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Abstract

Experimental synthesis and theoretical prediction of half-metals in Heusler family

have been the driving force in searching new materials for spintronics applications.

So far, in most of the studies all the magnetic constituents of the half-metallic mag-

netic Heuslers are 3d transition metal atoms. Investigations into compounds with

one or more than one constituents with 4d electrons are fewer in number and not

systematic either. Mn, Fe and Co based Heusler compounds are well known for

their unique magnetic properties and practical applications. In order to understand

the physics of half-metals in a systematic way and without being material specific,

in this thesis, we have explored, in detail 54 ternary compounds (six ternary se-

ries) X2X
′Z and 36 quaternary compounds (four quaternary series) CoX′Y′Z as the

daughter compounds of these ternary compounds, where X = Mn, Fe, Co; X′ = 4d

transition metal atoms across the 4d row of the periodic table; Y′ = Mn, Fe and

Z = Al, Si. The major motivation for this work was to explore the compounds

across several series by changing one or two of the constituents to get insights into

the roles of the different magnetic constituents along with that of the main group

elements. A comprehensive overview of these compounds, addressing the trends in

structural, electronic and magnetic properties has been presented here along with

the prediction of new half-metals. A simple picture of hybridization of the d orbitals

of the neighbouring atoms is used to explain the origin of the half-metallic gap in

these compounds. We have shown that the arrangements of the magnetic atoms in

different Heusler lattices are largely responsible for the interatomic exchange inter-

actions that are correlated with the features in their electronic structures as well

as with the possibility of occurrence of half-metallicity. To find out the role of 4d

elements, we have made one to one comparison between the isoelectronic pairs of

ternary (quaternary) compounds where in one case the magnetic constituents are

all 3d transition metal atoms and in the other one of them is a 4d transition metal

atom. We found that the major features in the electronic structures remain intact if

a 3d X′ constituent is replaced with an isoelectronic 4d element as long as the crystal

structure of the pair of compounds are same, implying that the total number of va-

lence electrons can be used as a predictor of half-metallic nature in compounds from

Heusler family. We have also explored the phenomenon of site-dependent substitu-

tion affecting half-metallic behaviour and the possibility of half-metallic behaviour

in chemically disordered Heusler compounds. In a nutshell, the results presented

in this thesis provide important insights into the evolution of half-metallicity in
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magnetic Heusler compounds.
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Chapter 1

Introduction

Materials have always been an integral part of the development of human civiliza-

tion for ages. Even several historical ages have been named on the basis of the most

important material of that era like stone, bronze or iron ages. Together with the sci-

entific and technological advancements in last few centuries we have seen a colossal

jump in the progress of our civilization mainly due to inventions of semiconductor

based electronic devices, used for scientific investigations as well as in our daily lives.

Demand for functional materials, with specific target properties, has led extensive

experimental and theoretical investigation of different classes of materials such as

metals, semiconductors, insulators, ceramics, polymers and composites, to name a

few. With modern theoretical and experimental techniques it has been possible to

understand and correlate different physical properties of these materials and conse-

quently engineer them according to the requirements. Heusler compounds are one

of the most explored group of materials due to their versatile functional properties

observed over the decades.

1.1 Heusler Compounds

Heusler compounds, named after F. Heusler, attracted much attention due to

their ferromagnetic nature even though none of its constituents, copper-manganese

bronze [2] and a main group element like aluminium and tin was magnetic. Since the

discovery in 1903, Heusler compounds have been extensively studied in search of new

interesting properties. A variety of diverse magnetic phenomena like half-metallicity,

An useful concise discussion about Heusler compounds can be found in Heusler Compounds:
properties, Growth, Applications, by Felser, Claudia and Hirohata, Atsufumi, Springer, 2015 [1].

1
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Chapter 1. Introduction

magnetic shape-memory effect, giant magnetocaloric effect and magnetic recording

have been observed in some of the Heusler compounds [3–9]. Interestingly most

of the properties of Heusler compounds are comprehended from its rather simple

crystal structure and total valance electron count of the particular compounds.

1.2 Crystal structures of Heusler Compounds

In the early years, Heusler compounds were thought to be possessing Cu2MnAl pro-

totype structure i.e. a structure with X2Y
′Z composition with the ratio of elements

X, Y′ and Z 2:1:1. Later ternary compounds were discovered with the same crystal

structure but having a vacancy in one of the sites for X elements. Ternary com-

pounds with 1:1:1 atomic proportion (XY′Z) are called ‘half-Heusler’ and have their

unique interesting properties. Improved computational facilities and increasing re-

search interest led to investigation of Heusler compounds by varying the elements

and their ratios to explore different possibilities of crystal structures on the basis

of predictive calculations. Heusler compounds are generally considered to consist of

four interpenetrating fcc sub-lattices. In Fig. 1.1 we have schematically represented

all the possible ordered crystal structures of Heusler compounds with different pos-

sible arrangements of the constituent elements. A, B, C and D are the 4 crystallo-

graphic sites with co-ordinates (0, 0, 0), (1/4, 1/4, 1/4), (1/2, 1/2, 1/2) and (3/4,

3/4, 3/4) respectively. In the full-Heusler or L21 structure (Space group no. 225;

Fm3̄m) the sites A and C are called 4a(0, 0, 0) and 4b(1/2, 1/2, 1/2) Wyckoff

positions which are symmetric. The equivalent B and D sites are called 8c((1/4,

1/4, 1/4). If B and D sites are occupied with two different atoms then the resulting

structure is called an inverse-Heusler structure (space group no. 216;F 4̄3m) and

these sites are called 4c(1/4, 1/4, 1/4) and 4d(3/4, 3/4, 3/4) Wyckoff positions.

Throughout this dissertation the element Z stands for a main-group (sp) ele-

ment (like Al, Si etc.) and X, Y′ and X′ are all transition metal elements. As

seen from the Fig. 1.1, in case of ‘half-Heusler’(XY′Z) and ‘full-Heusler’ (X2Y
′Z)

compounds, Z and Y′ atoms are located at the crystallographically symmetric po-

sitions 4a and 4b sites, so as to form a rock-salt structure, with Z and Y′ being

the most and least electronegative elements respectively. For a ‘full-Heusler’ (L21)

structure both of the 8c sites are occupied by X atoms. The prototype for L21

structure is Cu2MnAl [10, 11]. Now if one of the remaining two 8c sites is kept

vacant then the resulting structure is called a ‘half-Heusler’ structure resulting in

a non-centrosymmetric cubic structure (space group no. 216;F 4̄3m, C1b) with the

2
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1.2 Crystal structures of Heusler Compounds
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Full-Heusler (L21): X2Y
′Z Z X Y′ X

Inverse Heusler (XA): X2Y
′Z Z Y′ X X

Quaternary Heusler : (XX′)Y′Z Z X Y′ X′

Figure 1.1: Representation of various possible crystal structures of the Heusler com-
pounds schematically. Heusler structures can be assumed to be made of 4 interpenetrating
fcc lattices making it a b.c.c lattice if all the atoms in the crystal was alike.

prototype structure being MgAgAs [12]. After the discovery of half-metallic ferro-

magnet NiMnSb in 1983 by de Groot et al. [13] half-Heuslers have drawn considerable

attention. An inverse-Heusler structure is generated if two of the X atoms of X2Y
′Z

compounds occupy crystallographically different sites, say 4b and 4d. The prototype

structure for these compounds is CuHg2Ti [14] or AgLi2Sb [15, 16]. Inverse-Heusler

(XA) structure is found very often when the number of valance electrons of X is

less than that of Y′, in X2Y
′Z compounds; Mn2CoSn being an well known example

[17, 18]. If all the sublattices in the Heusler compound are occupied by different

atoms then we get a quaternary-Heusler (XX′Y′Z) compound. LiMgPdSn [19, 20]

is the prototype structure for quaternary Heusler compounds. However, by keeping

the position of Z atom fixed at 4a site, the remaining three transition metal atoms of

quaternary-Heusler structure can be combined in 3 ways, leading to three possible

crystal structures for a quaternary-Heusler compound [21]. Apart from these struc-

tures with cubic symmetry, other structural phases like various tetragonal variants,

Cu3Au-like structure and hexagonal structures have also been reported [22–25]. In

this dissertation, we have not considered those structural phases.

In this thesis we have explored all possible structural variants of fcc symmetry

(Fig. 1.1) in Heusler X2Y
′Z and XX′Y′Z compounds to find the optimized structure

of each of the compounds in our study. The arrangement of the atoms in a particu-

lar crystallographic structure is explained using standard empirical rules, based on

simple valance electron count of the transition metal elements and the relative elec-

tronegativities of the transition metal elements. These will be discussed in details

3
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Chapter 1. Introduction

during discussions on the compounds explored in this thesis.

1.3 Magnetic properties of Heusler compounds

As mentioned earlier, Heusler compounds gained much of its fame due to its unique

varieties of magnetic properties in spite of their rather simple crystal structures.

The origin of different kinds of magnetism in Heusler compounds is strictly depen-

dent on the presence of unfilled d-orbitals of the transition metal elements and the

interaction between the constituent elements. Most of the magnetic Heusler com-

pounds found are ferromagnets saturating in an weak external magnetic field. For

Mn based X2MnZ systems it is generally found that the magnetic moment of Mn

atom is localised and may be as high as 4µB. These compounds are well studied

to explore the effects on magnetism of these compounds due to the changes in the

electron concentration and atomic disorder. Quaternary Heusler compounds are

explored extensively to understand the role of the 3d (X) and sp (Z) atoms in mag-

netic properties of Heusler compounds. The sp electron concentrations are found to

influence the magnetic properties through both the moment formation and the type

of magnetic order of the systems [26]. Antiferromagnetic order is experimentally

found in some of the semi-Heusler (C1b) and full-Heusler (L21) compounds. The

antiferromagnetic order is observed mostly in compounds where Mn atoms occupy

lattice sites crystallographically equivalent to those occupied by the Z elements.

Full-Heusler compounds with B2-type disorder are energetically favorable for anti-

ferromagnetic ordering as the interatomic Mn-Mn distance is smaller [27]. Some of

the B2-type disordered X2MnZ (X=Ni, Pd; Z=Al, In) Heusler compounds are re-

ported to have antiferromagnetic behavior [26]. In case of semi-Heusler compounds

with C1b structure the Mn-Mn distance is larger and the antiferromagnetic interac-

tion is supposed to be mediated by intermediate X or Z atoms. Ferrimagnetism is

not observed very often in Heusler compounds in comparison with ferromagnetic and

antiferromagnetic orders. A handful of Heusler compounds like CoMnSb, Mn2VAl

and Mn2VGa [26] have been identified as Ferrimagnets. Recently compensated fer-

rimagnetic materials have aroused interest as it could limit the stray magnetic field

like that in antiferromagnetic materials but at the same time can be spin polarized,

an essential criteria for using them in spintronics devices. Mn3Ga in DO22 phase is

claimed to be a ferrimagnetic material [28]. DO3 Mn3Al has been theoretically and

experimentally verified to exhibit compensated ferrimagnetism [29].

4

TH-2068_136121006



1.4 Spintronics
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Figure 1.2: Schematic band structure of half-metals. CB and VB stand for conduction
and valance bands respectively.

1.4 Spintronics

Spintronics is the portmanteau of three words “Spin Transfer Electronics”. As

the name suggests spintronics can be thought of as an extension of usual semi-

conductor based electronics where both the charge and spin of the electrons are

considered [30]. An external magnetic field polarizes the electrons by orienting their

spins in spintronics devices to generate spin dependent electric current or spin cur-

rent [31–33]. Spintronics materials are nowadays successfully used in devices related

to magnetic memory (data storage) [34, 35] and magnetic recording (read, write

head) [36] though potentially these materials can be used in many other applica-

tions. Magnetoresistance (MR) [37], a change in the resistance of the material due

to change in the applied magnetic field, is the basic property, exploited in these

devices. After the discovery of the “giant magnetoresistance (GMR)” [38–41] in late

1980s, research in spintronics materials have seen a gigantic leap. In GMR devices,

also named as ‘spin valve’, different layers of ferromagnetic materials are separated

by a non-magnetic material and a large change in resistance is achieved by applying

an external magnetic field which aligns the spins of the used materials. Depending

on the orientations of the ferromagnetic layers the resistance is varied. When the

The details of spintronics are given in Spintronics: from materials to devices, by Felser, Claudia,
and Gerhard H. Fecher, Springer Science & Business Media, 2013. [30]
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ferromagnetic layers are aligned along the direction of the applied field, lower elec-

tronic resistance is observed. The resistance becomes higher if the layers are aligned

otherwise. Two variants of GMR are used in the devices: (1) current-in-plane (CIP),

where the electric current flows parallel to the layers and (2) current-perpendicular-

to-plane (CPP), where the electric current flows in a direction perpendicular to the

layers.

Combining the phenomena of spin-dependent tunneling and spin-valve engi-

neering concepts, highly sensitive magnetic read heads have been developed re-

cently. GMR based sensors have entirely been replaced by the Magnetic tunnel

junction (MTJ) [42, 43] read heads. With new materials having inter-dependent

multiple properties, spintronic materials are the suitable candidates for engineer-

ing further advances in the field of MTJs. Interestingly MTJs can be upgraded to

non-volatile magnetoresistive random access memory (MRAM) [44, 45], first demon-

strated by IBM in 1999. Since then, active research for MRAM is going on due to its

high-density applications [46]. The MRAM devices would replace the conventional

charge-based memory devices such as Dynamic-RAM(DRAM), Embedded-DRAM

and even Static-RAM. An interesting fact about MRAM is, the possibility of using

spin-transfer-torque (STT) along with its high tunneling magnetoresistance [47, 48].

The effect which is used to adjust the orientation of the magnetic layers in the

MTJ by using a spin-polarized current, is called STT. The current becomes spin-

polarized current which consists of mainly one type of spin (spin-up or spin-down),

while passing through a thick magnetic layer or the fixed layer. When this spin-

polarized current is passed through a second thinner layer, called free layer, the

angular moment is transferred to this layer by changing its orientation. This oscil-

lates the orientation of the magnet. With the advantage of low power consumption,

more scalability, and unlimited endurance compared to MTJ now STT-MRAM, the

STT along with MRAM, is used [49].

1.5 Half-metallic ferromagnetic Heusler compounds

for spintronics applications

The demand for new potential materials to use in spintronics applications led to

exploration of the Heusler compounds for new magnetic materials called half-metallic

ferromagnets (HMF). HMF are desirable for spintronics applications due to their

unique electronic structure. As seen in Fig. 1.2, the band structure of HMF shows

6
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a metallic behavior in the majority spin channel whereas the minority spin channel

shows a clear semiconducting gap. The inception of HMF property in C1b NiMnSn

and PtMnSb, based on band structure calculations [13] spearheaded the research

in the field of half-metallicity. Electronic structure calculations by Kübler et al.

found similar feature in L21-type Co2MnAl [50]. Ishida et al. proposed Co2MnZ,

(Z = Si, Ge) as half-metals [51]. Half-metallicity has been predicted in many other

materials like metal-filled carbon nanotubes [52], binary magnetic oxides (CrO2 and

Fe3O4), colossal magnetoresistance materials (Sr2FeMoO6 and La0.7Sr0.3MnO3) [53],

diluted magnetic semiconductors (Ga1−xMnxAs) and zinc-blende compounds MnAs

and CrAs [54–56].

For half-metallicity, a semiconducting gap at one of the spin channels is necessary.

For half-metals, as the band structure (Fig. 1.2) suggests, there is higher density of

states (DOS) at the Fermi level along one spin channel, the majority band, than the

other, the minority band. The spin polarization (P), that decides the applicability

of a material in spintronics, is defined as

P =
N↑EF

−N↓EF

N↑EF
+N↓EF

× 100 % (1.1)

where the ↑ and ↓ represent the spin directions and N↑EF
or N↓EF

are the density

of states at the Fermi energy along the respective directions. For ideal half-metals

either N↑EF
or N↓EF

is zero making them 100% spin polarized. A spin polariza-

tion greater than 90% together with a pseudo gap (a gap, close to Fermi level)

is considered to be ‘nearly half-metallic’, implying a good potential of spintronics

applicability.

1.5.1 Origin of the half-metallic gap

The origin of half-metallic gap in Heusler compounds can be understood in terms of

the hybridizations of the d-bands of the transition metal constituents. A generalised

picture of the hybridization [7, 57–63] provides enough insights into the half-metallic

property and is consistent with the Slater-Pauling rule [57, 58], to be discussed in

the next subsection.

The hybridization patterns of d-orbitals are dependent on the structure type

of the particular material. In all cases very low lying s − p bands stabilize the

structure by accommodating the charges from the transition metal atoms, with d-

7
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Figure 1.3: Schematic representation of possible hybridization between spin-down or-
bitals associated with different sites in semi-Heusler (XY′Z) compounds. Energetically
lower lying bonding hybridized orbitals are occupied and separated from antibonding hy-
bridized orbitals by a gap. Here d1, d2 and d3 represents the dxy, dyz and dzx orbitals,
respectively, and d4, d5 is shown by dz2 , dx2−y2 orbitals

electrons [5]. In case of half-Heusler compounds (XY′Z) with the C1b structure Y′

and Z atoms are located at the symmetric sites but the s− p orbitals of Z atoms lie

well below the Fermi level. Thus the hybridization of d-orbitals of X and Y′ atoms

takes place according to the symmetry of the d-orbitals, creating (i) 5 bonding d-

hybrids (2 doubly-degenerate eg and 3 triply degenerate t2g hybrid orbitals) (ii) five

non bonding hybrid d-orbitals (2 doubly-degenerate eg and 3 triply degenerate t2g

hybrid orbitals) as shown in Fig. 1.3. The Fermi level is pinned in the gap between

the bonding t2g and antibonding eg minority spin states for half-metallic Heusler

compounds with C1b structure, leading to 100% spin polarization.

In Fig. 1.4 we show a schematic representation of probable hybridization between

spin-down orbitals associated with different sites in X2X
′Z Heusler compounds. First

the d orbitals of the atoms on symmetric sites (8c in the space group 225, 4c and 4d

in space group-216) hybridize creating (i) 5 bonding d-hybrids (2 doubly-degenerate

eg and 3 triply degenerate t2g hybrid orbitals) (ii) five non bonding hybrid d-orbitals

(2 doubly-degenerate eu and 3 triply degenerate t1u hybrid orbitals)(Fig. 1.4.(a)).

The bonding eg and t2g orbitals, having tetrahedral symmetry, can only hybridize

with d-orbitals of the remaining transition metal atoms. Thus, ultimately we are

left with five bonding and five anti-bonding states which are non-transforming with

the u representation [7, 64] and can not couple with d-orbitals of the remaining

transition metal atom (1.4.(b)). In case of a half-metal there is an energy gap in

one spin-channel, where the Fermi-energy is pinned in. It’s worth mentioning the

same hybridization scheme is also used to explain half-metallicity of quaternary

Heusler compounds [63] as replacing one of the two X atoms of X2X
′Z by a different

8
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Figure 1.4: Schematic representation of possible hybridization between spin-down or-
bitals associated with different sites in X2X

′Z compounds. (a) The hybridization be-
tween the transition metal atoms at symmetric positions 8c-8c(4c-4d )for Heusler(Inverse
Heusler) compounds) (b) The hybridization with the remaining transition metal atom. It
is to be noted that same hybridization scheme works for quaternary Heusler compounds
as well, where one of the two X atoms is replaced by a different transition metal atom Y′.

transition metal atom Y′ produces XX′Y′Z compounds.

