic moments in good agreement with the experiment

and expected from Slater-Pauling rule. The Fermi level is observed to lie within energy gap in

minority-spin channel making the systems half-metallic, however energy gap is observed to de-

crease after low-valence transition metal atom substitution for Co in CFS. The estimated energy

gaps at Fermi level in all the alloys are provided in Table 4.15.

Table 4.15: Parameters extraced from DFT calculations (both GGA and GGA+U approach) for type I configuration.
In the table M, MSP, hai, and D represent calculated magnetic moment, Slater-Pauling moment, optimized lattice
parameter, and energy gap at Fermi level. The last column shows the tetragonality in the structure. The values in the
parentheses represent the calculated values using GGA approach.

Y Configurations 4d 4c 4b 4a M MSP hai Tet. D
element (µB/ f .u.) (µB/ f .u.) (Å) (a/c-1) (eV)

Co Co8-Fe4Si4 4Co 4Co 4Fe 4Si 6.000(5.484) 6.000 5.636 0.012 0.791
Fe Co6Fe2-Fe4Si4 4Co 2Fe,2Co 4Fe 4Si 5.502(5.369) 5.500 5.640 0.012 0.387
Mn Co6Fe2-Fe2Mn2Si4 4Co 2Fe,2Co 2Mn,2Fe 4Si 5.000(4.999) 5.000 5.645 0.012 0.575(0.138)
Cr Co6Fe2-Fe2Cr2Si4 4Co 2Fe,2Co 2Cr,2Fe 4Si 4.500(4.480) 4.500 5.657 0.012 0.626
V Co6Fe2-Fe2V2Si4 4Co 2Fe,2Co 2V,2Fe 4Si 3.999(3.856) 4.000 5.678 0.012 0.176
Ti Co6Fe2-Fe2Ti2Si4 4Co 2Fe,2Co 2Ti,2Fe 4Si 3.500(3.463) 3.500 5.690 0.012 0.597
Sc Co6Fe2-Fe2Sc2Si4 4Co 2Fe,2Co 2Sc,2Fe 4Si 3.000(2.994) 3.000 5.717 0.012 0.719

4.4.5 Conclusion

In summary, quaternary Heusler alloys Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc,

0  x  1) were synthesized and a combined experimental and theoretical study of structural,
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electronic, magnetic and mechanical properties of quaternary Heusler alloys Co2�xYxFeSi (Y =

Co, Fe, Mn, Cr, V, Ti, or Sc, x = 0.50) were carried out. The alloys were identified as potential

half-metallic ferromagnets by ab initio electronic structure calculations using GGA+U approach

while only Co1.50Mn0.50FeSi is predicted to be potential half-metal in GGA approach. The struc-

tural analysis reveals that the alloys exist in cubic Heusler structure. A certain amount of disorder

is observed in V and Ti substitued alloys. The magnetic properties were analyzed at both 5 K and

300 K. The saturation magnetic moments of the alloys measured at 5 K are in fair agreement with

those expected from Slater-Pauling rule. The results are also in accordance with the electronic

structure calculations, indicating the half-metallicity and high spin polarization required for spin-

tronics applications. The Curie temperatures of all compounds (x = 0.50) are higher than 700 K,

allowing use at room temperature and above. Robust mechanical properties with hardness values

increasing with the substitution of Y element of increasing atomic radius are also observed. This

way of substitution of low-valence transition metal atoms to design new quaternary Heusler com-

pounds give enormous potential for many room temperature applications such as in spintronics or

thermoelectrics and other areas of research, and clearly deserve further exploration on thin films in

the future.
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4.5 Structural, electronic, magnetic, and mechanical properties of Co2�xVxFeSi Heusler alloys

4.5.1 Abstract

The influence of V substitution for Co on the structural, electronic, magnetic, and mechanical

properties of quaternary Heusler alloys Co2�xVxFeSi (x = 0, 0.25, 0.50, 0.75, 1) has been system-

atically investigated. The microstructural and the scanning profile using energy dispersive X-ray

analysis suggests the single phase behavior in all alloys except for x = 1. The X-ray diffraction

analysis at room temperature reveals L21 crystal structure promoting lattice expansion after V sub-

stitution. The low-temperature saturation magnetic moments, as determined from magnetization

measurements, agree fairly well with our theoretical results and also obey the Slater-Pauling rule.

Very high Curie temperature is also observed. The alloys are mechanically robust. First-principles

calculation with the implementation of a Hubbard correction term (U) is observed to predict half-

metallic behavior.

4.5.2 Introduction

Cobalt based full Heusler compounds with stoichiometric composition Co2YZ, (Co,Y) being

two transition metals, and Z being main group element, crystallizing in the L21 structure have

received growing interest due to their potential to be half-metallic ferromagnets, having an energy

band gap at the Fermi level (EF ) for minority spin sub-band [41]. The Co2FeSi system is suitable

for spintronic device applications because of its high Curie temperature of TC ⇡ 1100K and high

magnetic moment of 6 µB/f.u. [20]. Standard ab-initio calculations fail to correctly describe the

electronic band structure of Co2FeSi since the on-site Coulomb interactions should be explicitly

included [137]. The Fermi level in Co2FeSi falls on the edge of the minority spin conduction band

[137], but for applications it is highly desirable for the Fermi level to be located at the middle of

the energy gap [107, 152]. This can be achieved either by doping with early transition metal atoms
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which have larger atomic radius [121].

Several theoretical and experimental studies have been devoted to the partial substitution of the

lower valence transition metal atoms in Co2YZ to tune the electronic and magnetic properties of

the parent compound [62, 107, 124, 126, 154, 229]. This has inspired us to synthesize Co2FeSi,

a potential candidate for spintronic applications and investigate the effect of V substitution for

Co in Co2FeSi on structural, electronic, magnetic and mechanical properties, as the experimental

synthesis of other end member of the series CoFeVSi has not been reported yet in bulk form. In

particular, as will be shown below, the V impurity atoms occupy Fe sites in the ideal Co2FeSi

structure, and the Fe atoms themselves move to the empty Co sites. That is, we propose that

Co2�xVxFeSi can be more accurately depicted as (Co1� x
2
Fe x

2
)2(Fe1�xVx)Si.

(a) (b)

Figure 4.47: Crystal structure in unit cell of (a) Co2FeSi and (b) Co1.50V0.50FeSi (I) configuration
mentioned in Table 4.16 assuming the L21 structure. The structures are shown in their ideal,
unrelaxed forms.
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4.5.3 Methods

4.5.3.1 Experimental Methods

The bulk ingots of Co2�xVxFeSi Heusler alloys with x = 0, 0.25, 0.50, 0.75, 1 at% were pre-

pared by arc melting of constituent elements (at least 99.99% purity) in argon atmosphere at a base

pressure of 10�4 mbar. The mixture was melted at least 6 times to ensure chemical homogeneity.

To further increase homogeneity, as-cast sample pieces were annealed under vacuum at 900�C for

7 days, and cooled slowly in the furnace for optimum crystallization and to promote formation

of the L21 structure. The heat treatments were followed by metallography to produce a metallic

shiny surface for microstructure analysis by optical and electron microscopes. After heat treatment

and metallography, composition and homogeneity of the samples were again confirmed by using

energy dispersive X-ray spectroscopy (EDS) in a JEOL 7000 Field Emission Scanning Electron

Microscope. Details of our sample preparation techniques, and metallography can be found in Ref.

[163, 164]. The crystal structure was investigated using X-ray diffraction (XRD) using a Bruker

D8 Discover X-ray diffractometer equipped with monochromatic Co-Ka (l = 0.179 nm) radia-

tion. The XRD measurements were carried out on crushed powder samples by rotating around the

f axis to minimize surface effects. Rietveld refinement was done using a MATCH! software based

on the FullProf algorithm [80]. The low temperature magnetic properties were studied in Quantum

Design Physical Properties Measurement System (PPMS), while the high temperature magnetiza-

tion was measured using LakeShore VSM 7407. The mechanical properties were studied in terms

of Vickers hardness by using Buehler model 1600-6100 micro-hardness tester.

4.5.3.2 Computational Methods

For the calculations we have employed the projector-augmented wave (PAW) method by Blöchl

[180] as implemented by Kresse and Furthmüller in the Vienna ab initio simulation package

(VASP) [181]. We have used the generalized-gradient approximation (GGA) to the electronic

exchange-correlation functional as parameterized in Ref. [182]. For the calculations we have used
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the 16-atom supercell as shown in Fig. 4.47. For the integrations in the k-space we used a 64

points per Å�1 mesh. The Methfessel-Paxton [232] integration method with smearing width 0.05

eV was used, along with plane-wave cut-off energy of 520 eV and total energy convergence of

10�7eV/cell. Full relaxation of cell volume, shape and atomic positions were performed until the

forces on each atom become less than 10�2 meV/cell using the conjugate-gradient method. To

account for the on-site electron correlations the GGA+U scheme has been employed [189]. Fol-

lowing the work by Kandpal et al. [137, 191], we have used for the d-orbitals of the three transition

metal atoms (Co, Fe and V) the values 1.92 eV, 1.80 eV, and 1.34 eV, respectively, for the on-site

effective Coulomb repulsion term U.

4.5.4 Results and Discussions

4.5.4.1 Experimental results and Discussions

4.5.4.1.1 Structural and atomic order analysis

When the impurity phase contents are either below the detection limit of XRD (less than

roughly 5% of the overall volume) or amorphous in nature, optical microscopy and SEM of pol-

ished and etched samples are very helpful to characterize the microstructure [105, 154, 163, 164].

Single phase behavior was observed from optical and electron microscopy except for x = 1 in

Co2�xVxFeSi alloy series (not shown here). The stoichiometry of all the single-phase samples was

confirmed as the target composition within an instrumental uncertainty of ⇠ 5% using EDS.

Table 4.16: Possible site assignments for cubic Co2�xVxFeSi with corresponding goodness of fit parameter for
x = 0.50.

Type 4a 4b 4c 4d c2
x=0.50

(0,0,0) ( 1
2 , 1

2 , 1
2 ) ( 1

4 , 1
4 , 1

4 ) ( 3
4 , 3

4 , 3
4 )

I Si Fe1�xVx Co1�x/2Fex/2 Co1�x/2Fex/2 1.6
II Si Fe1�xVx Co1�xFex Co 1.9
III Si Co1�xVx Fe Co 2.3
IV Si Fe Co1�xVx Co 2.7

Fig. 4.48 shows the powder XRD patterns for Co2�xVxFeSi alloys annealed at 900�C for
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Figure 4.48: Experimental XRD patterns of Co2�xVxFeSi alloy series, here, ⇤ corresponds to the
secondary phase/unknown impurity phase. The first from the bottom is the simulated XRD pattern
for ordered L21 structure of CFS. The relative intensity (y-axis) is plotted in log scale so that all
the peaks can be seen clearly.

7 days, measured at room temperature. Consistent with our microstructural and compositional

analysis, single phase behavior can be seen only for 0  x  0.75 while x = 1 contains several

impurity peaks (represented by asterisks) which can not be indexed with its cubic L21 structure.

Simple structural information of a cubic single phase can be gained by indexing all XRD peaks.

For all cubic single-phase alloys, only three distinct Heusler-like reflection peaks (h, k, l all odd or

even) are observed; fundamental peaks with h+k+ l = 4n, even superlattice peaks with h+k+ l =

4n + 2 and odd superlattice peaks with h + k + l = 2n + 1. Heusler alloys in the ordered L21

structure are characterized by the presence of superlattice diffraction peaks; the presence of (111)
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peak indicates the chemical ordering of atoms in octahedral positions, and (200) peak indicates

the order for atoms in tetrahedral positions, while (220) peak is a principal reflection which is

independent of the state of the order [72]. The superlattice reflections are clearly observed in the

single phase XRD patterns, which reveal that the alloy exists in ordered cubic Heusler structure

(Cu2MnAl type) with Fm3̄m space group (#225).

To further analyze the chemical ordering, we adopted the atomic configurations considered in

[105, 154] and performed Rietveld refinement of experimental XRD pattern for x = 0.50 consid-

ering four non-degenerate configurations. These four non-degenerate configurations and corre-

sponding goodness of fit parameters for x = 0.50 are shown in Table 4.16. The Rietveld refinement

revealed that the best fit configuration is (I) and the corresponding crystal structure is shown in

Fig. 4.47(b). In Co2�xVxFeSi, V is the least electronegative (1.63 Pauli units) [201]. Therefore,

we presume that V will displace the Fe atoms towards vacated Co sites, and V will then fill the

site previously occupied by Fe forming an ionic-type sublattice with Si, since it has a larger elec-

tronegativity (2.01 Pauli units) than Co and Fe (1.88 and 1.83 Pauli units, respectively). Stability

is increased by V donating its electrons to other elements in the alloy. The Co and displaced Fe

atoms with intermediate electronegativities then occupy the tetrahedral sites [61].

Lattice parameters were calculated using Cohen’s method with a Nelson-Riley extrapolation

[171]. There is a dependence of the lattice parameter on the V concentration, as one would expect

given the larger atomic radius of V (171pm) compared with Co (152pm) [153]. The variation

is essentially linear, consistent with Vegard’s law [205], and slightly less than 1% over the entire

composition range. The extracted lattice parameters are shown in Table 4.17.

4.5.4.1.2 Magnetic Characterization

Most of the Co-based half-metallic Heusler alloys show a Slater-Pauling-like behavior for the

magnetization when crystallized in a fully ordered state [206]. In the Co2�xVxFeSi system, the total

number of valence electrons change from 30 in Co2FeSi to 26 in CoFeVSi. Therefore, the Slater-

Pauling behavior predicts that the saturation magnetic moment should decrease with the partial
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substitution of V for Co, and specifically according to M(x) = 6�4x [µB/f.u.] for Co2�xVxFeSi.

(a) (b)

Figure 4.49: (a) The field-dependent magnetization at 5 K of Co2�xVxFeSi (0  x  1). The inset
shows the temperature dependence of magnetization at 100 Oe for x = 0.50. (b) The saturation
magnetic moment versus V concentration, both experimental and expected from Slater Pauling
rule for half metals. The green data point represents a reported literature value [20].

Table 4.17: Experimental lattice parameters and saturation magnetic moments at T = 5 K along with the Slater-
Pauling (S-P) values of Co2�xVxFeSi alloy series. The numbers in parentheses are the uncertainty in the last digit,
e.g., 5.92(3) = 5.92±0.03.

x Expt. lattice Expt. Ms S-P Hardness
parameter (Å) (µB/f.u.) (µB/f.u.) (GPa)

0 a = 5.641(1) 5.92(3) 6.00 7.33(4)
0.25 a = 5.656(1) 4.92(4) 5.00 8.52(5)
0.50 a = 5.673(1) 3.90(3) 4.00 9.85(7)
0.75 a = 5.683(3) 2.89(4) 3.00 11.37(8)
1† a = 5.694(6) 1.45(5) 2.00 11.79(10)

† Multiphase specimen

Fig. 4.49(a) shows the magnetization curves measured at 5 K. The magnetization curves shown

in Fig. 4.49(a) are characteristic for ferromagnets. All the alloys are saturated in magnetic field

of about 5 kOe, indicating small magnetocrystalline anisotropy. The spontaneous magnetizations

(Ms) were determined by the linear extrapolation to magnetic field (H) = 0 of magnetization curves.

The saturation magnetic moments are in good agreement with those expected for Slater-Pauling

half metals (see red data points) and decrease almost linearly with the increase of V content (see

Fig. 4.49(b)). The decrease of the total saturation magnetic moment with the increase in V content
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can only be attributed to the decrease in number of Co atoms. The magnetic moment per formula

unit for x = 0, i.e., Co2FeSi is measured to be 5.92 µB, which is also in good agreement with

reported results [20]. The slight deviation from integer value of magnetic moment could be due

to the slight variation in the stoichiometry of the compounds, weighing and measurement errors,

partial surface oxidation, and the measurement temperature of 5 K. All experimentally extracted

saturation magnetic moments are also in good agreement with those obtained from first-principle

calculations, as described in the forthcoming section. We also measured the saturation magnetiza-

tion versus temperature under a constant magnetic field of 100 Oe for x = 0.50 (see inset in Fig.

4.49(a)) which shows an abrupt decrease at about 790 K which is the measured Curie temperature.

The experimentally-determined lattice parameters, saturation magnetic moments at 5 K along

with the Slater-Pauling (S-P) values of all specimens in Co2�xVxFeSi alloy series are summarized

in Table 4.17.

4.5.4.1.3 Vickers micro hardness

Adaptation of materials to industrial applications requires mechanical robustness to undergo

repetitive thermal cycling and resist cracking from vibrations. Fig. 4.50 shows the variation of

Vickers micro hardness of the alloy series with V concentration measured at room temperature.

Hardness values reported are the averages of data taken from at least 12 different regions of each

sample with 0.2 kg load and 10 s loading time. The Vickers hardness is calculated from

HV = 1.8544F/D2 [kg/mm2] (4.23)

where, D is the diagonal length of the impression of the diamond probe. Relatively high hardness

values are measured, approaching 11.79 GPa for x = 1 (see Table 4.17) , comparable to the highest

values reported for Heuslers in the literature [105, 154, 156, 158, 163, 164, 209]. The hardness is

observed to increase almost linearly with increasing V concentration.

139



Figure 4.50: Vickers hardness versus V concentration in Co2�xVxFeSi, all annealed at 900�C for
7 days, with imprint of the indenter with radial cracks for x = 0.50 [bottom center].

4.5.4.2 Theoretical Results and Discussions

From our experiments, it is clear that V substitution for Co in Co2FeSi gives stable single

phases except for x = 1 with XRD patterns consistent with the L21 structure. In order to obtain

further information about the electronic, and magnetic properties of the Co2�xVxFeSi alloy se-

ries and better understand the experimental results, we created alloys structures using the Monte

Carlo Special Quasirandom Structure (MCSQS) method for x = 0, 0.25, 0.50, 0.75, and 1. The

MCSQS method can handle double-site substitutions taking care of nearest neighbor interaction

which makes it ideal for predicting the atomic structure of each concentration. After constraining

the supercell to be cubic, the best MCSQS structures were confirmed from negative maximum of

correlation functions. Our MCSQS structures are in good agreement with configuration I predicted

in Table 4.16 (see also Fig. 4.47(b)) and are composed of a 16 atoms supercell. This reinforces our

idea that the system should be thought of as (Co1� x
2
Fe x

2
)2(Fe1�xVx)Si.

MCSQS candidate structures were then optimized using GGA method. The optimized lattice

parameters are 5.637, 5.647, 5.658, 5.574, and 5.682 (Å) for x = 0, 0.25, 0.50, 0.75, and 1 re-

spectively in good agreement with experimental values, increasing with the increase of V content.

We used both GGA and GGA+U approach to study electronic and magnetic properties. Usu-

140



Figure 4.51: Spin polarized DOS for Co2�xVxFeSi (x = 0, 0.25, 0.50, 0.75, and 1) calculated using
the GGA+U approach. Number of states is scaled with respect to one formula unit. The vertical
dotted line represents Fermi level. The up and down arrows represent majority and minority spin
channels respectively.

ally, Heusler alloys exhibit localized moments where electron-electron correlations on localized

d-states of Co, Fe, and V may play an important role. The GGA+U is used to resolve the discrep-

ancy between the theoretical and measured magnetic moment observed in GGA approach. The

plain GGA calculations are considered not sufficient to explain the magnetic moments in Co2FeZ

systems [137].

Fig. 4.51 shows the calculated spin resolved density of states (DOS) of Co2�xVxFeSi alloys

using the GGA+U method. Our calculations using GGA approach (not shown here) show nearly

half-metallic behavior after V substitution as the band gap is present in the vicinity of the Fermi

level in minority spin channel and Fermi level is observed to fall in conduction band edge for

Co2FeSi (x = 0) as reported in [7]. The calculated magnetic moments using GGA approach are

found to be 5.44 µB/ f .u., 4.82 µB/ f .u., 3.84 µB/ f .u., 2.86 µB/ f .u., and 1.95 µB/ f .u. for x =

0, 0.25, 0.50, 0.75, and 1 respectively. However, the inclusion of electron-electron correlation in

GGA+U approach opened the energy gap, as expected in minority spin channel with calculated
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magnetic moments 6.00 µB/ f .u., 5.00 µB/ f .u., 4.00 µB/ f .u., 2.98 µB/ f .u., and 1.99 µB/ f .u. for

x = 0, 0.25, 0.50, 0.75, and 1 respectively. Although, the energy gap is observed to decrease with

the increase of V content, the half-metallicity is robust for x = 0.25 as Fermi level is observed to

fall almost at the middle of energy gap in minority spin channel.

4.5.5 Conclusion

In conclusion, we performed a detailed experimental and theoretical study on the structural,

electronic, magnetic and mechanical properties of V-substituted Co2FeSi Heusler alloys. The al-

loys are found to crystallize in the face-centered cubic structure for 0  x  0.75. The isothermal

magnetization curves showed that the saturation magnetic moment decreases with the increase of

V content and the values at 5 K are found in good agreement with the Slater-Pauling rule of thumb

for half-metals. A high Curie temperature of Tc = 790 K is found for x = 0.50, allowing for ap-

plications at room temperature and above. First-principles calculations with GGA+U approach

predicted half-metallic electronic structures which makes them suitable for spintronic device ap-

plications.
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4.6 Tuneable structure and magnetic properties in Fe3�xVxGe alloys

4.6.1 Abstract

We report a detailed experimental and theoretical study of the effects of V substitution for

Fe atom on the structural, magnetic, transport, electronic and mechanical properties of an off-

stoichiometric Fe3�xVxGe intermetallic alloy series (0  x  1). Single phase microstructures are

observed for x < 0.75, whereas higher V content alloys x � 0.75 are multi-phased. Vanadium sub-

stitution is observed to induce a diffusionless martensitic phase transformation from a Heusler-like

L21 structure to hexagonal DO19 structure, as corroborated by Differential Scanning Calorimetry

results. The vanadium substitution is also found to decreases the grain size, inhibiting the grain

growth by pinning the grain boundary migration. All the alloys in the series are found to be soft

ferromagnets at 5 K with saturation magnetic moment and Curie temperature decreasing as V con-

centration increases. The low temperature saturation magnetic moment is in close agreement with

the expected Slater-Pauling values for the L21 phases, while the hexagonal samples have markedly

higher values of saturation moments. First-principle calculations agree with the experimental find-

ings and reveal that V substitution energetically favours one of the Fe sites in Fe3Ge. The electrical

resistivity measured over the temperature range from 5 K to 400 K shows negative temperature co-

efficient of resistivity at high temperatures with increasing the V concentration. Relatively high

mechanical hardness values are also observed, with the values increasing with increasing V con-

tent. Vanadium substitution is found to play a central role in tuning the mechanical properties,

stabilising the L21 structure, and shifting the martensitic transformation temperature to higher val-

ues from that of parent Fe3Ge.
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4.6.2 Introduction

Heusler alloys, first discovered by and named after Fritz Heusler in 1903 [48], are very use-

ful for applications in information storage and spintronics as well as many other areas [1, 66,

88, 96, 233, 234]. For applications in magnetics and spintronics [66], the inherently low magne-

tocrystalline anisotropy in cubic Heusler alloys can be limiting factor [67]. Identifying a hexag-

onal Heusler analogue [233] that retains half metallicity and exhibits a high magneto-crystalline

anisotropy may be very attractive for applications such as perpendicular media, current perpen-

dicular to plane giant magnetoresistance (CPP-GMR), and spin-torque-transfer RAM (STT-RAM)

[68–71, 235]. However, half-metallicity has been predicted for some Heusler analogues in the

hexagonal DO19 (P63/mmc, space group no. 194 [64, 65]) crystal structure [174, 233, 236].

The intermetallic compound Fe3Ge is well known to crystallize in two crystal structures, a cu-

bic L12 phase (Pm3̄m, space group no. 221 [64, 65]) at low temperatures (< 700�C) and hexagonal

DO19 phase at higher temperatures (> 700�C) [237, 238]. In this compound, the forward L12 to

DO19 structural transformation takes place easily but the reverse DO19 to L12 transformation is

difficult to achieve under normal cooling conditions, and often one retains the high temperature

DO19 crystal structure [21, 238, 239]. A few attempts have been made in the past on the substi-

tution of V for Fe atom in Fe3Ge alloy and structural transformations are studied. Nakagawa and

Kanematsu [240], by means of X-ray and magnetic studies have suggested the hexagonal DO19

phase of parent Fe3Ge transforms to a body centered cubic (A2) structure for x � 0.50. They

have reported the structure to be A2 due to the absence of superlattice peaks in X-ray diffrac-

tion. However, later Beitollahi and Booth [241] have reported structure to be L21 (Fm3̄m, space

group no. 225 [64, 65]) based on the presence of (111) superlattice peak in their room temperature

neutron diffraction patterns for nominally single phase samples with x � 0.60. In spite of several

investigations [240, 241] aimed at understanding the structural phase transformation, the detailed

mechanisms responsible for such transformations are still far from being understood. Further, they

lack any microstructural analysis. Large magneto-optical Kerr rotations have also been observed

in the same system [242].
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To our best knowledge, there is not yet a detailed report of the structural, magnetic, transport,

and mechanical properties of Fe3�xVxGe in the bulk form, neither experimentally nor theoreti-

cally. Previous investigations focused on substituting V in one of Fe site in Fe3Ge under higher

temperature annealing conditions. Reports on low temperature annealing conditions are not avail-

able thus far. In this study, we have addressed different annealing conditions and systematically

studied the microstructure and phase purity, magnetic properties, electrical transport, differen-

tial scanning calorimetry, and hardness in addition to structure determination to understand the

structure-property relationships in this interesting family of Heusler-like compounds. Particular

attention has been paid to metallography and microstructural analysis to determine which regions

of the phase diagram yield single phase specimens.

4.6.3 Experimental details

Fe3�xVxGe (0  x  1) bulk samples with x varying in the steps of 0.125, were prepared by

arc melting of stoichiometric amounts of the constituents in an argon atmosphere at 10�4 mbar

(see details in Supplementary Information). Care was taken to avoid oxygen contamination. As an

oxygen getter, Ti was melted inside the vacuum chamber separately before melting the compound

to avoid oxygen contamination. The as-cast ingots were examined repeatedly using scanning elec-

tron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analysis in a JEOL 7000

Field Emission Scanning Electron Microscope (FESEM) to confirm homogeneity and correct com-

position. After confirming the anticipated target composition, the polycrystalline ingots were then

annealed in an evacuated quartz tube at different temperatures ranging from 650�C to 1000�C for

different dwell times (5 days to 25 days), and at the end of each annealing cycle, the samples

were cooled slowly in the furnace to get optimum crystallization to promote the formation of L21

structure.