1.5.2 Slater-Pauling rule

Even though there is no unique way to identify potential half-metals among Heusler

compounds, there does exist a guiding rule, known as Slater-Pauling (SP) rule, to

predict possible half-metals. Though the well-known Slater-Pauling behavior was

derived for binary transition metal compounds [57–60, 65] it is applicable to all half-

metallic ferromagnetic Heusler compounds. SP rule simply connects the total spin-

magnetic moment per formula unit (M) with the total number of valance electrons

per formula unit (NV) [59, 60] with a linear equation, M = |N− 2N↓|, where N↓ is

the number of available valance states per formula unit below the Fermi level in the

spin-channel where the half-metallic gap is situated . As mentioned in the earlier

section, the half-metallic gap originates due to the hybridization of the d-orbital of

the transition metals in such a way that the Fermi level lies in the gap bordering

two hybrid orbitals in that particular spin-channel. Conventionally the half-metallic

gap is assumed to be associated with the minority spin-channel. The position of the

Fermi-level in the minority or spin-down channel, determines which Slater-Pauling

rule the material follows as the number of states in this particular spin-channel below

the Fermi-level is always fixed and any extra electron would be placed in unoccupied

states of other spin-channel. The value of N↓ depends on where the Fermi-level
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lies in the system according to the standard hybridization model [7, 66, 67]. For

ordered compounds this rule implies that if the total spin-magnetic moment of the

systems deviates slightly from an integer value the half-metallicity is lost entirely.

For compounds with non-integer site occupancies the scenario is different and M

might have non-integer values [60, 68].

From Fig. 1.3 we can see the EF is situated between bonding t2g and antibonding

eg states implying that the half-Heuslers would follow M = |NV− 18| rule. For full-

Heuslers the situation is different. Since presence of one extra transition metal

element leads to increase in total valance electrons count as well as in the number of

d-orbitals, there are a number of possible SP rules half-metallic compounds would

follow depending upon the position of the Fermi level EF as seen in Fig. 1.4.(b).

If EF is situated between t1u and t2g states, it would follow M = |NV − 18| rule.

M = |NV − 24| rule is followed when EF lies between t1u and eu states. Likewise

M = |NV − 28| rule is followed when EF is situated between the antibonding eg

and non bonding eu states. Normally M = |NV − 18| rule is valid for compounds

with early transition metals like Sc, Ti etc. However compounds with 21 valance

electrons can obey both M = |NV − 18| and M = |NV − 24| SP rules. Similarly

compounds with 26 valance electrons can follow M = |NV− 24| and M = |NV− 28|
SP rules. Detailed studies on full Heusler [69] and inverse Heusler compounds [67]

confirm the above mentioned connection between NV and a particular SP rule.

1.6 Ternary and quaternary Heusler compounds for

spintronics applications

With more than thousand possible combinations between the 3d transition metal

elements, there has been extensive studies on mainly ternary [70, 71] and quater-

nary [72–74] Heusler compounds. We are mainly concerned about the ternary and

quaternary Heusler compounds with magnetic properties and potential applicability

in spintronics or magnetoelectronics.

Among the magnetic Heusler compounds with all magnetic components from

3d-element series, Mn based ones are well known for their unique magnetic prop-

erties while Co based Heusler compounds are well known for having intrinsic high

Curie temperature and high spin polarization [75–78] making them possible to use

in actual spintronics devices. Fe-based Heusler compounds are known to be soft

ferromagnets with Curie temperature as high as 900 K making them suitable for
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potential magnetic applications [79]. In the next few subsections we review briefly

the available results on Mn, Co and Fe based Heusler compounds.

1.6.1 Mn-based Ternary compounds

Mn2X
′Z Heusler compounds have drawn considerable interest for their possible im-

plementation as free magnetic layers in spin-transfer torque devices such as spin-

transfer torque random-access memory (STT-MRAM) [80]. Experimental realiza-

tion of inverse Heusler compound Mn2CoAl as spingapless semiconductor (SGS) [81–

83] has increased more attention towards this family of Heuslers as new materials

for spintronics.

Mn2NiGa is a well studied compound as it is directly related with Ni2MnGa [84],

a well known magnetic shape memory alloy. During the ongoing process of function-

ality improvement of Ni2MnGa by varying the composition of Ni and Mn, Mn2NiGa

was synthesized first by Liu et al.. It was found to crystallize in inverse Heusler

structure at high temperatures [85]. In Mn2NiGa, the Mn atoms are ferrimagneti-

cally coupled, which is seen in most of the Mn2-based inverse Heusler compounds,

resulting in a low saturation magnetization compared to Ni2MnGa [86, 87]. In spite

of low magnetization, the ferrimagnetic coupling between two Mn atoms gives rise

to a plethora of interesting physical properties in Mn2NiGa [87] as well as in other

Mn-based inverse Heuslers. Singh et al. reported spin-valve-like magnetoresistance

in Mn2NiGa at room temperature [88]. Recently, a notable inverse magnetocaloric

effect (MCE) was reported in Mn2NiGa [89].

Tetragonal Mn3Ga is another famous compensated ferrimagnet with a high Curie

temperature of more than 700 K [28, 90, 91]. Different experiments [22, 23, 92, 93]

show that Mn3Ga crystallizes in cubic, tetragonal and hexagonal structures. Mn3Ga

is a promising material for STT-MRAM [92] and magnetic tunnel junction [23]

applications. Among others, Mn2FeGa has been synthesized in similar crystallo-

graphic phases like Mn3Ga [24, 25, 94] and is useful in magnetic storage technology.

Mn2CoGa, a high spin-polarized material, has been studied in bulk and thin films

and its possible applications have been explored [95, 96]. Mn2NiAl, Mn2NiSn and

Mn2NiIn are predicted to be magnetic shape memory materials [97–100] from DFT

calculations. Like Mn3Ga, compensated ferrimagnetic Mn3Al thin films are synthe-

sized and found to have high Curie temperature (650 K) and nominal zero or low

net magnetic moment [29].
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1.6.2 Co-based Ternary compounds

Co2-based Heusler compounds (Co2X
′Z) form an important subset of Heusler com-

pounds as a large number of compounds in these series are predicted to be half-

metallic ferromagnets from ab initio calculations [7, 50, 68, 101–105]. These ma-

terials posses a gap around the Fermi energy in their minority spin-channel and

have high Curie temperatures making them advantageous for spintronic devices.

For actual applications, half-metals with high-Curie temperature is required as the

band gap shrinks with increasing temperature, and the depolarization effects are

relative to the Curie temperature (T/TC) [3]. Co2Cr0.6Fe0.4Al [102] is significant

due to its large negative magnetoresistance effects (TMR ratio 317% at 4 K) [106].

Co2FeAl0.5Si0.5 was also reported for magnetoresistance effects (TMR ratio 175% at

room temperature) [107]. Highest Curie temperatures in the range of 1100-1200 K

were found in Co2FeAlxSi1−x systems with 100% spin polarization [75]. Co2MnSi

is a promising candidate for half-metal with a Curie temperature as high as 985

K [108]. Co2MnSn [109], Co2MnX (X = Si, Ge) [51] are also reported to be half-

metals. Ishida et al. [51] hinted a possible correlation between the valance electrons

and the band-gap. They also pointed that the half-metallicity in these Co-based

Heusler compounds might be tunable. Even the Curie temperatures of Co2 based

compounds are known to be associated with valance electron count [110].

1.6.3 Fe-based Ternary compounds

The main reason behind the search for new Fe-based Heusler compounds [70, 111]

is to find potential candidate to use in rare-earth free hard magnets as well as to

understand the instabilities in Heusler compounds. Fe2CoGe, Fe2NiGe, Fe2NiGa,

Fe2CuGa and Fe2CuAl have been synthesized and have high Curie temperatures up

to about 900 K [79]. Though predicted to adopt a tetragonal structure these mate-

rials were found to crystallize in the cubic inverse Heusler structure with differing

degrees of atomic disorder. Fe1+xCo2−xSi (0 ≤ x ≤ 1) [112] thin films are ideal mate-

rials for STT-MRAM. Fe based Heusler compounds are also used for thermoelectric

applications [113, 114].

1.6.4 Quaternary Heusler compounds

Quaternary compounds XX′Y′Z with 1:1:1:1 stoichiometry provide a good play-

ground for searching and understanding interesting new materials. The three pos-

sible variants in the lattice occupancies make these systems very interesting with
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the intricate interactions between three different constituent transition metal ele-

ment atoms. After finding half-metallicity in ternary compounds in 1980s, search

for half-metallicity or for that matter for any other functional properties in quater-

nary compounds were started. Large negative magnetoresistance was observed for

a large range of temperature in Ni50Mn8Fe17Ga25 melt-spun ribbons[115]. Though

equiatomic quaternary Heusler compounds were expected to have several interesting

properties, not much combinatorial studies were done untill the theoretical predic-

tion of SGS properties in several quaternary Heuslers. The experimental success

in justifying the theoretical claim of quaternary Heusler compound CoFeMnSi as

SGS [116] indicated that members of quaternary Heusler family might be potential

candidates as materials for spintronics applications. In search of new SGS com-

pounds, quaternary Heuslers are investigated by several groups [61, 63]. Based upon

calculations by first-principles Plane Wave-Pseudo-potential method Xu et. al [63]

predicted that CoFeMnSi, CoFeCrAl, CoMnCrSi, CoFeVSi and FeMnCrSb are SGS

. However, a first-principles Full-Potential Local orbital calculations, claimed that

only CoFeCrAl and CoMnCrSi are SGS while CoFeVSi and CoFeMnSi are half-

metals [61] , contradicting the results of Xu et. al. Recently CoFeMnSi and CoFe-

CrGa have been experimentally been shown to be SGS [116, 117] whereas CoFeCrAl

has been claimed to be half-metal [118] by the same experimental-group even though

the main features of DOS and band structures of these systems are strikingly similar.

Recent search for half-metals and other functionalities has predicted a number of

compounds with quaternary Heusler structure to be promising though inadequate

experimental evidences has made it difficult to justify all of those claims and same

is true for ternary Heusler compounds as well [49, 63, 73, 83, 116, 119]. For instance

CoFeMnSi was predicted to be SGS but was claimed to be half-metallic previously

while it has been confirmed as SGS later [116] with better experimental testimonials.

Apart from quaternary compounds like antiferromagnetic semiconductor CrV-

TiAl [61] most of the potential quaternary Heusler compounds contain at least one

of Mn, Fe and Co atoms if not two or all of them. This is because quaternary

Heusler compounds are supposed to be the daughter compounds of suitable ternary

compounds and most of the magnetic Heusler compounds, related to spintronics

applications, are either Mn, Fe and Co based. It is also to be noted that the con-

stituent transition metal elements of the Heusler compounds mostly studied so far

are from 3d row of the periodic table. Compared to this, the investigations into

compounds with either both X and Y′ or X, X′ and Y′ are elements with 4d elec-

trons or one of them a 4d element are only a handful. Presence of both 3d and
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4d magnetic elements in the same compound with Heusler structure is expected to

provide interesting perspectives. Such investigations too, are not systematic, in the

sense that they do not explore compounds across various series by changing one or

two of the constituents. Such investigations are necessary as they can provide useful

insights into the roles of various magnetic constituents along with that of the main

group elements. A thorough comparison between materials with all 3d constituents

and ones with both 3d and 4d too would have had a comprehensive picture of the

physics of the origin of half-metallic behaviour, its sustainability under various sit-

uations, and possible tunibility, all necessary for quick and intelligent search of new

materials.

1.7 Materials-simulation by first-principles electronic

structure calculations

The discussions in the previous subsections clearly demonstrate that X2X
′Z and

XX′Y′Z compounds make a playground where the fundamental picture behind the

fascinating structural, electronic and magnetic properties of these Heusler com-

pounds can be explored. The natural way to do this theoretically is to obtain

the solution of Schrödinger equation for electrons in real solids, where their quan-

tum mechanical behaviour is determined by the presence of other electrons and

atomic nuclei. Exact solution of the Schrödinger equation is not possible for many

body systems, a well known problem. Hence we need appropriate approximations.

The Density Functional Theory (DFT) [120, 121] which projects the many body

interacting system onto a non-interacting single particle one; where the many body

interactions are taken care of in an average way through a single term, has made the

required breakthrough to arrive at parameter-free, first principles methods so that

robust and accurate results on materials properties can be obtained. Integration of

DFT based first-principles methods with advanced softwares made tackling of com-

plex problems accurately within reasonable time period [122–128]. Over the years,

application of these methods in calculating the electronic structures of collinear and

complex noncollinear magnetic ground states [129–132], dynamical properties of ma-

terials [133, 134] and simultaneous comparison of these results with experimental

observations confirmed the accuracy of these methods. Various problems related to

sub-lattice disordered compounds [135, 136] have also been encountered with these

sophisticated tools. Over the years, these methods are widely accepted to predict
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properties of new materials where experimental evidence is not present. There-

fore, the DFT based first-principles methods are the essential tool for fundamental

understanding of materials that I have worked with during my doctoral research.

1.8 Outline of the thesis

In this thesis we have made attempts in the unexplored directions mentioned in

the last paragraph of section 1.6. Using Density functional theory (DFT) based

electronic structure calculations we have tried to explore systematically six ternary

(X2X
′Z) with X = Mn, Fe, Co and four quaternary Heusler CoX′Y′Z series with Y′ =

Mn, Fe; X′, the nine elements along the row of 4d elements in the periodic table and

Z = Al, Si. As mentioned in section 1.6, Co, Mn and Fe based Heusler compounds

have variety of magnetism driven applications. Thus, we find it intriguing to explore

specifically Mn2 , Fe2 and Co2 based ternary compounds for the search of new

materials for spintronics applications with one magnetic element being one with 4d

electrons. It is worth mentioning here that quaternary structures can be regarded as

a combination of the suitable full Heusler compounds. Considering these ternaries as

parent compounds, quaternary daughters with Co, Mn and Fe can be derived. This

was the reason for choosing the above mentioned quaternary series. The motivations

behind the work were the following:

1. To search for possible new half-metals with 4d transition metals.

2. To understand the effects and their origin, of the presence of an element with

4d electrons on the structure, electronic and magnetic properties of ternary

and quaternary compounds where the other magnetic elements are from 3d

transition metal series. A systematic study spanning across several Heusler

series would help understand the comparative roles of 4d and 3d elements.

3. To understand the effects and their origin, of replacing an element with 3d elec-

trons by an element with 4d electrons on the electronic and magnetic properties

in the context of half-metallicity.

4. To understand the impacts and their origin, of replacing the main group ele-

ment Si with Al in case of ternary and quaternary compounds having both 3d

and 4d elements as magnetic components.

5. To understand the role of site dependent substitution of a 3d element and the

consequent half-metallic behaviour in Heusler compounds.
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In this dissertation we have primarily focused on the structural, electronic and

magnetic properties of six ternary and four quaternary Heusler series to understand

the physics behind half-metallic properties in some of the compounds. Trends in

Curie temperatures and exchange interactions for all these compounds were inves-

tigated to find the possibility of actual realisation of interesting compounds coming

out of our study. We provided a general framework of hybridizations between various

constituents and demonstrated that along with crystal structure, and the number of

valence electrons, the details of electronic structures are the key behind the trends

of various physical properties obtained in our work. The work, very importantly,

pinpoints the crucial differences between materials with all magnetic constituents

from 3d transition metal series and ones with both 3d and 4d transitions metals,

and attempts at microscopic explanations of the same.

Chapter 2 contains a brief description of theoretical methods, used for mate-

rial simulations. Starting with a description of Density functional theory (DFT),

the most popular and successful method for the quantum mechanical description

of complex many-body problem in a computationally tractable way. Then various

implementations of the DFT which are used in this work are described. We have

used two different techniques: the projected augmented wave method (PAW) [137]

and the Korringa Kohn Rostokaer-Green’s function method [123, 124] as imple-

mented in Vienna Ab initio Simulation Package (VASP) [138, 139] and Munich

Spin-Polarized-Relativistic Korringa-Kohn-Rostoker (SPRKKR) [140] band struc-

ture program package, respectively.

In Chapter 3, we discuss the outcomes of our intensive study of 54 X2X
′Z

ternary Heusler compounds where X = Mn, Fe or Co; Z = Al or Si; and X′ a 4d

element. We present our findings on the trends in structural, electronic, magnetic

properties and on the possible half-metals and near half-metals. A simple picture of

hybridization of the d orbitals of the neighboring atoms is used to explain the origin

of the half-metallic gap in all the compounds. We find that the crystal structure,

the number of valence electrons and the positions of the d states of the 3d elements

in a compound are the deciders of the physical properties addressed here. We report

seven half-metallic magnets with 100% spin polarization and a few with high spin

polarization (greater than 90%), the“near half-metals”, which could be of poten-

tial use in applications as well. We find that the major features in the electronic

structures remain intact if a 3d X′ constituent is replaced with an isoelectronic 4d,
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implying that the total number of valence electrons can be used as a predictor of

half-metallic nature in compounds from Heusler family.

In Chapter 4 we present our investigations of the structural, electronic and

magnetic properties of 36 quaternary Heusler compounds having the chemical for-

mula CoX′Y′Z, where Y′ = Mn, Fe; X′ a 4d element and Z = Al, Si. From Z = Al

series we did find two true half-metals with 100% spin polarization though the Curie

temperatures are very low for them. Z = Si series has been an interesting one as we

could identify five new half-metallic ferromagnets of spin polarization nearly 100%

alongwith very High Curie temperatures. In both series, we could identify a few

“near half metals” which possibly can be tuned to exhibit half-metallic behaviour.

We demonstrate that like the ternary series, the electronic structures by and large

remain same for isoelectronic compounds irrespective of whether all magnetic el-

ements are 3d elements, as long as the crystal structures remain same. We have

reported some observations regarding fewer number of half-metals in the quater-

nary series with 4d elements as compared to the ones with all magnetic constituents

being 3d transition metals. This warrants further deep, extensive investigations into

the microscopic picture governing half-metallic behaviour in Heuslers.

The work presented in Chapter 4 demonstrates that half-metallicity is not straight-

forwardly transferrable from ternary parent compounds to the daughter quaternary

compounds. In Chapter 5 this aspect of site-dependence of substitution affecting

half-metallic behaviour is addressed. A case study involving Mn2RhSi, Co2RhSi

and CoMnRhSi is done to examine this. We find an intricate relationship between

substituting site, substituting element, sustainability of spin magnetic moments of

magnetic elements involved, composition and half-metallicity. The observations are

explained in terms of the trends in the electronic structures and connections are

made to the trends in the variations of magnetic exchange parameters and Curie

temperatures. Overall, this case study provides important insights into the tunibil-

ity of half-metallic behaviour in compounds with 4d transition metal elements.

Chapter 6 concludes with the summary of the important outcomes from the

thesis. We also describe the possible extensions of our work.
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Chapter 2

Methods for material simulations

In this chapter, we provide a brief discussion of the theoretical methods, used in

this thesis for material simulation. The calculations in this thesis are carried out

using density functional theory (DFT). For obtaining the results furnished in this

thesis, we have used two different implementations of DFT calculations. We have

provided descriptions of how the ground-state total energies, densities of states and

band structures as well as the magnetic exchange interactions and the transition

temperatures are calculated using DFT based formalisms.

2.1 The many-body Hamiltonian

In principle any quantum mechanical description of matter is done by finding so-

lutions of the Schrödinger equation, though in most cases it is too complex to

solve. The electronic structures of materials are calculated by solving the time-

independent, nonrelativistic many-body Schrödinger equation 2.1 for the many-body

wave function ψ with suitable approximations.

HΨ = EΨ (2.1)

H is the Hamiltonian and E is the total electronic energy of the system. The

many body wave function Ψ is expressed as,

Ψ = Ψ(r1, r2, ..., ri, ...,R1,R2, ...,RI , ...) (2.2)

ri and RI are the positions of electrons and atomic nuclei respectively with i
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and I as indices for electrons and ions, respectively. The Hamiltonian H describing

the motion of each individual electron and nuclei for every atom in the system can

be written as

H = −~2

2

∑
I

∇2
I

MI

− ~2

2

∑
i

∇2
i

mi

+
1

2

∑
I 6=J

ZIZJe
2

|RI −RJ |

+
1

2

∑
i 6=j

e2

|ri − rj|
−
∑
i,I

ZIe
2

|ri −RI |
(2.3)

MI and mi represent the mass of the nucleus and electron respectively, ZI is the

charge of nucleus. The first two terms in the Hamiltonian are kinetic energies of

nuclei and electrons, respectively. Other three terms are Coulomb interactions be-

tween nuclei and nuclei, electrons and electrons and electrons and nuclei respectively.

In practice, due to innumerable degrees of freedom associated with this equation,

the exact solution for the many body Hamiltonian (Eq. 2.3) for real systems like

molecules and solids is not possible. Several additional approximations are essen-

tial at different levels to obtain feasible solutions. They are discussed in the next

subsections.

2.2 The Born-Oppenheimer approximation

The mass of a nucleus is much larger than the mass of the electrons implying that the

electronic time scale is orders of magnitude less than that of the nuclear time scale.

This simply means that the ions can be considered as stationary while studying

the electronic degrees of freedom. This leads to the first step to reduce the degrees

of freedom in Eq. 2.3, known as Born-Oppenheimer approximation [141] which

decouples the dynamics of electrons and nuclei. Now, the total wave function can

be approximated as a product of the electron wave function and the ionic or nuclear

wave function as shown below.

Ψ(r1, r2, ...; R1,R2, ...) = ψ(r1, r2, ...; R1,R2, ...) · χnuc(R1,R2, ...) (2.4)

The ionic positions are now parameters only in the electronic wave functions. With

Born-Oppenheimer approximation, the electronic structure problem can be reformu-

lated as solving a quantum many-body Schrödinger equation for electronic degrees

of freedom only. Within this approximation, the Hamiltonian reduces to
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He = −~2

2

∑
i

∇2
i

mi

+
1

2

∑
i 6=j

e2

|ri − rj|
−
∑
i,I

ZIe
2

|ri −RI |

= Te + Vee + Vext

(2.5)

Te is the kinetic energy of the electrons, Vee is the Coulomb energy due to electron-

electron interaction and Vext is the interaction with external potential.

2.3 Density Functional Theory (DFT)

Even with the simplification of Born-Oppenheimer approximation, Eq. 2.1 is a

complicated many-electron eigenvalue problem and finding a tractable solution is

quite impossible even with modern day computers. W. Kohn in his Nobel lecture

[142] mentioned that “traditional wave-function methods, which provided “required”

chemical accuracy, are generally limited to molecules with a small total number of

chemically active electrons”. The Density Functional theory (DFT) offers an excel-

lent way to evade this problem. Instead of considering an intricate many-electron

wave function based formalism, dealing with numerous degrees of freedom due to all

electrons in the system, DFT disentangles the many-body problem by constructing

the ground state properties as functionals of a single particle electronic charge den-

sity. Considering electronic energy in terms of electron density distribution, n(r) was

not new. Thomas [143] and Fermi [144] developed a useful theory considering the

interacting electrons moving in an external potential V (r), and provided a simplified

one -to-one implicit relation between V (r) and the density distribution n(r). Like the

wave function based Hartree [145] and Hartree-Fock [146] methods, the all impor-

tant electron-electron interactions were incorporated by a mean field approximation.

Subsequent refinements to the theory (with different exchange and correlation) could

not increase its accuracy in calculating properties of real materials. Nevertheless,

the Thomas-Fermi (TF) theory did point out the importance of one electron density

n(r) providing an approximate solution of the many body Schrödinger equation. P.

Hohenberg and W. Kohn established required connection between the one electron

density function, n(r) with the wave function Ψ(r1, r2, ..., rN) to describe the elec-

tronic structure of matter in their pioneering work in 1964 [120]. Nowadays DFT is

one of the most popular, successful and essential tool for electronic structure calcula-

tion due to its phenomenal success in describing the ground state properties of large

number of materials in different forms like bulk, surfaces, interfaces, nanostructures
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etc. The heart of the DFT is summarized in the following two theorems:

Theorem I : For any system of interacting electrons in an external potential

Vext(r), the ground state density n0(r) uniquely, except for a constant, determines

this potential [122].

Theorem II : The exact ground state energy of a system in an external potential

Vext(r), is the global minimum value of a universal functional for the energy E[n],

associated with the density n(r), and the density that minimizes the functional is

the exact ground state density n0(r) [122] .

The first theorem simply implies that in an external potential Vext(r), the electron

density determines the ground state energy represented by a universal functional

EHK [n] = FHK [n] +

∫
Vext(r)n(r) d3r (2.6)

The universal functional FHK [n] includes all kinetic and potential internal ener-

gies of the system and the interaction energy with the external potential is repre-

sented by the second term. The second theorem basically shows the way to find the

ground state total energy by minimizing the energy functional E[n].

Thus, compared to the conventional wave function based approaches, which is

practically a bit of hassle, DFT offers a different outlook by considering that the

ground state properties of an interacting electronic system, theoretically are de-

termined by the ground state density. However, the energy functional E[n] of

Hohenberg-Kohn theorems, is not known and it makes these theorem inappro-

priate for practical applications. The Kohn-Sham formalism [121] along with the

Hohenberg-Kohn theorems makes DFT a success. Kohn-Sham approach maps the

many-body problem onto a single-body problem by introducing an auxiliary nonin-

teracting electronic system where the electrons are exposed to an effective external

potential Vext(r), constrained to the fact that the resulting density of the noninter-

acting system is equal to that of the density of the true interacting system. To-

gether with the variational principle, Kohn-Sham formalism leads to the famous

Schrödinger-like eigenvalue equation:

(HKS − εi)φi(r) = 0 (2.7)

where HKS is the effective Hamiltonian, εis are the eigenvalues and φi(r) is the

single particle orbital. The Hamiltonian, in the independent electron approximation
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of Kohn-Sham scheme can be expressed as

HKS = −1

2
∇2 + Veff (in Hartree units) (2.8)

with,

Veff = Vext(r) + VHartree(r) + VXC(r) (2.9)

The Hartree energy, VHartree is is given by

VHartree =
1

2

∫
n(r)n(r′)

|r− r′| d
3rd3r′ (2.10)

The exchange and correlation potential, VXC(r) is defined as,

VXC =
δExc[n]

δn(r)
(2.11)

The contribution of all known potentials due to effective independent electrons ap-

proximation along with the unknown contribution, the exchange-correlation, con-

stitutes the effective potential of Eq. 2.9. This, in turn, determines the required

energy functional EHK (Eq. 2.6). Once we know the exchange-correlation energy

Exc[n] , the total energy of the system in its ground state can be calculated in terms

of electron density n(r) [147].

The single-electron orbitals φi(r) are used to calculate the density as

n(r) =
N∑
i=1

|φi(r)|2 (2.12)

The total number of electron is given by

N =

∫
n(r) d3r (2.13)

In Kohn-Sham self-consistent approach, equations (2.6-2.13) are used to compute

the ground state energy of an electronic system with

EKS = Ts[n] +

∫
Vext(r)n(r) d3r + EHartree[n] + Exc[n] (2.14)
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with single particle kinetic energy Ts as

Ts =
1

2

N∑
i=1

∇2φi(r) (2.15)

Thus with the above single particle non-spinpolarized formulae we can find the

electron density from the potential self-consistently. Now for the spin-density func-

tional formalism, two spin-densities n↑(r) and n↓(r) are introduced as the solutions of

the very starting Kohn-Sham equation 2.7 for the same effective potential as above.

Only the exchange-correlation part is modified and the spin-dependent exchange-

correlation potential can be written as

V σ
XC([n↑, n↓; r]) =

δExc[n
↑, n↓]

δnσ(r)
(2.16)

where σ =↑ or ↓.

It is to be noted that the functional, Exc[n
↑, n↓] is of great interest in the funda-

mental development of DFT and its origin is rooted into the very basic approxima-

tion of Hartree-Fock, used to treat a many-body (many-electron) system. Exc[n
↑, n↓]

defined as the difference between the the kinetic energy plus true internal energies

of the actual many body interacting system and those of the auxiliary single par-

ticle system with electron-electron interactions replaced by the Hartree energy. So,

Exc is simply the sum of the errors comes in to the picture due to the use of non-

interacting kinetic energy and classical electron-electron interaction. The exchange

part of Exc[n
↑, n↓] takes care of fact that the presence of an electrons at the point

r reduces the total energy (density) of the other electrons at the point r′; and the

linear response function, χ(r, r′;ω), describing the change of total density at the

point r due to perturbing potential (arises due to the kinetic energy or movement

of the electron) at the point r′, with frequency ω.

In a notion of Eq. 2.12, the electronic charge density, ρ of the one-electron

orbitals φj(r) may be defined as

ρ(r) =
N∑
j=1

|φj(r)|2 (2.17)

and an orbital dependent “exchange-chargedensity”, ρHFi for the ith orbital and

involving a spin dependent factor, coupling with only states (i, j) with the same
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spin coordinates (si, sj) can be expressed as

ρHFi (r, r′) =
N∑
j=1

φ∗j (r
′)φi(r

′)φ∗i (r)φj (r)

φ∗j (r)φi(r)
δsi ,sj (2.18)

With the defined charge densities we can define the corresponding Coulomb or

Hartree potential density as

VH(r) =

∫
ρ(r)

|r− r′|d
3r′ (2.19)

and similarly the exchange potential density as

V iX(r) = −
∫
ρHFi (r, r′)

|r− r′| d
3r′. (2.20)

The correlation part of the Exc contains rest of the terms which are excluded

in calculating the total energy in Hartree-Fock method. Calculating the correla-

tion energy (Ec) for a complex system is very difficult and one way to calculate

Ecorr is to find the difference between the exact energy of a many-body electronic

system, (Eexact), and the energy of the system calculated using the Hartree-Fock

approximation, EHF : Ecorr = Eexact − EHF .

In Kohn-Sham approach the exact ground-state energy and density is calculated,

in principle only if the functional Exc[n] is known. Search for useful approximations

to construct accurate Exc[n] has been a major area of research. Proper approxi-

mations are required to construct the exchange and correlation term in solids. The

Local Density Approximation (LDA) [121] is the simplest yet very popular and

effective approximation. The basic assumptions of LDA is that the local exchange-

correlation energy density per electron is dependent only on the local density and

in a solid it is assumed to be the same as that of the homogeneous electron gas.

Within LDA the Exc, can be expressed as

ELDA
xc [n] =

∫
n(r)εhomxc (n(r))d3r (2.21)

where εhomxc is the sum of the exchange and correlation energies of the homogeneous

electron gas of density n(r).

As expected homogeneous electron gas approach is not a suitable approximation

where the electron densities vary rapidly as is the case of many atoms or molecules.

Even with its drawback in producing the correct electronic ground states in some
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important cases, LDA is widely used due the fact that it is successful in cases of

simple systems.

Along with the electron density, the gradient corrections on the electron density

was included to take care of the problems in the LDA. Such approximations are

called Generalized Gradient Approximation (GGA) [148–150]. The GGA functional

can be expressed as

EGGA
xc [n] =

∫
d3r n(r) εGGAxc (n(r), |∇n(r)|) (2.22)

There exist a number of forms for the GGA energy density per electron, εGGAxc .

Extensive development has been made to find other approximations for exchange-

correlation apart from GGA functional. Only GGA functionals have been used for

the calculations presented in this thesis.

It is worth mentioning here that to construct the exchange-correlation func-

tional, Exc, out of several approximations, LDA and GGA functionals refer only to

the exchange part of Exc. In all cases the correlation part is treated by the early

parametrization of the group of Perdew [151].

The possibility of opting different basis sets to express the solution of equation

2.7, gives rise to different electronic structure methods, implementing DFT. This

makes it a challenge to develop simultaneously accurate and time efficient numerical

methods, depending on the nature of the problem addressed, in modern day compu-

tational material science. Three major groups of methodologies are used nowadays:

the Pseudopotential (PP) methods, the full potential (FP) methods and the Green’s

function based methods. In this work we have used Pseudopotential and Green’s

function based methods. In the next section we briefly discuss them.

2.4 Pseudopotential method

The wave function of an electron in a periodic potential is represented by a discrete

set of plane waves according to Bloch’s theorem. We need large number of plane

waves to express the strong core potential, characterised by the tightly bound core

orbitals and the wiggles in the wave functions of the valance electrons in the core,

arising due to orthogonality of core and valance states. In PP method, instead of a

strong core potential, a pseudopotential corresponding to a “Pseudo-Hamiltonian”

is considered, such that outside a cut-off radius the ground state wave functions cal-

culated in this approach resemble that of the all electron wavefuction. This method
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basically removes the wiggles by a smooth pseudo-wavefuction represented by a

reasonable number of plane waves, in the core region, making the method compu-

tationally tractable. The evolution of plane wave based pseudopotential methods

which are widely used in the electronic structure calculations are briefly described

in the next subsections.

2.4.1 Norm-Conserving Pseudopotentials (NCPP)

While developing the pseudopotentials the main focuses were to (i) make it as soft as

possible ensuring the usage of fewer planewaves (ii) make it as transferable as pos-

sible so that a pseudopotential for a given element can easily be applicable in differ-

ent environments and (iii) produce a pseudo-charge density mimicking the valance

charge density as accurate as possible [125]. The first computationally tractable

pseudopotentials were the norm conserving pseudopotentials (NCPP). The NCPPs

are constructed such that the pseudo-wavefuctions (and potential) imitate the ac-

tual valance wavefuctions (and potentials) outside of some cut-off radius, equivalent

to the core radius, rc. Within the cut-off radius, the pseudo-wavefuctions and the

actual wavefuctions are different but are constrained to conserve the norm, i.e.,

∫ rc

0

ϕPS∗(r)ϕPS(r)r2 dr =

∫ rc

0

ϕAE∗(r)ϕAE(r)r2 dr (2.23)

ϕPS and ϕAE are the pseudo and all electron wavefunctions respectively. This ap-

proach works well for sp elements but the transition metals and rare earth elements

with localized d and f states need a very large plane wave basis set, and NCPP

becomes rather intractable.

2.4.2 Ultrasoft Pseudopotentials (USPP)

The pseudo-wavefuctions generated in NCCP approach are constrained to match

well with the all-electron wavefuction outside the rc. The norm-conservation in-

side rc demands a large plane wave basis set which is against the criteria for fast

conservation in planewave based calculations. Vanderbilt and co-workers [152–154]

eluded this issue by proposing a new and radical approach by allowing the pseudo-

wavefuctions to be as soft as possible inside rc, though outside rc, the NCPP ap-

proach was maintained. This approach considerably reduces the number of plane

waves required to construct the basis set with the cost of introducing some compli-
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cations. Three innate complications in the construction of ultrasoft pseudopotential

are: (i) since the wavefunctions are not necessarily been normalized, they introduce

a non-trivial overlap term in the secular equation, (ii) the pseudo charge density

cannot simply be obtained with calculations
∑
ϕ∗ϕ as done with norm-conserving

pseudopotentials, rather, a term is needed to be added in the core region, (iii)

relaxation of the norm conservation results in less transferable pseudopotentials.

However, Vanderbilt pseudopotentials have been used over the years in large-scale

calculations and proved their reliability in condensed matter calculations. Most

importantly, the cost of generating these kinds of pseudopotentials is negligible

compared to the cost of calculations where they are used.

2.5 Projector Augmented Wave (PAW) method

The pseudopotential method is very useful in term of speed and memory, yet the

loss of information of the full wave function close to the nucleus was a major draw-

back. Calculation of certain properties like hyperfine parameters and electric field

gradients are very much sensitive to these information. Also due to many adjustable

parameters and degrees of freedom used in the construction of pseudopotentials, it

is not always possible to yield reliable results in the real material environment us-

ing a particular pseudopotential with fixed parameters. The Projector Augmented

Wave (PAW) is a more general approach, introduced by Peter Blöchl [137] in 1994,

which is a combination of ideas from all-electron Linearized Augmented Plane Wave

(LAPW) methods [125–128, 155] and pseudopotential methods. The main idea of

PAW method was to retain the all-electron character, by dividing the wave function

into two parts: partial wave expansion in a sphere around the atom (augmentation

region) and envelope functions outside the spheres (interstitial region). At the sphere

edge this true and pseudo wavefuctions are connected by a linear transformation. A

brief description of this formalism is presented in this section.

The practically relevant all-electron wavefuctions |ψn〉 are mapped from compu-

tationally convenient smooth wavefuctions
∣∣∣ψ̃n〉 by a linear transformation operator

T̂ in PAW method.

|ψn〉 = T̂
∣∣∣ψ̃〉 (2.24)

The true wave functions are already smooth at a certain distance from the core (rac ).

This implies that the transformation must be unitary beyond the augmentation cut-
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off (|r −Ra| > rac ) and a sum of atom-centered contribution inside the augmented

sphere.

T̂ = 1 +
∑
a

T̂ a (2.25)

where a is an atom index and T̂ a = T̂ a(r − Ra) = 0 for |r − Ra| > rac . The cut-

off radii rac are chosen carefully to avoid overlap between augmented spheres. The

smooth wavefunction, inside the augmentation region, can be expanded into smooth

partial waves φ̃a

∣∣∣ψ̃n〉 =
∑
i,a

cani

∣∣∣φ̃ai〉 (2.26)

The all-electron wavefunction is expressed likewise as

|ψn〉 =
∑
i,a

cani |φai 〉 (2.27)

The linear transformation operation in terms of smooth partial waves is expressed

as

|φai 〉 = (1 + T̂ a)
∣∣∣φ̃ai〉 =⇒ T̂ a

∣∣∣φ̃ai〉 = |φai 〉 −
∣∣∣φ̃ai〉 (2.28)

Combining equations from 2.24-2.28 the true wave function can be expressed as

|ψn〉 =
∣∣∣ψ̃n〉−∑

i,a

cani

∣∣∣φ̃ai〉+
∑
i,a

cani |φai 〉 (2.29)

The coefficients (cani) must be linear functional of the smooth wavefuction, as the

transformation operator T̂ is linear. With some smooth projector functions p̃ai , c
a
ni

can be expressed as

cani =
〈
p̃ai

∣∣∣ψ̃n〉 ≡ Pani (2.30)

As mentioned earlier, the condition of non-overlapping of the augmented sphere

forces the one-center expansion of smooth wavefuctions
∑

i

〈
p̃ai

∣∣∣ψ̃n〉 ∣∣∣φ̃ai〉 to be
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identical with
∣∣∣φ̃ai〉. Thus the completeness condition is given by

∑
i

∣∣∣φ̃ai〉〈p̃ai ∣∣∣ = 1 (2.31)

This in turn implies that the smooth projector functions and partial waves are

mutually orthogonal within the augmentation sphere i.e.〈
p̃ai1

∣∣∣φ̃ai2〉 = δi1,i2 (2.32)

Now, using Eq. 2.28 and Eq. 2.31 the transformation operator T̂ a can be written

in a closed form

T =
∑
a

∑
i

(
|φai 〉 −

∣∣∣φ̃ai〉) 〈p̃ai | (2.33)

The all-electron, Kohn-Sham wavefuction ψn(r) = 〈r|ψn〉 now can be written as,

(using Eq. 2.29 and Eq. 2.30)

ψn(r) = ψ̃n(r) +
∑
a

∑
i

(
φai (r)− φ̃ai (r)

)〈
p̃ai

∣∣∣ψ̃n〉 (2.34)

or

|ψn(r)〉 =
∣∣∣ψ̃n〉+

∑
a

∑
i

(
|φai 〉 −

∣∣∣φ̃ai〉)〈p̃ai ∣∣∣ψ̃n〉
=
∣∣∣ψ̃n〉+

∑
a

(∑
i

(
|φai 〉

〈
p̃ai

∣∣∣ψ̃n〉− ∣∣∣φ̃ai〉〈p̃ai ∣∣∣ψ̃n〉)) (2.35)

From Eq. 2.35, we find that the all-electron wavefunction is decomposed in to two

explicitly separated extended-space and atom-centered contributions. This is the ba-

sic idea in PAW method, that is, to write the all-electron wavefunction as the sum of

the smooth pseudo-wavefunction (smooth everywhere) and sum over the subtraction

of one-centered all electron contribution and one-centered pseudo part. Exploiting

Eq. 2.35 compact expression for various quantities in PAW method [138, 156–158]

can be obtained. The PAW method as implemented in the VASP code [159], is used

throughout this thesis.
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2.6 Green’s Function method of Korringa, Kohn and

Rostoker (KKR)

Green’s function based Korringa-Kohn-Rostoker (KKR) electronic structure method

was introduced independently by Korringa [123] in 1947 and by Kohn and Ros-

toker [124] in 1954 respectively. In this method, multiple scattering approach is

used to find the solution of Schrödinger equation. The multiple scattering approach

leads to the determination of the scattering properties of each atom center or single

site by a scattering matrix. Multiple-scattering theory is then applied for solving

the equation of one electron scattered at many different potentials (all atomic sites

in the lattice). This separation of the single scattering and the multiple scattering

problems are connected by the condition that the incident wave at each scattering

center has to be equal to the sum of the outgoing waves from all the other scatter-

ing centers. This splitting, yields the most important feature of these KKR Green’s

function based formalism, that is, the separation of the structural part and the

potential part.