Annealed ingots were polished for spectroscopic investigations (see details in Supplementary

Information). The polishing was done, first grinding using silicon carbide abrasive discs (120

through 1200 grit size) followed by diamond suspension polishing. Colloidal silica suspension of
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grit size 0.02 µm was used at last for the finest polishing. After obtaining a smooth and reflective

surface, the samples were etched with Adler etchant (9 g of CuNH3Cl, 45 g of hydrated FeCl2,

150 mL of HCl and 75 mL of DI Water) [243]. The purpose of etching is that etchant attacks

different phases present in the samples at different rates, and provides high quality surface contrast

for microstructure characterization.

The crystal structure was investigated by means of X-ray diffraction (XRD) using a Bruker D8

Discover X-ray diffractometer equipped with monochromatic Co-Ka (l = 0.179 nm) radiation.

The polished samples were rotated around the f axis during the XRD measurement to minimise

surface effects. CaRIne crystallography 4.0 software [78] as well as in-house PYTHON code

[79] including the dispersive corrections to the atomic scattering factors were used to simulate the

XRD patterns to compare with the experimental XRD patterns. XRD analysis (Rietveld refine-

ment) was done using the CRYSTAL IMPACT MATCH! software based on the FULLPROF algo-

rithm [80] that uses the least-square refinement between experimental and calculated intensities.

The crystal structures determined from XRD were further confirmed using electron backscatter

diffraction (EBSD) phase mapping analysis in a JEOL 7000 FESEM system. The low temperature

magnetic and electrical transport properties were studied in Quantum Design Physical Properties

Measurement System (PPMS), while the high temperature magnetization was measured using the

Lakeshore VSM 7410. DSC measurements were carried out to confirm the diffusionless marten-

sitic transformation (with a ramp rate 10�C/min during heating and cooling) in the temperature

range up to 1200�C in a Setaram Labsys Evo. in Ar gas flux at the rate of 20 mL/min to prevent

the possible oxidation of the samples. The temperature and the heat reaction were calibrated us-

ing high purity indium, aluminium, silver and nickel standards. The mechanical properties were

studied in terms of Vicker’s hardness by using Buehler model 1600-6100 micro-hardness tester.
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4.6.4 Experimental Results and Discussions

4.6.4.1 Microstructural and Compositional analysis

XRD is not always sufficient to confirm the phase purity if the impurity phase content is less

than 5% of the overall volume [105, 168]. In such case, optical microscopy and SEM of polished

and etched samples are the most direct ways to characterise micro-structure by revealing grain

boundaries, phase boundaries, and inclusion distribution. Observing different contrast in etched

sample seen from optical microscopy, we can speculate the presence of impurity phases, and SEM

with EDS/EBSD can be used to directly quantify whether areas of different contrast represent

impurity phases or possible different crystallite orientations.

Starting from the fully stoichiometric Fe2VGe, multi-phase microstructure was obtained in ev-

ery heat treatment performed at 800, 900, 950, or 1000�C for different dwelling times; 3, 5, 7, or

14 days. However, with the substitution of Fe for V, the secondary phase began to disappear and

uniform single phase behavior was observed in the V composition range (0  x  0.625). All other

higher V concentration produced multiphase behavior (see details in Supplementary Information).

Fig. 4.52 shows microstructure of all single phase samples observed under high temperature an-

nealing conditions i.e., 7 days at 950�C using optical microscope. The microstructure of the high

temperature (> 700�C) phase for x = 0 i.e., the parent Fe3Ge compound is also presented in Fig.

4.52 already known to be stable, annealed under similar conditions [21, 238, 239].

In addition to high temperature annealing, we also attempted to investigate low temperature

annealing of our V-substituted alloys (see details in Supplementary Information) to check if the

samples which showed single phase microstructure at high temperature annealing conditions were

indeed stable at low temperature as well, as low temperature annealing is missing in previous

works. Low temperature annealing is also necessary to shed more light on the structural phase

transformation as this alloy series is reported to show structural phase transformation from low

temperature L12 or L21 to high temperature DO19 phase, similar to parent Fe3Ge [21, 238, 239].

Single phase granular microstructures was observed for the intermediate compositions x = 0.50 and
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Figure 4.52: Optical micrograph of Fe3�xVxGe (0  x  1) heat treated at 950�C for 7 days show-
ing the grain structures. The samples were etched for 25 seconds using the Adler etchant.

0.25. In the case of Fe3Ge (x = 0), small amounts of secondary phases were observed in agreement

with detailed studies on the parent Fe3Ge compound [67, 239, 240].

The composition of all the stable single phase samples in the series are confirmed to be close

to the target composition within ⇠ 5% instrumental uncertainty range using EDS (see details in

Supplementary Information). Fig. 4.53 shows the SEM images displaying the microstructure of

Figure 4.53: SEM micrograph of Fe3�xVxGe (0  x  1) heat treated at 950�C for 7 days showing
the granular microstructure. The magnification of each micrograph is indicated at the bottom, like
⇥650 for x = 0.50.

all single phase samples (see Supplementary Information for SEM images of low temperature
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annealed samples). Relatively small grains are observed compared to high temperature annealed

samples. The effect of V substitution on the microstructure is substantial. The average grain size

is observed to decrease dramatically with increasing the V content indicating the V substitution

can effectively inhibit the grain boundary migration. The dramatic increase in grain size with

decreasing V content is also accompanied by the increase of roughness of certain grains, producing

different color contrast between neighboring grains in bright-field as reported in the literatures

[244, 245].

4.6.4.2 Crystal structure and atomic order analysis

(a) (b) (c)

Figure 4.54: Experimental XRD patterns of Fe3�xVxGe alloy series annealed at (a) 950�C for 7
days and (c) 650�C for 25 days using X-ray source, and (b) simulated powder XRD patterns using
CaRIne. For (a), the upper indexing is for the DO19 structure and the lower indexing is for the L21
structure. For (c), the upper indexing is for the L12 structure and the lower indexing is for the L21
structure.

Fig. 4.54(a) shows the XRD patterns of the Fe3�xVxGe alloy series annealed at 950�C for 7

days after polishing and etching, using a Co-Ka radiation source. The crystal structure obtained

from the XRD data suggests the presence of L21 Heusler structure for 0.375  x  0.75 and hexag-

onal DO19 structure for 0  x  0.25, whereas the intermediate composition Fe2.6875V0.3125Ge
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showed the co-existence of both phases and onset of structural phase transformation (see Fig.

4.54(a) fourth row from the top). Fig. 4.54(c) shows the XRD pattern of Fe3�xVxGe alloys se-

ries annealed at 650�C for 25 days. Interestingly, for the lower temperature annealing it showed

Heusler-like L21 ordering for x = 0.25, while at higher temperature annealing it showed DO19

ordering. The low temperature cubic L12 crystal phase of the parent Fe3Ge compound is also ob-

served with some impurity peaks (represented by asterisks) with lattice constant a = 3.6667Å as

reported in the literature [246].

For all cubic single-phase compositions 0.375  x  0.75, only three distinct Heusler-like re-

flection peaks (h, k, l all odd or even) are observed; fundamental peaks with h+ k+ l = 4n, even

superlattice peaks with h+k+ l = 4n+2 and odd superlattice peaks h+k+ l = 2n+1. In Heusler-

like alloys, presence of (111) peak indicates the chemical ordering of atoms in octahedral positions,

and (200) peak reflects the superlattice reflections due to atoms in tetrahedral positions, while (220)

peak is a principal reflection. None of the low angle superlattice peaks are absent in all cubic struc-

tures which indicates a degree of sublattice ordering. No mixed odd/even indices are observed in

reflection peaks indicting that all cubic samples are crystallised in the face-centred cubic Heusler-

like structure. The intensity of superlattice peak (111) is greater than that of (200) peak in all stable

cubic phases consistently, though as noted below texturing effects makes it difficult to rely on XRD

peak intensities.

Considering the fact that Heusler-like compounds can crystallize in a number of structures,

particularly the ordered L21 (Fm3̄m, space group no. 225 [64, 65]) and Xa (F 4̄3m, space group

no. 216 [64, 65]) as well as the disordered A2 and B2 phases, structure assignment should be

undertaken carefully. We can argue here that there is no complete A2 and B2 disorder on the basis

of presence of low angle superlattice peaks in all stable cubic compositions. Furthermore, the

distinction between L21 and Xa structure is rather challenging from X-ray diffraction experiment

if the participating elements in the alloy have similar X-ray scattering properties.

However, Beitollahi and Booth [241] previously proposed an L21 structure for x = 0.6 to 1.0,

which we corroborate here (see Table 4.18). Our construction of possible structures is as follows;
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(a) (b)

(c) (d)

Figure 4.55: (a) The Rietveld refinement of XRD pattern showing a signature of good fit with the
proposed crystal model L21, (b) IPF color map, (c) The corresponding EBSD phase color map
of the same area of Fe2.50V0.50Ge in SEM, and (d) The Rietveld refinement of XRD pattern for
Fe2.875V0.125Ge with the proposed DO19 crystal structure.

starting from parent Fe3Ge compound, where Fe atoms occupy 4b and 8c (or 4c and 4d) sites

whereas Ge atom fills 4a site. In this picture, the substituted V atom can have several possible

ways to fill the crystal structure; it can replace the Fe atom on 4b site, or 4c site, or 4d site. It

is also possible for V atom to replace Ge atom to other site and fill the vacant position, however

in the experimental XRD pattern we confirm that the Ge atoms form an fcc superstructure on

the underlying bcc superlattice. Hence, we argue that 4a site is completely ordered. Further, the

replacement of Fe atom on 4c and 4d site doesn’t alter the X-ray intensity as these sites belong to

the same sublattice (with octahedral symmetry). In view of this, we are left with two possibilities
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Figure 4.56: Various crystal structures (a) L21, (b) L12, and (c) DO19

and we try to push further XRD based analysis to shed light on the exact atomic order of the

alloys. To further narrow down the exact atomic ordering, we simulated the XRD patterns for

Fe2.50V0.50Ge considering different crystal structures (see Fig. 4.54(b)). The experimental XRD

pattern observed matches to L21 structure generated in either CaRIne 4.0 simulations or CRYSTAL

IMPACT MATCH, or our in-house python code for Fe2.50V0.50Ge. The superlattice peaks (111)

and (200) have a little bit higher intensity than those generated from simulations, which might be

due to texturing effects, given the large grain size we observe (⇠30 µm). As the crystal structure

of parent Fe3Ge is hexagonal DO19 at higher temperature (> 700�C) and cubic (L12) at lower

temperature (< 700�C), the L12 crystal structure was also simulated using CaRIne 4.0 software,

but none of the intensities and peak positions matched with the experimental pattern (see Fig.

4.54(b)).

Table 4.18: Possible site assignments for cubic Fe3�xVxGe assuming two space groups; L21 (Fm3̄m) and Xa
(F 4̄3m).

Type Ge Fe1�xVx Fe Fe

L21 4a (0,0,0) 4b( 1
2 , 1

2 , 1
2 ) 8c ( 1

4 , 1
4 , 1

4 ) 8c ( 1
4 , 1

4 , 3
4 )

Xa 4a (0,0,0) 4c ( 1
4 , 1

4 , 1
4 ) 4b( 1

2 , 1
2 , 1

2 ) 4d ( 3
4 , 3

4 , 3
4 )

Rietveld refinement shows good agreement (reduced c2 = 1.4 and weighted average Bragg R-

factor = 3.6) between the observed XRD pattern and the calculated pattern for the L21 (space group

225) structure with the experimental lattice parameter a = 5.7632Å as shown in Fig. 4.55(a). The

goodness of fit parameters (reduced c2 = 5.2 and weighted average Bragg R-factor = 9.7) are al-
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Figure 4.57: Variation of lattice parameters of Fe3�xVxGe annealed at 950�C for 7 days (except the
red data point representing x = 0.25 annealed at 650�C for 25 days) (a) a versus V concentration,
and (b) c versus V concentration. The shaded region represents multiphase region.

Table 4.19: Proposed site assignment for the hexagonal DO19 Fe3�xVxGe.

Wyckoff position Coordinates Occupancy

Fe 6h,y = 5
6 (y, 2y, 1

4 ) (�2y, �y, 1
4 ) (y, �y, 1

4 )(�y, �2y, 3
4 ) (2y, y, 3

4 ) (�y, y, 3
4 ) 3�x

3
V 6h,y = 5

6 (y, 2y, 1
4 ) (�2y, �y, 1

4 )(y, �y, 1
4 )(�y, �2y, 3

4 ) (2y, y, 3
4 ) (�y, y, 3

4 )
x
3

Ge 2c ( 1
3 ,

2
3 ,

1
4 ) ( 2

3 ,
1
4 ,

3
4 ) 1

ways higher for Xa (space group 216) structure considered in Table 4.18. Having no evidence to the

contrary, we presume Fe and V mix randomly on the 4b sites. This is also in good agreement with

the Pauling electronegativity rule. Because V and Ge have a higher electronegativity difference,

they will tend to form a rock-salt (NaCl) type lattice and coordinate octahedrally due to ionic nature

of their interactions. EBSD inverse pole figure (IPF) map and phase map of Fe2.50V0.50Ge were

also performed to determine the degree of texturing and purity of phase considered. Relatively

large grains with some preferred orientation is revealed from IPF as shown in Fig. 4.55(b). Almost

95% of the selected microstructure is observed to match the proposed L21 structure (red color in

the EBSD map (see Fig. 4.55(c)) with some zero solution regions (black spots) mainly in grain
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boundaries due to the artefact of polishing and some nominal Ge segregation. All these experimen-

tally observed facts support that the crystal structure of all stable cubic samples 0.375  x  0.75

is L21, in agreement with Beitollahi and Booth [241]. The L21 structure is shown in Fig. 4.56(a).

In order to determine the atomic ordering in hexagonal samples, x = 0.125 is chosen for Ri-

etveld refinement due to the visibility of all hexagonal peaks in XRD. Even though the texturing

effect from larger grains (⇠ 300 µm) is evident in peak intensities, a final reduced c2 = 7.7 is

found. This single digit goodness of fit parameter between the observed XRD pattern and the cal-

culated pattern for the hexagonal DO19 (space group 194) indicates the reliability of the fit (see

Fig. 4.55(d)). According to Rietveld refinement, the 6h sites (with the parameter y = 5/6) are

shared by Fe and V with occupancy 0.958 and 0.042, respectively, in agreement with the nominal

composition, and the 2c sites are occupied by Ge. Again, with no evidence to the contrary, we

presume that Fe and V mix randomly on the 6h sites. This DO19 structure is shown in FIG 4.56(c).

The proposed site assignments are summarised for DO19 Fe3�xVxGe in Table 4.19 [174].

Lattice parameters of all cubic stable phases, calculated using Cohen’s method with a Nelson-

Riley error function [171], are observed to increase linearly with increasing V concentration (see

Fig. 4.57(c)) which is expected according to Vegard’s law [205] as the lattice constant of bcc

V (0.3024nm) is greater than that of bcc Fe (0.2867nm) [247]. Both lattice parameters a and

c increase with the increase of V concentration for all hexagonal stable phases as shown in Fig.

4.57. The lattice parameters of all stable samples along with different annealing conditions for

Fe3�xVxGe alloy series are presented in Table 4.20.

4.6.4.3 Phase transformation behavior and thermal stability

Differential Scanning Calorimetry (DSC) is a simple but an effective tool to identify phase

transformation temperatures. Since the local composition of our samples does not change in go-

ing from one structure to another, this serves to indicate that the transformation is a diffusionless

martensitic transformation, as observed in the parent compound Fe3Ge. Continuous heating and

cooling DSC curves of Fe3�xVxGe annealed at 950�C for 7 days measured at a heating/cooling
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Table 4.20: Experimental lattice parameters of Fe3�xVxGe alloy series of different crystal structures with annealing
conditions, the experimental saturation magnetic moments at T = 5 K along with the theoretical and Slater-Pauling
(S-P) values, and the measured Curie temperature (Tc). The numbers in parentheses are the uncertainty in the last
digit, e.g., 3.2(2) = 3.2±0.2.

x Crystal Experimental lattice Theoretical lattice Expt. Ms at T = 5K Theor. Ms S-P Ms TC
structure (Å) (Å) (µB/ f .u.) (µB/ f .u.) (µB/ f .u.) (K)

0 DO19
† a = 5.1768(2) a = 5.134 6.55(9) 6.48 4.00 640

c = 4.2246(3) c = 4.222
0 L1‡

2
⇤ a = 3.6667(1) a = 3.638 6.55(9) 6.45 4.00 -

0.125 DO19
† a = 5.1863(5) a = 5.146 5.88(2) 6.07 3.63 620(10)

c = 4.2298(5) c = 4.220
0.125 L21 + DO19

‡⇤ - - - - -
0.25 DO19 a = 5.1970(4) a = 5.159 5.33(3) 5.72 3.25 603(12)

c = 4.2395(3) c = 4.220
0.25 L21

‡ a = 5.7614(3) a = 5.753 3.91(3) 3.77 3.25 -
0.375 L21

† a = 5.7623(3) a = 5.767 3.18(2) - 2.88 590(9)
0.40 L21

† a = 5.7626(1) - 3.09(3) - 2.80 -
0.50 L21

† a = 5.7632(3) a = 5.788 2.64(3) 2.47 2.50 509(8)
0.625 L21

† a = 5.7640(4) a = 5.802 2.24(2) - 2.13 450(5)
0.75 L2†⇤

1 a = 5.7653(6) a = 5.806 - 1.62 1.75 -
† annealed at 950�C for 7 days, ‡ annealed at 650�C for 25 days, ⇤ multi-phased samples.

rate of 10�C/min are shown in Fig. 4.58(a). Fig. 4.58(b) shows the DSC curves at heating/cool-

ing rate 10�C/min for x = 0 and x = 0.25 annealed at 650�C for 25 days. The phase evolution

is clearly seen from the DSC curves. The large, sharp endothermic peaks around 1120�C corre-

sponds to the melting point which is in agreement with the reported melting point ⇠ 1100�C of

parent Fe3Ge. Additionally, small endothermic peaks are seen in addition to the prominent melting

point peaks for all compositions having L21 structures, indicating the signature of first order phase

transformations.

No peaks are observed in those compositions which were already crystallized in hexagonal

DO19 structure at room temperature. Small endothermic peaks are also observed for x = 0 (L12)

and x = 0.25 (L21) annealed at 650�C for 25 days during heating cycle only. All these experimen-

tally observed facts indicate that transforming the L12 or L21 structure to the DO19 structure is

relatively easy, but the reverse transition is relatively difficult for low V concentration [238, 239].

Additionally, XRD on samples with x = 0.25 annealed at 950�C for 7 days and at 650�C for 25

days showed a DO19 structure and a L21 structure, respectively, corroborating the DSC measure-

ments. Thus, we conclude that the small DSC peaks observed correspond to the structural phase

transformation from cubic L12 or L21 to hexagonal DO19. The linear shifting of the peak positions
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(a) (b)

(c) (d)

Figure 4.58: (a) DSC scans of Fe3�xVxGe alloy series heat-treated at 950�C for 7 days measured at
heating/cooling rate 10�C/min. (b) DSC scans for x = 0 and x = 0.25 heat-treated at 650�C for 25
days at heating/cooling rate 10�C/min. (c) Temperature versus V concentration phase diagram of
Fe3�xVxGe alloy system. Martensitic phase transformation temperature: blue data pints, Melting
point: red data points, and dashed lines: proposed phase boundaries. (d) The total entropy of phase
transformation with V concentration.

with increasing vanadium concentration, as shown in Fig. 4.58(c), indicates an improvement of

the stability of the low temperature L21 structure with increasing V content. Notably, this low

temperature L21 phase with V substitution is completely different from the low temperature L12

phase of the parent Fe3Ge. The reproducibility of those peaks on cooling (with some hysteresis)

and the lack of local composition variation suggests the transformation to be of the diffusionless

martensitic type. We note that the hysteresis may be due to super-cooling (recall the heating/cool-

ing rate of 10�C/min). The total entropy of phase transformation also changes significantly with V

concentration (see Fig. 4.58(d)).
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The onset temperatures (T1), temperatures (Tp) and total entropy change (DSp) of the phase

transformation peaks, and melting points (Tm), measured at heating rate 10�C/min for samples

annealed at 950�C for 7 days with different vanadium concentrations are presented in Table 4.21.

Table 4.21: The values T1, Tp, DSp, and Tm of Fe3�xVxGe annealed at 950�C for 7 days measured in continuous
heating at the rate 10�C/min. (The subscripts 1, p and m denote for on-set, L21 to DO19 transformation, and melting
point, respectively.) The numbers in parentheses are the uncertainty in the last digit.

x T1(�C) Tp(�C) DSp (J/g·K) Tm(�C)

0⇤ 721 743 0.15(2) 1112
0.125 - - - 1115
0.25⇤ 737 758 0.14(2) 1116
0.375 828 849 0.17(2) 1118
0.40 842 865 0.18(1) 1121
0.50 905 932 0.26(3) 1124
0.625 965 976 0.42(2) 1126

⇤Samples annealed at 650�C for 25 days.

Thus, the L21 to DO19 martensitic phase transformation is observed to depend on V concen-

tration as well as annealing temperature conditions in off-stoichiometric Fe3�xVxGe intermetallic

alloys, distinct from the temperature driven L12 to DO19 transformation of the parent compound

Fe3Ge. After annealing at 950�C for 7 days, alloys for 0.375  x  0.75 are found to crystallize

in the Heusler-like L21 structure, and alloys with 0  x  0.25, crystallize in the hexagonal DO19

structure, which is the high temperature structure of the parent Fe3Ge. On the other hand, alloys

with 0.25  x  0.75 annealed at 650�C for 25 days are observed to crystallize in L21 structure.

Clearly two distinct crystal structures are observed at room temperatures in x = 0.25; L21 for sam-

ple annealed at 650�C for 25 days and DO19 for sample annealed at 950�C for 7 days, confirming

the L21 to DO19 fcc to hcp phase transformation, likely similar to those widely studied in cobalt

and ferrous alloys [248, 249]. According to the Shoji-Nishiyama mechanism, the atomic arrange-

ments of the (111) f cc plane and the (0001)hcp planes are parallel [248]. Since, both fcc and hcp are

close-packed structures, the only difference is in the stacking sequence of atoms normal to these

planes. The transformation from fcc to hcp only requires the deformation of the atoms along the

(111) plane to form a stacking sequence from ABCABC . . . to ABABA . . . type [6].
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4.6.4.4 Magnetic Characterisation

(a) (b)

(c) (d)

Figure 4.59: (a) The field-dependent magnetisation at 5 K of Fe3�xVxGe alloy series annealed at
950�C for 7 days except the sample x = 0.25 (L21) which was annealed at 650�C for 25 days. The
inset indicates the Arrot plot. (b) The magnetic moment versus V concentration both experimental
and expected from Slater Pauling rule. (c) Inverse susceptibility as a function of temperature for
the alloys (0.125  x  0.625) annealed at 950�C for 7 days. The inset is temperature dependent
magnetisation for x = 0.375 with H = 1000 Oe. (d) The variation of Tc with V concentration (The
blue data point is literature value of parent Fe3Ge [21, 22]).

The magnetic measurements for all single-phase samples were done using the VSM module

of a Quantum design PPMS Dynacool. Fig. 4.59(a) shows the field dependent magnetisation

M(H) curves of all stable samples in the Fe3�xVxGe series at 5 K. All the samples appeared to be

ferromagnetic at 5 K. The saturation magnetizing field is observed to decrease with increasing V

content, though all samples are magnetically very soft. The saturation magnetic moments (Ms)

were extracted from an Arrot plot [207], i.e., by extrapolating the linear part of M2 versus to H/M
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to H/M = 0 (see inset to Fig. 4.59(a)). The extracted Ms at 5 K is observed to decrease linearly

with increasing V content, however two different trendlines are observed (see Fig. 4.59(b). This

anomaly can be attributed due to different crystal structures (DO19 structure for low V content

and L21 for high V content) consistent with our microstructural and XRD analysis. The extracted

values of saturation magnetic moment (Ms) versus V concentration plot presented in Fig. 4.59(b)

shows linear behavior for all stable L21 phases, in good agreement with Slater-Pauling rule (shown

in blue data points). The Slater-Pauling rule describes the dependence of the magnetic moment

on the valence electron concentration (Nv) for ordered, half-metallic ferromagnetic Heusler com-

pounds. This dependence is given by [1]

m = Nv �24. (4.24)

The slightly higher extracted saturation magnetic moments in the Fe rich members of L21 series

are not unusual. Similar deviations from the theoretical values have been reported previously for

Fe based Heusler compounds elsewhere [1, 20]. The plot also shows linear behavior for DO19

compositions, but the values are much higher than values from Slater-Pauling rule which simply

indicates that the Slater-Pauling rule is not expected to hold for the hexagonal structure. Dramatic

changes in magnetic moment are observed at x= 0.25 depending on the annealing condition, where

we clearly observed two distinct pure crystal structures, DO19 for sample annealed at 950�C for

7 days and L21 for sample annealed at 650�C for 25 days. The red coloured solid square data

point in Fig. 4.59(b) represents the magnetic moment for x = 0.25 (L21) annealed at 650�C for 25

days. All experimentally extracted saturation magnetic moments are in good agreement with those

obtained from first-principle calculations (see Fig. 4.59(b)) (discussed in theory section below).

The high temperature magnetization of a series of heat-treated Fe3�xVxGe alloy were measured

by means of a vibrating sample magnetometer VSM equipped with a high temperature stage. The

Curie temperatures of inter-metallic alloy series were extracted taking the average of values ob-

tained from linear fitting of the inverse susceptibility versus temperature graph as shown in Fig.

159



4.59(c) and the values obtained by plotting dM/dT as a function of temperature. The inset in Fig.