KKR method provides a natural approach to a localized description of electronic

properties, response functions and susceptibility that can be applied to alloys and

other disordered systems and systems with impurity. The important extension of the

KKR approach is dependent on the construction of the Green function. The Green

function of free space (the ideal periodic potential) is efficiently used to produce the

crystal Green function (locally confined impurity potentials) via a Dyson equation.

This approach is particularly a very efficient technique for solving the impurity

problem without construction of the huge supercells, as done in wavefunction based

methods.

The key steps in the KKR Green’s Function formalism are as described below.

The system is approximated to be composed of an assembly of non-overlapping

spherical muffin-tin (MT) potentials centered on each lattice site of a crystal. Within

MT the spherically symmetric potential is defined by the MT radius (RMT ) while

in the remaining interstitial part it is assumed to be constant and accordingly can

be set to zero [160]. Then, the crystal Green’s function G(r, r
′
;E) can be evaluated

from the free space Green’s function g(r, r
′
;E) by

G(r, r
′
;E) = g(r, r

′
;E) +

∫
dr

′′
g(r, r

′′
;E)V (r

′′
)G(r

′′
, r

′
;E) (2.36)

where V (r
′
) denotes the assembly of muffin-tin potentials. The above equation is
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not used for practical calculations due to convergence problem. Instead, a cell-

centered angular momentum based representation is introduced. The cell-centered

representation of g(r, r
′
;E) is expressed by

g(r + Rm, r
′
+ Rn;E) = g(r, r

′
+ Rn −Rm;E)

= −i
√
E
∑
L

JL(r)HL(r
′
+ Rn −Rm)

(2.37)

where HLs are the Hankel functions and JLs are the spherical Bessel functions.

With our assumption of periodic MT potentials, centered at lattice sites Rm, each

outgoing wave from site Rm can be expanded in a basis of incoming waves at site

Rn using an addition theorem of Hankel functions [161]:

HL(r
′
+ Rn −Rm;E) =

i√
E

∑
L′

gmn
LL′ (E)JL′ (r;E) (2.38)

and making use of the following relations.

JL(r;E) = j`(
√
Er)YL(r)

HL(r;E) = h`(
√
Er)YL(r)

(2.39)

Where YLs are spherical harmonics. Now, the free electron Green’s function can be

expressed as

g(r + Rm, r
′
+ Rn;E) = −i

√
Eδmn

∑
L

JL(r<;E)HL(r>;E)

+
∑
LL′

JL(r;E)gmn
LL′JL(r

′
;E)

(2.40)

The structure constants are defined by

gmn
LL′ (E) = −4πi

√
E(1− δmn)

∑
L′′

i`−`
′
+`

′′

CL
′′

LL′HL′′ (Rm −Rn;E) (2.41)

with the Gaunt coefficients

CL
′′

LL′ =

∫
dΩYL′′ (r)YL′ (r)YL(r) (2.42)

Similarly, the crystal Green’s function has the cell-centered mixed site-angular mo-
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mentum representation as follows,

G(r + Rm, r
′
+ Rn;E) = −i

√
Eδmn

∑
L

JL(r<;E)HL(r>;E)

+
∑
LL′

JL(r;E)Gmn
LL′JL(r

′
;E)

(2.43)

with the following relations.

JL(r;E) = P`(
√
Er)YL(r)

HL(r;E) = Q`(
√
Er)YL(r)

(2.44)

The contribution of the multiple scattering or back scattering to the Green’s function

is represented by the second term, in equation 2.40, which is also used to produce

the band structure. The relation between Gmn
LL′ (E) and gmn

LL′ (E) can be obtained by

inserting the above expressions for the Green’s function into the integral equation

Gmn
LL′ (E) = gmn

LL′ (E) +
∑
L′′m,

gmm
′

LL′ (E)tm
′

L′′Gm
′
n

L′′L′ (E) (2.45)

where t-matrix tm
′

L′′ is defined as

tm
′

L′′ =

∫ ∫
drmdr

′

mJL(rm′ ;E)tm
′

(rm′ , r
′

m′ ;E)JL′ (r
′

m′ ;E) (2.46)

When the scattering centers are aligned periodically in the crystal, Gmn
LL′ and gmn

LL′

can be Fourier transformed as,

Gmn
LL′ (Rm −Rn;E) =

1

τ

∫
τ

GLL′ (k, E)eik(Rm−Rn)dk (2.47)

gmn
LL′ (Rm −Rn;E) =

1

τ

∫
τ

gLL′ (k, E)eik(Rm−Rn)dk (2.48)

where τ is the volume of the first Brillouin zone. Substituting them into equa-

tion 2.45, one gets

GLL′ (k, E) = gLL′ (k, E) +
∑
L′′

gLL′ (k, E)tL′′GL′′L′ (k, E) (2.49)
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Finally,

GLL′ (k, E) =
∑
L′′

[δL′′L − gL′′L(k, E)tL]gL′′L(k, E) (2.50)

Then, the crystal Green’s function is given by

G(r + Rm, r
′
+ Rn;E) = −i

√
Eδmn

∑
L JL(r<;E)HL(r>;E)

+JLm(r)
∫

dk
τ
exp(ik.(Rm −Rn))

∑
L′′ gLL′′ (k, E)[1− tg(k, E)]−1

L′′L′JL′n(r
′
)

(2.51)

The band structure is then calculated by finding the zeros of the determinant of the

matrix from the equation 2.50 for each k

det|δLL′ − tL(E)gLL′ (k;E)| = 0 (2.52)

The energy eigenvalues are determined as a function of k in this procedure and

hence, an energy dispersion relation E(k) is yielded. The zeros of the KKR matrix

gives the poles of the Green’s function; each pole corresponds to the eigenstate of

the Hamiltonian.

In this thesis we have used the Munich group’s implementation of the Green’s

function formalism as done in SPRKKR package [162] mainly to compare our results

from the PAW based VASP package as well as to calculate the magnetic exchange

interactions and the Curie temperatures, discussed in the following section.

2.7 Calculations of the magnetic exchange interac-

tions and the magnetic transition temperatures

All the materials studied here have 3 transition metals with d electrons, two 3d and

a 4d element. Magnetism in transition metals is known to depend on the atomic

character of d electrons and inter-atomic exchange interactions. Hence, together

with the electronic structures (density of states (DOS) and band structures), we

have computed the magnetic exchange interactions Jij as well as the magnetic tran-

sition temperatures or Curie temperatures (Tc) of all compounds, studied here, to

comprehend the magnetism for these materials better. The methods, used in this

thesis to compute the magnetic exchange interactions and the Curie temperatures

(Tc) are presented in this section.
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2.7 Calculations of the magnetic exchange interactions and the magnetic transition
temperatures

2.7.1 The magnetic exchange interactions (J ij)

With multiple scattering Green function formalism as implemented in SPRKKR

code [140], we have calculated the magnetic pair exchange parameters. Here, the

spin part of the Hamiltonian is mapped to an effective Heisenberg model for the

spin interaction of sites using the following formula

H = −
∑
µ,ν

∑
i,j

J ijµνe
i
µ.e

j
ν (2.53)

where µ, ν represent different sub-lattices; i, j indices are used to denote the atomic

positions and eiµ is the directional unit vector along the direction of magnetic mo-

ments at site i belonging to sub-lattice µ. The magnetic exchange interactions J ijµνs,

calculated from the energy differences due to infinitesimally small orientations of

a pair of spins resulting a perturbation in spin-density, within the formulation of

Liechtenstein et. al. [163], based on magnetic force theorem [164], takes the following

form.

J ij =
1

4π

∫ EF

−∞
dE Im Tr(∆iT̂

ij
σ∆jT̂

ji
σ′) (2.54)

here σ is the spin index, T̂ is the scattering path operator related to the off-diagonal

elements of the Green’s function and ∆i = (t̂−1iσ -t̂−1iσ′), t̂ is the single scattering matrix.

The trace, Tr is over the orbital indices of the scatting matrix. Once J ijµνs are

calculated using the first-principle calculations we can find the nature of the coupling

of the i and j atoms and the Curie temperatures. A positive (negative) values for

J ij indicate ferromagnetic (antiferromagnetic) coupling between atoms i and j.

2.7.2 Curie temperature (Tc) calculation with mean field

approximation (MFA)

In this thesis we have used mean field approximation (MFA) [165] to calculate the

Curie temperature (Tc), estimated using the J ij. Since we are mainly concerned

about the trends in the Tcs across the particular series and the relation between the

Tcs and the J ijs, overestimation of Tc by MFA is not going to be our concern for

the time being.

For a multi-sublattice material, within the mean field approximation the Curie
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temperature is obtained by solving the system of coupled equations [165–167]

〈eµ〉 =
2

3kBT

∑
ν

J0
µν〈eν〉 (2.55)

where 〈eν〉 is the average Z component of eνi and J0
µν ≡

∑
i J

0i
µν . Eq. 2.55 can be

expressed in the form of an eigenvalue matrix problem

(Θ− T I)E = 0, (2.56)

where Θµν = (2/3kB)J0
µν , I is a unit matrix and E is the vector of 〈eν〉. The largest

eigenvalue of matrix Θ determines the value of the Curie temperature [165].

2.8 Summary

In this chapter, we have briefly described the state-of-the-art computational tech-

niques used in condensed matter physics, i.e., DFT based methods, for obtaining the

results used in this dissertation. To retrieve useful information from the materials

which I have investigated, two different implementations of DFT have been exten-

sively used; (i) PAW method as implemented in the VASP, mainly for structural and

electronic structure calculations (ii) Full potential KKR method as implemented in

the SPRKKR package, primarily to calculate exchange interaction parameters and

Curie temperatures. The reason behind choosing VASP over SPRKKR to calculate

the electronic structure is mainly due to its easy usage and speed while relaxing the

structure.
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Chapter 3

Exploration of half-metallicity in

ternary Heusler compounds X2X
′Z (X

= Co, Fe, Mn, X′ = 4d elements and

Z = Al, Si)

3.1 Introduction

In the introductory chapter, we have discussed, in somewhat detail, that the

highest number of magnetic half-metals are found in ternary Heusler compounds

X2X
′Z. Overwhelmingly large number of half-metals have X and X′ as transition

metal elements with 3d electrons. Comparatively, exploration with either both or

one of the two transition metal constituents being elements with 4d electrons are

very few [169–171].

In this chapter we present our results on structural, electronic and magnetic

properties of six ternary series X2X
′Z, with X = Mn, Fe, Co , Z = Al, Si while X′

is varied from Y to Ag down the series in the periodic table, by Density functional

theory (DFT) based electronic structure calculations. The reasons for choosing Co2,

Mn2 and Fe2 based compounds have been discussed in section 1.8. The motivations

behind the work are as follows:

1. search for new half-metallic magnets.

The contents of this chapter are from [168], Accepted in Physscripta
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Mn, X′ = 4d elements and Z = Al, Si)

2. understanding of the impacts on properties related with half-metallic be-

haviour and magnetism in materials having both 3d and 4d elements.

3. comparative study of isoelectronic compounds with same X and Z but different

X′; in one case X′ a 3d transition metal while in the other case it’s 4d transition

metal, to understand the origin of their electronic properties in the context of

half-metallic behaviour.

The chapter is organised as follows: Computational details and the methods,

used in this work are given in the next section. In the subsequent section (Section

5.3) we present the discussions of the calculated results on structural, electronic and

magnetic properties of the ternary compounds mentioned above along with a com-

parative understanding with compounds having only 3d elements as the magnetic

components. The conclusions and future outlook are presented at the end.

3.2 Computational Details

We have used spin-polarized DFT based projector augmented wave methods as

implemented in Vienna Ab-initio Simulation Package (VASP) [137–139] with Gen-

eralized Gradient Approximation (GGA) [172] for calculating electronic structure.

An energy cut-off of 450 eV and a Monkhorst-Pack [173] 25 x 25 x 25 k-mesh was

used for self-consistent calculations while a larger 31 x 31 x 31 k-mesh was used for

calculating densities of sates. We set the energy and the force convergence criteria

to 10−6 eV and 10−2 eV/Å respectively.

With multiple scattering Green function formalism as implemented in SPRKKR

code[140] we have calculated the magnetic pair exchange parameters as discussed

in chapter 2. Full potential spin polarized scalar relativistic Hamiltonian with an-

gular momentum cut-off lmax = 3 is used to calculate the energy differences by the

SPRKKR code. We have use a uniform k-mesh of 22 × 22 × 22 for Brillouin zone

integrations. The Green’s functions were calculated for 32 complex energy points

distributed on a semiconductor contour. For the self-consistence cycles, the energy

convergence criterion was set to 10−6 Ry . The calculated J ijµν were used further to

compute the Curie temperatures within the mean field approximation[167].

38
TH-2068_136121006



3.3 Results and Discussions

3.3 Results and Discussions

3.3.1 Structural Properties

As mentioned in section 1.2, X2X
′Z ternary Heusler compounds crystallise in two

prototype structures: the“regular” Heusler or L21 with the space group Fm3̄m

(space group number 225) or, the “inverse” Heusler, with the space group F 4̄3m

(space group number 216). The structures are schematically shown in Fig 3.1.

(a) (b)

Figure 3.1: Crystal structure of ternary Heusler compounds X2X
′Z in (a) TI (Heusler

i.e two X atoms are in symmetric positions) (b) TII (Inverse Heusler i.e X and X′ are in
symmetric positions).

In Table 3.1 we present the structural properties (the crystal structure type and

the lattice constant) of the lowest energy Heusler phases, obtained by our calcula-

tions, for the compounds considered here. The trends in the structure types can be

understood from the following empirical rule based on the electronegativities of the

constituents which has been successful in explaining the structural preferences for a

number of Heusler intermetallics[101, 116–119, 179–186]: if the main group element

is fixed at 4a site, the 4b site should be occupied by the least electronegative element

of the remaining three transition metal atoms [187]. From our results, we find that

except Mn2NbZ, X2Mo′Z (X = Mn, Fe, Co) and Co2TcAl this rule explains the

structure types for all other compounds. The computed lattice constants agree well

with the existing results. In Table 3.2 we have tabulated the available results on

lattice constants, structure type, magnetic moments and spin polarization of ternary

X2Y
′Z (X = Mn, Fe, Co ; Y′ = Sc to Cu and Z = Al, Si) compounds to compare

our findings with Y′ = Y to Ag, keeping X and Z same. In case of lattice constants,

we find that the lattice constants of ternary Heuslers are greater when X′ is an ele-

ment with 4d electrons, in comparison to its counterpart with X′ an element with 3d

electrons located right above the column in periodic table (Table 3.2). This trend

can be explained purely on the basis of relative sizes of the atomic radii of the X′
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Table 3.1: Calculated lattice constants, formation energies, structure type and magnetic
moments of ternary X2X

′Z compounds.

Systems Lattice Formation Structure M
(Type-I) constant(Å) energy(eV) type (µB/f.u.)

Mn2YAl 6.52 -0.74 TI 5.72
Mn2ZrAl 6.15 -2.01 TI 3.00
Mn2NbAl 6.00 (6.005[174]) -1.56 TI 2.00 (2.00[174])
Mn2MoAl 5.90 -1.23 TI 1.04
Mn2TcAl 5.95 -1.94 TII 0.04
Mn2RuAl 5.95 -2.62 TII 1.01
Mn2RhAl 5.95 -2.08 TII 1.86
Mn2PdAl 6.05 -1.67 TII 0.86
Mn2AgAl 6.20 -0.29 TII 0.31
Fe2YAl 6.25 -0.47 TI 1.95
Fe2ZrAl 6.05 -1.96 TI 0.91
Fe2NbAl 5.90 (5.909[175]) -1.63 TI 0.00
Fe2MoAl 5.85 -0.77 TI 0.82
Fe2TcAl 5.85 -1.34 TII 3.29
Fe2RuAl 5.90 -1.97 TII 5.20
Fe2RhAl 5.90 -1.58 TII 5.00
Fe2PdAl 5.95 -1.25 TII 4.84
Fe2AgAl 6.05 0.25 TII 4.75
Co2YAl 6.20 -3.21 TI 0.00
Co2ZrAl 6.05 -4.32 TI 1.00
Co2NbAl 5.95 -3.31 TI 2.00
Co2MoAl 5.90 -2.36 TI 2.84
Co2TcAl 5.85 -3.14 TI 3.91
Co2RuAl 5.85 -3.38 TII 3.87
Co2RhAl 5.85 -2.84 TII 3.37
Co2PdAl 5.90 -2.56 TII 3.04
Co2AgAl 5.97 -1.28 TII 2.77

Mn2YSi 6.16 -1.01 TI 3.02
Mn2ZrSi 6.00 (6.004 [176]) -2.42 TI 2.00[176]
Mn2NbSi 5.87 -2.02 TI 0.99
Mn2MoSi 5.78 -1.61 TI 0.00
Mn2TcSi 5.83 -2.60 TII 1.04
Mn2RuSi 5.79 -3.10 TII 2.00
Mn2RhSi 5.81 (5.905 [177]) -2.09 TII 3.00 (3.00 [177])
Mn2PdSi 5.98 -1.39 TII 0.95
Mn2AgSi 6.11 0.14 TII 0.59
Fe2YSi 6.08 -0.87 TI 0.96
Fe2ZrSi 5.93 (5.899 [178]) 2.55 TI 0.00
Fe2NbSi 5.84 -1.58 TI 0.97
Fe2MoSi 5.78 -0.71 TI 1.79
Fe2TcSi 5.79 -1.88 TII 3.78
Fe2RuSi 5.78 -2.37 TII 4.69
Fe2RhSi 5.80 -1.59 TII 4.90
Fe2PdSi 5.88 -0.91 TII 5.07
Fe2AgSi 5.97 0.77 TII 4.69
Co2YSi 6.12 -3.32 TI 1.00
Co2ZrSi 5.99 -4.36 TI 2.00
Co2NbSi 5.87 -3.01 TI 1.71
Co2MoSi 5.78 -2.16 TII 0.01
Co2TcSi 5.72 -3.22 TII 0.21
Co2RuSi 5.74 -3.60 TII 3.20
Co2RhSi 5.76 -2.65 TII 3.27
Co2PdSi 5.79 -2.14 TI 2.35
Co2AgSi 5.83 -1.20 TI 0.20
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component.