4.59(c) shows the specific magnetization as a function of temperature for x = 0.375. The measure-

ments were performed with a constant magnetic field of 1000 Oe in the temperature range of 300 K

to 1000 K. Even though the ferromagnetic Curie temperature Tc of these alloys are all observed to

be above room temperature, and decrease with increasing x as shown in Fig. 4.59(d), the linear

decrease of Tc of hexagonal samples x = 0.125 and x = 0.25 has different slope than that of cubic

ones. The Tc values are well below the melting point and martensitic phase transition temperatures

obtained by means of differential scanning calorimetry.

The saturation magnetic moments at 5 K and corresponding Curie temperature of all stable

samples along with different annealing conditions for Fe3�xVxGe alloy series are presented in

Table 4.20 above.

4.6.4.5 Electrical resistivity

The electrical resistivity data were collected using the van der Pauw method [179] in a PPMS

Dynacool for samples with approximate dimensions 4 x 4 x 1.5 mm3. Fig. 4.60 shows the tem-

perature dependence of the electrical resistivity for Fe3�xVxGe measured during heating process

in the temperature range from 5 K to 400 K. The electrical resistivity is observed to be sensitive

to the composition change. An increase of V substitution for Fe is found to increase the residual

resistivity that could be attributed due to atomic disorder arising from the substitution or sample

quality. For x = 0.25 the variation of resistivity with temperature is purely metallic (see Fig. 4.60),

but for higher V concentrations, a typical metallic behaviour is observed only for the low temper-

ature range from 5 K up to 200 K. The resistivity is observed to saturate at higher temperatures

for x = 0.50, suggesting a parallel contribution of the intrinsic resistivity and a weakly-varying

shunting resistance, possibly due to grain boundaries [219, 250]. The pseudo gap near Fermi level

present in the minority spin channel of total density of state (see Fig. 4.64) for x = 0.50 might

be responsible for this saturation effect. According to Allen and Chakraborty [250], the resistiv-

ity of a sub-band of electrons with an energy gap at the Fermi level is high and independent of
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temperature while the other sub-band has metallic character and resistivity increases with tem-

perature and saturates at high temperature. The downturn in resistivity at higher temperature for

x = 0.625 indicates the semiconducting nature of the material. This kind of anomalous behavior

of resistivity is quite similar to those observed in Fe2�xV1+xAl, Fe2�xTi1+xSn, (Fe1�xVx)3Ga, and

(Fe1�xTix)3Ga systems, where the tendency toward negative temperature dependence of electri-

cal resistivity increases markedly with increasing x [251–254]. The anomaly that the resistivity

Figure 4.60: (color online) Temperature dependence of electrical resistivity in Fe3�xVxGe (x =
0.25, 0.50, and 0.625, all annealed at 950�C for 7 days, respectively from bottom to top) in zero
magnetic field.

reaches the maximum value quickly at T  Tc, decreases after that and reaches saturation at higher

temperature is observed in many half-metallic Heusler alloys where the resistivity of one of the

spin polarized sub-band with energy gap at Fermi level is expected to have a semiconductor char-

acter at high temperature [255–262]. The energy gap in down spin sub-band is observed to fall

at Fermi level for x = 0.75 (see Fig. 4.64). The existence of a gap in one of the spin-polarized
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sub-band near Fermi level in total density of state for higher V concentration in Fe3�xVxGe can be

considered as the anomalous decrease of resistivity with increasing temperature. Elucidating the

true bulk transport properties unambiguously would ideally require single crystal or highly ordered

thin films.

4.6.4.6 Vickers micro hardness

Figure 4.61: Vickers hardness versus V concentration in Fe3�xVxGe with imprint of the indenter
with radial cracks for x = 0 [top left]. The black data points represent the single phase composi-
tions.

During specimen preparation, we found the samples to be unusually hard, as evidenced by the

polishing time required. For this reason, we decided to investigate the Vickers hardness of our

alloy series, since most of the previous studies on mechanical properties are theoretical in nature

[263–267] and only few are verified experimentally. The variation of Vickers micro hardness

of our alloy series (all annealed at 950�C for 7 days) with V concentration is presented in Fig.

4.61 with corresponding values in Table 4.22. Hardness values reported are the averages of data

taken from at least 12 different regions of each sample with 0.2 kg load and 10 s loading time.

Relatively high hardness values are measured, approaching 10 GPa for x = 1, comparable with

highest value 12 GPa reported for Co2�xTixFeGe Heusler system [105] and higher than values

reported for full Heuslers in the literature, e.g., ⇠ 8.5GPa for powder Fe2VAl [268], ⇠ 8.5GPa
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for nanocrystalline Co2FeAl [209], ⇠ 7.3GPa and ⇠ 7.9GPa for bulk polycrystalline Co2MnGe

and Co2MnSi respectively [210]. The hardness is observed to increase almost linearly in going

from hexagonal DO19 phases (with low V concentration) to L21 phases (with higher vanadium

concentration) and depend on grains size and phases present as reported in the literature [211].

The grain size of the hexagonal phases at low V concentration are bigger than those of cubic

phases at higher concentrations, and the cubic structure shows better toughness than the hexagonal

structure, presumably as the fcc structure has more slip planes in which the atoms are packed most

closely relative to each other, and hence most tightly bonded to each other [269].

Table 4.22: Vicker’s micro-hardness of the Fe3�xVxGe alloy series.

x Vickers Hardness (GPa)

0 3.99 ± 0.09
0.125 4.35 ± 0.13
0.25 4.99 ± 0.10
0.3125 4.81 ± 0.37
0.375 5.96 ± 0.09
0.40 6.01 ± 0.17
0.50 6.53 ± 0.08
0.625 7.12 ± 0.10
0.75 8.33 ± 0.12
0.80 8.40 ± 0.32
0.85 8.57 ± 0.10
1 9.66 ± 0.13

4.6.5 Theoretical Calculations

4.6.5.1 Computational Methodology

The Vienna Ab initio Simulation Package (VASP) was used for our density functional theory

calculations (DFT) [181]. We used potentials from the projector augmented-wave (PAW) method

and used the Perdew-Burke-Ernzerhof (PBE) functional [180, 182, 217]. The Monkhorst-Pack

scheme was used to sample the Brillouin zone using a 9 x 9 x 9 k-point grid for cubic structures

and a 9 x 9 x 5 grid for hexagonal structures in addition to a plane wave basis set with a cutoff

energy of 400 eV [200]. Self-consistent field calculations of the total and projected electronic
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density of states were carried out with a Gaussian-type Fermi-level smearing width of 0.05 eV. To

generate Fe3�xVxGe structures with varying V concentrations, we used the Special Quasi-random

Structures (SQS) method implemented in the ATAT package [270, 271]. The formation energy

Eform (in eV/atom) of Fe3�xVxGe is defined as Eform = (EFe3�xVxGe � (1� x)EFe3Ge � xEV3Ge),

where EFe3�xVxGe is the energy of a Fe3�xVxGe cell, EFe3Ge is the energy of a Fe3Ge cell, and

EV3Ge is the energy of a V3Ge cell, all per formula unit. We then normalized the x axis to start

from x = 0 (Fe3Ge) to x = 1 (Fe2VGe). To obtain the charge distribution on the atoms in the

simulation cells, we used Bader charge analysis [272, 273]. The VESTA program was used to

visualize of atomic structures [274].

4.6.5.2 Theoretical Results and Discussion
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Figure 4.62: The formation energy (in eV/atom) as a function of V concentration for the L21 and
DO19 alloys created with the SQS method. Each data point represents a different structure and the
color axis indicates the magnetic moment value for each structure.

Previously, first-principles DFT has been used to successfully calculate the electronic and mag-

netic properties of Heusler alloys [275–277]. In order to confirm experimental results and further

investigate the electronic structure of this particular Fe3�xVxGe alloy system, we employed the

Special Quasi-random Structures (SQS) method to generate structures between x = 0 and x = 1 for

the L21 and DO19 phases. When comparing with experiment, we were able to generate structures

with all of the same alloying ratios as Table 4.20 except x = 0.40 for the L21 phase. We note
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(a) (b)

Figure 4.63: Comparison plot between experimentally extracted lattice parameters and theoretical
values from First-principles calculations of Fe3�xVxGe (a) a versus V concentration, and (b) c
versus V concentration.

that for certain alloying ratios for the L21 phase such as x = 0.375, x = 0.40, and x = 0.625, the

SQS method requires a larger supercell to preserve such concentrations. We propose that the SQS

method being unable to create structures near x = 0.40 is due to the requirement of a significantly

large supercell, beyond the capability of DFT. For x= 0.375 and x= 0.625, the quasi-random struc-

tures are forced to be confined to a rectangular supercell rather than a cubic supercell to preserve

such alloying ratios without approaching the DFT limit (a much larger cubic supercell). However,

from these rectangular structures, we are still able to obtain accurate lattice parameters to compare

with experiment where only the long edges of the rectangular cell (b) are almost two times larger

than the (a) lattice constant.

Fig. 4.62 shows the formation energy as a function of V concentration x of the L21 and DO19

phases respectively. The magnetic moment value is also depicted in the color axis of Fig. 4.62. We

observe that at x = 0.25, the L21 phase is more energetically favorable than the DO19 phase. As

expected for both phases, the increase of V concentration results in a decrease in magnetic moment

with Fe2VGe (x= 1) being the least magnetic alloying concentration. As can be seen in Table 4.20,

calculated magnetic moments are in good agreement with the experimentally measured values. The

calculated values of magnetic moment for x = 0.375 (MS,avg = 4.48 µB) and x = 0.625 (MS,avg =
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Figure 4.64: The DOS and PDOS of the lowest energy structure at specific concentration ratios for
L21, DO19, and L12. The black arrows depict the spin up and spin down contributions and the red
dotted line represents the Fermi level. The figure insets include the optimised structures, magnetic
moment values and average lattice constants.

3.61 µB) are almost 1 µB bigger than the experimental results due to considered supercells being

rectangular instead of cubic. For the lowest energy structure (most energetically favorable) at

each experimentally observed alloying concentration, we calculated the electronic density of states

(DOS). Fig. 4.64 depicts the atom projected DOS of the experimentally observed alloys for L21

(x = 0.25, x = 0.375, x = 0.50, x = 0.625, x = 0.75), DO19 (x = 0, x = 0.125, x = 0.25) and L12

(x = 0). The spin up and spin down contributions to the DOS are indicated by the black arrows.

The insets of Fig. 4.64 also include the optimized geometry, the lattice constants and magnetic

moment values (excluding MS for x = 0.375, and x = 0.625) for the considered alloys. All the

experimentally extracted lattice parameters are within ⇠ 1% of theoretical values (see Fig. 4.63).

Because the experiments were done at a finite temperatures, this can cause the lattice parameters

of the crystal structure to change from the 0 K structures due to the thermal expansion coefficient

of the material and one might need longer annealing time yet to reach the true ground state. This
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also creates a margin of error such that all the structures generated with SQS lie in the range of

thermal fluctuation at a given concentration. Due to this fact, we report an average value for lattice

constant given at each concentration. In comparison to experiment, DFT calculations confirm

that increasing V concentration increases the lattice constant on average (see Fig. 4.63). The

metallic characteristics of the DO19 and L12 (for x = 0) Fe3Ge structures arise from the orbital

contribution of Fe atoms. Vanadium substitution can give different contributions to the density of

states according to its position inside the material. For instance, if the V atom is positioned close

to Ge atoms, it gives a contribution similar to the Ge contribution (see Fig. 4.64 L21 for x = 0.50,

and x = 0.75). When V atoms are placed far from the Ge atoms, specifically if they are surrounded

by Fe atoms, their DOS look similar to the DOS of Fe atoms (see Fig. 4.64 L21 for x = 0.375,

x = 0.50, and x = 0.625). For the DO19 structures, V atom substitution does not significantly effect

the DOS of the bare Fe3Ge structure due to low V concentration.

To understand the bonding type between the atoms and to gain insight on the electronic mech-

anism of these structures, we performed Bader charge transfer analysis of the Fe3�xVxGe alloys.

Bader charge analysis indicates that while 0.10 electrons (e�) transfer to Ge from Fe atoms for

L12, 0.30 e� transfer for DO19 at x = 0. This amount of electron transfer, in addition to the elec-

tronegativity difference between Fe and Ge atoms (0.18 according to the Pauling scale) indicate

that there is non-polar covalent bonding between them. For DO19 at x = 0.125, and x = 0.25, V

(which has a lower electronegativity than Fe and Ge) loses 1.38 e� and the three Ge atoms that

are binding with this V atom gain 0.50 e�. Bader charge analysis for L21 at x = 0 indicates that

charge transfer is different from DO19 and L12 structures. Some Fe atoms which are binding with

Ge donate 0.30 e� and each Ge atoms take 0.13 e� while some Fe atoms take 0.07 e�. With the

substitution of V atoms instead of Fe atoms, polarization increases between the Fe atoms. For

x = 0.50, Fe atoms that are close to Ge atoms donate 0.35 e� while the remaining Fe atoms gain

0.35 e�. The increasing of stability can be attributed to this increased polarization.
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4.6.6 Conclusion

In summary, an off-stoichiometric polycrystalline bulk Fe3�xVxGe inter-metallic alloys series

(0  x  1) was synthesized by arc-melting and the structural, magnetic, electrical transport and

mechanical properties were investigated under different heat-treatment conditions. V substitution

was observed to favor one of the Fe site in Fe3Ge energetically to form L21 structure for higher V

concentration and DO19 structure for lower V concentrations, corroborated by first-principles cal-

culations. The L21 to DO19 martensitic phase transformation was observed to depend on V concen-

tration as well as annealing conditions. DSC results also confirmed the diffusionless martensitic

phase transformation in the alloy series. All the alloys in the series were found to be soft fer-

romagnets at 5 K with decreasing saturation magnetic moment with increasing V concentration.

The sample with x = 0.25 crystallized in two different crystal structures L21 and DO19 at two

different annealing conditions, and they were found to exhibit two different saturation magnetiza-

tions at 5 K, with the magnetization in the hexagonal phase being substantially larger. In contrast

to DO19 structures, the saturation magnetic moments of all L21 structures were observed to de-

crease linearly with V concentration in close agreement with the expected Slater-Pauling values.

The hexagonal samples were in all cases observed to have markedly higher values of saturation

moments. The saturation magnetic moments extracted from experiment are found to be in good

agreement with those obtained from first-principles calculations. The ferromagnetic Curie temper-

ature Tc of these alloys were observed to decrease with increasing V concentration. The electrical

resistivity measured over the temperature range from 5 K to 400 K showed a negative temperature

coefficient of resistivity at high temperatures, more so with increasing the V concentration. The

residual resistivity value is also found to increase with V substitution. Relatively high mechanical

hardness values are also measured, increasing as V content increased. Vanadium is found to play a

central role in tuning rich physical properties in Fe3�xVxGe, changing the mechanical properties,

stabilizing the L21 structure not found in the parent Fe3Ge compound, and shifting the martensitic

transformation temperature to higher values compared to that of parent Fe3Ge.
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4.7 Influence of Cr-substitution on the structural, magnetic, electron transport, and mechanical

properties of Fe3�xCrxGe Heusler alloys

4.7.1 Abstract

We performed combined experimental and theoretical studies of the effect of Cr substitution

for Fe on the structural, magnetic, transport, electronic, and mechanical properties of Fe3�xCrxGe

(0  x  1) intermetallic alloys. Single phase microstructures are observed for x  0.70. Higher

Cr concentrations x > 0.70 are multi-phased. A hexagonal D019 structure is found for all Cr

concentrations, with the lattice parameters increasing systematically with an increasing Cr content.

All the alloys in the series are found to be ferromagnets with large magnetization values of about

6 µB/ f .u. and high Curie temperature above room temperature. The low-temperature saturation

magnetic moments agree fairly well with our theoretical results and also obey the Slater-Pauling

rule. The density functional theory calculation reveals that Cr substitution energetically favours one

of the Fe sites in Fe3Ge. The electrical resistivity measured over the temperature range from 5 K

to 400 K shows metallic behavior, with a residual resistivity ratio that decreases with Cr content.

Vicker’s hardness values are observed to increase with increasing Cr content to approximately

5 GPa.

4.7.2 Introduction

Heusler compounds include a large family of interesting materials exhibiting a wide range

of properties of both fundamental and potential technological interest such as half metallic fer-

romagnets, high perpendicular magnetic anisotropy materials, shape-memory alloys, spingapless

semiconductors, skyrmions, topological insulators, and magnetocalorics [66, 96, 278–284]. Half

metallic Heusler alloys are the most suitable materials in the field of information storage and spin-

tronics as well as many other areas [1, 66, 233, 285] because the electrical current is perfectly spin

PUBLISHED AS: R. Mahat*, S. KC, D. Wines, S. Regmi, U. Karki, Z. Li, F. Earsan, J. Law, C. Ataca, V. Franco,
A. Gupta & P. LeClair, Influence of Cr-substitution on the structural, magnetic, electron transport, and mechanical
properties of Fe3�xCrxGe Heusler alloys, Journal of Magnetism and Magnetic Materials, 521,167398(2021).
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polarized in these materials. For applications in magnetics and spintronics [66], the inherently

low magnetocrystalline anisotropy in cubic Heusler alloys can be limiting factor [67]. Identifying

a hexagonal Heusler analogue [233] that exhibits a high magneto-crystalline anisotropy may be

very attractive for applications such as perpendicular media, current perpendicular to plane giant

magnetoresistance (CPP-GMR), and spin-torque-transfer RAM (STT-RAM) [68–71].

The extensive tunability of the Heusler compounds through chemical substitutions makes the

family especially interesting. The intermetallic compound Fe3Ge is an iron rich ferromagnet,

well known to crystallize in two crystal structures, a cubic L12 phase (Cu3Au type, Pm3̄m, space

group no. 221 [64, 65]) at low temperatures (< 700�C) and hexagonal D019 phase (Mg3Cd type,

P63/mmc, space group no. 194 [64, 65]) at higher temperatures (> 700�C) [237, 238]. High mag-

netizations, with moments of about 2µB/Fe, high Curie temperatures of 640 K along with crys-

tallographic anisotropy, makes the hexagonal phase of Fe3Ge substantial interest as a permanent

magnet [64, 286]. As 3d transition metals exhibit large magnetic moments and high Curie tem-

peratures, and compounds in cubic phase generally exhibit weak magnetocrystalline anisotropy,

identifying magnetic compounds with high Fe concentrations in hexagonal or tetragonal crystal

structures is very helpful to discover new potential permanent magnets.

To our best knowledge, in spite of investigations aimed at understanding the magnetocrys-

talline anisotropy by substituting nominal Cr (x = 0.099) in hexagonal Fe3.3Ge [287], there is not

yet a detailed report of the structural, magnetic, electron transport, and mechanical properties of

Fe3�xCrxGe in the bulk form, neither experimentally nor theoretically. Our interest in this com-

pound stems from a recent theoretical prediction that Fe2CrGe has the high density-of-state at the

Fermi energy in the majority-spin state and exhibits high spin polarization (almost 100%) insen-

sitive to Fe�Cr chemical disorder [288]. In this paper, we present our systematic experimental

investigation of the microstructure and phase purity, magnetic properties, electrical transport, and

hardness in addition to structure determination to understand the structure-property relationships in

this interesting family of Heusler-like compounds and compare the experimental data with results

of first principles calculation. Particular attention has been paid to metallography and microstruc-
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tural analysis to determine which regions of the phase diagram yield single phase specimens.

4.7.3 Experimental details

Fe3�xCrxGe (0  x  1) bulk samples were prepared by arc melting of stoichiometric amounts

of the constituents in an argon atmosphere at 10�4 mbar (see details in Supplementary). Care

was taken to avoid oxygen contamination. As an oxygen getter, Ti was melted inside the vacuum

chamber separately before melting the compound to avoid oxygen contamination. The as-cast

ingots were examined repeatedly using scanning electron microscopy (SEM) and energy dispersive

X-ray spectroscopy (EDS) analysis in a JEOL 7000 Field Emission Scanning Electron Microscope

(FESEM) to confirm homogeneity and correct composition. After confirming the anticipated target

composition, the polycrystalline ingots were then annealed in an evacuated quartz tube at different

temperatures ranging from 650�C to 1000�C for different dwell times (5 days to 25 days), and at

the end of each annealing cycle, the samples were cooled slowly in the furnace to get optimum

crystallization.

Annealed ingots were polished for spectroscopic investigations (see details in Supplementary).

The polishing was done, first grinding using silicon carbide abrasive discs (120 through 1200

grit size) followed by diamond suspension polishing. Colloidal silica suspension of grit size 0.02

µm was used at last for the finest polishing. After obtaining a smooth and reflective surface,

the samples were etched with Adler etchant (9 g of CuNH3Cl, 45 g of hydrated FeCl2, 150 mL

of HCl and 75 mL of DI Water) [243]. The purpose of etching is that etchant attacks different

phases present in the samples at different rates, and provides high quality surface contrast for

microstructure characterization.

Structural analyzes were carried out by means of X-ray diffraction (XRD) using a Bruker D8

Discover X-ray diffractometer equipped with monochromatic Co-Ka (l = 0.179 nm) radiation.

The polished samples were rotated around the f axis during the XRD measurement to minimize

surface effects. CaRIne crystallography 4.0 software [78] as well as in-house PYTHON code [79]

including the dispersive corrections to the atomic scattering factors were used to simulate the XRD
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patterns to compare with the experimental XRD patterns. XRD analysis (Rietveld refinement) was

done using the CRYSTAL IMPACT MATCH! software based on the FULLPROF algorithm [80]

that uses the least-square refinement between experimental and calculated intensities. The low

temperature magnetic and electrical transport properties were studied in Quantum Design Physical

Properties Measurement System (PPMS), while the high temperature magnetization was measured

using the Lakeshore VSM 7407. DC electrical resistivity measurements were carried out using

van der Pauw method [179]. Al wire bonding was used to make the contacts. The mechanical

properties were studied in terms of Vicker’s hardness by using Buehler model 1600-6100 micro-

hardness tester.

4.7.4 Experimental Results and Discussions

4.7.4.1 Microstructural and Compositional analysis

Figure 4.65: Optical micrograph of Fe3�xCrxGe (0  x  1) heat treated at 1000�C for 15 days
showing the grain structures. The samples were etched for 1 minutes using the Adler etchant.

Figure 4.66: SEM micrograph of Fe3�xCrxGe (0  x  1) heat treated at 1000�C for 15 days.

Optical microscopy and SEM of polished and etched samples are the most direct ways to
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characterize micro-structure by revealing grain boundaries, phase boundaries, and inclusion distri-

bution as XRD is not always sufficient to confirm the phase purity if the impurity phase content is

less than 5% of the overall volume [105, 163, 168, 169]. We can speculate the presence of impurity

phases observing different contrast in optical images, and SEM with EDS/EBSD can be used to

directly quantify whether areas of different contrast represent impurity phases or possible different

crystallite orientations.

Starting from the full stoichiometric Fe2CrGe, multi-phase microstructure was obtained in ev-

ery heat treatments performed at 650, 800, 900, or 1000�C for different dwelling times; 3, 5, 7,

15 or 25 days. However, with the substitution of Fe for Cr, the secondary phase began to disap-

pear and uniform single phase behavior was observed in the Cr composition range (0  x  0.70).

All other higher Cr concentration produced multiphase behaviour (see details in Supplementary

Information). Fig. ?? shows microstructure of all single phase samples heat treated at 1000�C for

15 days. The microstructure of the high temperature (> 700�C) phase for x = 0 i.e., the parent

Fe3Ge compound is presented in Fig. 4.65(a) already known to be stable, annealed under similar

conditions [21, 238].

The composition of all the stable single phase samples in the series are confirmed to be close

to the target composition within ⇠ 5% instrumental uncertainty range using EDS (see details in

Supplementary information). SEM images displaying the microstructure are shown in Fig. 4.66,

all annealed at 1000�C for 15 days.

4.7.4.2 Crystal structure and atomic order analysis

XRD patterns taken from the Fe3�xCrxGe alloy series annealed at 1000�C for 15 days after

polishing and etching, using a Co-Ka radiation source at room temperature are shown in Fig.

4.67(a). All the diffraction peaks can be indexed as corresponding to the hexagonal D019 structure

for all single phase specimens, though as noted below texturing effect makes it difficult to rely

on XRD peak intensities. Lattice parameters of all stable phases, both along a-axis and c-axis,

extracted using Cohen’s method with a Nelson-Riley extrapolation function [171], are observed to
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(a) (b)
(c)

Figure 4.67: (a) Experimental XRD patterns of Fe3�xCrxGe alloy series annealed at 1000�C for
15 days, here, * and + correspond to the secondary cubic phase and unknown impurity phase, re-
spectively. The first from bottom is simulated XRD pattern for D019 structure. (b) The simulated
powder XRD patterns considering different crystal structures using CaRIne, and (c) The composi-
tion dependent lattice parameters a and c and unit cell volume of Fe3�xCrxGe (x = 0, 0.25, 0.50,
0.70) alloys investigated at room temperature.

increase systematically with increasing Cr content which leads to an overall increase in the unit

cell volume (see Fig. 4.67(c)). The reason for the increase in unit cell is in accordance to Vegard’s

law [205] as the atomic radius of Cr (200 pm) is comparatively larger compared with that of the Fe

atom (156 pm) [153]. The lattice parameters of all stable samples in Fe3�xCrxGe alloy series are

presented in Table 4.24.

Considering the fact that Heusler-like compounds can crystallize in a number of structures,

particularly the ordered L21 (Fm3̄m, space group no. 225 [64, 65]) and its possible disordered

phases D03 (Fm3̄m, space group no. 225 [64, 65]), D019 (P63/mmc, space group no. 194 [64, 65])

[172–174], and D022 (I4/mmm, space group no. 139 [64, 65]), structure assignment should be

undertaken carefully. The structural deformation through compression or elongation along one of

the cubic (100) axes forms a tetragonal lattice while a similar deformation along the (111) direction
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Figure 4.68: The Rietveld refinement of XRD pattern for x = 0.50 showing a signature of good fit
with the proposed crystal model D019.

results in a hexagonal structure [6]. In order to avoid a selection bias, we first determined the crystal

class from the XRD data alone, following the procedure in Ref. [171]. From the observed XRD

peaks, the values of sin2q were tabulated. If the structure is in the cubic system, then these values,

when properly normalized, will yield a set of integers. Omissions in the list of integers distinguish

the type of cubic lattice (sc, bcc, fcc). If there is no overall normalization of the values that results

in only integral values, the system is not cubic. For the Fe3�xCrxGe alloy series shown in Fig.

4.67(a), We easily ruled out the possibility of cubic L21, Xa and complete A2 and B2 disordered

structures due to the presence of more number of reflection peaks than those required for cubic

structures. A similar but slightly more involved procedure [171] can be used to test the XRD

data against hexagonal systems. We observed that the XRD data presented in Fig. 4.67(a) derive

from a hexagonal crystal system, and after indexing all peaks, lattice parameters (see Table 4.24)

were extracted for all alloys in the series using Cohen’s method with a Nelson-Riley extrapolation

function [171]. So, from our initial list of structures, only D019 structure is remained to be a

plausible crystal structure.
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(a)
(b)

Figure 4.69: (a) Inverse pole figure (IPF) color map of x = 0.50 taken using EBSD in SEM show-
ing grain orientation with preferred texture. The insert shows the color map of crystallographic
orientation. (b) The corresponding EBSD phase map of the same area showing single-phase be-
havior.

Table 4.23: Proposed site assignment for the hexagonal D019 Fe3�xCrxGe.

Wyckoff position Coordinates Occupancy

Fe 6h,y = 5
6 (y, 2y, 1

4 ) (�2y, �y, 1
4 ) (y, �y, 1

4 )(�y, �2y, 3
4 ) (2y, y, 3

4 ) (�y, y, 3
4 ) 3�x

3
Cr 6h,y = 5

6 (y, 2y, 1
4 ) (�2y, �y, 1

4 )(y, �y, 1
4 )(�y, �2y, 3

4 ) (2y, y, 3
4 ) (�y, y, 3

4 )
x
3

Ge 2c ( 1
3 ,

2
3 ,

1
4 ) ( 2

3 ,
1
4 ,

3
4 ) 1

As a secondary check, all above postulated crystal structures L21 and its possible disordered

phases (e.g., D03), the hexagonal D019, and the tetragonal D022 were simulated using either

CaRIne 4.0 simulations or CRYSTAL IMPACT MATCH, or an in-house PYTHON code [79]

including both the real and imaginary dispersive corrections to the atomic scattering factors [289].

The simulated XRD patterns using CaRIne 4.0 for different crystal structures are presented in Fig.

4.67(b) with details including their prototypes and Wyckoff positions listed in Table 4.24. Again,

among all the simulated XRD patterns, only the hexagonal D019 structure provides a good match

to the experimental XRD pattern observed for all single phase compositions in the alloy series.

There is some variation in experimental XRD peak intensities than those generated from simula-

tions, which might be due to texturing effects, given the large grain size we observe (⇠ 300 µm).

As the crystal structure of parent Fe3Ge is hexagonal D019 at higher temperature (> 700�C) and

cubic (L12, Pm3̄m, space group no. 221 [64, 65]) at lower temperature (< 700�C), the L12 crys-
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Table 4.24: Experimental lattice parameters and saturation magnetic moments at T = 5 K, both experimental and
theoretical, and Curie temperature of Fe3�xCrxGe alloy series, all annealed at 1000�C for 15 days (D019 phases). The
numbers in parentheses are the uncertainty in the last digit, e.g., 6.55(9) = 6.55±0.09.

x Experimental lattice Theoretical lattice Expt. Ms at T = 5 K Theor. Ms Tc
(Å) (Å) (µB/ f .u.) (µB/ f .u.) (K)

0 a = 5.1768(2) a = 5.134 6.55(9) 6.48 640 [21]
c = 4.2246(3) c = 4.222

0.25 a = 5.1885(2) a = 5.144 5.79(5) 5.98 546
c = 4.2260(3) c = 4.202

0.50 a = 5.1934(2) a = 5.153 5.11(5) 5.52 446
c = 4.2269(2) c = 4.195

0.70 a = 5.1958(1) a = 5.155 4.44(7) 4.98 364
c = 4.2275(3) c = 4.195

Fe

Ge

(a) (b)

Figure 4.70: Crystal structures (a) L12, and (b) D019

tal structure was also simulated, but none of the intensities and peak positions matched with the

experimental pattern (see Fig. 4.67).

XRD is a powerful analytical tool to determine the structures and phases present, however, the

unknown degree of texturing as evident from larger grains (⇠ 300 µm) (in our case) alters the

relative intensities of the XRD peaks and makes it difficult to rely only on the experimental XRD

to determine the exact chemical order. In an attempt to determine the possible atomic ordering, we

have performed Rietveld refinement. Fig. 4.68 shows the Rietveld refinement for x = 0.50 (see

Supplementary information for x = 0, x = 0.25 and x = 0.70). Rietveld refinement showed rea-

sonably good agreement (reduced c2 = 4.8 and weighted average Bragg R-factor = 12.2) between

the observed XRD pattern and the calculated pattern for the hexagoanl D019 structure with the
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experimental lattice parameters a = 5.1934Å and c = 4.2269Å. However, slightly higher fitting

parameters than those expected for a perfect fit can be attributed to the sample texture altering the

relative intensities of the peaks compared to the calculated pattern. According to Rietveld refine-

ment, the 6h sites (with the parameter y = 5/6) are shared by Fe and Cr with occupancy 0.833 and

0.167, respectively, in agreement with the nominal composition, and the 2c sites are occupied by

Ge. Here, with no evidence to the contrary, we presume that Fe and Cr mix randomly on the 6h

sites. This D019 structure is shown in Fig. 4.70(b). The proposed site assignments are summarized

for D019 Fe3�xCrxGe in Table 4.23 [174].

Five hour continuous EBSD scan of Fe2.50Cr0.50Ge sample with the step size of ⇠0.5 µm was

performed to determine the degree of texturing and purity of phase considered. Relatively large

grains with some preferred orientation is revealed from IPF color map as shown in Fig. 4.69(a).

The different color assigned is based on the orientation of grains. Almost 96% of the selected

microstructure is observed to match the proposed structure (red color in the EBSD map (see Fig.

4.69(b)) with some zero solution regions (approximately 4%, black spots) which seem to be from

the sudden changes in the roughness of the sample at grain boundaries or from artifacts caused

by the metallography and chemical etching procedures. This indicates that the phase present in

Fe2.50Cr0.50Ge is proposed D019 phase. All these experimentally observed facts support that the

crystal structure of all stable samples 0  x  0.70 could be D019.

4.7.4.3 Magnetic Characterization

Bulk magnetic properties of all single-phase samples, measured using the VSM module of a

Quantum design PPMS Dynacool are presented in Fig. 4.71 and the main parameters are summa-

rized in Table 4.24. Fig. 4.71(a) shows the field dependent magnetization M(H) curves of all stable

samples in the Fe3�xCrxGe series at 5 K. All the samples appeared to be ferromagnetic at 5 K. The

saturation magnetizing field is observed to decrease with increasing Cr concentration consistent

with the Slater-Pauling rule, though all samples are magnetically very soft. The Slater-Pauling rule

describes the dependence of the magnetic moment on the valence electron concentration [82, 290].
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(a) (b)

(c) (d)

Figure 4.71: (a) The field-dependent magnetization at 5 K of Fe3�xCrxGe alloy series annealed at
1000�C for 15 days. The inset shows the Arrot plot for x = 0.50. (b) The magnetic moment versus
Cr concentration both experimental and theoretical. (c) Temperature dependence of magnetization
M at 100 Oe.The green arrow shows possible order-disorder phase transition at 436 K for x =
0.25. (d) The variation of Tc with Cr concentration. The inset shows the first-order derivative of
magnetization as a function of temperature, the minima of which is used to extract Tc.

The saturation magnetic moments (Ms) were extracted from an Arrot plot [207], i.e., by extrap-

olating the linear part of M2 versus H/M to H/M = 0 (see inset to Fig. 4.71(a)). The obtained

values of saturation magnetic moment (Ms) versus Cr concentration plot presented in Fig. 4.71(b)

shows linear behavior for all stable D019 phases, in good agreement with those obtained from first

principles calculations (shown in green data points).

The high temperature magnetization was measured by means of a vibrating sample magne-

tometer (LakeShore VSM 7407) equipped with a high temperature stage. The temperature of the

sample was ramped at 5 K/min and measurements were taken in heating mode under an applied
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field of 100 Oe. The plots of Fig. 4.71(c) show the temperature dependence of magnetization M(T)

curves for Fe3�xCrxGe alloy series showing the ferro-paramagnetic transition. As shown in Fig.

4.71(c), the sample with x = 0.25 shows two magnetic transitions (see details in Supplementary

information). The magnetic transition at 546 K corresponds to the Curie temperature but the origin

of the transition at 436 K is not clear. One possible reason could be order-disorder phase transition

introduced by the substitution of Cr on parent Fe3Ge. Although the possibility of secondary phase

formation (small amount) due to vacuum annealing cannot be completely ruled out, the composi-

tion measured using EDS was within ⇠ 5% instrumental uncertainty range. The extracted Curie

temperature is observed to decrease linearly with the increase of Cr content (see Fig. 4.71(d)).

The change in interatomic spacing in Fe3Ge due to the substitution of a third element Cr leads to

change in magnetic interaction. The increase in lattice parameter with Cr concentration is expected

to change the distance between magnetic ions leading a weak exchange interaction between Fe-

(Fe,Cr) sublattices and hence giving lower Tc values compared to parent Fe3Ge (640 K) [21]. The

inset in Fig. 4.71(d) shows the first-order derivative of magnetization as a function of temperature.

The saturation magnetic moments at 5 K and corresponding Curie temperature of all stable

samples in Fe3�xCrxGe alloy series are presented in Table 4.24.

4.7.4.4 Electrical resistivity

Temperature dependence of electrical resistivity r of the Fe3�xCrxGe alloy series was mea-

sured using the van der Pauw method [179] in a PPMS Dynacool for samples with approximate

dimensions 4 x 4 x 1.5 mm3. Fig. 4.72 shows the variation of normalized electrical resistivity (in

zero magnetic field) as a function of temperature for all samples measured during cooling process

in the temperature range from 5 K to 400 K. The residual resistivity ratio (RRR) r300K/r5K for

Fe3�xCrxGe series is found to be 7.22, 4.36, 3.16, and 2.13 for x = 0, 0.25, 0.50 and 0.70 respec-

tively. A higher RRR values usually indicate to good chemical ordering, while a lower values can

be attributed to scattering from impurities or anti-site defects [291]. In the present alloys, lower

RRR values after Cr substitution indicates the presence of atomic disorder. Also, an increase of
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Cr substitution for Fe results a substantial decrease of RRR value which suggests that the disorder

increases with the increase of Cr concentration.

The resistivity upto 25 K is found to be almost independent of temperature, called residual

resistivity due to lattice imperfections, impurities, etc. which increases with an increasing Cr con-

tent. After that, the resistivity is observed to increase with an increasing temperature and saturated

at higher temperatures after Cr substitution, indicating weak variation of resistivity resulting from

the parallel contribution of the intrinsic resistivity and some limiting resistivity (e.g., disordered

grain boundaries) known as shunting with temperature [219, 250]. The details of the nonlinear

least-squares fit to resistivity including shunting term is provided in Supplementary information.

Figure 4.72: (color online) Variation of normalised electrical resistivity for Fe3�xCrxGe alloys.

4.7.4.5 Vickers micro hardness

Most previous studies on mechanical properties of Heusler alloys are theoretical in nature

[263–265, 267] and only few are verified experimentally. Therefore, we decided to investigate

the Vickers hardness of our alloy series as evidenced by the polishing time required during spec-

imen preparation. The variation of Vickers micro hardness of our alloy series (all annealed at

1000�C for 15 days) with Cr concentration is presented in Fig. 4.73 with corresponding values
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Figure 4.73: Vickers hardness versus Cr concentration in Fe3�xCrxGe, all annealed at 1000�C for
15 days, with imprint of the indenter with radial cracks [bottom right]. The black data points
represent the single phase compositions and diamond shaped solid red data point represent the
hardness of low temperature L12 phase of parent Fe3Ge annealed at 650�C for 25 days.

in Table 4.25. Hardness values reported are the averages of data taken from at least 12 different

regions of each sample with 0.2 kg load and 10 s loading time. Fe3�xCrxGe system is observed to

be softer than those reported for Heusler systems in the literatures [105, 158, 163, 209, 210, 268],

respectively. The hardness is observed to increase almost linearly with increasing Cr concentration

and depend on grains size and phases present as reported in the literature [211]. An enhancement

of hardness is expected with the substitution of atoms with larger atomic radius for the atoms with

lower atomic radius, consistent with our substitution of Cr for Fe [292]. The observed hardness

values are found to agree well with those calculated theoretically (see details in Supplementary in-

formation). From the microstructure analysis of all single phase compositions, a decrease in grain

size was observed with the increase of Cr concentration. We argue that grain size reduction was

one key factor in the enhancement of hardness.
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Table 4.25: Vickers micro-hardness of the Fe3�xCrxGe alloy series.

x Vickers Hardness (GPa)

0 3.99 ± 0.09
0.25 4.34 ± 0.09
0.50 4.77 ± 0.11
0.70 5.02 ± 0.06
1 5.26 ± 0.15

4.7.5 Theoretical Calculations

4.7.5.1 Computational Methodology

We performed first-principle calculations within the density functional theory (DFT) frame-

work as implemented in the Vienna Ab-initio Simulation Package (VASP) [181]. We used po-

tentials from the projector augmented-wave (PAW) method and used the Perdew-Burke-Ernzerhof

(PBE) functional [180, 182, 217]. The valence states of the atoms are as follows: Fe: 3d7 4s1, Ge:

4s2 4p2, Cr: 3d5 4s1. To sample the Brillouin zone, The Monkhorst-Pack scheme was used with a

9 x 9 x 9 k-point grid for cubic structures and a 9 x 9 x 5 grid for hexagonal structures in addition to

a plane wave basis set with a cutoff energy of 400 eV [200]. Self-consistent field calculations of the

total and projected electronic density of states were carried out with a Gaussian-type Fermi-level

smearing width of 0.05 eV. In order to generate Fe3�xCrxGe structures with varying Cr concen-

trations, we used the Special Quasirandom Structures (SQS) method implemented in the ATAT

package [166, 270, 271]. The formation energy Eform (in eV/atom) of Fe3�xCrxGe is defined as

Eform = (EFe3�xCrxGe � (1� x)EFe3Ge � xECr3Ge), where EFe3�xCrxGe is the energy of a Fe3�xCrxGe

cell, EFe3Ge is the energy of a Fe3Ge cell, and ECr3Ge is the energy of a Cr3Ge cell, all per formula

unit. We then normalized the x axis to start from x = 0 (Fe3Ge) to x = 1 (Fe2CrGe). We used Bader

charge analysis [272, 293] to obtain the charge distribution on the atoms. The VESTA program

was used to visualize atomic structures [274].
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Figure 4.74: The formation energy (in eV/atom) as a function of Cr concentration for the D019
alloys created with the SQS method. Each data point represents a different structure and the color
axis indicates the magnetic moment value for each structure.

4.7.5.2 Theoretical Results and Discussion

For the sake of comparison, we calculated the electronic, magnetic and mechanical properties

of Fe3Ge alloys for the space group of L12 and D019. The calculated lattice constants and magnetic

moments for Fe3Ge alloys in L12 and D019 phases are a = b = c = 3.638 Å 6.45 µB, and a = b =

5.134 Å c = 4.222 Å and 6.48 µB, respectively. These results are in good agreement with our

experimental data. In order to investigate Cr atom substitution with Fe in the Fe3Ge structure, we

employed the Special Quasirandom Structures (SQS) method to generate Fe3�xCrxGe structures

between x = 0 and x = 1 for the D019 phases. Fig. 4.74 shows the formation energy as a function

of Cr concentration x of the D019 phases. The magnetic moment value is also illustrated in the

color axis of Fig. 4.74.

As depicted in Fig. 4.74, the Fe3�xCrxGe alloys for x = 0.25 and x = 0.50 are energetically

less favorable than Fe3Ge. However, some Fe2.25Cr0.75Ge alloys are energetically preferable struc-

tures when compared to the alloys at x = 0.25 and x = 0.50. Substitution of Cr atoms instead of

Fe atoms has little effect on the lattice parameters of the Fe3�xCrxGe structures. For instance, for

Fe2.25Cr0.75Ge the percent difference of the a = b lattice parameters with respect to the Fe3Ge case
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Figure 4.75: The DOS and PDOS of the lowest energy structure at specific concentration ratios
for L12 and D019. The black arrows depict the spin up and spin down contributions and the red
dotted line represents the Fermi level. The figure insets include the optimized structures, magnetic
moment values and average lattice constants.

is only 0.41% and the decrease for the c lattice parameter is 0.64%. The obtained lattice param-

eters are in good agreement with the experimental results (see Table II). The obtained magnetic

moment value for Fe3Ge decreases with the increasing of Cr concentration, which is in accor-

dance with Hund’s rule. We observed that for the each x = 0.25 increment of Cr concentration in

the Fe3�xCrxGe alloys results in around a 0.5 µB/ f .u. decrease for the magnetic moment value.

As can be seen in Table 4.24, calculated magnetic moments are also in good agreement with the

experimentally measured values. The total and atomic magnetic moments in a unit cell for the

Fe3�xCrxGe alloy series are presented in Supplementary information.

For the lowest energy structure (most energetically favorable) at each experimentally observed

alloying concentration, we calculated the electronic density of states (DOS). Fig. 4.75 depicts the

atom projected DOS of the experimentally observed alloys for L12 (x = 0) and D019 (x = 0, x =

0.25, x= 0.50, and x= 0.75). The spin up and spin down contributions to the DOS are indicated by

the black arrows. The insets of each DOS also include the optimized geometry, the lattice constants

and magnetic moment values for the considered alloys. The metallic characteristics of the D019 and
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L12 (for x = 0) Fe3Ge structures arise from the dominant orbital contribution of Fe atoms, while

the Ge atom contribution around the Fermi level is negligible. As can be seen from the insets,

increasing of the number of Cr atom inside the Fe3�xCrxGe alloy results in Cr clusters instead of

separately placed Cr atoms. Density of states calculations show that the orbital contributions of Cr

atoms are similar to the Fe orbital contribution, especially for the spin-down channel. In summary,

substitution of Cr does not change the electronic properties of the Fe3�xCrxGe alloys except for

the magnetic moment value.

Bader charge transfer analysis for the Fe3�xCrxGe alloys were performed to investigate the

bonding type between the atoms and to gain insight on the electronic mechanism of these alloys.

Bader charge analysis indicates that totally 0.30 electrons (e�) transfer to each Ge atom from Fe

atoms in Fe3Ge for the D019 phase. According to the Pauling scale, the electronegativity difference

between Fe and Ge atoms is 0.18, and the small amount of the charge transfer between these atoms

indicate that there is non-polar covalent bonding between Fe and Ge atoms. Substitution of Cr

atoms instead of Fe atoms results in a new charge distribution inside the Fe3�xCrxGe alloys. For

instance, the substituted Cr atom donates 0.39 e� and a majority of these donated electrons (0.30

e�) are shared by the surrounding Fe atoms for the x = 0.25 ratio. This is expected because

according to the Pauling scale of electronegativity, Fe has a value of 1.83 while Cr has a value of

1.66. With this charge transfer, some Fe atoms make their valence states similar to the initial non-

alloyed states (3d7 4s1). Increasing of the Cr concentration slightly decreases the charge transfer

from Cr atoms. For instance at x = 0.50, two Cr atoms donate 0.35 e� while for x = 0.75, one Cr

atom donates 0.37 e� and the remaining two Cr atoms donate 0.26 e� to the surrounding Fe and

Ge atoms.

The attempt to calculate the mechanical hardness using the approaches described in references

[294, 295] results in a wrong dependence on the Cr composition (see details in Supplementary

information).
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4.7.6 Conclusion

In conclusion, an off-stoichiometric polycrystalline bulk Fe3�xCrxGe intermetallic alloys se-

ries (0  x  1) was synthesized by arc-melting and the structural, magnetic, electron transport

and mechanical properties were investigated by means of theory and experiment. Single phase

microstructure in the Fe3�xCrxGe alloy series were confirmed by substituting Cr for Fe, up to

x = 0.70. Cr substitution was observed to favor one of the Fe site in Fe3Ge energetically to form

D019 structure, corroborated by Ab-initio simulations. All the alloys in the series were found to

be soft ferromagnets at 5 K with decreasing saturation magnetic moment as the Cr concentration

increases. These hexagonal samples were in all cases observed to have markedly higher values of

saturation moments. The ferromagnetic Curie temperature Tc was observed to decrease linearly

with the addition of Cr concentration. The electrical resistivity measured over the temperature

range from 5 K to 400 K showed purely a metallic behavior showing saturation at high temper-

atures. The residual resistivity ratio is also found to decrease with Cr substitution. Mechanical

hardness values are measured to increase as Cr content increased. These findings may be interest-

ing for magnetic applications where large saturation magnetization and high Curie temperature are

desired.
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4.8 Possible half-metallic and spin-gapless semiconducting behavior in quaternary Heusler com-

pounds Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, or Co, x = 0.50)

4.8.1 Abstract

Recent discovery of a new class of semiconductor materials, called spin gapless semiconduc-

tors that bridge the gap between semiconductors and half-metallic ferromagnets, has attracted con-

siderable attention in spintronics primarily because they are expected to provide a high degree of

spin polarization in electron transport. In this work, we investigate the structural, electronic, mag-

netic, and mechanical properties of quaternary Heusler alloys Co2�xYxFeGa (Y = Ti, V, Cr, Mn,

Fe, or Co, x = 0.50) with promising half metallic and spin gapless behavior using various experi-

mental techniques. X-ray diffraction patterns at room temperature reveal that these alloys consist

of L21 ordered phase. The magnetization study show that saturation magnetic moments measured

at 5 K obey the Slater-Pauling rule of thumb for half-metals, a prerequisite for half metallicity. All

alloys are observed to have high Curie temperatures that scale linearly with the saturation mag-

netic moments. Electrical transport measurements are performed to explain the electronic struc-

ture of the alloys. The temperature dependence of electrical resistivity in the complete temperature

regime (5 K-400 K) for Mn substituted alloy strongly support the view that Co1.50Mn0.50FeGa is

a spin gapless semiconductor. Ab initio calculations are currently underway to understand the

experimental findings.

4.8.2 Introduction

Full Heusler alloys consist of a large family of intermetallic ternary compounds designed in the

stoichiometric composition X2YZ, where X and Y represent transition metals and Z is a main group

element. Heusler alloys have drawn considerable attention due to their high Curie temperature and

easily tunable structural, electronic, or magnetic properties. Co-based Heusler compounds belong

PUBLISHED AS: R. Mahat*, U. Karki, S. KC, J. Law, V. Franco, I. Galanakis, A. Gupta & P. LeClair, Possible
half-metallic and spin-gapless semiconducting behavior in quaternary Heusler compounds Co2�xYxFeGa (Y = Ti, V,
Cr, Mn, Fe, or Co, x = 0.50), Work in progress (2022).
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to the most promising candidates of this family due to so-called half-metallicity with full spin

polarization at the Fermi level, which is demandable for their potential use in spintronics devices

applications e.g., magnetic tunnel junctions, spin polarized field effect transistors etc [1, 29, 30,

66, 84–91, 296, 297]. Co-based Heusler alloys are supposed to be excellent candidates to examine

itinerant electron ferromagnetism, exhibiting varying magnetic moments ranging from 0.3 µB to

1.0 µB at the Co site (depending on the constituents Y and Z), compatible lattice mismatch with

conventional semiconductors, and 100% spin polarization at room temperature, arising from the

exceptional electronic structure with a energy band gap at the Fermi level (EF ) for minority spin

sub-band [20, 29–34].

The search of half metallic system with 100% spin polarization is always a center of atten-

tion because the experimentally observed spin polarization of most of the ternary Heusler alloys

is always much smaller than the theoretical value. The discrepancy between theory and experi-

ment is expected due to the structural disorder in the crystal structure [1, 41]. Many studies have

been performed to tune the spin polarization, other electronic and magnetic properties reducing

the structural disorder by means of various external stimuli, such as mechanical strain, chemical

substitution, surface/interface termination, and temperature [53, 62, 105, 154, 206, 298–300]. In

particular, in our recent work, we introduced new substitutional approach to tune electronic and

magnetic properties of disordered Heusler alloys Co2FeGe and Co2FeSi [105, 154, 155]. The qua-

ternary element additions are observed to reduce the structural disorder and change the degree of

hybridization between the 3d orbitals of different elements with consequent changes in the position

of the Fermi level with respect to the spin sub-band [115–120]. In our approach, the band gap at

the Fermi level can be tuned by substituting a fourth element at X site i.e., Co2�xY⇤
xYZ, where Y,

Y* are low valent transition elements and Z, Z* are main group elements [105, 154, 155] and is

more convincing as X/Y site element plays main role in tailoring the half-metallicity and magnetic

properties compared to Z site [122, 128]. Here, we follow a somewhat similar approach and show

that it is indeed a viable mechanism for inducing a half-metallic or spin-gapless semiconducting

properties in Co2FeGa (CFGa) Heusler alloy. Spin gapless semiconductors exhibit a band gap in
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one of the spin channels and a zero band gap in the other and hence allow for tunable spin transport.

Further, CFGa has been reported to be stable, crystallizing in the L21 structure with high Tc >

1100 K, large magnetic moment of 5.05 µB/ f .u., and excellent transport properties [32, 144, 301].

However, the spin-polarization of 59% with Fermi level falling on the edge of the minority con-

duction band has been reported which makes the system shy from being half metallic [144, 302].

The quaternary Heulser alloy CoFeMnGa has been observed theoretically and experimentally to

be nearly half-metallic [136] with possibility to tune spin gapless semiconducting behavior with

chemical substitution , CoFeCrGa has been reported to be spin gapless semiconductor [92], while

CoFeVGa and CoFeTiGa are reported theoretically to be nearly half-metallic and semiconductor

respectively [142]. So, in ternary Heusler compound CFGa, it has been reported that the Fermi

level lies near the conduction band edge of minority spin channel in their reported spin-polarized

density of states (DOS) [144, 302]. If one of the Co atom in CFGa is replaced by another low

valence transition metal atoms like Ti, V, Cr, Mn, then the Fermi level in resulting quaternery

Heusler compounds has been reported to fall near the valence band edge in DOS with interest-

ing half-metallic and spin-gapless behavior [92, 136, 142]. So, as we go from ternary CFGa to

quaternary CoFeYGa (Y = Ti, V, Cr, Mn), Fermi level is observed to shift from lower edge of

conduction band to upper edge of valence band in minority spin channel which is in accordance

to the calculations by Galanakis et al. [128]. They have suggested that an expansion of the lattice

should shift the Fermi level deeper in energy and the contraction should shift it higher in energy.