In order to first verify whether a compound indeed can be formed, we have

calculated the formation energies the following way:

Ef = EX2X′Z − (2EX + EX′ + EZ)

Where EX2X′Z are the total energies per formula unit of the X2X
′Z and EX , EX′ ,

EZ , are the total energies of the bulk X, X′ and Z respectively in their ground state

structures. The results are tabulated in Table 3.1. Except Fe2AgAl, Mn2AgSi and

Fe2AgSi most compounds are likely to form as the formation energies are negative

and hence are thermally stable from the point of view of enthalpy. Thus, it is worth

investigating further the properties of all these ternary Heusler compounds.

3.3.2 The Magnetic moments and the Slater-Pauling Rule

The necessary condition for a Heusler compound to be half-metal is that the total

spin-magnetic moment per formula-unit is an integer and that it follows the Slater-

Pauling rule, connecting the magnetic moment to the total number of valance elec-

trons per formula unit [57–60]. In case of half-metallic ternary Heusler compounds

X2X
′Z, the manifestation of this rule is that the total magnetic moment per formula

unit, M and the number of valance electrons per formula unit, NV are related by

M = |NV− 18| or by M = |NV− 24| or by M = |NV− 28|, depending on whether X

is an early transition metal; or more precisely whether the Fermi-energy is placed in

a gap after 9, 12 or 14 electronic states respectively [7, 59]. In Fig 3.2.(a), we have

plotted the variations of M with NV for X2X
′Al (X′ = 4d, X = Mn, Fe, Co). Our

results show that the moments of Mn2X
′Z compounds follow the M = |NV − 24|

rule with the exceptions of Mn2YAl, Mn2PdZ and Mn2AgZ where the expected mo-

ments are smaller than those predicted by the Slater-Pauling rule. However, the

moment of Mn2PdAl lies close to M = |NV − 28| line. For Fe2X
′Z series we find

that for compounds with X′ an element after Mo, the moments of all compounds

are much deviated from any of the Slater-Pauling lines. In case of Co2X
′Al series

the moments deviate from the line M = |NV − 24| for late transition metals (X′

= Ru, Rh, Pd, Ag), though Co2PdAl lies close to M = |NV − 28| line. For the

case of Co2X
′Si series except Co2YSi and Co2ZrSi none of the compounds follow the

M = |NV − 24| rule. Co2MoSi with 28 valance electrons and having total moment

zero lies on M = |NV − 28|. Across the six series under investigation there are only

two compounds, Mn2ZrAl and Mn2YSi having moments in conformation with both
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Table 3.2: Lattice constants, structure type, magnetic moments and spin polarization
of ternary X2Y

′Z (X = Mn, Fe, Co ; Y = Sc to Cu and Z = Al, Si) compounds. The
results are from the Heusler database http://heusleralloys.mint.ua.edu/. The numbers
inside parantheses are reported values from other works.

Systems Lattice Structure M Spin polarization
(Type-I) constant(Å) type (µB/f.u.) %

Mn2ScAl 6.16 TI 4.0054 88.78
Mn2TiAl 5.95 (5.967,5.920 [188, 189]) TI 2.9865 (3.05) 75.34 (77)
Mn2VAl 5.8019 (5.687, 5.875 [190, 191]) TI 1.9994 (1.93, 1.82) 98.05 (93%)
Mn2CrAl 5.72 (5.71 [192]) TI 1.0406 (1.00) 91.76
Mn2MnAl 5.3644 (5.80, 5.79[29, 193]) DO22 (DO3) 1.7039 (0, 0.017) 55.07
Mn2FeAl 5.75 (5.781, 5.725[194, 195]) TII 1.0009 (1.00, 1.01) 98.43(100)
Mn2CoAl 5.7349 (5.798, 5.76[83, 196]) TII 1.9999 (2.00, 2.00) 100
Mn2NiAl 5.8 (5.636[197]) TII 1.1766 52.14
Mn2CuAl 5.89 (5.855[198]) TII 0.1841 (0.22) 52.14
Fe2ScAl 6.02 (6.012[199]) TI 1.9221 (1.92) 92.85
Fe2TiAl 5.82 (5.878[200]) TI 0.9442 88.76
Fe2VAl 5.6925 (5.7129[114]) TI 0 0
Fe2CrAl 5.6599 (5.811[201]) TI 0.9978 95.02
Fe2MnAl 5.6711(5.673[194]) TI 0.0001 (2.00) 0.01
Fe2FeAl 5.74 (5.74[193]) TI 5.9605 (5.98) 54
Fe2CoAl 5.7006 (5.701[70]) TII 4.9991 (5) 58.7

Fe2NiAl 5.7455 (5.758[202]) TII 4.777 (4.25) 10.33
Fe2CuAl -(5.048[202]) - (Regular tetragonal) -(4.56) -
Co2ScAl 5.97 (5.961[203]) TI 0.0001 (0.00) 0.05
Co2TiAl 5.83 (5.849[204]) TI 1.00 (0.75) 60.07
Co2VAl 5.74 (5.75148, 5.7798[205, 206]) TI 1.9985 (1.998) 94.88
Co2CrAl 5.704 (5.73, 5.727[207, 208]) TI 3.0 (3) 100
Co2MnAl 5.7 (5.756[209]) TI 4.0235 (4.01) 59.7
Co2FeAl 5.7 (5.672[210]) TI 4.991 74.69
Co2CoAl 5.68 TI 4.0336 67.49
Co2NiAl 5.042 TII 2.8742 72.15
Co2CuAl -(5.55[211]) - TII - (1.14) -

Mn2ScSi 5.9449 TI 2.9809 93.9
Mn2TiSi 5.77 (5.783[188]) TI 1.9832 93.46
Mn2VSi 5.65 (5.560[190]) TI 0.9657 (0) 73.16
Mn2CrSi 5.5899 (5.59[192]) TI 0.0002 (0.00) 0.04
Mn2MnSi 5.64 (5.65[193]) TI (DO3) 1.0071 (1) 95.93
Mn2FeSi 5.6006 (5.60[195]) TII 2.0077 (2.01) 84.51 (84)
Mn2CoSi 5.621 (5.65, 5.621[196, 212]) TII 3 (3.00) 100
Mn2NiSi 5.7 (5.698[213]) TII 1.0712 27.68
Mn2CuSi - (5.75[214, 215]) - (TII) - (1.00) - (100)
Fe2ScSi 5.85 TI 0.9336 91.16
Fe2TiSi 5.685 (5.685[216]) TI 0 0
Fe2VSi 5.61 (5.674[217]) TI 0.8056 81.91
Fe2CrSi 5.4678 DO22 (TI) 2.0 (1.98) 99.38 (98[218])
Fe2MnSi 5.5942 (5.6686, 5.664 [219, 220]) TI 3 100
Fe2FeSi 5.61 (5.61[193]) TI 0.8056 (5.01) 44.51

Fe2CoSi 5.6086 (5.64[221]) TII 4.9626 (4.99) 74.15 (100)
Fe2NiSi 4.9287 (5.66[222]) DO22 (Xa/F-43m) 4.6756 (4.62) 2.56
Fe2CuSi - - - -
Co2ScSi 5.87 (5.8634[223]) TI 1 100
Co2TiSi 5.75 (5.733[204]) TI 2 (1.96) 7.5
Co2VSi 5.21 (5.6725[205]) DO22 (TI) 0.9313 (3) 51.51
Co2CrSi 5.6335 (5.699[224]) TI 4 (4.006) 100
Co2MnSi 5.6301 (5.654[209]) TI 5 (5.07) 100
Co2FeSi 5.628 (5.64[225]) TI 5.48 (5.97) 72.34
Co2CoSi 5.07 DO22 2.8601 62.54
Co2NiSi 5.0307/5.1124 Tetragonal/DO22 2.2607/1.966 49.49/51.5
Co2CuSi 5.02 Tetragonal 2.2312 59.15
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M = |NV − 18| and M = |NV − 24| rules. In principle these system can have gaps

after both 9 states and 12 states [212].

Fig 3.2 and Table 3.1 demonstrate that there are quite a few compounds with

integer or close to integer moments following Slater-Pauling rule. These are the po-

tential half-metals whose electronic structures need to be examined carefully before

coming to any conclusion. In the next sub-section we discuss in detail the elec-

tronic structures of compounds in each series and try to understand the origin of

half-metallicity in compounds with 4d elements.
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Figure 3.2: Total magnetic moments versus the total number of valence electrons NV for
(a) X2X

′Al and (b) X2X
′Si compounds respectively. The Slater-Pauling M = |NV − 24|

and M = |NV − 28| lines are drawn as a guide to understand whether the compounds
follow Slater-Pauling rule.

3.3.3 Electronic Structure

The origin of the half-metallic gap and the conformation to the Slater-Pauling rule

by magnetic Heusler and inverse Heusler compounds can be understood from their

electronic structures near the Fermi level by addressing the hybridizations between

the constituents of the compounds [7, 59, 61]. In a ternary Heusler compound X2X
′Z,

the sp-element Z provides 4 low lying (below d bands) states-one s and three p- in

each spin channel. These s−p bands lie well below the Fermi-energy, accommodate

charges from the atoms with d electrons and stabilize the structure[5]. The d-

orbitals of transition-metal atoms hybridize the following way: first the atoms on

symmetric sites (8c in the space group 225, 4c and 4d in space group-216) hybridize

creating (i) 5 bonding d-hybrids (2 doubly-degenerate eg and 3 triply degenerate t2g

hybrid orbitals) (ii) five non bonding hybrid d-orbitals (2 doubly-degenerate eu and 3
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triply degenerate t1u hybrid orbitals)(Fig. 1.4(a) in chapter 1). The bonding eg and

t2g orbitals, having tetrahedral symmetry, can only hybridize with d-orbitals of the

remaining transition metal atom. Thus, ultimately we are left with five bonding and

five anti-bonding states which are non-transforming with the u representation[7, 64]

and can not couple with d-orbitals of the remaining transition atom (Fig. 1.4(b) in

chapter 1).

In case of a half-metal there is an energy gap in one spin-channel, where the

Fermi-energy is pinned in. The position of the Fermi-level in a spin-channel where

the half-metallic gap is situated, determines which Slater-Pauling rule the material

follows as the number of states in that particular spin-channel below the Fermi-

level is always fixed and any extra electron would be placed in unoccupied states of

other spin-channel. In this work we use the convention that if NV > 24, the spin

channel where the half-metallic gap is, will be considered the minority spin channel.

Accordingly, from Fig. 1.4 in chapter 1 it is clear that position of EF in the minority

spin-channel would lead to the half-metals following different Slater-Pauling rules.

If EF is situated between t1u and t2g states, it would follow M = |NV − 18| rule.

If the position of Fermi-energy is between t1u and eu states, the compound would

follow M = |NV− 24| rule. Simple difference in electron count in both spin-channel

leads us to this conclusion.

In Figs. 3.3 - 3.8 we present the spin-polarized total and atom projected densities

of states of all X2X
′Z compounds considered in this work in their respective ground

state structures. The X atoms occupying the position (0, 0, 0) are denoted as XI

while the X atoms occupying the other positions are denoted as XII throughout. In

the following we discuss them series-wise. Selected band structures of the interesting

compounds along the high symmetry directions in Brillouin zone are presented in

Fig. 3.9 - Fig. 3.17.

3.3.3.1 Mn2X
′Z compounds

The densities of states for compounds of Mn2X
′Al (Mn2X

′Si) series with TI and TII

structures are shown, respectively, In Fig 3.3.(a) and Fig 3.4.(a) (Fig 3.3.(b) and

Fig 3.4.(b)). We find several features common to either the compounds with same

structure type or even across the structure types: (a) for compounds in TI structure

and with possible half-metallic gaps, the gaps are flanked by Mn d-states, while

for compounds in TII structure, the contributions from Mn and X′ are significant;

both consistent with the generalised hybridization picture described in chapter 1,

(b) across the structures, as the atomic number increases, the contributions from X′
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Figure 3.3: Spin polarized total and atom-projected densities of states for (a) Mn2X
′Al

and (b) Mn2X
′Si (X′= Y, Zr, Nb, Mo) compounds. The ground states of these compounds

are Type-I.

move gradually towards lower energies, (c) as long as structure types are same, the

features in the densities of states of compounds from the two different series are very

similar when NV are same. This is reflected more in compounds with structure TI.

For example, Mn2NbAl and Mn2ZrSi both are half-metallic with NV=22. Mn2ZrAl

and Mn2YSi, Mn2MoAl and Mn2NbSi too have similar features in their densities

of states. On the other hand, Mn2MoSi and Mn2TcAl, both are with NV=24, yet

have completely different features in their densities of states as the ground state

structures are different.

In order to identify half-metals and understand their origin as NV changes con-

tinuously, we now focus on the densities of states of the compounds in the two

series systematically. We find that for compounds crystallising in TI the origin of

the gap in majority spin channel is due to the splitting of non-bonding t1u and

eu states arising out of hybridizations between the Mn atoms. For Mn2ZrAl and

Mn2YSi the separation between t1u and eu states are not enough to extend the gap

cutting through the Fermi-level to make these compounds half-metallic. In Fig.

3.9, we present the spin-resolved band structure of Mn2ZrAl. Although it has an

integer magnetic moment of 3 µB per formula unit, the minority spin band struc-

ture shows that at the X point of the Brillouin zone, the top of the valence band
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Figure 3.4: Spin polarized total and atom-projected densities of states for (a) Mn2X
′Al

and (b) Mn2X
′Si (X′= Y, Zr, Nb, Mo) compounds. The ground states of these compounds

are Type-II.

crosses the Fermi level, leading to a spin polarization of 74% and renders the system

a normal metal. Thus, in spite of their magnetic moments being integer or near

integer, these compounds are not half-metals. As we go from Mn2ZrAl(Mn2YSi)

to Mn2NbAl(Mn2ZrSi), the extra electron is accommodated in one of the three t1u

states in the majority band opening a half-metallic gap. This is also reflected in

the spin-resolved band structures of these compounds as shown in Fig. 3.10 and

Fig. 3.12. The spin down band structures of Mn2NbAl(Mn2ZrSi) clearly show a

separation between the valence and the conduction bands with Fermi level falling

in the gap. The spin up band structure on the other hand demonstrates a metallic

character. Thus these materials are half-metals. In Mn2MoAl (Mn2NbSi) the extra

electron is accommodated in one of the vacant t1u or in the eg states in the majority

bands, thus producing high spin polarization but destroying the half-metallicity as

these states cut through the Fermi levels. Once again, in spite of having near inte-

ger moments, these two compounds at best can be considered near half-metals with

Mn2NbSi having a spin polarization over 90%. Mn2MoSi, with NV=24, has same

occupancy in both spin bands leading to zero magnetic moment, in conformation
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with the Slater-Pauling rule. However, in spite of Mn2TcAl having NV=24 too, the

electronic structure is different from that of Mn2MoSi as the former crystallises in

TII structure. Though the moment is nearly zero in Mn2TcAl (like Mn2MoSi) it has

a large spin polarization of 94%. This is because unlike Mn2MoSi, it has a near half-

metallic gap in the majority spin band arising out of the separation of bonding t2g

and non-bonding eu states across the Fermi level. This, in fact, is part of the general

features observed in the electronic structure of the compounds with TII structure.

In case of these compounds the bonding t2g hybrid orbitals, originating from all the

transition metal atoms and the non-bonding t1u hybrids due to Mn and X′ atoms

lie extremely close; same happens for anti-bonding eg and non-bonding eu states.

Throughout the Mn2X
′Z series with TII structure, we find that the position of the

gap and spin polarization is determined by this. As exemplary cases we have shown

the spin-resolved band structures of Mn2RuAl and Mn2RhSi in figures 3.11 and 3.13.

The band structure of Mn2RuAl (Fig. 3.11) for the down spin shows that at Γ point

the top of the valence band protrudes into the unoccupied part of the spectrum.

Thus the material is near half-metal as can be understood also from the near zero

densities of states at the Fermi level. Mn2RhSi is the only half-metallic compound

in Mn2Y
′Z series, crystallising in the inverse Heusler structure. The semiconducting

gap in one of the spin channels of the band structure of Mn2RhSi is clearly seen in

Fig. 3.13.

Thus, in Mn2X
′Z series we found three true half-metals (Mn2NbAl, Mn2ZrSi and

Mn2RhSi), four near half-metals i.e. materials with high spin polarization (greater

than 90%) (Mn2TcAl, Mn2RuAl, Mn2NbSi, Mn2RuSi). Out of the three true half-

metals, Mn2RhSi has also been found to be a potential thermoelectric material [177].

On the other hand, near half-metal Mn2TcAl with it’s high spin polarization and

near zero magnetic moment is a potential compensated ferrimagnet. It may be noted

that Mn3Al in DO3 structure is a well known compensated ferrimagnet [29] and that

Mn2TcAl is isoelectronic to it (derived by replacing one Mn with Tc), implying that

the physical properties of magnetic Heusler compounds obtained by replacing one

3d element with a 4d may depend solely on NV. We find a signature of this when

we compare Mn2YAl and Mn2ScAl. Our calculations show that Mn2YAl is not a

half-metal at all, neither does it have a significant spin polarization. However, it has

exceptionally large magnetic moment exactly like Mn2ScAl, which is isoelectronic.
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Figure 3.5: Spin polarized total and atom-projected densities of states for (a) Fe2X
′Al

and (b) Fe2X
′Si (X′= Y, Zr, Nb, Mo) compounds. The ground states of these compounds

are Type-I.

3.3.3.2 Fe2X
′Z compounds

Atom and spin resolved densities of states of Fe2X
′Z series are presented in the Fig

3.5 and Fig 3.6. Fig 3.5.(a) and Fig 3.5.(b) (Fig 3.6.(a) and Fig 3.6.(b)) are the

densities of states for compounds with structure type TI(TII). We find substantial

similarities between Fe2X
′Z and Mn2X

′Z as far as some of the general features in the

electronic structures are concerned. Like in Mn2X
′Z series, the main contributions

to densities of states for compounds in Fe2X
′Z near Fermi levels come from the Fe

atoms in case of compounds with structure TI whereas in case of compounds with

TII structure, the main contributions come from the tetrahedrally co-ordinated Fe

and X′ atoms. We also find that with increasing atomic number the X′ d- states

lie deeper into the valence band, a feature similar to the Mn2X
′Z series. The major

difference, however, between the compounds in two series, is that none of the 18

compounds in Fe2X
′Z series is found to be half-metallic. This difference originates

from the fact that the Fe states are more delocalised as compared to Mn states. As

a result, often the Fe states or the ones with hybridizations with Fe atoms, extend

into the unoccupied part, leaving no possibility of opening up of a half-metallic gap.