If the Fermi energy is near one of the band edges, the energy gap may easily be smeared out at

finite temperatures or destroyed by quasiparticle excitation [107, 152]. Therefore, one can expect

robust half metallic and spin gapless behavior with Fermi level exactly at the middle of the band

gap for some intermediate Y content in Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, Co; 0  x  1) due

to the expansion of the lattice when Y atom with larger atomic radius substitutes for Co [153]. The

substitution of Y atom for Co may be also seen as d-electron deficiency.

In this work, we have introduced the substitution of all low valence transition metals atoms Y

= Ti, V, Cr, Mn, and Fe to Co atoms in the parent Co2FeGa system, and examined the structural,
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electronic, magnetic, electron transport and mechanical properties of quaternary Heusler com-

pounds Co2�xYxFeGa (x = 0.50), both experimentally and theoretically to get a global overview

of the structural, electronic, magnetic, electron transport and mechanical properties, promising

candidates for spintronics applications.

4.8.3 Experimental Methods

High purity (> 99.99 wt.%) raw materials of Ti, V, Cr, Mn, Fe, Co, and Ga in elemental form

were used for arc melting of bulk Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, or Co, x= 0.50) alloys in an

arc furnace on a Cu hearth provided with water cooling under argon atmosphere at a base pressure

of 10�4 mbar. Each alloy (5g) was melted and re-melted six times to ensure chemical homogeneity.

The weight loss in the alloy ingot was found to be less than 1% of the initial weight except for

Mn substituted alloy. An extra 5% of the initially calculated mass was added to compensate the

loss of volatile elements Mn. As an oxygen getter, Ti was melted inside the vacuum chamber

separately before melting the compound to avoid oxygen contamination. The resulting ingots

were cut into pieces and examined using an energy dispersive X-ray spectroscopy (EDS) detector

equipped in a JEOL 7000 field emission scanning electron microscope (FESEM) to ensure the

target composition after the arc melting. These as-cast alloys were heat-treated in evacuated quartz

tubes at 850 K for 7 days in a furnace followed by slow cooling to room temperature to get optimum

crystallization promoting the formation of L21 structure. The heat treatments were followed by

metallography (see details in [163, 164]) to produce a metallic shiny surface for microstructural

analysis by optical and electron microscopes. The composition and homogeneity of the specimens

were again confirmed by using EDS after metallography.

The X-ray powder diffraction patterns taken on a Bruker D8 Discover X-ray diffractometer

equipped with monochromatic Co-Ka (l = 0.179 nm) radiation were used to investigate the crys-

tal structure of the phases present at room temperature. The specimens were crushed by hand

using a mortar and the XRD measurements were carried out on crushed powder samples by ro-

tating around the f axis to minimize surface effects. CaRIne crystallography 4.0 software [78] as
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well as in-house PYTHON code [79] including the dispersive corrections to the atomic scattering

factors were used to simulate the XRD patterns to compare with the experimental XRD patterns.

Further, X-ray diffraction patterns were analyzed by Rietveld refinement technique to study the

crystal structure of constituent phases using a MATCH! software based on the FullProf algorithm

[80]. The low temperature magnetization curves were measured using a VSM option of Quantum

Design Physical Properties Measurement System (PPMS) at 5 K and 300 K in magnetic field vary-

ing from 0 to 9 T, while the high temperature magnetization was measured using LakeShore VSM

7407. Temperature dependent of dc electrical resistivity measurements were performed using van

der Pauw method [179] in PPMS. Al wire bonding was used to make the contacts. The Vickers

hardness values were measured by using Buehler model 1600-6100 micro-hardness tester.

4.8.4 Experimental results and Discussions

4.8.4.0.1 Microstructural and Compositional analysis

Figure 4.76: Optical micrograph of Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, or Co, x= 0.50) annealed
at 850�C for 7 days followed by slow cooling showing the granular microstructure. The insert in
optical image of Ti (last) shows the zoomed version. The samples were etched for 30 seconds
using the Adler etchant.

Fig. 4.76 and 4.77 respectively show the optical and electron micrographs of single phase

specimens from Co2�xYxFeGa (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) alloy series, all annealed
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at 850�C for 7 days. 50% Y content (Co, Fe, Mn, Cr, V, or Ti) substitution for Co in CFGa is

observed to get single phase microstructures. We also observed the decrease of grain size in the

alloys series with the substitution of less valence Y content. The composition within the grains

of all the single-phase specimens is confirmed as the target composition within an instrumental

uncertainty of ⇠ 5% using EDS as shown in Table 4.26.

Table 4.26: Average composition of Co2�xYxFeGa (Y = Co, Fe, Mn, Cr, V, or Ti, x= 0.50) alloy series as determined
from EDS analysis (annealed at 850�C for 7 days followed by normal cooling in the furnace).

Y content Main phase Composition in grain boundary Target

Co Co1.991Fe1.015Ga0.994 Co2.012Fe0.982Ga1.006 Co2FeGa
Fe Co1.493Fe1.510Ga0.997 Co1.511Fe1.485Ga1.004 Co1.500Fe1.500Ga
Mn Co1.495Mn0.510Fe1.010Ga0.985 Co1.503Mn0.511Fe0.994Ga0.992 Co1.500Mn0.500FeGa
Cr Co1.496Cr0.507Fe1.003Ga0.994 Co1.507Cr0.491Fe0.988Ga1.014 Co1.500Cr0.500FeGa
V Co1.491V0.507Fe1.011Ga0.991 Co1.497V0.492Fe0.990Ga1.021 Co1.500V0.500FeGa
Ti Co1.493Ti0.507Fe1.010Ga0.990 Co1.505Ti0.492Fe0.993Ga1.010 Co1.500Ti0.500FeGa

Figure 4.77: SEM micrograph of Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, or Co, x = 0.50) annealed
at 850�C for 7 days followed by slow cooling showing the granular microstructure. The insert in
SEM image of Ti (last) shows the zoomed version.

4.8.4.0.2 Crystal structure and atomic order analysis

Fig. 4.78(a) shows the powder XRD patterns for Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, or

Co, x = 0.50) alloy series annealed at 850�C for 7 days, measured at room temperature, using a

Co-Ka radiation source. All the diffraction features can be indexed to the L21 structure (first from
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(a) (b)

Figure 4.78: (a) Experimental XRD patterns of Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, or Co,
x = 0.50) alloy series annealed at 850�C for 7 days investigated at room temperature. The first
from the bottom is the simulated XRD pattern for ordered L21 structure of CFGa. The relative
Intensity (y-axis) is plotted in log scale so that all the peaks can be seen clearly. (b) Variation of
lattice parameter with Y element showing linear behavior.

the bottom) where only three distinct Heusler-like reflection peaks (h, k, l all odd or even) are

observed; fundamental peaks with h+ k+ l = 4n, even superlattice peaks with h+ k+ l = 4n+2

and odd superlattice peaks with h+ k+ l = 2n+ 1. The analysis of the relative intensities of the

superstructure reflection peaks (111) and (200) can be used to get important structural information

concerning atomic disorder. In CFGa, the ordering of the Fe and Ga sublattices is characterized by

the presence of the (111) superlattice diffraction peak and ordering of the Co sublattice is indicated

by the presence of the (200) superlattice diffraction peak.

In full Heusler alloys (FHA) of the type X2YZ with ordered L21 structure, the most elec-

tronegative main group element Z occupies 4a(0,0,0), the low valence transition metal atom Y

with least electronegativity occupies 4b(1
2 ,1

2 ,1
2), and the transition metal atoms X with intermediate

194



(a) (b)

Figure 4.79: Crystal structure in unit cell of (a) CFGa, and (b) Co1.50Y0.50FeGa assuming L21
structure. The structures are shown in their ideal, unrelaxed forms.

electronegativity values occupy 8c(1
4 ,1

4 ,1
4) (or 4c(1

4 ,1
4 ,1

4), and 4d(3
4 ,3

4 ,3
4)) Wyckoff positions of the

space group Fm3̄m [1, 61]. Hereafter, we refer octahedral sites 4a and 4b as A sublattice and tetra-

hedral sites 4c and 4d as B sublattice as shown in Fig. 4.79. The intensities of superlattice peaks

are very sensitive to any kind of atomic disorders. When the Y and Z atoms in A sublattice occupy

their sites absolutely at random, this leads to B2-type disorder with only the (200) superstructure

peak and vanishing (111) peak [18]. Similarly, if the X atoms occupying one of the fcc sublattices

are mixed with the Y atoms, and the X atoms on the second sublattice are mixed with the Z atoms,

this leads to B32a type disordered structure resulting (111) superstructure peak with much higher

intensity than the (200) peak

Both (111) and (200) superlattice diffraction peaks are clearly visible as expected for the defect-

free ordered Heusler structure in Fe, Mn, and Cr substituted alloys. However, the absence (or

weak) of (200) peak in the pattern of V, and Ti substituted alloys suggests that the specimens

contain strong B32a-type disorder. Further detail about possible chemical orderings in the crystal

structure for this type of substitution is described in our previous publications [105, 154, 155].

Here also, we have considered that the Ga atoms occupy the 4a position, a statistical distribution

of the Fe and the Y atom which substitute Co atoms in the chemical formula is expected at 4b, the
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Fe atoms initially at these site in the perfect L21 structure migrate to the tetrahedral sublattice B

initially occupied purely by Co, i.e., Co and Fe are on the tetrahedral sublattice B (4c & 4d) and

Fe, Y, and Ga on the octahedral sublattice A (4a & 4b).

Cohen’s method with a Nelson-Riley extrapolation [171] was used to extract the lattice param-

eters. Fig. 4.78(b) displays the linear dependence of the lattice parameter a with the atomic number

of Y element in Co2�xYxFeGa (x = 0.50), as expected from Vegard’s law [205] due to the fact that

Ti > V > Cr > Mn > Fe > Co [153].

4.8.4.0.3 Magnetic Characterization

(a) (b)

Figure 4.80: (a) The field-dependent magnetization at 5 K of Co2�xYxFeGa (Y = Ti, V, Cr, Mn,
Fe, or Co, x = 0.50). (b) The saturation magnetic moment versus number of valence electrons in
the alloy series, both experimental and expected from Slater Pauling rule for half metals.

The saturation magnetization of the half-metallic Heusler alloys when crystallized in a fully

ordered L21 structure are reported to follow a Slater-Pauling rule [206]. The Slater-Pauling (SP)

rule relates the dependence of the magnetic moment with the valence electron concentration as

[1, 7];

Mt = [1.50ZCo +0.50ZY +ZFe +ZGa]�24 (4.25)

where, Mt is the total spin magnetic moment per f.u. in µB and Zi is the number of valence electrons

of each individual atom. In Co2�xYxFeGa (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) system, the total
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number of valence electrons change from 29 in CFGa to 26.5 in Co1.50Ti0.50FeGa. Therefore, the

SP behavior predicts that the saturation magnetic moment should decrease with the substitution of

Y element for Co. A saturation magnetic moment of

M(Y ) = 5�0.50⇥ (ZCo �ZY) (4.26)

is expected for Co1.50Y0.50FeGa.

Fig. 4.80(a) shows the magnetization curves for all single-phase alloys measured at 5 K using

the VSM option of a Quantum design PPMS Dynacool working in the temperature range of T =

1.8 K to 400 K and with maximum possible magnetic field of 9 T. The M versus H curves shown in

Fig. 4.80(a) are characteristic for ferromagnets. All the alloys are saturated in quite a low magnetic

field of about 1000 Oe, indicating a low magneto-crystalline anisotropy. The spontaneous magnetic

moments (Ms) at 5 K obtained by linear extrapolation to H/M=0 of M2 versus H/M curve [207] are

observed in good agreement with those expected from Slater-Pauling rule of thumb for half metals

(see red data points) and decrease almost linearly with the substitution of low valence Y content

(see Fig. 4.80(b)). The decrease of the total saturation magnetic moment with the substitution

of low valence Y content can only be attributed to the decrease in number of Co atoms. The

slight deviation from integer value of magnetic moment could be due to the slight variation in the

stoichiometry of the compounds, weighing and measurement errors, partial surface oxidation, and

the measurement temperature of 5 K.

The experimentally extracted values of lattice parameters, saturation magnetic moments at 5 K

along with the Slater-Pauling (S-P) values, and the measured hardness values of all single phase

specimens in Co2�xYxFeGa (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) alloy series are summarized

in Table 4.27.

4.8.4.0.4 Electrical resistivity

Resistivity r of the alloys was measured using the van der Pauw method [179] in a PPMS

Dynacool for samples with approximate dimensions 4 x 4 x 2 mm3. The specific temperature
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h

Table 4.27: Experimental lattice parameters and saturation magnetic moments at T = 5 K along with the Slater-
Pauling (S-P) values, and the Vickers Hardness values of Co2�xYxFeGa (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) alloy
series. The numbers in parentheses are the uncertainty in the last digit, e.g., 5.06(4) = 5.06±0.04.

Y Expt. lattice Expt. Ms S-P Hardness
element parameter (Å) (µB/f.u.) (µB/f.u.) (GPa)

Co a = 5.748(1) 5.06(4) 5.00 2.85(4)
Fe a = 5.754(2) 4.54(3) 4.5 3.25(4)
Mn a = 5.765(2) 3.99(3) 4.00 3.52(3)
Cr a = 5.769(2) 3.49(2) 3.50 3.78(8)
V a = 5.775(2) 3.00(2) 3.00 3.98(9)
Ti a = 5.785(1) 2.54(3) 2.50 4.46(83)

dependencies of electrical resistivity for Co2�xYxFeGa (Y= Co, Mn, Cr, or V, x = 0.50) with zero

applied field are shown in Fig. 4.81 (a). In zero field, the resistivity is observed to show a clear

metallic temperature dependence with a monotonic increase with increasing temperature for Co,

Cr, and V doped alloys. But, Mn doped Co1.50Mn0.50FeGa alloy shows semiconducting behavior

with a negative temperature coefficient (dr/dT < 0). The electrical resistivity decreases almost

linearly with increasing temperature, which clearly indicates a semiconducting behaviour. The

temperature coefficient of resistivity (TCR) is extracted to be -8.0 x 10�10 W m/K which is much

smaller than that of classical semiconductor Si e.g. TCR = -8.0 x 10�2 W m/K. The extracted TCR

value is also comparable with the values -7.0 x 10�10 W m/K, -1.4 x 10�9 W m/K, and -5.0 x 10�9

W m/K reported for spin gapless semiconductors (SGS) CoFeMnSi, Mn2CoAl and CoFeCrAl,

respectively which are also known to exhibit linear resistivity behaviour [53, 303, 304]. The value

of conductivity is found to be 3058 S/cm at 300 K, which is slightly higher than the value 2440

S/cm obtained for SGS Heusler alloys Mn2CoAl [53] and comparable to the value 3233 S/cm

reported for SGS CoFeCrGa [92].

We also synthesized Co2�xMnxFeGa (0  x  1) alloy series to understand the transport be-

havior more. Fig. 4.81 (b) shows the specific temperature dependencies of electrical resistivity for

Co2�xMnxFeGa (0 x 1) alloy series with zero applied field. All alloys except Co1.50Mn0.50FeGa

show metallic behavior in the resistivity measurements. So far, the electronic transport properties

strongly support the view that Co1.50Mn0.50FeGa is a spin gapless semiconductor.
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(a) (b)

Figure 4.81: Variation of electrical resistivity with temperature in zero field for (a) Co2�xYxFeGa
(Y= Co, Mn, Cr, or V, x = 0.50), and (b) Co2�xMnxFeGa (0  x  1). The values are normalized
with the value at 400 K. The inset in FIG 4.81 (a) shows the temperature dependence of resistivity
for Co1.50Mn0.50FeGa.

4.8.4.0.5 Vickers micro hardness

Figure 4.82: Vickers hardness versus Y atom in Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, or Co,
x = 0.50), all annealed at 850�C for 7 days.

Mechanical robustness of materials is one of the key factor to undergo repetitive thermal cy-

cling and resist cracking from vibrations in industrial applications. Here, the Vickers indentation

test is utilized to characterize the hardness of the materials as these experiments are simple to

perform, need a small quantity of material, are generally non-destructive. Fig. 4.82 shows the vari-
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ation of Vickers micro hardness of the alloy series with substituted Y element measured at room

temperature with corresponding values in Table 4.27. Hardness values reported are the averages of

data taken from at least 12 different regions of each sample with 0.2 kg load and 10 s loading time.

The Vickers hardness is calculated from

HV = 1.8544F/D2[kg/mm2] (4.27)

where, D is the diagonal length of the impression of the diamond probe. The alloys from the series

are relatively soft when compared to the values reported for Heuslers in the literature [105, 154–

156, 158, 163, 164, 209, 210]. The hardness is observed to increase with the decrease of atomic

number of substituted Y element.

4.8.5 Conclusion

In conclusion, we performed a detailed experimental study on the structural, magnetic, electron

transport, and mechanical properties of Co2�xYxFeGa (Y = Ti, V, Cr, Mn, Fe, or Co, x = 0.50)

Heusler alloys. The alloys are found to crystallize in the face-centered cubic structure with some

B32a-type disorder in V, and Ti substituted alloys. The saturation magnetization is found to be in

fair agreement with the value expected from Slater-Pauling rule of thumb for half-metals, which is

a prerequisite for spintronic materials. Resistivity measurements confirm the metallic behavior ex-

cept for Co1.50Mn0.50FeGa alloy. Co1.50Mn0.50FeGa is observed to show semiconducting behavior.

The absence of exponential dependence of resistivity on temperature indicates the semiconduct-

ing nature, but with spin gapless behavior. So far, the electronic transport properties, together

with the predicted and measured magnetic moment of ⇠ 4 µB/f.u. strongly support the view that

Co1.50Mn0.50FeGa is a spin gapless semiconductor. Ab initio calculations are currently underway

to understand the experimental findings.
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CHAPTER 5

SUMMARY

5.1 Conclusions

In this dissertation, at first we have utilized the Heusler database and literature survey to screen

potential Heusler compounds for their use in spintronics device applications and introduced a new

approach of novel material design. Our research focused mainly on finding new candidates for

stable half-metallic Heusler compounds from experimental and theoretical aspects. Our new ap-

proach of designing novel Heuselr compounds by substituting low valence transition metal atoms

Sc, Ti, V, Cr, Mn, or Fe on X site of full Heulser alloys (X2YZ) is observed to exhibit excep-

tional tunability in the electronic and magnetic properties compared to other existing substitutional

schemes.

For our study, we focused mainly on Co- and Fe-based Hesuler compounds because most of

them are predicted to show robust half-metallicity at room temperature due to their observed high

Curie temperature and large interinsic magnetic moments. Our work utilizes the substitution of

low valence transition metal atoms Y = Sc, Ti, V, Cr, Mn, or Fe for Co in series of ternary Heusler

alloys Co2�xYxFeZ (Z = Ge, Si, Ga, Al, 0  x  1) to understand the substitutional effect on struc-

tural, electronic, magnetic, electron transport and mechanical properties, both experimentally and

theoretically. The low valence transition metal atoms substitution for Co is observed to bring the

Fermi level toward the center of energy gap in minority spin channel and increase the majority

spin density of states near the Fermi level, responsible for achieving 100% spin polarization. The

low valence transition metal atoms (bigger atomic size) substitution for Co can also be taken as

electron deficiency and increase of unit cell. To investigate these new materials experimentally,
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we synthesized them in the polycrystalline bulk form. A comprehensive discussion of our exper-

imental and analytical approach to synthesize and characterize these new materials can be found

in Chapter 2 and theoretical methods in Chapter 3 of this dissertation. The unique part of our

work is metallography followed by detailed microstructural (optical and electron) analysis, which

is missing in most of the literature. The fact that XRD can not detect the impurity phase contents

either below the detection limit of XRD (less than roughly 5% of the overall volume) or amor-

phous in nature, in such case the microstructural analysis is the most direct way to characterize the

stability of the alloys. Another unique part in our theoretical calculations is the use of the Monte

Carlo Special Quasirandom Structure (MCSQS) method to accurately construct the cubic supercell

structures consisting of 16 atoms which can handle double-site substitutions as expected for our

substitutional series taking care of nearest neighbor interaction. Our experimental and theoretical

findings for investigated systems are reported in Chapter 4 in published paper format.

Our investigations of Co2�xYxFeGe (Y = V, or Cr, 0  x  1) system revealed that Cr and V

substitutions for Co stabilized the disordered Co2FeGe system with tunable electronic and mag-

netic properties. Our magnetic and electron transport measurements along with DFT calculations

showed that Cr and V are ideal dopant for achieving robust half-metallic behavior in Co2FeGe.

These results inspired us to investigate another Heusler system Co2�xYxFeSi (Y = Sc, Ti, V, Cr,

Mn, or Fe, 0  x  1), because the parent compound Co2FeSi is known to have highest Curie

temperature of 1100 K and magnetic moment of 6 µB. The system is reported to be half-metallic

only after including effective coulomb exchange interaction (DFT+U approach). Our experimental

investigation revealed that all the alloys from the series showed promising half-metallic behavior

with very high Curie temperatures, except Sc substituted alloys. But, only Mn and Cr substi-

tuted alloys appeared to show half-metallic behavior in DFT calculations while half-metallicity is

predicted in all the alloys after introducing Hubbard U correction to DFT and the results are con-

sistent with experiment. This confirmed that Co2�xYxFeSi is strongly correlated system. Further,

our investigations for finding half-metallic Heuslers led us to synthesize Co2`xYxFeGa/Al (Y = Ti,

V, Cr, Mn, or Fe, x = 0.50) compounds. So far, the magnetic and electronic transport properties
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strongly support the view that Co1.50Mn0.50FeGa is a spin gapless semiconductor and ab initio

calculations are currently underway to understand the experimental findings. Our search for the

half-metallic Heuslers also led us to the discovery of a new phase of materials Fe3�xYxGe (Y =

V, or Cr, 0  x  1) with the hexagonal crystal structure which makes them potential in perpen-

dicular media and CPP-GMR because these materials possess high magnetic moment and high

magneto-crystalline anisotropy.

The half-metallicity and spin-gapless semiconductiong behavior, with a confirmation from both

theory and experiment, make the investigated alloys promising material for spintronics application.

However, experimental study of other properties such as current spin polarization is needed to

confirm the above observations.

5.2 Outlook

The half-metallicity and spin-gapless semiconductiong behavior, with a confirmation from both

theory and experiment, make the investigated alloys promising materials for spintronics applica-

tion. However, experimental study of other properties such as current spin polarization using Point

Contact Andreev Reflection (PCAR) is needed to confirm the above observations. One can study

the magnetoresistance in the materials to gain more insights. The greatest challenge to our substi-

tutional series is to identify the exact chemical ordering in the crystal structure. The fact that the

Heusler systems that we investigated Co2�xYxFeZ (Y = Sc, Ti, V, Cr, Mn, Fe or Co, Z = Ge, Si,

Ga, or Al, 0  x  1) contain constituent 3d-metals with very small differences in the atomic scat-

tering factors, X-ray powder diffraction technique might not be a sufficient method to identify the

exact chemical ordering as discussed in our work. The unknown degree of texturing in the spec-

imens might alter the relative intensity of XRD peaks. One can use methods such as Mössbauer

spectroscopy to locate the position of Fe atoms and Fe vacancies because Fe is expected to occupy

two different crystal cites as an indirect substitution scheme in our study. More theoretical and

experimental investigations are necessary to understand the spin-gapless semiconducting behavior

in Co1.50Mn0.50FeGa alloy.
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Our work covered the theoretical calculations and experimental investigations of bulk proper-

ties revealing some applicable potentiality of series of Heusler alloys. In order to gain more insights

on the properties and implement these materials into the spintronics devices, it is then apparent to

fabricate them in thin films form. Gilbert damping parameters, and magnetic anisotropies can

be experimentally studied using ferromagnetic resonance (FMR). Nevertheless, we have already

started to fabricate Co1.50Cr0.50FeGe and Co1.50Cr0.50FeAl Heusler alloys in thin film form using

magnetron sputtering technique. From our initial investigation, alloys are observed to have very

low damping constants (⇠ 10�3) as expected for half-metallic systems.
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APPENDIX A

SUPPLEMENTARY MATERIALS

A.1 Supplementary Information: Possible half-metallic behavior of Co2�xCrxFeGe Heusler al-
loys: Theory and Experiment

A.1.1 Experimental details

A.1.1.1 Synthesis and Thermal treatments

Co2�xCrxFeGe bulk samples were prepared, each with a mass of ⇠ 5g, by repeated arc melting
of stoichiometric amounts of pure Co (99.98%, Alfa Aesar), Fe (99.98%, Alfa Aesar), Cr (99.7%,
Alfa Aesar), and Ge (99.999%, Alfa Aesar) under an ultrahigh purity Argon (99.999%) at pressure
of 10�4 mbar using an Edmund Buehler compact arc melter MAM-1. The mixture of constituent
elements Co, Cr, Fe and Ge in a ratios 2� x : x : 1 : 1 was melted at least 6 times, turning the
specimen over before each melting cycle, to ensure sufficient homogeneity. The as-cast cut pieces
were examined repeatedly using scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDS) analysis in a JEOL 7000 Field Emission Scanning Electron Microscope
(FESEM) to confirm homogeneity and correct composition. After confirming the anticipated tar-
get composition, the resulting polycrystalline ingots were annealed in evacuated quartz tubes at
different temperatures; 900�C and 1000�C for different dwell times 3, 7, or 15 days, and at the end
of each annealing cycle, the samples were cooled slowly in the furnace to get optimum crystalliza-
tion and granular structures. To make the comparison uniform across all compositions, only the
samples annealed under similar heat treatment e.g., 1000�C for 15 days are chosen for this work.

A.1.1.2 Metallography

A hot mounting technique was used to mount the annealed samples in conductive graphite pow-
der prior to metallography to observe the surface morphology on a microscopic level. The graphite
powder avoids charge accumulation by providing conductive path during SEM/EDS analysis. The
metallography begins with grinding using silicon carbide abrasive discs (120 through 1200 grit
size) followed by diamond suspension polishing. Colloidal silica suspension of grit size 0.02 µm
was used at last for the finest polishing. After obtaining a smooth and reflective surface, the sam-
ples were etched with Adler etchant (9g of CuNH3Cl, 45g of hydrated FeCl2, 150mL of HCl and
75mL of DI Water). The purpose of etching is that etchant attacks different phases present in the
samples at different rates, and provides high quality surface contrast for microstructure characteri-
zation.
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A.1.2 Experimental Results

A.1.2.1 Microstructural and Compositional analysis

Figure A.1: Optical and electron micrographs of Co2�xCrxFeGe series for multiphase samples
x = 0 and x = 0.125 respectively, heat treated at 1000�C for 15 days followed by normal cooling
in the furnace.

Figure A.2: SEM images and elemental mapping images of constituent elements in Co2�xCrxFeGe
series

Starting of the full stoichiometric Co2FeGe, substitution was made with x in steps of 0.25. Out
of all, stable single phase is observed for Cr in the range (0.25  x  1). The sample x = 0.125 was
also prepared to check the stability at even lower Cr concentration but multiphase behavior was
observed. Microstructure of all single phase specimens are already presented in main manuscript,
Fig. A.1 above shows the optical and SEM micrographs for multi-phase specimens.

To examine the approximate composition of grain boundaries and separated phases, compo-
sition analyses were performed. Fig. A.2 displays SEM images, and elemental mapping images
of constituent elements in homogenized Co2�xCrxFeGe alloys. It is obvious from Fig. A.2 that
the separated phase with Fe deficiency is mainly located in grain boundaries in parent Co2FeGe.
After Cr substitution x = 0.125 in place of Co, the major granular phase was identified to be close
to target and nominal secondary phase was observed to segregate in grain boundaries. On further
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Table A.1: Average composition of Co2�xCrxFeGe (0  x  1) alloy series as determined from EDS analysis
(annealed at 1000�C for 15 days followed by normal cooling in the furnace).

Main phase Secondary phase Composition in grain boundary Target

x = 0† Co1.961Fe1.063Ge0.976 Co2.170Fe0.503Ge1.327 Co2.170Fe0.503Ge1.327 Co2FeGe
x = 0.125† Co1.831Cr0.139Fe1.009Ge1.021 Co2.055Cr0.061Fe0.527Ge1.357 Co2.055Cr0.061Fe0.527Ge1.357 Co1.875Cr0.125FeGe
x = 0.25 Co1.747Cr0.257Fe1.002Ge0.999 - Co1.757Cr0.261Fe0.928Ge1.054 Co1.75Cr0.25FeGe
x = 0.50 Co1.496Cr0.507Fe1.003Ge0.994 - Co1.518Cr0.493Fe0.975Ge1.014 Co1.500Cr0.500FeGe
x = 0.75 Co1.249Cr0.753Fe0.995Ge1.003 - Co1.263Cr0.742Fe0.987Ge1.108 Co1.250Cr0.750FeGe
x = 1 Co1.007Cr0.994Fe1.002Ge0.997 - Co0.998Cr1.002Fe0.992Ge1.008 CoCrFeGe

† Multiphase specimen

substitution for Co by Cr in the range (0.25  x  1), stable phases were obtained. Relatively very
large grains are observed. The composition of all the specimens in the series was analysed using
EDS and the average composition of all specimens studied are presented in Table A.1.

A.1.2.2 Crystal structure

The Crystal structures in unit cells of a Heusler alloy Co2�xCrxFeGe as described in main
manuscript are provided in Fig. A.3. Fig. A.4(a) shows the variation of lattice parameter, both
experimental and theoretical, with Cr concentration. The calculated lattice parameters are in good
agreement with values extracted from experiment (within ⇠ 0.1%). Due to the fact that these
experiments were done at a finite temperature, the experimental lattice parameters are slightly
higher than those calculated from DFT (at 0 K) due to the thermal expansion coefficient of the
material. One might also need a longer annealing time to reach the true ground state.

(a) (b) (c) (d)

Figure A.3: Crystal structure in unit cells of a Heusler alloy Co2�xCrxFeGe (a) x = 0.50 (II config-
uration), (b) x = 0.50 (III configuration), (c) x = 0.50 (IV configuration), and (d) CFCG (Y). The
structures are shown in their ideal, unrelaxed forms.

A.1.2.3 Magnetic Characterization

Fig. A.4(b) shows the isothermal magnetization curves for all single-phase alloys measured at
room temperature (300 K). All the single phase alloys are observed to be ferromagnets at room tem-
perature as well with slightly small saturation magnetization values than those observed at 1.8 K.
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Table A.2: The calculated total (and normalized per formula unit indicated in the parenthesis) and atomic spin-
magnetic moments of the 16 atoms supercell of theoretically predicted most stable configurations in Co2�xCrxFeGe
alloy series.

sites Atoms M Atoms M Atoms M Atoms M Atoms M
(x = 0) (µB) (x = 0.25) (µB) (x = 0.50) (µB) (x = 0.75) (µB) (x = 1) (µB)

4d Co 1.421 Co 1.154 Fe 1.308 Fe 0.604 Co 0.998
Co 1.421 Co 1.193 Co 0.975 Co 0.937 Co 0.998
Co 1.421 Co 1.193 Co 1.027 Co 0.965 Co 0.998
Co 1.421 Co 1.193 Co 1.027 Co 0.965 Co 0.998

4c Co 1.421 Fe 1.732 Fe 1.308 Fe 0.532 Fe 0.225
Co 1.421 Co 1.222 Co 0.975 Fe 0.858 Fe 0.225
Co 1.421 Co 1.222 Co 1.027 Co 0.920 Fe 0.225
Co 1.421 Co 1.222 Co 1.027 Co 0.920 Fe 0.225

4b Fe 2.893 Fe 2.860 Fe 2.795 Fe 2.807 Cr 1.821
Fe 2.893 Fe 2.860 Fe 2.795 Cr 1.873 Cr 1.821
Fe 2.893 Fe 2.861 Cr 1.964 Cr 1.904 Cr 1.821
Fe 2.893 Cr 2.396 Cr 1.964 Cr 1.904 Cr 1.821

4a Ge -0.001 Ge 0.004 Ge -0.034 Ge -0.065 Ge -0.046
Ge -0.001 Ge -0.047 Ge -0.034 Ge -0.043 Ge -0.046
Ge -0.001 Ge -0.047 Ge -0.063 Ge -0.043 Ge -0.046
Ge -0.001 Ge -0.047 Ge -0.063 Ge -0.043 Ge -0.046

Total 22.936 20.972 17.997 14.998 11.992
(5.734) (5.243) (4.499) (3.750) (2.998)

The extracted saturation magnetic moments at room temperature are 5.54 µB/f.u., 5.18 µB/f.u.,
4.45 µB/f.u., 3.69 µB/f.u., and 2.89 µB/f.u., respectively for x = 0, 0.25, 0.50, 0.75, and 1.

(a) (b)

Figure A.4: (a) The variation of lattice parameter, both experimental and theoretical, with Cr
concentration; (b) The isothermal M-H curves measured at room temperature. The behavior is
similar to that observed in low temperature case.

A.1.3 Theoretical Results

The atomic spin magnetic moments of theoretically predicted most stable configurations (see
main manuscript) in Co2�xCrxFeGe alloy series are given in Table A.2;
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A.2 Supplementary Information: Experimental and theoretical study on the possible half-metallic
behavior of Co2�xVxFeGe Heusler alloys

A.2.1 Experimental Results

A.2.1.1 Microstructural and Compositional analysis

Starting of the full stoichiometric Co2FeGe, substitution was made with x in steps of 0.125.
Out of all, stable single phase is observed for V in the range (0.25  x  0.625). Microstructure of
all single phase specimens are already presented in main manuscript, Fig. A.5 and Fig. A.6 here
show the micrographs for multi-phase specimens.

Figure A.5: Optical micrograph of Co2�xVxFeGe (0  x  1) heat treated at 950�C for 7 days
followed by normal cooling in the furnace. The samples were etched for 5 seconds using the Adler
etchant.

Figure A.6: SEM micrograph of Co2�xVxFeGe (0  x  1) heat treated at 950�C for 7 days fol-
lowed by ice/water mixture quenching. The samples were etched for 5 seconds using the Adler
etchant.

As depicted in micrographs, the secondary phase is mainly located in grain boundaries in parent
Co2FeGe, and same trend is observed with the vanadium substitution x = 0.125 in place of Co,
though the major granular phase was identified to be close to target and nominal secondary phase
was observed to segregate in grain boundaries. On further substitution for Co by V in the range
(0.25  x  0.625), most stable phases were obtained. Upon reaching x = 0.75, still the specimen
was observed to be granular but more dendritic features with composition deviated from target
composition result impurity peaks in XRD as a signature of secondary phase. Therefore, x = 0.625
is taken as an upper limit of V concentration for this alloy system to get a single phase specimen.
The evolution of the grain size can be observed in the micrographs. Relatively very large grains
are observed. The composition of all the specimens in the series was analyzed using EDS and the
average composition of all specimens studied are presented in Table A.3.

The Crystal structures in unit cells of a Heusler alloy Co2�xVxFeGe as described in main
manuscript are provided in Fig. A.7.
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Table A.3: Average composition of Co2�xVxFeGe (0  x  1) alloy series as determined from EDS analysis
(annealed at 950�C for 7 days followed by normal cooling in the furnace).

Main phase Secondary phase Composition in grain boundary Target

x = 0† Co1.961Fe1.063Ge0.976 Co2.170Fe0.503Ge1.327 Co2.170Fe0.503Ge1.327 Co2FeGe
x = 0.125† Co1.835V0.143Fe1.015Ge1.007 Co2.070V0.053Fe0.615Ge1.262 Co2.070V0.053Fe0.615Ge1.262 Co1.875V0.125FeGe
x = 0.250 Co1.754V0.256Fe0.996Ge0.994 - Co1.767V0.291Fe0.793Ge1.149 Co1.75V0.25FeGe
x = 0.375 Co1.623V0.379Fe0.991Ge1.007 - Co1.632V0.381Fe0.944Ge1.043 Co1.625V0.375FeGe
x = 0.500 Co1.497V0.508Fe1.001Ge0.994 - Co1.514V0.515Fe0.953Ge1.018 Co1.500V0.500FeGe
x = 0.625 Co1.373V0.627Fe0.992Ge1.008 - Co1.384V0.633Fe0.951Ge1.032 Co1.375V0.625FeGe
x = 0.750† Co1.262V0.735Fe1.035Ge0.968 Co1.223V0.786Fe0.884Ge1.107 - Co1.250v0.750FeGe
x = 1 † Co1.064V0.953Fe1.047Ge0.936 Co0.731V1.400Fe0.752Ge1.117 - CoVFeGe

† Multiphase specimen

(a) (b) (c) (d)

Figure A.7: Crystal structure in unit cells of a Heusler alloy Co2�xCrxFeGe (a) CFVG (Y), (b)
x = 0.50 (II configuration), (c) x = 0.50 (III configuration), and (d) x = 0.50 (IV configuration)

A.2.1.2 Electrical resistivity

Fig. A.8 shows the plot of a nonlinear least-squares fit with insets showing low temperature
resistivity data fitting

A.2.2 Theoretical Results

Table A.4 shows the extracted (experimentally) and calculated (using PBE and PBE-D2 ) lat-
tice parameters. The DOS and PDOS and magnetic moments of the MCSQS structure for x= 0.25,
0.375, 0.50 and 0.625 in the Co2�xVxFeGe series, calculated using the PBE functional are shown
in Fig. A.9. The calculated magnetic moments using PBE functional are less than those expected
from Slater-Pauling rule and experimental values which requires the necessity of the hybrid func-
tional HSE06 as discussed in main manuscript. Fig. A.10 shows the DOS and PDOS and magnetic
moments of the Co2FeGe structure calculated with PBE and HSE06. Table A.5 shows the calcu-
lated (with HSE06) total (and normalized per formula unit indicated in the parenthesis) and atomic
spin-magnetic moments of the 16 atoms supercell of MCSQS structures of x = 0, 0.25, and 0.50
in Co2�xCrxGexGe alloy series. The alloys x = 0.375 and x = 0.625 contain 128 atoms in the
supercell, so their atomic spin-magnetic moments are not shown here.
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(a) (b) (c)

Figure A.8: Temperature dependence of electrical resistivity in Co2�xVxFeGe in zero magnetic
field for x = 0.25, x = 0.50, and x = 0.625. The fit is using Eqs. ??-??.

Table A.4: Experimental and theoretical lattice parameters calculated with PBE and PBE-D2 (vdW correction) of
the Co2�xVxFeGe alloy series. The numbers in parentheses are the uncertainty in the last digit.

x Expt. PBE PBE-D2
a (Å) a (Å) a (Å)

0 5.751(3) 5.735 5.667
0.25 5.760(1) 5.741 5.678
0.375 5.765(1) 5.742 5.680
0.50 5.769(1) 5.742 5.682
0.625 5.773(1) 5.743 5.684

Table A.5: The calculated total (and normalized per formula unit indicated in the parenthesis) and atomic spin-
magnetic moments of the 16 atoms supercell of MCSQS structures of x = 0, 0.25, and 0.50 in Co2�xCrxGexGe alloy
series.

Concentration Concentration Concentration
x = 0 x = 0.25 x = 0.50

Atom Magnetic Moment Atom Magnetic Moment Atom Magnetic Moment
Co 1.238 Fe 3.577 V -0.255
Co 1.235 Fe 3.546 V -0.255
Co 1.236 Fe 3.559 Fe 3.583
Co 1.237 Fe 1.649 Fe 3.584
Co 1.237 V 0.175 Fe 1.571
Co 1.24 Co 1.194 Fe 1.571
Co 1.239 Co 1.201 Co 1.154
Co 1.237 Co 1.186 Co 1.154
Fe 3.683 Co 1.145 Co 1.061
Fe 3.677 Co 1.127 Co 1.061
Fe 3.677 Co 1.083 Co 1.019
Fe 3.682 Co 1.127 Co 1.019
Ge -0.055 Ge -0.055 Ge -0.007
Ge -0.043 Ge -0.046 Ge -0.038
Ge -0.054 Ge -0.097 Ge -0.038
Ge -0.042 Ge -0.076 Ge -0.007
Total 24.424 (6.106) Total 20.296 (5.074) Total 16.177 (4.044)
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Figure A.9: The DOS and PDOS and magnetic moments of the MCSQS structure for x = 0.25,
0.375, 0.50 and 0.625 for the Co2�xVxFeGe series. The black arrows depict the spin up and spin
down contributions and the red dotted line represents the Fermi level. All results depicted involving
electronic and magnetic properties are carried out using the PBE functional.
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Figure A.10: The DOS and PDOS and magnetic moments of for the Co2FeGe structure calculated
with PBE and HSE06. The PBE optimized structure and lattice constant are included in the inset.
The black arrows depict the spin up and spin down contributions and the red dotted line represents
the Fermi level.
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A.3 Supplementary Information: Structural, electronic, magnetic, transport and mechanical prop-
erties of the half-metal-type quaternary Heusler alloy Co2Fe1�xVxGe

A.3.1 Synthesis and Thermal treatment

We have synthesized polycrystalline Co2Fe1�xVxGe alloy series in bulk form, each with a mass
of ⇠ 5g, by repeated arc-melting of pure Co (99.98%, Alfa Aesar), Fe (99.98%, Alfa Aesar), V
(99.7%, Alfa Aesar), and Ge (99.999%, Alfa Aesar) under an ultrahigh purity Argon (99.999%)
pressure of 0.02Pa using an Edmund Buehler compact arc melter MAM-1. The mixture of con-
stituent elements Co, Fe, V and Ge in a ratios 2 : 1� x : x : 1 was melted at least 6 times, turning
the specimen over before each melting cycle, in order to improve homogeneity of the samples.
The as-cast cut pieces were examined repeatedly using scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) analysis in a JEOL 7000 Field Emission Scanning
Electron Microscope (FESEM) to confirm homogeneity and correct composition. After confirm-
ing the anticipated target composition, as-cast samples were sealed in quartz tubes under vacuum
for thermal treatments. The samples were annealed in a furnace at different temperatures; 900�C,
950�C, and 1000�C for different dwell times (5 days to 15 days), and at the end of each anneal-
ing cycle, the samples were cooled slowly in the furnace as well as quenched in ice-water to get
optimum crystallization and granular structures.

A.3.2 Experimental Results

As mentioned in main manuscript, only the alloy with x = 0.25 is observed to be stable phase
in slow cooling method, while x = 0.375 in addition to x = 0.25 is found to be stable in rapid
ice quenched method. All the reported optical images shown in Fig. A.11 are for specimens heat
treated at 1000�C for 9 days followed by ice/water mixture quenching while optical images shown
in Fig. A.12 are for specimens heat treated at 1000�C for 9 days followed by slow cooling in the
furnace.

Figure A.11: Optical micrograph of Co2Fe1�xVxGe (0  x  1) heat treated at 1000�C for 9 days
followed by ice/water mixture quenching. The samples were etched for 5 seconds using the Adler
etchant.

In parent CFG, the secondary phase is mainly located in grain boundaries and same trend is
observed with the vanadium substitution x = 0.125 in place of Fe, though the major granular phase
was identified to be close to target and nominal secondary phase was observed to segregate in grain
boundaries. On further substitution for Fe by V with x = 0.25, most stable phase was obtained on
both slow cooling in the furnace as well as quenched in ice-water. We only observed the single
phase microstructure for x = 0.375 after quenching in ice-water. All other higher V concentration
produced multiphase behavior with micrographs revealing the elongated strips rearranged in dis-
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Figure A.12: Optical micrograph of (a) Co2Fe0.75V0.25Ge, and (b) Co2Fe0.625V0.375Ge heat treated
at 1000�C for 9 days followed by normal cooling in the furnace. The samples were etched for 5
seconds using the Adler etchant.

Figure A.13: SEM micrograph of Co2Fe1�xVxGe (0  x  1) heat treated at 1000�C for 9 days
followed by ice/water mixture quenching. The samples were etched for 5 seconds using the Adler
etchant.

tinctive patterns. SEM images displaying the microstructure are shown in Fig. A.13 & A.14, both
for single as well as multiphase specimens. The composition of all the specimens in the series was
analysed using EDS (see Table A.6).

A.3.2.1 Crystal structure

Fig. A.15 shows the XRD patterns of the Co2Fe1�xVxGe alloy series heat treated at 1000�C
for 9 days followed by ice/water mixture quenching, using a Co-Ka radiation source. The crystal
structure obtained from the XRD data suggests the presence of pure L21 Heusler structure for
x = 0.25 and 0.375 only. All other compositions are observed to have L21 crystal phase with some
impurity. For all cubic single-phase compositions x = 0.25, and x = 0.375, only three distinct
Heusler-like reflection peaks (h, k, l all odd or even) are observed; fundamental peaks with h+

Figure A.14: SEM micrograph of (a) Co2Fe0.75V0.25Ge, and (b) Co2Fe0.625V0.375Ge heat treated
at 1000�C for 9 days followed by normal cooling in the furnace. The samples were etched for 5
seconds using the Adler etchant.
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Table A.6: Average composition of Co2Fe1�xVxGe (0  x  1) alloy series as determined from EDS analysis
(annealed at 1000�C for 9 days followed by ice/water mixture quenching).

Main phase Secondary phase Composition in grain boundary Target

x = 0 Co1.96Fe1.06Ge0.98 Co2.17Fe0.5Ge1.33 Co2.17Fe0.5Ge1.33 Co2FeGe
x = 0.125 Co1.96Fe0.91V0.13Ge Co2.14Fe0.38V0.04Ge1.44 Co2.14Fe0.38V0.04Ge1.44 Co2Fe0.875V0.125Ge
x = 0.25 Co1.99Fe0.76V0.26Ge0.99 - Co2.03Fe0.69V0.22Ge1.06 Co2Fe0.75V0.25Ge
x = 0.375 Co1.99Fe0.63V0.38Ge - Co2.08Fe0.53V0.30Ge1.09 Co2Fe0.625V0.375Ge
x = 0.375† Co1.95Fe0.60V0.43Ge1.02 Co2.14Fe0.42V0.13Ge1.31 Co2.14Fe0.42V0.13Ge1.31 Co2Fe0.625V0.375Ge
x = 0.50 Co1.99Fe0.46V0.54Ge1.01 Co1.98Fe0.52V0.47Ge1.03 Co2.11Fe0.42V0.37Ge1.10 Co2Fe0.50V0.50Ge
x = 0.75 Co1.96Fe0.28V0.77Ge0.99 Co2.05Fe0.13V0.70Ge1.12 - Co2Fe0.25V0.75Ge
x = 1 Co1.95V1.23Ge0.82 Co2.15V0.62Ge1.23 - Co2VGe

† annealed at 1000�C for 9 days followed by normal cooling in the furnace

Figure A.15: Experimental XRD patterns of Co2Fe1�xVxGe (0  x  1) alloy series annealed at
1000�C for 9 days followed by ice/water mixture quenching. All the peaks corresponding to the
indexed peaks are from L12 structure while all other peaks are impurity peaks.

k+ l = 4n, even superlattice peaks with h+ k+ l = 4n+2 and odd superlattice peaks h+ k+ l =
2n+1. In Heusler-like alloys, presence of (111) peak indicates the chemical ordering of atoms in
octahedral positions, and (200) peak reflects the superlattice reflections due to atoms in tetrahedral
positions, while (220) peak is a principal reflection. None of the low angle superlattice peaks are
absent in single phase cubic structures which indicates a degree of sublattice ordering. No mixed
odd/even indices are observed in reflection peaks indicting that single phase cubic samples are
crystallized in the face-centered cubic Heusler-like structure. The intensity of superlattice peak
(111) is greater than that of (200) peak in all stable cubic phases consistently, though the texturing
effects makes it difficult to rely on XRD peak intensities.

Though the impurity peaks are clearly visible in x = 0, x = 0.50, x = 0.75, and x = 1 alloys, we
extracted approximate lattice parameters considering only the visible Heusler cubic peaks in XRD
patterns to be 5.745 , 5.765 , 5.773 , and 5.782 respectively.

Fig. A.17 shows the field dependent magnetization M(H) curves of the stable alloys with
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(a) (b) (c) (d)

Figure A.16: Crystal structure in unit cells of a Heusler alloys (a) Co2VGe, (b) II configuration,
(c) III configuration mentioned in main manuscript, and (d) a 2⇥ 2⇥ 2 supercell involving 128
atoms/cell considered for x = 0.375 alloy in DFT calculation.

x = 0.25 and x = 0.375 in the Co2Fe1�xVxGe series at 300 K. Both alloys show soft ferromagnetic
behavior. The saturation magnetic moments at 300 K were extracted to be 4.80 µB/ f .u. and 4.29
µB/ f .u. for alloys Co2Fe0.75V0.25Ge and Co2Fe0.625V0.375Ge respectively.

Figure A.17: The field-dependent magnetization at 300 K of Co2Fe1�xVxGe (x = 0.25 and 0.375).

A.3.3 Theoretical Results

Though higher V substitutions in CFG yielded multiphase behavior experimentally, we per-
formed DFT calculation using GGA+U approach for them too to study the trend of electronic
and magnetic structures in ordered form. We chose the most stable configurations (I) observed in
x = 0.25 for calculations. Fig. A.18 shows the calculated spin resolved band structures and density
of states (DOS) for x = 0.50, x = 0.75, and x = 1 respectively from top to bottom. All the systems
appeared to be half-metallic with systematic shifting of Fermi level from conduction band edge in
CFG to valence band edge in Co2VG which is expected as we are replacing Fe atoms by bigger
V atoms in each successive cases. The calculated magnetic moments are 4.5 µB, 3.75 µB, and 3
µB with corresponding energy gaps in minority spin channel 0.789 eV, 0.794 eV, and 0.890 eV for
x = 0.50, x = 0.75, and x = 1 respectively. The atomic spin magnetic moments of theoretically
predicted most stable configurations in Co2Fe1�xVxGe alloy series are given in Table A.7
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Figure A.18: Spin polarized DOS for Co2Fe1�xVxGe (x = 0.50, 0.75, and 1, from top to bottom)
calculated using GGA+U. Number of states in each DOS plots are scaled with respect to one
formula unit.

Table A.7: The calculated total (and normalized per formula unit indicated in the parenthesis) and atomic spin
magnetic moments of the supercells for the Co2Fe1�xVxGe alloy series considering ordered L21 structure.

sites Atoms M Atoms M Atoms M Atoms M Atoms M
(x = 0) (µB) (x = 0.25) (µB) (x = 0.50) (µB) (x = 0.75) (µB) (x = 1) (µB)

8c Co 1.461 Co 1.365 Co 1.312 Co 1.251 Co 1.170
Co 1.461 Co 1.365 Co 1.313 Co 1.251 Co 1.170
Co 1.461 Co 1.365 Co 1.312 Co 1.251 Co 1.170
Co 1.461 Co 1.365 Co 1.313 Co 1.252 Co 1.170
Co 1.461 Co 1.365 Co 1.312 Co 1.251 Co 1.170
Co 1.461 Co 1.365 Co 1.313 Co 1.252 Co 1.170
Co 1.461 Co 1.365 Co 1.312 Co 1.251 Co 1.170
Co 1.461 Co 1.365 Co 1.313 Co 1.251 Co 1.170

4b Fe 3.102 Fe 3.102 Fe 3.122 Fe 3.146 V 0.681
Fe 3.102 Fe 3.102 Fe 3.122 V 0.642 V 0.695
Fe 3.102 Fe 3.102 V 0.701 V 0.643 V 0.686
Fe 3.102 V 0.899 V 0.701 V 0.642 V 0.686

4a Ge -0.022 Ge 0.003 Ge -0.045 Ge -0.042 Ge -0.023
Ge -0.022 Ge -0.042 Ge -0.011 Ge -0.013 Ge -0.021
Ge -0.022 Ge -0.042 Ge -0.045 Ge -0.013 Ge -0.024
Ge -0.022 Ge -0.042 Ge -0.011 Ge -0.013 Ge -0.024

Total 24.008 21.004 18.032 15.002 12.016
(6.002) (5.251) (4.508) (3.751) (3.004)
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A.4 Supplementary Information: Effect of mixing the low-valence transition metal atoms Y =
Co, Fe, Mn, Cr, V, Ti, or Sc on the properties of quaternary Heusler compounds Co2�xYxFeSi
(0  x  1)

A.4.1 Experimental Results

A.4.1.1 Microstructural and Compositional analysis

x = 0.25 x = 0.50 x = 0.75 x = 1

(a)

x = 0.25 x = 0.50 x = 0.75 x = 1

(b)

Figure A.19: (a) Optical and (b) SEM micrograph of Co2�xTixFeSi, 0.25  x  1) annealed at
900�C for 7 days followed by slow cooling showing the granular microstructures.

x = 0.25 x = 0.50 x = 0.75 x = 1

(a)

x = 0.25 x = 0.50 x = 0.75 x = 1

(b)

Figure A.20: (a) Optical and (b) SEM micrograph of Co2�xVxFeSi, 0.25  x  1) annealed at
900�C for 7 days followed by slow cooling showing the granular microstructures.