However, in almost all compounds, there is either a pseudo gap in the occupied part

of one spin channel and a gap like valley cutting through the Fermi level in the
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Figure 3.6: Spin polarized total and atom-projected densities of states for (a) Fe2X
′Al

and (b) Fe2X
′Si (X′= Y, Zr, Nb, Mo) compounds. The ground states of these compounds

are Type-II.

other. The trends in the features of the electronic structures as one goes through

the compounds in a series and with a given crystal structure, are same across the

Al and Si series. The electronic structures are very similar if NV is same. For

compounds with structure type TI, the electronic structure near the Fermi level is

contributed mostly by the t2g and eg Fe states in occupied and unoccupied parts

respectively. We find the only near half-metal in Fe-series compounds to be Fe2NbSi

with spin polarization 95% crystallising in TI structure. The compound right before

Fe2NbSi in the series is Fe2ZrSi which has 24 valence electrons and turns out to be

a non-magnetic semiconductor. It is interesting to note that unlike Mn2X
′Z, the

changes in the electronic structure of Fe2X
′Z compounds, when NV changes from

23 to 24 are drastic. In the Mn-series, the changes in electronic structures between

Mn2NbAl (NV=23) and Mn2MoAl (NV=24) bore a continuity while the changes from

Fe2ZrAl (Fe2YSi) to Fe2NbAl (Fe2ZrSi) are sharp and substantial. The changes from

Fe2NbAl (Fe2ZrSi) to Fe2MoAl (Fe2NbSi) again are systematic, following a trend.

The extra electron in Fe2MoAl (in comparison to Fe2ZrAl) is accommodated in

the spin-up band, which reflects in a pseudo gap inside the occupied part of spin
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up channel. The semiconducting gap of Fe2NbAl in the spin down channel would

have been intact if the hybridizations near the Fermi level wouldn’t have changed

upon replacement of Nb with Mo. The hybridizations of Mo and Fe states near the

Fermi level produce a valley cutting through the Fermi level, reducing the magnetic

moment significantly from the Slater-Pauling predicted value, bringing down the

spin polarization as well. The semiconducting gap of spin down channel in Fe2ZrSi

nearly survives in Fe2NbSi as the Nb eg and Fe t2g hybridizations near Fermi level

are weak as compared to Fe2MoAl. For the compounds with structure type TII, the

proximity of d states of Fe and X′ mix the states substantially in both spin channels,

leaving little possibility of a semiconducting gap in any of the spin channels.

3.3.3.3 Co2X
′Z compounds
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Figure 3.7: Spin polarized total and atom-projected densities of states for (a) Co2X
′Al

and (b) Co2X
′Si (X′= Y, Zr, Nb, Mo) compounds. The ground states of these compounds

are Type-I.

In Figs 3.7 - 3.8 we show the total and partial densities of states of Co2X
′Z

compounds. Like observed in cases of Mn2 and Fe2 based compounds, the Co2 based

compounds with structure TI have Co states dominating the features near the half-
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Figure 3.8: Spin polarized total and atom-projected densities of states for (a) Co2X
′Al

and (b) Co2X
′Si (X′= Y, Zr, Nb, Mo) compounds. The ground states of these compounds

are Type-II.

metallic gaps for half-metals. We find more half-metals with 100% spin polarizations

among Co2X
′Z compounds in comparison to compounds in other two series. All

the half-metals in Co2-compounds are with TI structure, arising because of the Co

states, localised more in comparison to Mn or Fe in Mn2 and Fe2 based compounds

respectively. This feature is also seen in the more familiar Co2X
′Z compounds with

X′ a 3d element [7, 226, 227]. The Co-based compounds studied in the present work

have NV greater than or equal to 24. Thus the half-metallic gaps are found in the

spin down channels. In Fig 3.7.(a) and Fig 3.7.(b) we see that the main contributions

to densities of states comes from Co-t2g or Co-t1u below the Fermi-level and from

Co-eg or Co-eu above the Fermi-level in both Co2X
′Al and Co2X

′Si series. Co2YAl,

having NV = 24, is a non-magnetic compound where each spin band has exactly

12 electrons. In Co2ZrAl -Co2NbAl (Co2YSi-Co2ZrSi) minority spin channel have

12 electrons and the extra electrons are fully accommodated in the majority spin

channel opening the gap in minority spin channel. In Figs. 3.14- 3.17, we show the

electronic structures of the Co2 based half-metals identified in this study. The band

structures in all these cases clearly show a semiconducting gap in the minority spin

channels.

In Co2MoAl (Co2NbSi) the extra electron is not fully accommodated in the
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next eg band in spin up channel, instead it is shared by both the spin channels,

thus destroying the half-metallicity. In Co2TcAl the extra electron, as expected,

is not placed totally in the anti-bonding eg states in spin up channel and there is

considerable mixing of Co and Tc eg states near Fermi level leaving little chance of

half-metallicity. Co2PdSi and Co2AgSi, the other two compounds with TI structure

have different hybridization pattern where delocalised Pd and Ag states hybridize

considerably with Co states near Fermi level, leading them to behave like normal

metals.

The compounds with TII structures have significant hybridizations between Co

and X′ states in both spin channels and thus there is no possible half-metals with

this crystal structure. Like the Mn2 and Fe2 series, this is an artefact of the atomic

arrangement in TII structure. Thus, in Co2X
′Z series we find four half-metals,

Co2ZrAl, Co2NbAl, Co2ZrSi and Co2NbSi, having 100% spin polarization.
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Figure 3.9: Spin-resolved band structure and density of states for Mn2ZrAl

Γ X WK Γ L UW LK, UX

Momentum (k)

-6

-4

-2

0

2

E
n
en

rg
y
 E

(k
) 

- 
E

F
 (

eV
)

Minority (  )

8 4 0 4 8
DOS (states/eV)

Mn
2
NbAl

Γ X WK Γ L UW LK, UX

Momentum (k)

Majority (  )

Figure 3.10: Spin-resolved band structure and density of states for Mn2NbAl
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Figure 3.11: Spin-resolved band structure and density of states for Mn2RuAl
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Figure 3.12: Spin-resolved band structure and density of states for Mn2ZrSi
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Figure 3.13: Spin-resolved band structure and density of states for Mn2RhSi
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Figure 3.14: Spin-resolved band structure and density of states for Co2ZrAl
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Figure 3.15: Spin-resolved band structure and density of states for Co2NbAl
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Figure 3.16: Spin-resolved band structure and density of states for Co2YSi
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Figure 3.17: Spin-resolved band structure and density of states for Co2ZrSi

3.3.4 Trends in the local magnetic moments

In Tables 3.3 to 3.8 we present the total and site projected magnetic moments

along with the spin polarizations for all the compounds considered here. We try

to understand the magnetic structures, the contributions of each transition metal

atom towards the total moments, and the trends in variations of the atomic moments

across series and structures. We also intend to relate such trends with the trends in

the electronic structures discussed in previous sub-section.

The 3d elements contribute most towards the magnetic structure and the overall

magnetisation in all the compounds studied here. This is a reflection of the facts

that the electronic structures of these compounds evolve around the electronic struc-

tures of the 3d constituents throughout the series. For compounds with structure

type TI we find that the moments of the 3d constituents are very close across the

corresponding Al and Si series, the only exceptions being Co2MoAl and Co2NbSi.

For compounds with structure type TII, there is no such trend. For Mn2-compounds,

Mn moments differ substantially between the compounds in Al series and those in Si

series. The moments of MnI, the Mn atoms at the 4c sites, are considerably reduced

in the compounds of Si series, as compared to those in the Al series. The trend is

not so in cases of the Fe- and Co-series, except few cases like Fe2RuAl-Fe2TcSi and

Co2RuAl-Co2TcSi pairs.

The moments of Mn atoms in both Mn2X
′Al and Mn2X

′Si series decrease with

NV for compounds with structure type TI. The opening of the gap in the spin up

band and subsequent increase in the electrons in the spin down band, as explained

in the previous sub-section, is responsible for such trend. For compounds with

structure type TII, the two Mn atoms are ferrimagnetically coupled due to they
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Table 3.3: Total and atomic magnetic moment of Mn2X
′Al systems in µB/f.u.. NV is

the number of valence electron of the systems. M is the total moment and Mi is the
moment of constituent i. P is the spin polarization.

Systems(TI) NV M MMnI MMnII MX′ MAl P(%)

Mn2YAl 20 5.72 2.99 2.99 -0.13 -0.07 39
Mn2ZrAl 21 3.00 1.73 1.73 -0.34 -0.05 74
Mn2NbAl 22 2.00 1.21 1.21 -0.36 -0.03 100
Mn2MoAl 23 1.04 0.68 0.68 -0.31 -0.01 88

Systems(TII) NV M MMnI MX′ MMnII MAl P(%)

Mn2TcAl 24 0.04 -2.35 -0.37 2.75 0.03 94
Mn2RuAl 25 1.01 -2.18 0.06 3.07 0.02 96
Mn2RhAl 26 1.86 -1.84 0.34 3.26 0.01 6
Mn2PdAl 27 0.86 -2.80 0.13 3.45 0.01 4
Mn2AgAl 28 0.31 -3.12 0.03 3.40 0.01 59

Table 3.4: Total and atomic magnetic moment of Mn2X
′Si systems in µB/f.u.. NV is the

number of valence electron of the systems. M is the total moment and Mi is the moment
of constituent i. P is the spin polarization.

Systems(TI) NV M MMnI MMnII MX′ MSi P(%)

Mn2YSi 21 3.02 1.64 1.64 -0.10 -0.07 66
Mn2ZrSi 22 2.00 1.12 1.12 -0.20 -0.04 100
Mn2NbSi 23 0.99 0.59 0.59 -0.17 -0.02 93
Mn2MoSi 24 -0.00 -0.00 -0.00 0.00 0.00 0

Systems(TII) NV M MMnI MX′ MMnII MSi P(%)

Mn2TcSi 25 1.04 -1.38 -0.30 2.63 0.05 87
Mn2RuSi 26 2.00 -0.85 0.07 2.70 0.03 91
Mn2RhSi 27 3.00 -0.44 0.30 3.04 0.02 100
Mn2PdSi 28 0.95 -2.59 0.08 3.37 0.04 13
Mn2AgSi 29 0.59 -2.88 0.02 3.39 0.04 15
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Table 3.5: Total and atomic magnetic moment of Fe2X
′Al systems in µB/f.u.. NV is the

number of valence electron of the systems. M is the total moment and Mi is the moment
of constituent i. P is the spin polarization.

Systems(TI) NV M MFeI MFeII MX′ MAl P(%)

Fe2YAl 22 1.95 1.17 1.17 -0.18 -0.04 89
Fe2ZrAl 23 0.91 0.54 0.54 -0.12 -0.01 85
Fe2NbAl 24 0.00 0.00 0.00 0.00 0.00 0
Fe2MoAl 25 0.82 0.48 0.48 -0.07 -0.01 84

Systems(TII) NV M MFeI MX′ MFeII MAl P(%)

Fe2TcAl 26 3.29 1.51 -0.26 2.06 -0.01 22
Fe2RuAl 27 5.20 2.23 0.49 2.59 -0.03 2
Fe2RhAl 28 5.00 1.98 0.39 2.77 -0.04 62
Fe2PdAl 29 4.84 2.00 0.14 2.78 -0.04 1
Fe2AgAl 30 4.75 2.19 -0.00 2.63 -0.04 44

being nearest neighbours. We find that in both Al- and Si-series, the moment of

MnII, the Mn atom at the 4a sites, is much robust and increases gradually with NV.

This is because of the fact that the MnII spin up band is nearly full with a near

gap close to the Fermi level while the spin down band gradually becomes empty.

The MnI atom, on the other hand, hybridizes well with X′ as they occupy symmetric

positions and thus loses the robustness in it’s moment. The re-distributions of states

among the spin bands due to the hybridizations of Mn and X′ d-orbitals are more

prominent in the compounds of the Si-series which is responsible for the substantial

reductions in the MnI moments.

The drastic changes in the electronic structures of Fe2-compounds crystallising

in TI structure when NV is equal to or greater than 24 reflect in the Fe moments.

The Fe moment decreases significantly from Fe2YAl to Fe2ZrAl. The extra electron

in Fe2ZrAl occupies the spin down band of Fe reducing the moment. The moment

starts to pick up after NV is beyond 24. The extra electron now starts to occupy

the Fe spin up band primarily. This explains the trends in the Fe2X
′Si compounds.

Like observed in the Mn-series, FeII moment in compounds with structure type TII

is robust. Although the magnetic interaction between Fe atoms is ferromagnetic,

substantial states in FeI close to Fermi level , an artefact of hybridizations with X′,

reduces it’s moment in comparison to FeII.

In contrast, Co moment in Co2X
′Z compounds with structure type TI increases

with NV, the only exception being Co2NbSi where the Co moment decreases in

comparison to that in Co2ZrSi. The electronic structures provide clue to this trend.
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Table 3.6: Total and atomic magnetic moment of Fe2X
′Si systems in µB/f.u.. NV is the

number of valence electron of the systems. M is the total moment and Mi is the moment
of constituent i. P is the spin polarization.

Systems(TI) NV M MFeI MFeII MX′ MSi P(%)

Fe2YSi 23 0.96 0.54 0.53 -0.05 -0.02 89
Fe2ZrSi 24 0.00 0.00 0.00 -0.00 -0.00 0
Fe2NbSi 25 0.97 0.60 0.60 -0.14 -0.01 95
Fe2MoSi 26 1.79 0.96 0.96 -0.05 -0.01 88

Systems(TII) NV M MFeI MX′ MFeII MSi P(%)

Fe2TcSi 27 3.78 1.37 -0.05 2.43 0.01 16
Fe2RuSi 28 4.69 1.65 0.34 2.74 -0.02 8
Fe2RhSi 29 4.90 1.72 0.38 2.85 -0.03 71
Fe2PdSi 30 5.07 2.08 0.18 2.79 -0.02 31
Fe2AgSi 31 4.69 2.07 0.00 2.62 -0.02 46

Table 3.7: Total and atomic magnetic moment of Co2X
′Al systems in µB/f.u.. NV is the

number of valence electron of the systems. M is the total moment and Mi is the moment
of constituent i. P is the spin polarization.

Systems(TI) NV M MCoI MCoII MX′ MAl P(%)

Co2YAl 24 0.00 0.00 0.00 0.00 0.00 0
Co2ZrAl 25 1.00 0.59 0.59 -0.10 -0.00 100
Co2NbAl 26 2.00 1.02 1.02 0.01 0.00 100
Co2MoAl 27 2.84 1.19 1.19 0.47 -0.01 4
Co2TcAl 28 3.91 1.36 1.36 1.25 -0.03 56

Systems(TII) NV M MCoI MX′ MCoII MAl P(%)

Co2RuAl 29 3.87 1.32 0.70 1.94 -0.01 69
Co2RhAl 30 3.37 1.31 0.39 1.80 -0.02 79
Co2PdAl 31 3.04 1.46 0.04 1.63 -0.01 54
Co2AgAl 32 2.77 1.34 -0.02 1.56 -0.02 64
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Table 3.8: Total and atomic magnetic moment of Co2X
′Al systems in µB/f.u.. NV is the

number of valence electron of the systems. M is the total moment and Mi is the moment
of constituent i. P is the spin polarization.

Systems(TI) NV M MCoI MCoII MX′ MSi P(%)

Co2YSi 25 1.00 0.58 0.58 -0.12 0.01 100
Co2ZrSi 26 2.00 1.04 1.04 -0.07 0.04 100
Co2NbSi 27 1.71 0.83 0.83 0.04 0.03 72

Systems(TII) NV M MCoI MX′ MCoII MSi P(%)

Co2MoSi 28 0.01 0.02 -0.00 -0.01 -0.00 0
Co2TcSi 29 0.21 0.04 0.02 0.14 0.00 22
Co2RuSi 30 3.20 1.12 0.48 1.67 -0.01 74
Co2RhSi 31 3.27 1.34 0.44 1.56 -0.01 65

Systems(TI) NV M MCoI MCoII MX′ MSi P(%)

Co2PdSi 32 2.35 1.17 1.17 0.11 -0.04 69
Co2AgSi 33 0.20 0.12 0.12 -0.01 -0.01 18

As the extra electrons available with increasing NV are gradually accommodated

primarily in the spin up bands, the moment increases. In case of Co2NbSi, the extra

electron available with respect to Co2ZrSi is shared between both spin bands, thus

departing from the general trend. Same trend is seen CoII moment in compounds

with structure type TII. The CoI moments, though reduced in comparison to those

of CoII, the reduction is less substantial in comparison to Mn2- and Fe2-compounds.

The extra electron available as NV increases is accommodated primarily in the spin

down band, reducing the moment of CoII. The moment of CoI, on the other hand,

hardly changes from compound to compound.

In all the compounds, the X′ atom contributes to the overall magnetic moment,

mostly for structure type TII. The greater hybridization with the 3d element, as a

consequence of geometry, is responsible for this. Al and Si atoms have vanishingly

small contributions in all cases.

3.3.5 Exchange interactions and Curie temperature

In Fig 3.18 and 3.19 we show the variations of Curie temperatures with with changes

in the valance electron number for X2X
′Al (X = Mn, Fe, Co) and X2X

′Si (X = Mn,

Fe, Co) series respectively. Our results show that the variations in the Curie tem-

peratures can be classified in two distinct regions based on structure types. Though

the region-wise variations are not uniform it gives a qualitative idea of dependence
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Figure 3.18: Variations in the Calculated Curie temperature with total number of valence
electron for X2X

′Al (X = Mn, Fe, Co) series.

21 22 23 24 25 26 27 28 29 30 31 32 33

Valance electrons (N
v
)

0

200

400

600

800

1000

1200

1400

C
u
ri

e 
T

em
p
er

at
u
re

 T
c (

K
)

Mn
2
X′Si

Fe
2
X′Si

Co
2
X′Si

Figure 3.19: Variations in the calculated Curie temperature with total number of valence
electron for X2X

′Si series.

of Curie temperatures on the ordering of the atoms. we analyse the trends in the

variations of Curie temperatures by inspecting the variations of different effective

exchange parameters Jeffµν ( Fig. 3.20 and Fig. 3.21) being given as Jeffµν =
∑

j J
0j
µν ;

0 fixed on µ sub-lattice and j runs over ν sub-lattice.

For Mn2X
′Z compounds with structure type TI, the Mn-Mn ferromagnetic inter-

actions decide the variations in the Curie temperature Tc. This is true for Fe2X
′Z

and Co2X
′Z series with compounds crystallising in TI. The highest Tc is thus ob-

tained for Mn2ZrAl and Mn2ZrSi for Mn-series, Fe2YAl and Fe2MoSi for Fe-series,

Co2NbAl and Co2ZrSi for Co-series. Among them, the Co-compounds have the high-

est Tc and the Fe-compounds have the lowest Tc. This trend can be understood from

the higher Jeff for Co-compounds and relatively lower ones in Fe-compounds. In

case of Co-compounds, along with Co-Co, Co-X′ ferromagnetic interactions too play

a significant role in deciding Tc. We find that both Jeff are maximum for NV=26

across the Z series for Co-compounds. This can be attributed to the changes in
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the behaviour of the exchange average, the average of exchange energies associated

with low temperature spin excitations. This variation in the exchange average is

related to the availability of spin down states below Fermi level. A gap in the spin

down bands starting below Fermi level and extending beyond would lead to a larger

value of exchange average and consequently a larger Curie temperature [110]. This,

exactly, is happening for Co-compounds considered here. The same explanation can

be used for Mn2- compounds. The absence of such clear gaps around Fermi level

of Fe-compounds imply that this argument cannot be used and thus the trends in

variations of Tc is qualitatively different.
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Figure 3.20: Effective exchange parameters for (a) Mn2X
′Al, (b) Fe2X

′Al, (c) Co2X
′Al

compounds. Open symbols are for structure type TI, filled symbols are for structure type
TII.
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Figure 3.21: Effective exchange parameters for (a) Mn2X
′Si, (b) Fe2X

′Si, (c) Co2X
′Si

compounds.Open symbols are for structure type TI, filled symbols are for structure type
TII.