Microstructures of all single phase specimens with x = 0.50 from Co2�xYxFeSi (Y = Co, Fe,
Mn, Cr, V, or Ti) series are already presented in main manuscript. Here, Fig. A.19(a) and (b), Fig.
A.20(a) and (b), Fig. A.21(a) and (b), and Fig. A.22(a) and (b) show the optical and electron mi-
crographs for all the alloys in the series Co2�xYxFeSi (Y = Ti, V, Cr, and Mn, 0 x  1). Fig. A.23
shows the optical and electron micrographs for Co1.50Sc0.50FeSi alloy. From the micrographs, it is
clear that Mn and Cr substitution for Co in Co2FeSi result stable alloys for 0  x  1, while V and
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x = 0.25 x = 0.50 x = 0.75 x = 1

(a)

x = 0.25 x = 0.50

100

x = 0.75

100

x = 1

(b)

Figure A.21: (a) Optical and (b) SEM micrograph of Co2�xCrxFeSi, 0.25  x  1) annealed at
900�C for 7 days followed by slow cooling showing the granular microstructures.

x = 0.25 x = 0.50 x = 0.75 x = 1

(a)

x = 0.25 x = 0.50 x = 0.75 x = 1

(b)

Figure A.22: (a) Optical and (b) SEM micrograph of Co2�xMnxFeSi, 0.25  x  1) annealed at
900�C for 7 days followed by slow cooling showing the granular microstructures.

Ti substitution result stable alloys for 0  x  0.75 only. Equiatomic quaternary alloys CoFeVSi
and CoFeTiSi are not stable. Also, Sc substitution also results multiphase behavior. There are three
distinct phases represented by A, B, and C in the images. The composition of all the specimens
within the series was analyzed using EDS and the average composition of all the specimens with
x = 0.50 are presented in Table A.8.

A.4.1.1.1 Crystal structure

Fig. A.24(a-d) show the powder XRD spectra of the Co2�xTixFeSi, Co2�xVxFeSi, Co2�xCrxFeSi,
and Co2�xMnxFeSi (0 x 1) alloy series, respectively. The asterisks correspond to the secondary
phase/unknown impurity phase in CoFeTiSi and CoFeVSi alloys consistent with microstructures
observed in previous section. All the XRD peaks in single-phase alloys can be indexed as face
centered cubic (fcc) structure. The Variation of atomic radius with atomic number of Y element
in Co2�xYxFeSi is shown in Fig. A.25(d). Fig. A.25(a) and (b) display the crystal structures in
unit cells of a Heusler alloy Co1.50Y0.50FeSi as described in main manuscript. Fig. A.25(c) shows
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Figure A.23: Optical and SEM micrographs of Co1.50Sc0.50FeSi, heat treated at 900�C for 7 days
followed by normal cooling in the furnace.

Table A.8: Average composition of Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc, x = 0.50) alloy series as
determined from EDS analysis (annealed at 900�C for 7 days followed by normal cooling in the furnace).

Main phase Secondary phase Composition in grain boundary Target

Co Co1.988Fe1.004Si1.008 - Co1.998Fe1.007Si0.995 Co2FeSi
Fe Co1.503Fe1.499Si0.998 - Co1.498Fe1.504Si0.998 Co1.500Fe1.500Si
Mn Co1.507Mn0.505Fe0.995Si0.993 - Co1.497Mn0.495Fe1.010Si0.998 Co1.500Mn0.500FeSi
Cr Co1.498Cr0.507Fe0.997Si0.998 - Co1.493Cr0.497Fe1.015Si0.995 Co1.500Cr0.500FeSi
V Co1.496V0.505Fe0.996Si1.003 - Co1.496V0.505Fe0.996Si1.003 Co1.500V0.500FeSi
Ti Co1.499Ti0.497Fe0.994Si1.010 - Co1.499Ti0.497Fe0.994Si1.010 Co1.500Ti0.500FeSi
Sc† Co1.389Sc0.700Fe0.574Si1.337 (A) Co0.962Sc0.090Fe1.737Si1.211 (B) Co0.962Sc0.090Fe1.737Si1.211 Co1.500Sc0.500FeSi

& Co0.991Sc0.020Fe1.838Si1.151 (C)
† Multiphase specimen

the the crystal structures of equiatomic Heusler alloy CoFeYSi. Fig. A.26 shows the observed,
calculated and difference profiles for the best fit configuration (I) after performing the Rietveld
refinement for Co2�xYxFeSi (Y = Co, Fe, Mn, Cr, V, or Ti, x = 0.50) alloys. The goodness of fit
parameters for all x = 0.50 alloys are given in main manuscript.

A.4.1.2 Magnetic Characterization

Fig. A.27 shows the isothermal magnetization curves for all single-phase alloys Co1.50Y0.50FeSi
(Y = Co, Fe, Mn, Cr, V, or Ti) measured at room temperature (300 K). All the single phase alloys
are observed to be ferromagnets at room temperature as well with slightly small saturation mag-
netization values than those observed at 5 K. The extracted saturation magnetic moments at room
temperature are given in Table A.9. Fig. A.28(a-d) show the magnetization curves measured at
5 K for all the alloys in the series Co2�xYxFeSi (Y = Ti, V, Cr, Mn, 0  x  1). While Fig.
A.28(e-h) show the temperature dependent specific magnetization of the investigated specimens
Co2�xYxFeSi (Y = Ti, V, Cr, Mn, 0  x  1), measured by means of a vibrating sample magne-
tometer in a constant magnetic field of 100 Oe. The corresponding saturation magnetic moments
at 5 K and Curie temperatures are given in main manuscript.

A.4.2 Theoretical Results

Fig. A.29 shows the calculated spin resolved total density of states (TDOS) along with the
partial density of states (PDOS) of constituent atoms per formula unit (f.u.) of Co1.50Y0.50FeSi
(Y = Co, Fe, Mn, Cr, V, Ti, or Sc) alloys using both GGA (left column) and GGA+U (right
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Figure A.24: Experimental XRD patterns of (a) Co2�xTixFeSi, (b) Co2�xVxFeSi, (c)
Co2�xCrxFeSi, and (d) Co2�xMnxFeSi, (0  x  1) alloy series annealed at 900�C for 7 days
investigated at room temperature, here, ⇤ corresponds secondary phase/unknown impurity phase
in the alloys. The first from the bottom in each is the simulated XRD pattern for ordered L21
structure of CFS. The relative Intensity (y-axis) is plotted in log scale so that all the peaks can be
seen clearly.

column) methods. The atom resolved DOS (the d-orbital contribution from transition metal atoms
and sp-orbital contribution from main group elements) are presented to elucidate the contribution
to TDOS. There is a small contribution deep in energy to TDOS from sp-states of main group
elements. The main contribution is from the 3 d-states of the transition metal atoms. In general
from the atom resolved DOS, it is seen that Co, Fe, and Mn atoms majority-spin d-states are almost
completely occupied while majority of the weight is above the Fermi level in early transition metal
atoms V, Ti, and Sc. There is a peak in majority-spin d-states in the vicinity of Fermi level with
large exchange splitting between the occupied majority-spin and unoccupied minority-spin states
in the case of Cr atom. This feature makes Cr ideal for using it as an impurity in Heusler alloys to
get larger band gaps with higher degree of spin-polarization at the Fermi level. These results are
consistent with previous observations [154, 305, 306].

The contribution to DOS from type I, II, and III atoms are estimated due to the different mag-
netic environments in considered structures of substituted alloys as shown in Fig. A.27. From
calculated atom resolved spin magnetic moments (see Table A.10 and Table A.11), it is clear that
Fe(I) atoms, which share the same sublattice A with Y atoms, and Fe(II) atoms sharing the same
sublattice B with Co have different nearest neighbor environment. Though all Co atoms occupy B
sublattice, there are three different magnetic environments which are represented by Co(I), Co(II),
and Co(III) in Fig. A.27. Likewise, in A sublattice, the nearest neighbor environment of Si(I) and
Si(II) are different, but that of two substituted Y atoms is same. The contribution to spin-resolved
DOS from same atom types with different nearest neighbor environment is different, which is
depicted in PDOS plots in Fig. A.29. We can safely conclude that symmetry and the nearest-
neighbors environment play a crucial role in the properties of the various atoms in half-metallic
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(a) (b) (c) (d)

Figure A.25: Crystal structure in unit cells of a Heusler alloy Co1.50Y0.50FeSi (Y = Co, Fe, Mn, Cr,
V, Ti, or Sc) (a) II configuration, (b) III configuration, and (c) CoFeYSi. The structures are shown
in their ideal, unrelaxed forms. (d) Variation of atomic radius with atomic number of Y element in
Co2�xYxFeSi.

Table A.9: Saturation magnetic moments extracted at T = 300 K Co1.50Y0.50FeSi (Y = Co, Fe, Mn, Cr, V, and Ti)
alloy series. The numbers in parentheses are the uncertainty in the last digit, e.g., 5.76(3) = 5.76±0.03.

Y Expt. Ms
element (µB/f.u.)

Co 5.76(3)
Fe 5.42(5)
Mn 4.93(2)
Cr 4.33(5)
V 3.65(5)
Ti 3.21(4)

Heusler compounds. All Co atoms have almost similar DOS as their atom-resolved spin magnetic
moments differ only by small amount. In the case of Fe atoms, the situation is more complex and
their nearest-neighbors environment is completely different. As a result and as shown in Fig. A.29
their DOS is completely different. The Fe(I) atoms present a d-DOS which shares a lot of features
with the one of the Y atoms. There is a very large exchange splitting between majority-spin occu-
pied and minority-spin unoccupied d-states resulting to a very large minority spin gap and a very
large Fe(I) spin magnetic moment, which is more than double the spin magnetic moment of the
Fe(II) atoms. 3d atoms Co, Fe, Mn, and Cr in Co1.50Y0.50FeSi series have parallel spin magnetic
moments and are ferromagnetically coupled while V, Ti, and Sc are coupled anti-ferromagnetically.

The calculated atomic spin magnetic moments of Co1.50Y0.50FeSi (Y = Co, Fe, Mn, Cr, V, Ti,
or Sc) alloys are given in Table A.10.
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Figure A.26: Rietveld refinement performed on Co1.50Y0.50FeSi (Y = Co, Fe, Mn, Cr, V, or Ti)
alloys annealed at 900�C for 7 days followed by slow cooling considering first atomic configuration
given in Table 4.13.

(a) (b)

Figure A.27: (a) Isothermal M-H curves measured at room temperature for Co2�xYxFeSi (Y = Co,
Fe, Mn, Cr, V, or Ti, x = 0.50). The behavior is similar to that observed in low temperature case.
(b) Crystal structure showing the different magnetic environments in unit cell of Co1.50Y0.50FeSi
(Y = Fe, Mn, Cr, V, Ti, or Sc) assuming I configuration in Table 4.15.

245



-90 -60 -30 0 30 60

-6

-4

-2

0

2

4

6

M
ag

ne
tic

 m
om

en
t [

m B
/f.

u.
] 

H [kOe]

 x = 0
 x = 0.25
 x = 0.50
 x = 0.75
 x = 1

T = 5K

90

(a)

-90 -60 -30 0 30 60

-6

-4

-2

0

2

4

6

M
ag

ne
tic

 m
om

en
t [

m B
/f.

u.
] 

H [kOe]

 x = 0
 x = 0.25
 x = 0.50
 x = 0.75
 x = 1

T = 5K

90

(b)

-90 -60 -30 0 30 60

-6

-4

-2

0

2

4

6

M
ag

ne
tic

 m
om

en
t [

m B
/f.

u.
] 

H [kOe]

 x = 0
 x = 0.25
 x = 0.50
 x = 0.75
 x = 1

T = 5K

90

(c)

-90 -60 -30 0 30 60

-6

-4

-2

0

2

4

6

M
ag

ne
tic

 m
om

en
t [

m B
/f.

u.
] 

H [kOe]

 x = 0
 x = 0.25
 x = 0.50
 x = 0.75
 x = 1

T = 5K

90

(d)

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

M
[T
]/M
[3
00
K
]

Temperature [K]

 x = 0
 x = 0.25
 x = 0.50
 x = 0.75
 x = 1

(e)

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

M
[T
]/M
[3
00
K
]

Temperature [K]

 x = 0
 x = 0.25
 x = 0.50
 x = 0.75
 x = 1

(f)

400 600 800 1000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

M
[T
]/M
[3
00
K
]

Temperature [K]

 x = 0
 x = 0.25
 x = 0.50
 x = 0.75
 x = 1

(g)

400 600 800 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

M
[T
]/M
[3
00
K
]

Temperature [K]

 x = 0
 x = 0.50
 x = 0.75
 x = 1

(h)

Figure A.28: Isothermal magnetization curves of (a) Co2�xTixFeSi, (b) Co2�xVxFeSi, (c)
Co2�xCrxFeSi, and (d) Co2�xMnxFeSi alloy series measured at 5 K. Temperature dependence
of magnetization at 100 Oe for (e) Co2�xTixFeSi, (f) Co2�xVxFeSi, (g) Co2�xCrxFeSi, and (h)
Co2�xMnxFeSi alloys.

Table A.10: GGA+U: The calculated total (and normalized per formula unit indicated in the parenthesis) and atomic
spin-magnetic moments of the 16 atoms supercell of Co1.50Y0.50FeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc) alloys using
GGA+U approach.

Sites Co2FeSi M Y=Fe M Y=Mn M Y=Cr M Y=V M Y=Ti M Y=Ti M
(atoms) (µB) (atoms) (µB) (atoms) (µB) (atoms) (µB) (atoms) (µB) (µB) (atoms) (µB)

4d Co 1.439 Co 1.195 Co 0.960 Co 0.984 Co 1.202 Co 1.024 Co 0.836
Co 1.439 Co 1.143 Co 0.946 Co 0.997 Co 1.168 Co 1.036 Co 0.844
Co 1.439 Co 1.143 Co 0.946 Co 0.997 Co 1.168 Co 1.036 Co 0.844
Co 1.439 Co 1.195 Co 0.960 Co 0.984 Co 1.202 Co 1.024 Co 0.836

4c Co 1.439 Co 1.198 Co 0.983 Co 1.007 Co 1.191 Co 1.076 Co 0.918
Co 1.439 Co 1.198 Co 0.983 Co 1.007 Co 1.191 Co 1.076 Co 0.918
Co 1.439 Fe 1.800 Fe 1.252 Fe 1.132 Fe 1.671 Fe 1.452 Fe 1.072
Co 1.439 Fe 1.800 Fe 1.252 Fe 1.132 Fe 1.671 Fe 1.452 Fe 1.072

4b Fe 3.117 Fe 2.883 Fe 2.834 Fe 2.888 Fe 3.001 Fe 2.967 Fe 2.844
Fe 3.117 Fe 2.883 Fe 2.834 Fe 2.888 Fe 3.001 Fe 2.967 Fe 2.844
Fe 3.117 Fe 2.883 Mn 3.152 Cr 2.098 V -0.147 Ti -0.530 Sc -0.440
Fe 3.117 Fe 2.883 Mn 3.152 Cr 2.098 V -0.147 Ti -0.530 Sc -0.440

4a Si 0.006 Si -0.042 Si -0.071 Si -0.066 Si -0.024 Si -0.019 Si -0.023
Si 0.006 Si -0.042 Si -0.046 Si -0.035 Si 0.005 Si -0.010 Si -0.037
Si 0.006 Si -0.042 Si -0.071 Si -0.066 Si -0.024 Si -0.019 Si -0.023
Si 0.006 Si -0.042 Si -0.046 Si -0.035 Si 0.005 Si -0.010 Si -0.037

Total 24.004 22.033 20.021 18.010 16.015 14.002 12.025
(6.001) (5.508) (5.005) (4.503) (4.004) (3.501) (3.006)

246



Continue...

247



Figure A.29: Spin polarized total density of states (TDOS) along with the partial density of states
(PDOS) of constituent atoms of Co1.50Y0.50FeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc) alloys using
both GGA (left column) and GGA+U (right column) methods. Number of states in each plot is
scaled with respect to one formula unit.
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Table A.11: GGA: The calculated total (and normalized per formula unit indicated in the parenthesis) and atomic
spin-magnetic moments of the 16 atoms supercell of Co1.50Y0.50FeSi (Y = Co, Fe, Mn, Cr, V, Ti, or Sc) alloys using
GGA approach.

Sites Co2FeSi M Y=Fe M Y=Mn M Y=Cr M Y=V M Y=Ti M Y=Ti M
(atoms) (µB) (atoms) (µB) (atoms) (µB) (atoms) (µB) (atoms) (µB) (µB) (atoms) (µB)

4d Co 1.334 Co 1.231 Co 1.048 Co 1.075 Co 1.144 Co 1.001 Co 0.848
Co 1.334 Co 1.164 Co 1.031 Co 1.054 Co 1.121 Co 0.998 Co 0.827
Co 1.334 Co 1.164 Co 1.031 Co 1.054 Co 1.121 Co 0.998 Co 0.827
Co 1.334 Co 1.231 Co 1.048 Co 1.075 Co 1.144 Co 1.001 Co 0.848

4c Co 1.334 Co 1.203 Co 1.044 Co 1.052 Co 1.112 Co 1.015 Co 0.881
Co 1.334 Co 1.203 Co 1.044 Co 1.052 Co 1.112 Co 1.015 Co 0.881
Co 1.334 Fe 1.702 Fe 1.305 Fe 1.201 Fe 1.501 Fe 1.284 Fe 0.997
Co 1.334 Fe 1.702 Fe 1.305 Fe 1.201 Fe 1.501 Fe 1.284 Fe 0.997

4b Fe 2.794 Fe 2.740 Fe 2.745 Fe 2.767 Fe 2.927 Fe 2.189 Fe 2.724
Fe 2.794 Fe 2.740 Fe 2.745 Fe 2.767 Fe 2.927 Fe 2.189 Fe 2.724
Fe 2.794 Fe 2.740 Mn 2.897 Cr 1.877 V -0.115 Ti -0.214 Sc -0.230
Fe 2.794 Fe 2.740 Mn 2.897 Cr 1.877 V -0.115 Ti -0.241 Sc -0.230

4a Si 0.006 Si -0.015 Si -0.041 Si -0.039 Si -0.011 Si -0.003 Si -0.006
Si 0.006 Si -0.015 Si -0.020 Si -0.013 Si 0.014 Si 0.008 Si -0.013
Si 0.006 Si -0.015 Si -0.041 Si -0.039 Si -0.011 Si -0.003 Si -0.006
Si 0.006 Si -0.015 Si -0.020 Si -0.013 Si 0.014 Si 0.008 Si -0.013

Total 21.870 21.500 20.015 17.948 15.385 13.814 12.056
(5.468) (5.375) (5.004) (4.485) (3.846) (3.454) (3.014)
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A.5 Supplementary Information: Tuneable structure and magnetic properties in Fe3�xVxGe al-
loys

A.5.1 Experimental details

A.5.1.0.1 Synthesis and Thermal treatments

We have synthesized polycrystalline Fe3�xVxGe alloy series in bulk form, each with a mass of
⇠ 5g, by repeated arc-melting of pure Fe (99.98%, Alfa Aesar), V (99.7%, Alfa Aesar), and Ge
(99.999%, Alfa Aesar) under an ultrahigh purity Argon (99.999%) pressure of 10�4 mbar using an
Edmund Buehler compact arc melter MAM-1. The mixture of constituent elements Fe, V and Ge
in a ratios 3� x : x : 1 was melted at least 6 times, turning the specimen over before each melting
cycle, in order to improve homogeneity of the samples. The as-cast cut pieces were examined
repeatedly using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) analysis in a JEOL 7000 Field Emission Scanning Electron Microscope (FESEM) to con-
firm homogeneity and correct composition. After confirming the anticipated target composition,
as-cast samples were sealed in quartz tubes under vacuum for thermal treatments. The samples
were annealed in a furnace at different temperatures ranging from 650�C to 1000�C for different
dwell times (5 days to 25 days), and at the end of each annealing cycle, the samples were cooled
slowly in the furnace to get optimum crystallization and granular structures.

A.5.1.1 Metallography

A hot mounting technique was used to mount the annealed samples in conductive graphite
powder prior to metallography to observe the surface morphology on a microscopic level. The
graphite powder avoids charge accumulation by providing conductive path during SEM/EDS anal-
ysis. The metallography begins with grinding using silicon carbide abrasive discs (120 through
1200 grit size) followed by diamond suspension polishing. Colloidal silica suspension of grit size
0.02 µm was used at last for the finest polishing. After obtaining a smooth and reflective surface,
the samples were etched with Adler etchant (9g of CuNH3Cl, 45g of hydrated FeCl2, 150mL of
HCl and 75mL of DI Water) [243]. The purpose of etching is that etchant attacks different phases
present in the samples at different rates, and provides high quality surface contrast for microstruc-
ture characterization.

A.5.1.2 Characterization

A Bruker D8 Discover X-ray diffractometer equipped with a monochromatic Co-Ka (l = 0.179
nm) radiation source was used to determine the crystal structure of samples prepared. The polished
samples mounted in graphite powder were rotated around the f -axis during the XRD measurement
to minimize surface effects. The crystal structures determined from XRD were further confirmed
using electron backscatter diffraction (EBSD) phase mapping analysis in a JEOL 7000 FESEM
system. CaRIne crystallography 4.0 software [78] and in-house PYTHON code [79] including the
dispersive corrections to the atomic scattering factors were used to evaluate the observed XRD
patterns. Rietveld refinement was done using the CRYSTAL IMPACT MATCH! software based
on the FULLPROF algorithm [80].
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The low temperature magnetic and electrical transport characteristics were measured using
Quantum Design Physical Property Measurement System (PPMS) Dynacool with both vibrating
sample magnetometry (VSM) and electrical transport features, while the high temperature mag-
netization was measured using the Lakeshore VSM 7410. DSC measurements were carried out
to confirm the diffusionless martensitic transformation (with a ramp rate 10�C/min during heat-
ing and cooling) in the temperature range up to 1200�C in a Setaram Labsys Evo. in Ar gas flux
at the rate of 20mL/min to prevent the possible oxidation of the samples. The temperature and
the heat reaction were calibrated using high purity indium, aluminum, silver and nickel standards.
The Vickers micro hardness of alloy series was measured on a Buehler model 1600-6100 hardness
tester by using a square-based diamond-pyramid indenter.

A.5.2 Experimental Results

A.5.2.1 Microstructural and Compositional analysis

Figure A.30: Optical micrograph of Fe3�xVxGe (0  x  1) heat treated at 950�C for 7 days
showing the grain structures. The samples were etched for 25 seconds using the Adler etchant.

Starting from the fully stoichiometric Fe2VGe, multi-phase microstructure was obtained in ev-
ery heat treatment performed at 800, 900, 950, or 1000�C for different dwelling times; 3, 5, 7,
or 14 days. While the major granular phase was identified to be Fe2.15V0.86Ge0.99, the secondary
phase was observed to be an Fe-deficient phase, whose composition was identified as ⇠ Fe1.5VGe
using EDS (see Fig. A.30 for x = 1). This motivated us to directly prepare the major Fe-rich phase,
the investigation of which again showed multi-phase behavior, with majority phase being rich in
Fe i.e., Fe2.22V0.78Ge and a Fe-deficient secondary phase as compared to initial Fe2.15V0.85Ge
composition (see Fig. A.30 for x = 0.85). One fact evident from the investigation of those compo-
sitions is that increasing the amount of Fe by decreasing the V fraction in the parent Fe2VGe alloy,
the fraction of Fe tends to increase on the main phase, and at the same time the area covered by
the secondary phase decreases, as shown in Fig. A.30 for x = 0.75 the area covered by secondary
phase in Fe2.25V0.75Ge is only about 5% of total area. This is suggestive that higher Fe content
is needed in order to stabilize a single phase microstructure. Finally, after several iterations we
were able to obtain stable single-phase granular microstructure for compositions with x = 0.625,
0.50, 0.40, 0.375, 0.25, 0.125, and 0, respectively, heat treated at 950�C for 7 days. Optical and
SEM images of all single phase samples for same high temperature annealing condition i.e., 7 days
at 950�C are reported in the main text while those for multiphase samples are presented in Fig.
A.30 and Fig. A.31, respectively. The average grain size is observed to decrease dramatically with
increasing the V content as shown in Fig. A.33(A),

Fig. A.32 and Fig. A.33 respectively show the optical and SEM images of all samples annealed
at low temperature (650�C for 25 days). For low temperature annealing of alloy with x = 0.75,
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Figure A.31: SEM micrograph of Fe3�xVxGe (0  x  1) heat treated at 950�C for 7 days showing
the granular microstructure.

Figure A.32: Optical micrograph of Fe3�xVxGe (0  x  1) heat treated at 650�C for 25 days
showing the grain structures. The samples were etched for 25 seconds using the Adler etchant.

multi-phase microstructure was seen, as observed in higher temperature annealing, however for the
intermediate compositions (x = 0.50, 0.25), single phase granular microstructures were observed.
Multi-phase behavior was also observed in case of V substituted samples for x = 0.125. In the
case of Fe3Ge (x = 0), small amounts of secondary phases were observed (see Fig. A.32), in
agreement with detailed studies on the parent Fe3Ge compound [67, 239, 240]. The composition
of all samples from the series as observed using EDS are tabulated in Table A.12

Table A.12: Composition of Fe3�xVxGe (0  x  1) alloy series as determined from EDS analysis.

x Crystal structure Main phase Secondary phase Composition in grain boundary Target composition

1 L2†⇤
1 Fe2.15V0.86Ge0.99 Fe1.71V1.14Ge1.15 Fe2.05V0.91Ge1.04 Fe2VGe

0.85 L2†⇤
1 Fe2.22V0.78Ge Fe1.69V1.13Ge1.18 Fe2.11V0.82Ge1.07 Fe2.15V0.85Ge

0.75 L2†⇤
1 Fe2.27V0.75Ge0.98 Fe1.69V1.16Ge1.15 Fe2.22V0.76Ge1.02 Fe2.25V0.75Ge

0.625 L2†
1 Fe2.373V0.626Ge1.01 - Fe2.22V0.76Ge1.02 Fe2.375V0.625Ge

0.50 L2†
1 Fe2.51V0.50Ge0.99 - Fe2.46V0.51Ge1.03 Fe2.50V0.50Ge

0.40 L2†
1 Fe2.61V0.39Ge - Fe2.59V0.40Ge1.01 Fe2.60V0.40Ge

0.375 L2†
1 Fe2.626V0.374Ge - Fe2.617V0.363Ge1.02 Fe2.625V0.375Ge

0.25 DO19 Fe2.75V0.25Ge - Fe2.73V0.24Ge1.03 Fe2.75V0.25Ge
0.25 L2‡

1 Fe2.76V0.25Ge0.99 - Fe2.74V0.25Ge1.01 Fe2.75V0.25Ge

0.125 DO†
19 Fe2.869V0.128Ge - Fe2.868V0.122Ge1.01 Fe2.875V0.125Ge

0 DO†
19 Fe3.01Ge0.99 - Fe2.98Ge1.02 Fe3Ge

0 L1‡
2⇤ Fe3.03Ge0.97 Fe2.55Ge1.45 - Fe3Ge

† annealed at 950�C for 7 days, ‡ annealed at 650�C for 25 days, ⇤ multi-phased samples
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Figure A.33: SEM micrograph of Fe3�xVxGe (0 x 1) heat treated at 650�C for 25 days showing
the granular microstructure, and (A) variation of average grain size with V concentration for all
single phase samples annealed at 950�C for 7 days.

A.5.3 Theoretical Results

In this theoretical supplementary information we provide the total and atomic magnetic mo-
ments (not normalized per formula unit) for each atom in the supercell for the stable studied alloys
in Table A.13 and Table A.14. We also provide the calculated electronic band structures of each
stable studied alloy in Fig. A.34.
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Figure A.34: The calculated electronic band structures for each alloy series. The red line indicates
the Fermi level.
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Table A.13: The total and atomic magnetic moments for the L21 alloy series.

Structure Concentration Structure Concentration Structure Concentration
L21 x = 0 L21 x = 0.25 L21 x = 0.375

Atom Ms(µB) Atom Ms(µB) Atom Ms(µB)
Fe 1.433 Fe 0.996 Fe 1.228
Fe 1.432 Fe 0.998 Fe 1.143
Fe 1.433 Fe 0.996 Fe 1.658
Fe 1.432 Fe 0.998 Fe 1.228
Fe 1.432 Fe 0.998 Fe 1.657
Fe 1.432 Fe 0.996 Fe 1.142
Fe 1.432 Fe 0.998 Fe 2.423
Fe 1.433 Fe 0.996 Fe 2.634
Fe 2.585 Fe 2.678 Fe 2.408
Fe 2.584 Fe 2.678 Fe 0.941
Fe 2.584 Fe 2.678 Fe 1.653
Fe 2.584 Ge -0.049 Fe 1.632
Ge -0.08 Ge -0.068 Fe 1.031
Ge -0.08 Ge -0.049 Fe 1.653
Ge -0.08 Ge -0.049 Fe 0.941
Ge -0.08 V -0.59 Fe 1.031

Total 21.476 Total 15.205 Fe 1.632
Fe 2.4

Structure Concentration Structure Concentration Fe 2.591
L21 x = 0.5 L21 x = 0.625 Fe 2.393

Atom Ms(µB) Atom Ms(µB) Fe 2.601
Fe 0.641 Fe 1.321 Ge -0.054
Fe 0.641 Fe 1.82 Ge -0.025
Fe 0.642 Fe 1.88 Ge -0.021
Fe 0.639 Fe 1.313 Ge -0.054
Fe 0.641 Fe 2.29 Ge -0.03
Fe 0.641 Fe 2.335 Ge -0.075
Fe 0.639 Fe 2.298 Ge -0.065
Fe 0.642 Fe 1.497 Ge -0.031
Fe 2.765 Fe 1.668 V -0.879
Fe 2.765 Fe 1.713 V -0.879
Ge -0.026 Fe 1.355 V -0.627
Ge -0.038 Fe 1.675 Total 33.28
Ge -0.026 Fe 1.488
Ge -0.038 Fe 1.364 Structure Concentration
V -0.379 Fe 1.808 L21 x = 0.75
V -0.379 Fe 2.408 Atom Ms(µB)

Total 9.77 Fe 2.576 Fe 0.567
Fe 2.439 Fe 0.572
Fe 2.559 Fe 0.571
Ge -0.031 Fe 0.568
Ge 0.006 Fe 0.573
Ge 0.005 Fe 0.566
Ge -0.029 Fe 0.569
Ge -0.029 Fe 0.57
Ge -0.077 Fe 2.81
Ge -0.071 Ge -0.019
Ge -0.032 Ge -0.027
V -0.957 Ge -0.027
V -0.217 Ge -0.027
V -0.908 V -0.251
V -0.507 V -0.251
V -0.4 V -0.251

Total 32.56 Total 6.513
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Table A.14: The total and atomic magnetic moments for the DO19 and L12 alloy series.

Structure Concentration Structure Concentration Structure Concentration
DO19 x = 0 DO19 x = 0.125 DO19 x = 0.25
Atom Ms(µB) Atom Ms(µB) Atom Ms(µB)
Fe 2.216 Fe 2.266 Fe 2.226
Fe 2.215 Fe 2.243 Fe 2.025
Fe 2.215 Fe 2.009 Fe 1.974
Fe 2.216 Fe 2.138 Fe 2.174
Fe 2.216 Fe 2.013 Fe 2.296
Fe 2.215 Fe 2.207 Fe 2.109
Ge -0.134 Fe 2.194 Fe 2.267
Ge -0.134 Fe 2.199 Fe 2.226
Total 13.025 Fe 2.202 Fe 2.065

Fe 2.209 Fe 2.299
Structure Concentration Fe 2.213 Fe 2.278
L12 x = 0 Fe 2.205 Ge -0.091
Atom Ms(µB) Fe 2.22 Ge -0.068
Fe 2.176 Fe 2.217 Ge -0.127
Fe 2.176 Fe 2.195 Ge -0.125
Fe 2.176 Fe 2.215 V -0.688
Ge -0.149 Fe 2.216 Total 22.84
Total 6.379 Fe 2.228

Fe 2.297
Fe 1.966
Fe 2.205
Fe 2.069
Fe 2.235
Ge -0.086
Ge -0.102
Ge -0.139
Ge -0.136
Ge -0.137
Ge -0.136
Ge -0.132
Ge -0.102
V -0.726
Total 48.465
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A.6 Supplementary Information: Influence of Cr-substitution on the structural, magnetic, elec-
tron transport, and mechanical properties of Fe3�xCrxGe Heusler alloys

A.6.1 Experimental details

A.6.1.1 Synthesis and Thermal treatments

The series of polycrystalline Fe3�xCrxGe (0  x  1) ingots were prepared by arc-melting
the mixture of constituent elements Fe, Cr and Ge in a ratios 3� x : x : 1 in an ultrahigh purity
Argon atmosphere (99.999%) with pressure of 10�4 mbar using an Edmund Buehler compact arc
melter MAM-1. The purity of the raw materials was 99.9% or higher. As an oxygen getter, Ti
was melted inside the vacuum chamber separately before melting the compound to avoid oxygen
contamination. All the ingots were melted at least six times, turning the specimen over before
each melting cycle, for homogenization. The as-cast cut pieces were examined repeatedly using
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analysis in
a JEOL 7000 Field Emission Scanning Electron Microscope (FESEM) to confirm homogeneity
and correct composition. After confirming the anticipated target composition, as-cast samples
were sealed in quartz tubes under the protection of argon atmosphere for thermal treatments. The
samples were annealed in a furnace at different temperatures ranging from 650�C to 1000�C for
different dwell times (5 days to 25 days), and at the end of each annealing cycle, the samples were
cooled slowly in the furnace to get optimum crystallization and granular structures.

A.6.1.2 Metallography

We adopted metallography to observe the surface morphology on a microscopic level. A hot
mounting technique was used to mount the annealed samples in conductive graphite powder prior
to metallography. The graphite powder avoids charge accumulation by providing conductive path
during SEM/EDS analysis. The metallography begins with grinding using silicon carbide abrasive
discs (120 through 1200 grit size) followed by diamond suspension polishing. Colloidal silica
suspension of grit size 0.02 µm was used at last for the finest polishing. After obtaining a smooth
and reflective surface, the samples were etched with Adler etchant (9 grams of CuNH3Cl, 45 grams
of hydrated FeCl2, 150 mL of HCl and 75 mL of DI Water) [243]. The purpose of etching is that
etchant attacks different phases present in the samples at different rates, and provides high quality
surface contrast for microstructure characterization.

A.6.1.3 Characterization

A Bruker D8 Discover X-ray diffractometer equipped with a monochromatic Co-Ka (l =
0.179 nm) radiation source was used at room temperature to determine the crystal structure of
samples prepared. The polished samples mounted in graphite powder were rotated around the f -
axis during the XRD measurement to minimize surface effects. The crystal structures determined
from XRD were further confirmed using electron backscatter diffraction (EBSD) phase mapping
analysis in a JEOL 7000 FESEM system. CaRIne crystallography 4.0 software [78] and in-house
PYTHON code [79] including the dispersive corrections to the atomic scattering factors were used
to evaluate the observed XRD patterns. XRD analysis (Rietveld refinement) was done using the
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CRYSTAL IMPACT MATCH! software based on the FULLPROF algorithm [80] that uses the
least-square refinement between experimental and calculated intensities. The low temperature
magnetic and electrical transport characteristics were measured using Quantum Design Physical
Properties Measurements System (PPMS) with both vibrating sample magnetometry (VSM) and
electrical transport features in a temperature range 5 K to 400 K, while the high temperature mag-
netization was measured using the Lakeshore VSM 7407 equipped with an oven. DC electrical
resistivity measurements were carried out using van der Pauw method [179]. Al wire bonding was
used to make the contacts. The Vickers micro hardness of alloy series was measured on a Buehler
model 1600-6100 hardness tester by using a square-based diamond-pyramid indenter.

A.6.2 Experimental Results

A.6.2.0.1 Microstructural and Compositional analysis

Starting from the full stoichiometric Fe2CrGe, multi-phase microstructure was obtained in ev-
ery heat treatments performed at 650, 800, 900, or 1000�C for different dwelling times; 3, 5, 7, 15
or 25 days. However, it is difficult to obtain a pure phase in the stoichiometric Fe2CrGe, where
the major phase is identified to be hexagonal Fe2.15Cr0.85Ge, and a substantial Fe-deficient cubic
secondary phase Fe1.5CrGe is always present as confirmed by EDS and XRD (discussed in XRD
section of main manuscript). Thus, we adopted isostructural alloying to accomplish a pure hexag-
onal D019 structure (Mg3Cd type, P63/mmc, space group no. 194 [64, 65]) in a series of alloys that
contain Fe-Cr-Ge. So, we directly prepare the major Fe-rich phase, the investigation of which again
showed multi-phase behavior, with majority phase being rich in Fe and a Fe-deficient secondary
phase as compared to initial Fe2.15Cr0.85Ge composition. One fact evident from the investigation
of those compositions is that increasing the amount of Fe by decreasing the Cr fraction in the parent
Fe2CrGe alloy, the fraction of Fe tends to increase on the main phase, while the area covered by the
secondary phase decreases (see Fig. A.35 for x = 1 and x = 0.80). This is suggestive that higher Fe
content is needed in order to stabilize a single phase microstructure. Finally, after several iterations
we were able to obtain stable single-phase microstructure for compositions with x = 0.70, 0.50,
0.25, and 0 heat treated at 1000�C for 15 days (discussed in main manuscript). Relatively large
grains are observed. The average grain size is observed to decrease with the addition of Cr content.
The effect of Cr substitution on the microstructure is substantial.

In addition to high temperature annealing, we also attempted to investigate low temperature
annealing of our Cr-substituted structures to check if a stable L12 phase exists, similar to Fe3Ge
which is known to crystallize in L12 structure at temperatures below ⇠700�C [21, 163, 238, 239].
But, multi-phase microstructure was seen for all compositions. Even in the case of Fe3Ge (x = 0),
small amounts of secondary phases were observed, in agreement to previous report by Kanematsu
et al. [240]. Hence, our observations after complete analysis suggested that the high temperature
D019 phase is, in fact, easily stabilized at room temperature and the formation of low temperature
L12 phase is very slow process and takes longer time to form, in agreement with detailed studies on
the parent Fe3Ge compound [239]. The nominal composition of all including multiphase samples
is presented in Table A.15.
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Figure A.35: Optical micrograph of x = 0.80 and x = 1 in Fe3�xCrxGe series, heat treated at 1000�C
for 15 days showing multiphase structures. The samples were etched for 1 minutes seconds using
the Adler etchant.

Figure A.36: SEM micrograph of x = 0.80 and x = 1 in Fe3�xCrxGe series, heat treated at 1000�C
for 15 days showing multiphase structures.

A.6.2.1 Crystal structure and atomic order analysis

As discussed in main manuscript, the texturing effect (unknown degree) is more pronounced in
sample x = 0.25 giving more intense 224̄0 peak instead of 202̄1. Although, all the peak positions
are matched to the calculated patterns, the variation of peak intensities from expected ones made
Rietveld refinement difficult to converse lower fitting parameters. The single digit reduced c2

values for x = 0 and x = 0.70 indicate relatively good fitting. The goodness of fit parameters are
summarized in Table A.16.

A.6.2.2 Magnetic Characterization

Fig. A.38(a) shows the first-order derivative of magnetization as a function of temperature for
x = 0.25 showing two possible magnetic transitions. The magnetic transition at 546 K corresponds
to the ferro-paramagnetic transition but the origin of the transition at 436 K is not clear. One pos-
sible reason could be order-disorder phase transition introduced by the substitution of Cr on parent
Fe3Ge. Although the possibility of secondary phase formation due to vacuum annealing cannot
be completely ruled out, the composition measured using EDS was within ⇠ 5% instrumental un-
certainty range and XRD is not always sufficient to confirm the phase purity if the impurity phase
content is less than 5% of the overall volume [105, 163, 168, 169]. The temperature dependence
of magnetization at low temperatures (5-400 K) is also presented in Fig. A.38(b) for x = 0.25 and
x = 0.70.
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Table A.15: Composition of Fe3�xCrxGe (0  x  1) alloy series as determined from EDS analysis, all annealed at
1000�C for 15 days.

x Main phase Secondary phase Target
composition

1⇤ Fe2.16Cr0.86Ge0.98 Fe1.70Cr1.15Ge1.15 Fe2CrGe
0.85⇤ Fe2.20Cr0.79Ge1.01 Fe1.70Cr1.14Ge1.16 Fe2.15Cr0.85Ge
0.80⇤ Fe2.26Cr0.73Ge1.01 Fe1.68Cr1.13Ge1.19 Fe2.20Cr0.80Ge
0.70 Fe2.31Cr0.70Ge0.99 - Fe2.25Cr0.75Ge
0.50 Fe2.51Cr0.50Ge0.99 - Fe2.50Cr0.50Ge
0.25 Fe2.74Cr0.25Ge1.01 - Fe2.75Cr0.25Ge
0 Fe3.01Ge0.99 - Fe3Ge

⇤ multi-phased samples

(a) (b) (c)

Figure A.37: The Rietveld refinement of XRD pattern for (a) x = 0, (b) x = 0.25, and (c) x = 0.70.

A.6.2.3 Electrical resistivity

The measured temperature dependence of resistivity is observed to obey the following Matthiessen’s
rule [99];

r(T ) = r0 +re�ph(T )+re�m(T ) = r0 +aT +bT 2 (A.1)

where r0 is the temperature independent residual resistivity due to lattice imperfections, impurities
etc., re�ph and re�m are temperature dependent terms due to the scattering by phonons (T depen-
dence) and magnons (T2 dependence) respectively. As reported in the literatures [174, 219, 250],
a parallel shunting resistivity is also introduced to the total resistivity to include the contribution
from grain boundaries, assuming weak variation of highly disordered grain boundaries with tem-
perature, which leads to the following expression for the resistivity;

1/rtot(T ) = 1/ri(T )+1/rshunt (A.2)

Fig. A.39 shows the plot of a nonlinear least-squares fit to this model, with fitting parameters
summarized in Table A.17. With these fitting parameters, the electron-magnon contribution looks
dominant above approximately 150 K. The T2 term arising due to the electron-magnon interaction
implies the presence of minority states at the Fermi level. One can also extract the intrinsic resis-
tivity ri from Equation A.2 as ri = rshuntrtot/(rshunt �rtot). The inset in each plots of Fig. A.39
shows variation of the extracted ri versus T2 along with a linear fit, also indicating the dominant
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Table A.16: The goodness of fit parameters extracted from the Rietveld refinement for x = 0,0.25,0.50,and 0.70.

x reduced c2 R-factor

0 5.9 12.3
0.25 11.7 15.2
0.50 4.8 12.2
0.70 7.1 12.5

(a) (b)

Figure A.38: (a) The first-order derivative of magnetization as a function of temperature for x =
0.25 showing two magnetic transitions. (b) The temperature (low) dependence of magnetization
M(T) for x = 0.25 and x = 0.70.

contribution from the electron-magnon scattering to the resistivity at higher temperatures.

Table A.17: Fitted parameters of resistivity data of Fe3�xCrxGe with x = 0.25, 0.50 and 0.70.

x r0(µW-cm) a (µW-cm/K) times 10�2 b (µW-cm/K2)⇥ 10�3 rshunt (µW-cm) Reduced chi-square
⇥ 10�12

0.25 39.79 ± 0.45 5.68 ± 1.40 7.72 ± 0.10 199.56 ± 0.40 2.47
0.50 71.27 ± 0.80 18.60 ± 2.56 10.68 ± 0.20 217.05 ± 0.49 1.05
0.70 105.15 ± 0.25 67.95 ± 2.01 15.30 ± 0.25 259.18 ± 0.45 1.35

A.6.3 Theoretical Results

In this theoretical supplementary information we provide the total (and normalized per formula
unit) and atomic magnetic moments for each atom in the supercell and the corresponding sym-
metry for the stable studied alloys in Table A.18. In addition we supply the symmetry of each
corresponding supercell. Note that although these D019 alloys are hexagonal, the supercells that
contain the fewest amount of atoms (for the SQS structure creation) are rectangular to preserve
specific alloying concentrations.

To investigate the mechanical properties of Fe3Ge and Fe3�xCrxGe alloys, we calculated their
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(a) (b) (c)

Figure A.39: The measured and fitted temperature dependence of resistivity for (a) x = 0.25, (b)
x = 0.50, and (c) x = 0.70.

Table A.18: The total (and normalized per formula unit indicated in the parenthesis) and atomic magnetic moments
of the supercells for the Fe3�xCrxGe alloy series. Structure type and corresponding space group are also indicated.

Atoms Ms Atoms Ms Atoms Ms Atoms Ms Atoms Ms
(x = 0) (µB) (x = 0) (µB) (x = 0.25) (µB) (x = 0.50) (µB) (x = 0.75) (µB)
L12 (Pm3̄m) D019 (P63/mmc) D019 (P6/m) D019 (P6/m) D019 (P6/m)

Fe 2.196 Fe 2.21 Cr 0.397 Cr 0.695 Cr 0.189
Fe 2.196 Fe 2.21 Fe 2.232 Cr 0.011 Cr 0.189
Fe 2.196 Fe 2.21 Fe 2.020 Fe 2.234 Cr 0.179
Ge -0.14 Fe 2.21 Fe 2.020 Fe 1.996 Fe 2.282

Fe 2.21 Fe 2.232 Fe 2.227 Fe 2.282
Fe 2.21 Fe 2.268 Fe 2.200 Fe 2.282
Ge -0.15 Fe 2.120 Fe 2.126 Fe 1.983
Ge -0.15 Fe 2.254 Fe 2.246 Fe 2.312

Fe 0.564 Fe 2.255 Fe 2.312
Fe 0.53 Fe 2.054 Fe 1.983
Fe 0.555 Fe 2.245 Fe 2.254
Fe 0.562 Fe 2.148 Fe 2.016
Ge -0.027 Ge -0.081 Ge -0.082
Ge -0.025 Ge -0.056 Ge -0.053
Ge -0.033 Ge -0.112 Ge -0.088
Ge -0.032 Ge -0.110 Ge -0.128

Total 6.448 Total 21.476(6.480) Total 23.873(5.979) Total 21.924(5.520) Total 19.634(4.978)

elastic constants using density functional perturbation theory as implemented in VASP. Addition-
ally, from these elastic constants we computed the mechanical properties of the considered alloys
such as shear modulus (G), bulk modulus (K), Young’s modulus (E) and Poisson’s ratio (n) using
the open-source online application ELATE [307]. For these calculations, Voigt relations were used
which calculate the upper limits of G, K, and E [308]. The calculated shear modulus (GV ), bulk
modulus (KV ), and Young’s modulus (EV ), KV/GV and k = GV/KV (Pugh’s ratios (n) of Fe3Ge
and Fe3�xCrxGe alloys in L12 and D019 structures within GGA are given in Table A.19.

To obtain Vickers hardness we used following equations which are derived by Chen et al. [294]
and then modified by Tian et al. [295];

HVC = 2(k2GV )
0.585 �3, (A.3)

HV T = 0.92k1.137G0.708. (A.4)

The calculated mechanical properties suggest that Fe3Ge and Fe3�xCrxGe alloys in L12 and D019
phases are rather hard materials opposite to our experimental results. Pugh’s ratio (k = GV/KV ) is
related to the ductility or brittleness of materials and also emphasize the relationship between the
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Table A.19: The calculated mechanical properties for Fe3Ge and Fe3�xCrxGe alloys (for x = 0, 0.25, 0.50, and
0.75) in L12 and D019 structures; Shear modulus (GV ), bulk modulus (KV ), Young’s modulus (EV ), Pugh’s ratio
(k = GV/KV ), Vickers hardness HVC and HV T , and Poisson’s ratios (n).

x structure GV (GPa) KV (GPa) EV (GPa) k = GV/KV HVC (GPa) HV T (GPa) n

0 L12 90.8 205.2 237.4 0.44 7.70 8.80 0.307
0 D019 76.7 184.3 202.1 0.42 6.18 7.41 0.317
0.25 D019 65.2 151.1 170.9 0.43 5.58 6.78 0.311
0.50 D019 66.7 167.0 176.6 0.40 4.99 6.35 0.324
0.75 D019 74.2 183.9 196.2 0.40 5.50 6.85 0.322

plastic and elastic properties of pure polycrystalline metals. For example, ductile materials have
low k values while brittle materials have high ones. Our calculated Pugh’s ratios (k = GV/KV ) and
KV/GV values indicate that these structures are ductile materials. In addition, as is known from the
literature, if Poisson’s ratio of a material ranges from 0.25 to 0.42 and if the KV /GV ratio ranges
from 1.7 to 5.6, this material has metallic properties [309]. Our obtained results for Poisson’s
ratios and KV /GV values of Fe3Ge and Fe3�xCrxGe alloys in L12 and D019 phases indicate that the
bonding character of these materials are metallic. Theoretically estimated Vickers hardness values
indicate that the material with the highest hardness is L12 Fe3Ge.

As mentioned in the literature, if we compare both Vickers hardness equations, both of them
can obtain values that agree with experimental results when the hardness of the material is larger
than 5 GPa [295]. Otherwise, they can predict overestimated hardness values for low hardness
values [295]. We note that the HV T approximation overestimates Vickers hardness values of the
materials according to our experimental results while the HVC approximation gives closer results to
experiment. However, both HVC and HV T for the L12 and D019 Fe3Ge are almost two times larger
than the experimentally obtained results. This can be attributed to the low hardness values for these
structures. We can see that for larger experimental values of hardness (larger than 5 GPa) such as
for x = 0.50 and 0.75, the calculated values for Vickers hardness are much closer to experiment
and follow the same increasing trend.
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A.7 Structural order-disorder and magnetism in quaternary Heusler compounds Co2�xYxFeAl
(Y = Ti, V, Cr, Mn, Fe, and Co, x = 0.50)

A.7.1 Experimental Results

Here, the optical micrographs, experimental XRD patterns, variation of lattice parameter with
atomic number of Y element, isothermal magnetization curves, variation magnetic moment with
valence electron concentartion and the variation of mechanical hardness values with Y elements in
Heusler alloys Co2�xYxFeAl (Y = Ti, V, Cr, Mn, Fe, and Co, x = 0.50 are presented.

Figure A.40: Optical micrographs of Co2�xYxFeAl (Y = Ti, V, Cr, Mn, Fe, or Co, x = 0.50 Heusler
series, heat treated at 850�C for 7 days followed by normal cooling in the furnace.

(a) (b)

Figure A.41: (a) Experimental XRD patterns of Co2�xYxFeAl (Y = Ti, V, Cr, Mn, Fe, or Co,
x = 0.50) alloy series annealed at 850�C for 7 days investigated at room temperature. (b) Variation
of lattice parameter with Y element showing linear behavior.
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(a) (b)

Figure A.42: (a) The field-dependent magnetization at 5 K of Co2�xYxFeAl (Y = Ti, V, Cr, Mn,
Fe, or Co, x = 0.50). (b) The saturation magnetic moment versus number of valence electrons in
the alloy series, both experimental and expected from Slater Pauling rule for half metals.

Figure A.43: Vickers hardness versus Y atom in Co2�xYxFeAl (Y = Ti, V, Cr, Mn, Fe, or Co,
x = 0.50), all annealed at 850�C for 7 days.
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