The dominant exchange interactions for compounds with structure type TII are

MnI(CoI,FeI)-MnII(CoII,FeII), MnII-MnII (CoII-CoII, FeII-FeII) and MnII-X
′(CoII-X

′,

FeII-X
′). For Mn-compounds, the MnI-MnII interactions are strongly antiferromag-

netic while the interactions between the 3d magnetic atoms are ferromagnetic for
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compounds in other two series. In case of Mn-compounds, the Tc for Si-series is gen-

erally less than Al-series. The reason is that in the compounds in Si series there are

competing antiferromagnetic and ferromagnetic interactions with the ferromagnetic

ones coming from MnII-MnII and MnII-X
′ interactions. The variations in the Tc for

compounds in each series are controlled by the variations in the various dominant

Jeff .

In summary, the effective exchange couplings (Fig. 3.20 and Fig. 3.21 ) show the

differences due to different structure types. While in cases of Fe2X
′Z and Co2X

′Z

compounds, the ferromagnetic Fe-Fe and Co-Co exchange interaction is the strongest

and determines the qualitative variations in the Curie temperature Tc as the num-

ber of valence electrons vary, in case of Mn2X
′Z compounds with structure type

TII several competing antiferromagnetic and ferromagnetic exchange interactions

determine the variations in Tc.

3.3.6 Trends in the electronic properties upon replacing a

3d X′ constituent with an isoelectronic 4d element

There are lot more half-metals and SGS discovered among X2X
′Z Heusler com-

pounds with all transition metal atoms from 3d series. It would, thus, be interesting

and important to understand the impact of replacing a 3d X′ constituent with an

isoelectronic 4d element. A comparison into the half-metallic aspects of the isoelec-

tronic compounds which are either half-metals or near half-metals with high spin

polarization in either or both series (one with X′ a 3d element and another with X′

an isoelectronic 4d element) would shed light to the following: (a) whether electronic

properties like half-metallicity primarily depends on NV and not on whether X′ is a

3d element or a 4d element and (b) if not, then which are the possible factors that

can explain the comparative trends in the isoelectronic compounds where in each

case a 3d X′ is replaced with its isoelectronic 4d counterpart. Addressing this issue

would help in prediction and design of new half-metals.

In Table 3.2, the structural, magnetic and electronic properties associated with

half-metallicity of X2X
′Z (X=Co, Mn, Fe; X′= an element with 3d electrons; Z =

Al, Si) obtained from various existing resources are tabulated. Focusing solely on

the compounds with integer or near integer magnetic moments and spin polariza-

tion equal to or close to 100% , we find that Mn2VAl and Mn2CoSi are half-metals,

Mn2TiSi and Mn2FeAl are near half-metals while Mn2CoAl is a SGS; Fe2MnSi is

a half-metal while Fe2CrAl and Fe2CrSi are near half-metals; Co2TiAl, Co2CrAl,
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Co2ScSi and Co2CrSi are half-metals while Co2VAl is a near half-metal. For each of

these compounds, we look at the spin polarizations of the isoelectronic counterpart

in the series with X′ a 4d element and find the following: (i) Mn2VAl-Mn2NbAl

and Mn2CoSi-Mn2RhSi pairs are half-metals, Mn2FeAl-Mn2RuAl pairs are near

half-metals with high spin polarization, Mn2TiSi is a near half metal while iso-

electronic Mn2ZrSi is a half-metal, Mn2CoAl in structure type TII is a SGS while

Mn2RhAl is an ordinary metal, (ii) Fe2MoAl and Fe2MoSi are ordinary metals while

their isoelectronic counterparts with X′ a 3d element, Fe2CrAl and Fe2CrSi, respec-

tively are compounds with high spin polarizations. Fe2TcSi is an ordinary metal

while Fe2MnSi is a half-metal, (iii) Co2TiAl-Co2ZrAl and Co2ScSi-Co2YSi are half-

metal pairs, Co2CrAl and Co2MnSi are half-metals while their isoelectronic coun-

terparts Co2MoAl and Co2TcAl, respectively, are ordinary metals with low spin

polarizations,Co2VAl is a near half metal while Co2NbAl is a half metal. Co2TiSi

is an ordinary metal while Co2ZrSi is a half-metal. Co2CrSi is a half-metal while

Co2MoSi is a non-magnetic material.

In order to understand the trend observed, we take recourse to the comparisons

of the electronic structures of each pairs of compounds considered above. In Fig.

3.22-3.24 we show the total and partial densities of states of some of the pairs. In

cases of Mn2VAl-Mn2NbAl and Mn2CoSi-Mn2RhSi pairs (Fig. 3.22 (a),(b)), we find

that the electronic structures of a given pair are near identical around the Fermi

levels. In cases of inverse Heusler (structure type TII) Mn2CoSi and Mn2RhSi, the

half-metallic gaps are artefacts of the separation of the t2g and eg spin up states.

However, there is a difference between the contributors to these states between the

two compounds: In Mn2RhSi, the states bordering the gap are primarily MnI t2g and

a hybridiZed MnII-Rh eg while in Mn2CoSi, the t2g states too are hybridized MnI-Co.

In case of the pair Mn2VAl-Mn2NbAl, both in regular Heusler structure (structure

type TI), the electronic structures in the majority band is identical-the half-metallic

gap being flanked by Mn states only. In Fig. 3.22 (c) we show the densities of states

of the pair Mn2TiSi-Mn2ZrSi, the later is a half-metal while the former is a near

half-metal with integer moment and above 90% spin polarization (Table 3.2). The

densities of states reveal that the difference in the electronic properties originates

from the positions of the t2g and eg states flanking the half-metallic gap; in Mn2TiSi,

the position of the top of the t2g spin up bands in the occupied part coming from

the Mn atoms cut through the Fermi level while this is not so in case of Mn2ZrSi.

The little trace of densities of states at the Fermi level reduces the spin polarization

in Mn2TiSi. The striking difference in electronic properties in the context of half-
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Figure 3.22: Spin polarized total and atom-projected densities of states for pairs of iso-
electronic compounds (a) Mn2VAl-Mn2NbAl (b) Mn2CoSi-Mn2RhSi (c) Mn2TiSi-Mn2ZrSi
(d) Mn2CoAl-Mn2RuAl . In each pair of compounds X and Z are identical, while X′ is
a 3d element in one while in another it is an isoelectronic 4d element. The results show
that the features of the densities of states for a pair of isoelectronic compounds are very
similar. The positions of the bands in one of the spin channels with respect to Fermi levels
determine their electronic properties.
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Figure 3.23: Spin polarized total and atom-projected densities of states for pairs of iso-
electronic compounds (a) Fe2MnSi-Fe2TcSi (b) Co2MnSi-Co2TcSi (c) Co2VAl-Co2NbAl
(d) Co2TiAl-Co2ZrAl . In each pair of compounds X and Z are identical, while X′ is a
3d element in one while in another it is an isoelectronic 4d element. The results show
that the features of the densities of states for a pair of isoelectronic compounds are very
similar. The positions of the bands in one of the spin channels with respect to Fermi levels
determine their electronic properties.
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Figure 3.24: Spin polarized total and atom-projected densities of states for pairs of
isoelectronic compounds (a) Co2CrAl-Co2MoAl (b) Co2ScSi-Co2YSi (c) Co2TiSi-Co2ZrSi.
In each pair of compounds X and Z are identical, while X′ is a 3d element in one while
in another it is an isoelectronic 4d element. The results show that the features of the
densities of states for a pair of isoelectronic compounds are very similar. The positions of
the bands in one of the spin channels with respect to Fermi levels determine their electronic
properties.
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metallicity is observed in the pair Mn2CoAl-Mn2RhAl with the former being a SGS

and both are of structure type TII. A close inspection into the densities of states

(Fig. 3.22 (d)), however, reveals that the electronic structures of the two compounds

are not so different from each other, in both compounds top of the valence band

and bottom of the conduction band touch each other forming zero gap in the spin

down band. A difference occurs in the spin up bands. In Mn2CoAl, there is a clear

half-metallic gap with the top of the valence band having contributions from MnII

and Co t2g states and the bottom of the conduction band having contributions from

the eg states of the same pair of atoms. In Mn2RhAl, we find another zero gap in

the spin up bands, however, not at the fermi level but inside the occupied part of

the spectrum. The t2g and eg bands in this case are more delocalised, possibly due

to hybridizations with more delocalised 4d states of Rh as compared to 3d states

of Co, thus, diminishing chances of getting SGS or half-metallic properties in this

compound.

The origin of different properties in Fe2MnSi-Fe2TcSi pair can be traced to the

structures they crystallise in: the former in TI and the later in TII. In Fig. 3.23 (a),

we compare the densities of states of two compounds. The half-metallic behaviour

of Fe2MnSi stems from the unavailability of spin down states on either side of Fermi

level with the gap being flanked by Fe t and e states. In Fe2TcSi, the TII structure

leaves no such scope as there is substantial hybridizations between Fe and Tc states

across the Fermi level. The pairs Fe2CrAl-Fe2MoAl and Fe2CrSi-Fe2MoSi all crys-

tallise in same structure (type TI) but their spin polarizations differ significantly.

However, the densities of states of each pair of compounds are qualitatively similar.

The highlights of the electronic structure in both Fe2CrAl [201] and Fe2MoAl are a

pseudogap in the spin up band and a gap cutting through the Fermi level in the spin

down band, although in case of Fe2MoAl, it is more like a pseudo gap reducing it’s

spin polarization. This difference in the electronic structure once again stems from

the availability of states near and at Fermi level in case of Fe2MoAl, presumably

because of the hybridizations of Fe with delocalised Mo states. Similar differences

explain the differences in spin polarizations of Fe2CrSi and Fe2MoSi.

In Fig. 3.23 (b)-(d), we show the densities of states for three pairs of Co2-

compounds. The Co2TiAl-Co2ZrAl pair is a half-metal one, in Co2VAl-Co2NbAl

pair, the later is a half-metal while the former is a near half-metal with spin polar-

ization of 95%. In the pair Co2MnSi-Co2TcSi, the former is a half-metal and the later

an ordinary metal. In Fig. 3.24 (a)-(c) we show the electronic structures of another

three pairs Co2CrAl-Co2MoAl, Co2ScSi-Co2YSi and Co2TiSi-Co2ZrSi respectively.
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We find that the electronic structures of Co2TiAl and Co2ZrAl are identical with

the Co states on either sides of the gaps being located even at same energies. Same

happens in case of Co2ScSi-Co2YSi pair. The differences in the electronic structures

near the Fermi levels of Co2VAl and Co2NbAl are minimal. Unlike Co2NbAl, there

is a trace of hybridization between Co and V states around the Fermi level reducing

the spin polarization by a few percent than that of an ideal half-metal. A major

difference is observed between Co2MnSi and Co2TcSi. This, clearly, is due to the

different crystal structures (Co2MnSi has structure type TI, Co2TcSi has structure

type TII), the reflections are there in the densities of states. Similar is the case

with Co2CrSi [224] and Co2MoSi. Analysing the cases where both members of an

isoelectronic pair crystallise in structure type TI but one of them is a half-metal

while the other is a metal with medium spin polarization (Fig. 3.24 (a) and Fig.

3.24 (b)), we find that the electronic structures are very similar for the compounds

in a pair. For example, in both Co2TiSi-Co2ZrSi and Co2CrAl-Co2MoAl pairs, the

noteworthy feature in the densities of states is the presence of a clear gap in the spin

down bands. The differences in the spin polarization arise due to different positions

of the Fermi levels. In Co2TiSi, the bottom of the conduction band which consists

of eg states of Co falls behind the Fermi level while they are above the Fermi level

in Co2ZrSi. Similar is the case with the other pair of compounds.

3.4 Conclusions

Employing first-principles electronic structure calculations, in this chapter, we have

systematically studied the structural, electronic and magnetic properties of 54 X2X
′Z

ternary Heusler compounds where X= Mn, Fe, Co; Z = Al, Si and X′ represents 9 ele-

ments with 4d electrons in their valance shells. In pursuit of finding new half-metallic

magnets from ternary series with both 3d and 4d electrons in the same compounds

we found only seven half-metals Mn2NbAl, Mn2ZrSi, Mn2RhSi, Co2ZrAl, Co2NbAl,

Co2YSi and Co2ZrSi with 100% spin polarization. We also find the compounds

Mn2TcAl, Mn2RuAl, Mn2NbSi, Mn2RuSi, Fe2NbSi with high spin polarization (

greater than 90%) and a gap like feature in one of the spin-channel near the Fermi-

level. These compounds can be identified as “near half-metals”. Tuning the positions

of their Fermi levels by application of pressure such that the gap cuts through the

Fermi levels may induce half-metallicity in them.

From the present study the hybridization picture that has been in use to explain

the origin of half-metallicity in ternary Heusler compounds with magnetic compo-
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nents being the ones with 3d elements only, is found to be valid in case of compounds

with both 3d and 4d elements as constituents. This leads to a general framework

in understanding the origin of half-metallic behaviour in Heusler X2X
′Z compounds

where X′ can be either a 3d element or one from the group of 4d. An one-on-one

comparison between X2X
′Z compounds where X′ is a 3d element in one case and a

4d element in other, shows that as long as NV, the number of valence electrons are

same, the electronic properties like half-metallicity or near half-metallicity with high

spin polarization, by an large, remain intact if a 4d element replaces a 3d one as X′

provided both compounds crystallise in the same ground state structure. Even in

cases where the spin polarizations, and subsequent half-metallic features are differ-

ent, the electronic structures are very similar for compounds with same NV and same

structure type. The differences in electronic properties in regard to half-metallicity

occurs due to the relative positions of the bottom of the conduction band and the

Fermi energy which is a consequence of the positions of the X and X′ states near

the Fermi level. Therefore, NV can be a good predictor to explore possible new

half-metals.

The trends in the Curie temperature, Tc, in the compounds with X′ a 4d element,

is found to be correlated with the trends in the dominant exchange interactions. We

find that across the series, the X-X exchange interactions determine the trends in Tc

for compounds with structure type TI which in turn can be correlated to the dom-

inance of X-X hybridizations in their electronic structures. In case of compounds

with structure type TII, the dominant exchange interactions are XI-XII and XII-X
′

deciding the trends in Tc. This, once again, can be correlated to the dominant

hybridizations in their electronic structures. The present work, thus, systemati-

cally explores the physics behind occurrence of half-metallicity in compounds with

magnetic constituents from both 3d and 4d series and provides with a generalised

microscopic picture applicable to a large number of heusler compounds. This would

be useful for experimentalists in particular, to explore new materials with novel

magnetic applications.
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Chapter 4

Investigation of half-metallic

behaviour in quaternary Heusler

compounds CoX′Y′Z (X′ = 4d

elements, Y′ = Mn, Fe and Z = Al,

Si )

4.1 Introduction

Quaternary Heusler (XX′Y′Z) compounds are less explored in comparison to

the ternary X2X
′Z ones as mentioned in chapter 1. On top of that, most of the

studies on quaternary Heuslers are on the compounds where all three transition

metal constituents, X, X′ and Y′ are from 3d series [66, 76, 180, 229–234]. Fewer

attempts have been made to systematically explore quaternary compound series

with at least one or more than one transition metal elements with 4d electrons. In

this chapter, we present our results on structural, electronic and magnetic properties

of 4 quaternary series CoX′Y′Z with Y′ = Mn, Fe while X′ are 9 transition elements

varied from Y to Ag along the series in the periodic table and Z = Al, Si. In section

1.8 we have mentioned the reason behind our judicious choice on these particular

six quaternary series.

The results and discussions on CoX′Y′Si series in this chapter are published in Scientific
Reports 7, 1803 (2017) and the results and discussions on CoX′Y′Al series in this chapter are
from [228], physica status solidi (b) 256, 1900039 (2019).
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CoX′Y′Z (X′ = 4d elements, Y′ = Mn, Fe and Z = Al, Si )

In a bid to systematically understand the physics of half-metallic behaviour in

quaternary Heusler compounds where one of the magnetic elements is from the 4d

series of periodic table, in this work, we have computed the structural, electronic

and magnetic properties of compounds in four quaternary Heusler series, CoX′Y′Z,

where X′ is an element with 4d electrons and Z is Al or Si. We also perform a

comparative study of these four series CoX′Y′Z. Apart from the quest for new half-

metals, following are the issues we attempt to address:

1. to understand how the similarities and differences between the arrangements of

atoms in various crystallographic sites in the ground states, and the electronic

structures, influence the possibility of half-metallic behaviour in quaternary

compounds with 4d elements.

2. to understand the key factors influencing half-metallic behaviour in quaternary

compounds by qualitative comparison between compounds where all magnetic

atoms are from 3d atoms and where one of the magnetic atoms are from 4d

series.

3. to observe whether half-metallic behaviour is transferable to daughter qua-

ternary compounds with 4d elements whose parent compounds are ternary

Heuslers. This is important in the light of the work presented in previous

chapter.

4. to find out the role of 4d transition metal elements by successively changing

it along the series of 4d transition metal elements so that the total number of

valance electron changes continuously, on the properties of compounds where

one of the 3d elements remains fixed with the other changes.

This chapter is organised as follows. In the next section we present computational

details and the methods. Next we have discussed the calculated results on structural,

electronic and magnetic properties of the above mentioned quaternary compounds

with a comparative understanding with compounds having only 3d elements as the

magnetic components. While discussing series wise we have chosen Z = Si series first

because one of the prototype parent compounds, Co2X
′Z, has more half-metals with

Z = Si compared to Z = Al series (as seen from Table 3.2). At the end, discussions

on calculated results is followed by the conclusions and future outlook.
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4.2 Computational Details

Using Vienna Ab-initio Simulation Package (VASP) [137–139], we have used spin-

polarized DFT based projector augmented wave method for calculating electronic

structure with Generalized Gradient Approximation (GGA) [172]. 450 eV energy

cut-off and a Monkhorst-Pack [173] 25 x 25 x 25 k-mesh were used for self-consistent

calculations while we used a larger 31 x 31 x 31 k-mesh for the densities of sates.

The energy and the force convergence criteria were set to 10−6 eV and 10−2 eV/Å

respectively. We checked our results by turning on the spin-orbit coupling as systems

had 4d electrons. However, the results did not change.

The magnetic pair exchange parameters (J ijµν) were calculated with multiple scat-

tering Green function formalism as implemented in SPRKKR code[140] using a

Heisenberg Hamiltonian for the spin interaction of sites using the equation (2.53).

We have used full potential spin polarized scalar relativistic Hamiltonian with angu-

lar momentum cut-off lmax = 3 to calculate the energy differences by the SPRKKR

code. A uniform k-mesh of 22 x 22 x 22 is used for Brillouin zone integration. The

Green’s functions were calculated for 32 complex energy points distributed on a

semi-circular contour. For the self-consistent cycles, the energy convergence crite-

rion was set to 10−6 Ry . The calculated J ijµν were used further to compute the Curie

temperatures Tc using the mean field approximation[167].

4.3 Results and Discussions

4.3.1 Structural Properties

As mentioned in section 1.2 when one of the X atoms in X2Y
′Z compound is substi-

tuted by a different transition metal element X′, a quaternary Heusler alloy(QHA)

with composition XX′Y′Z is formed. The prototype structure of QHA is LiMg-

PdSn(Space group no. 216; F 4̄3m) [237] with X, X′ and Y′ occupying 4c, 4d and 4b

Table 4.1: Possible structure types of XX′Y′Z compounds.

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)

Type-I (TI) Z X′ X Y′

Type-II (TII) Z Y′ X X′

Type-III (TIII) Z X X′ Y′
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(a) (b) (c)

Figure 4.1: Crystal structures of quaternary Heusler compounds XX′Y′Z: (a) structure
type TI (X and Y′ are in symmetric positions 4c and 4d respectively; 4a and 4b sites are
occupied by Z and X′) (b) structure type TII (X and X′ are in symmetric positions 4c and
4d; 4a and 4b sites are occupied by Z and Y′.) (c) structure type TIII(X

′ and Y′ are in
symmetric positions 4c and 4d).

Y
1.22

Zr
1.33

Nb
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Mo
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Tc
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Ru
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Rh
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Ag
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Figure 4.2: Schematic representation of preferred ground state structures (Red - Type-I;
Green - Type-II) of CoX′Y′Si compounds . The number attached to each element represent
its electronegativity(Pauli scale).

positions respectively, making the arrangement of atoms along the body diagonal of

the Heusler lattice as X-Y′-X′-Z. It has been found out that if the number of valence

electrons decreases along X, X′, Y′ then LiMgPdSn structure is the most stable [61].

However, there are other two inequivalent configurations possible if one fixes the

position of Z at site 4a and permutes the occupancies of the three other sites. The

three resulting configurations[61, 101, 179] are shown in Table 4.1 and Fig. 4.1.

In order to find the ground state crystal structures of the CoX′Y′Si compounds

considered in the present study, we have calculated the total energies of each of the

compounds in all three structure types listed in Table 4.1. The results are shown in

Table 4.2. Our calculations show that the structure Type-III is energetically always

higher than the other two structure types for all the compounds considered. Thus,

the compounds crystallize either in structure Type-I(TI) or in Type-II(TII)(Fig.4.1).

It may be noted that the order of magnitude of energy differences (∆E, ∆E ′) is

consistent with those obtained for quaternary Heusler compounds with 3d mag-

netic atoms only [238]. The results also suggest that the argument with respect
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Table 4.2: Calculated lattice constants, formation energies, magnetic moments and en-
ergy differences between possible structures of quaternary CoX′Y′Si compounds. The en-
ergy differences between Type-II (TII) and Type-I(TI) structures are given by ∆E=ETII

-
ETI

. A positive ∆E implies TI as the ground state. The energy differences between
Type-III(TIII) and Type-I or Type-II structures are given by ∆E′=ETIII

-ETI/TII
. For the

systems which crystallise in Type-II(TII), ∆E′=ETIII
-ETII

; for the systems which crys-
tallise in Type-I(TI), ∆E′=ETIII

-ETI
.

Systems Lattice Formation ∆E ∆E ′ Structure M
(Type-I) constant(Å) energy(eV) (eV/f.u.) (eV/f.u.) type (µB/f.u.)

CoYMnSi 6.30 -1.94 0.39 0.05 TI 4.55
CoZrMnSi 5.96 -2.23 1.14 0.82 TI 0.00
CoNbMnSi 5.85 -1.74 0.69 0.85 TI 1.00
CoMoMnSi 5.84 -1.90 -0.21 0.67 TII 2.33
CoTcMnSi 5.79 -3.14 -0.89 0.84 TII 3.00
CoRuMnSi 5.79 -2.70 -1.38 0.85 TII 4.00
CoRhMnSi 5.83 (5.84[235]) -2.82 -1.46 0.81 TII 5.00 (5.00[235])
CoPdMnSi 5.90 -2.06 -0.67 0.51 TII 4.90
CoAgMnSi 5.96 -0.38 0.05 0.28 TI 3.53
CoYFeSi 6.08 -2.14 0.91 0.81 TI 0.00
CoZrFeSi 5.96 (5.97[233]) -3.33 1.19 1.24 TI 1.00 (1.00[233])
CoNbFeSi 5.88 -2.31 0.77 1.06 TI 1.99
CoMoFeSi 5.84 -1.42 -0.05 0.39 TII 2.83
CoTcFeSi 5.80 -2.65 -0.67 0.49 TII 3.89
CoRuFeSi 5.78 (5.773[236]) -3.12 -1.02 0.52 TII 4.66 (4.80[236])
CoRhFeSi 5.80 -2.10 -0.78 0.21 TII 4.90
CoPdFeSi 5.86 -1.48 -0.23 0.06 TII 4.00
CoAgFeSi 5.88 -0.10 0.09 0.18 TI 2.71

to the number of valence electrons of each transition metal atom, in explaining

the structure type in which a particular compound crystallizes to, is not valid for

all the compounds studied. According to that argument, CoMoMnSi, CoTcFeSi

and CoMoFeSi should have crystallized in Type-I structures while CoAgMnSi and

CoAgFeSi should have crystallized in Type-II structures.

A better understanding of the ground state site occupancies displayed by these

compounds can be achieved if one provides an argument only in terms of relative

electronegativities of the transition metal components in these systems. If one fixes

the position of the main group element at 4a site, then the 4b site should be occu-

pied by the least electronegative one out of the three transition metal atoms. Thus

the main group element and the least electronegative element of the remaining three

occupy the octahedral sites while the other two occupy the tetrahedral sites. For

example, in CoMoMnSi, Mn is the least electronegative among the three transition

metal atoms and so it occupies the 4b site, giving rise to a Type-II structure. The

reason behind unfavourable Type-III structure for all compounds, too, can be ex-
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Table 4.3: Calculated lattice constants, formation energies, magnetic moments and en-
ergy differences between possible structures of quaternary CoX′Y′Al compounds. The
energy differences between Type-II (TII) and Type-I(TI) structures are given by ∆E =
ETII

- ETI
. A positive ∆E implies TI as the ground state. The energy differences between

Type-III(TIII) and Type-I or Type-II structures are given by ∆E′ = ETIII
- ETI/TII

. For
the systems which crystallize in Type-II(TII), ∆E′ = ETIII

- ETII
; for the systems which

crystallize in Type-I(TI), ∆E′ = ETIII
- ETI

.

Systems Lattice Formation ∆E ∆E ′ Structure M
(Type-I) constant(Å) energy(eV) (eV/f.u.) (eV/f.u.) type (µB/f.u.)

CoYMnAl 6.41 (6.412[239]) -2.01 0.70 0.35 TI 4.00 (4[239])
CoZrMnAl 6.08 (6.0746[240]) -2.87 0.95 0.49 TI 0.98 (1.0030[240])
CoNbMnAl 5.94 -2.41 1.19 1.09 TI 0.00
CoMoMnAl 5.87 -1.77 0.34 0.88 TI 0.91
CoTcMnAl 5.85 -2.94 -0.47 0.92 TII 2.11
CoRuMnAl 5.85 -3.42 -1.05 0.73 TII 3.02
CoRhMnAl 5.88 (5.8924[235]) -2.98 -1.34 0.80 TII 4.05(4.04[235])
CoPdMnAl 5.97 -2.68 -1.09 0.73 TII 5.00
CoAgMnAl 6.08 -1.07 -0.42 0.40 TII 4.59
CoYFeAl 6.22 -1.76 0.74 0.67 TI 0.86
CoZrFeAl 6.04 -3.23 1.45 1.40 TI 0.00
CoNbFeAl 5.93 (5.9482[241]) -2.36 1.15 1.42 TI 1.00 (1.00[241])
CoMoFeAl 5.87 -1.63 0.50 1.04 TI 1.93
CoTcFeAl 5.86 -2.33 -0.12 0.60 TII 3.05
CoRuFeAl 5.85 -3.09 -0.74 0.62 TII 4.20
CoRhFeAl 5.88 -2.60 -1.12 0.60 TII 4.86
CoPdFeAl 5.94 -2.08 -0.79 0.29 TII 4.41
CoAgFeAl 6.02 -0.64 -0.37 0.10 TII 3.82

tracted from this logic. In Type-III structure, Co and Si, the two elements having

the highest electronegativities occupy the octahedral sites, thus making it impos-

sible to form the rocksalt sub-lattice with octahedral coordination. However, the

exceptions to this empirical rule are observed in cases of CoNbMnSi, CoAgMnSi

and CoAgFeSi. The reason behind the exception in case of CoNbMnSi could be

due to the fact that the electronegativities of Nb and Mn are very close. In cases of

CoAgMnSi and CoAgFeSi, the energy differences between Type-I and Type-II struc-

tures are very small(Table 4.2), indicating that the structure Type-I is not strongly

preferred over structure Type-II and a thermally induced disordered structure can

be the ground state for them. Nevertheless, the site preferences for a large number

of QHA can be explained by this suggested empirical rule[101, 116–119, 179–186].

A schematic representation of preferred structures of CoX′Y′Si compounds under

consideration is given in Fig.4.2.

For CoX′Y′Al compounds too, we first optimised the ground state structures

for each of the compounds by computing their total energies in each of the three

structures. In Table 4.3 we have tabulated the calculated lattice constants, the

76
TH-2068_136121006



4.3 Results and Discussions

formation energies and total magnetic moments for each of the 18 quaternary Heusler

compounds in their respective ground state. Here too, we find that structure type

TIII is energetically always higher. This, along with the structure types in which

each of these CoX′Y′Al compounds investigated crystallise, can be explained on

the basis of relative electronegativities as mentioned earlier. Except CoNbY′Al

(Y′ = Fe,Mn) this empirical rule works well for all other quaternary compounds.

Fixing the position of Al at 4a site we find Y and Zr having electronegativities

lower than Co, Mn,Fe in CoX′Y′Al occupy 4b site leading CoYMnAl(CoYFeAl) and

CoZrMnAl(CoZrFeAl) to crystallise in TI validating the empirical rule. Similarly for

other CoX′Y′Al (X′ = Tc, Ru, Rh, Pd and Ag , Y′=Mn, Fe) compounds, fixing the

position of Z atom at 4a implies that the least electronegative one of the remaining

three transition element atoms will occupy the 4b site producing the structure Type-

II (Fig 4.1(b)). It is also to be noted that irrespective of the electronegativitiy of

the sp-element at the 4a site, 4b site is always occupied by the least electronegative

of the transition metal elements. The closeness in electronegativities of Nb and

Mn (Co and Fe) (The electronegativities of Nb,Mn,Fe and Co are 1.6,1.55,1.83 and

1.88 respectively), might explain the reason behind CoNbY′Al (Y′ = Mn, Fe) being

the exception to the empirical rule. Another exception is that of CoMoY′Al. In

this case, Al being the least electronegative of all four atoms, 4b site is occupied

by the highest electronegative element Mo. Thus, the octahedral sites are occupied

by the main group element and the least electronegative of the remaining three

making a rocksalt sub-lattice, while the tetrahedral sites are fixed with other two

transition metal elements, leading to a structure type TI. The energy differences

between different structures with respect to ground state-type (∆E, ∆E ′) are not

very small indicating the ground state structure types, given in Table 4.3 are strongly

preferred, unlike the cases of CoAgX′Si compounds where the deviations from the

empirical rule was explained in terms of closeness of energies in TI and TII [187].

A comparison with CoX′Y′Si compounds point out another difference: the Mo-

compounds crystallised in TII as expected from the empirical rules. The difference

can be explained by the fact that Si has a electronegativity of 1.9, much higher than

Al and certainly not the least among the four constituents.

The quaternary Heusler XX′Y′Z can be considered as a daughter compound de-

rived from the parent ternary compounds X2Y
′Z [116, 119, 237]. Depending on the

choice of parent ternary compounds there exist a number of possible combinations

that yield quaternary Heuslers, at least theoretically. In this work we only con-

sidered X2X
′Z and Y′2X

′Z as the parent compounds. For example, CoX′Y′Al can
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be considered to be derived from parents Co2X
′Al and Y′2X

′Al. Considering TI as

equivalent to that of the regular Heusler structure and TII as that of the “inverse”

Heusler structure of ternary compounds we find that except CoTcMnAl, CoTcFeAl,

CoMoMnSi, CoMoFeSi, CoPdMnSi, CoPdFeSi and CoAgMnSi all the CoX′Y′Z (Z

= Al, Si) compounds follow the same structure type preferred by parent ternary

compounds [168, 187]. Co2TcAl (Mn2TcAl) prefers TI(TII) as ground state [168]

implying that the daughter compound can assume any of the two types depending

on the energy cost. This is the case for other such deviant daughters as well.

The calculated lattice constants agree well with the available results for select

systems. The optimized lattice constants in the ground state structures of CoX′Y′Z

systems and their formation energies are also given in tables 4.2 and 4.3. The

variations in the lattice constants across compounds are consistent with that in the

atomic radii of X′. Comparing the results CoX′Y′Al with those of CoX′Y′Si series,

we find that change in lattice constant is in accordance with the changes in the size

of the main group element.The formation energies are expressed as

Ef = ECoX′Y′Z − (ECo + EX′ + EY′ + EZ)

where ECoX′Y ′Z is the total energies per formula unit of the CoX′Y′Z and ECo,

EX′ , EY ′ and EZ are the total energies of the bulk Co, X′, Y′ and Z respectively

in their ground state structures. Out of these compounds, only CoRuFeSi has been

experimentally synthesised [236] and the lattice constant for this system agree very

well with the experimental result. From Tables 4.2 and 4.3, we see that for all Qua-

ternary compounds formation energies are negative, hence thermodynamically stable

and are probable to form. Therefore further investigations into their properties are

worth a shot.

4.3.2 The Magnetic moments and the Slater-Pauling Rule

The necessary condition for half-metallic behaviour in Heusler compounds is that the

total magnetic moment per formula unit is an integer and that it follows the Slater-

Pauling rule, [57–60] which connects the total magnetic moment to the number of

valence electrons. For X2Y
′Z Heusler compounds, the magnetization M and the

number of valence electrons NV are related either by M = |NV − 18|or by M =

|NV−24| or by M = |NV−28|, depending on whether X is an early transition metal

or not [7, 59]. It was observed that half-metallic quaternary Heusler compounds too

obey these rules [61].
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Figure 4.3: Total magnetic moments versus the total number of valence electrons NV

for CoX′Y′Si compounds. The Slater-Pauling M = |NV − 24| line is drawn as a guide to
understand whether the compounds follow Slater-Pauling rule.

Since CoX′Y′Si systems are derived from Co2Y
′Si(Y′=Mn, Fe) compounds which

follow M = |NV − 24| Slater-Pauling rule [7], we intend to investigate whether the

systems under study in the present work conform to that. Accordingly, we have

plotted total magnetic moments (Table 4.2) of all compounds in Fig.4.3 along with

M = |NV−24| line. We find that the magnetic moments for most of the compounds

in CoX′Y′Si series lie on or very close to the M = |NV − 24| line. The significant

deviants from the Slater-Pauling line are the ones where X′ element is a late tran-

sition metal. The magnetic moments of most of these deviants, shown in Table 4.2,

actually do not seem to follow any of the Slater-Pauling rules mentioned above and

thus are not interesting from the perspective of half-metallic magnets. CoYMnSi, in

spite of deviating from the Slater-Pauling line M = |NV−24| significantly (M should

have been -1 µB according to NV− 24 rule) comes close to following M = |NV− 18|.
CoPdFeSi, on the other hand, has an integer moment, yet does not fit into any of

the Slater-Pauling rules.

The variations in the total spin-magnetic moment per formula unit (M) with

NV for the CoX′Y′Al compounds considered in this work are shown in Fig 4.4.

Like CoX′Y′Si compounds, most of the CoX′Y′Al compounds are found to follow

M = |NV − 24| rule closely except for the cases when X′ are late transition metal
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Figure 4.4: Total magnetic moments versus the total number of valence electrons NV for
CoX′Y′Al compounds. The Slater-Pauling M = |NV − 24| line is drawn as a guide.

elements; CoAgMnAl, CoPdFeAl, CoAgFeAl deviate substantially. The compound

CoMnYAl has total moment 4 µB/f.u. with NV = 22, thus follows M = |NV − 18|
rule.

Thus, the results on magnetic moments suggest that from CoX′Y′Si series only six

compounds (CoNbMnSi, CoTcMnSi, CoRhMnSi, CoRuMnSi, CoZrFeSi, CoNbFeSi)

and seven compounds (CoYMnAl, CoZrMnAl, CoRuMnAl, CoRhFeAl, CoPdMnAl,

CoNbFeAl, CoTcFeAl) from CoX′Y′Al series with non-zero magnetic moments fol-

low the M = |NV−24| Slater-Pauling rule and are, therefore, potential half-metallic

magnets. In the next sub-section, we discuss their electronic structures to confirm

whether they indeed can be considered as new half-metallic magnets.

4.3.3 Electronic Structure

The origin of the half-metallic gap in Co2Y
′Z compounds has been understood from

the features in their electronic structures near the Fermi level. In these compounds,

a gap in the spin down bands arise due to the hybridizations between the d orbitals

of Co and Y′. The d orbitals of the Co atoms hybridize and create 5 bonding

hybrids(2 eg and 3 t2g) which further hybridize with the d orbitals of the Y′ element

resulting in 5 bonding and 5 anti-bonding hybrids. Five non bonding hybrids( 2
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Figure 4.5: Spin polarized total and atom-projected densities of states for CoX′MnSi
(X′= Y, Zr, Nb, Ag) compounds. The Ground states of these compounds are Type-I.

eu and 3 t1u) of the octahedral Co atoms can not hybridize with the d orbitals of

tetrahedral Y′ atoms as shown in Fig. 1.4 in chapter 1. The gap in the spin down

bands arise from these non bonding states[7]. For most of half-metallic Co2Y
′Z

compounds, the half-metallic gaps are due to the separations between the bottom of

the conduction bands consisting of eu states and the top of the valence bands made

up of non bonding t1u hybrids. This pattern of hybridization is largely followed in

case of X2Y
′Z compounds (X,Y′ are 3d transition metals) having Inverse Heusler

arrangement whose magnetisations follow either M = |NV − 18| or M = |NV − 24|
Slater-Pauling rules [59]. Since the structure Type-I and Type-II in the present

study are the quaternary counterparts of the ternary X2Y
′Z Inverse Heusler and

regular Heusler compounds with one X atom replaced with an element from 4d

series, respectively, it would be interesting to explore how the hybridization picture

in case of X2Y
′Z with all magnetic atoms from 3d series gets modified for the systems

presented here. In the following the electronic structures of theses 36 quaternary

compounds in their respective ground state structures are discussed series wise.

4.3.3.1 CoX′Y′Si compounds

The densities of states of CoX′Y′Si compounds in their respective ground state struc-

tures are presented in Fig.4.5, 4.6, 4.7 and 4.8. In Fig.4.5, we show the densities of

states of four CoX′MnSi systems, which crystallise in structure Type-I. We find that

81
TH-2068_136121006



Chapter 4. Investigation of half-metallic behaviour in quaternary Heusler compounds
CoX′Y′Z (X′ = 4d elements, Y′ = Mn, Fe and Z = Al, Si )

-4

0

4

CoTcMnSi

t
2g e

u

t
1u

t
2g

e
u

e
g

-4

0

4

CoMoMnSi

CoRuMnSi

CoRhMnSi

CoPdMnSi

total
Co(4a)

X′(4b)

Mn(4c)

-4

0

4

D
en

si
ty

 o
f 

st
at

es
 (

st
at

es
/e

V
/f

.u
.)

-4

0

4

-6 -5 -4 -3 -2 -1 0 1 2 3
Energy (eV)

-4

0

4

Figure 4.6: Spin polarized total and atom-projected densities of states for CoX′MnSi
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CoYMnSi is distinctly different from the other compounds with the same structure.

In CoYMnSi, the spin up bands are nearly full along with a large gap in the spin

down band but the Fermi level does not fall into the gap. Upon analysis of the fat

bands (not shown here), we find that the origin of the gap in the spin down band

is due to the splitting of bonding t2g (due to hybridization between all transition

metals) and nonbonding t1u coming from Co and Mn. The separations between

the bonding t2g and nonbonding t1u states are not enough to extend the gap till

the Fermi level and lead to half-metallic behaviour. It may be noted that these

features have been observed in ternary X2Y
′Z compounds following M = |NV − 18|

Slater-Pauling rule[59] and crystallising in Inverse Heusler structures. Thus, even

with a quaternary compound having a 3d element replaced with a 4d element, the

origin of the gap in the spin down band remains intact. The band structure of this

compound presented in Fig.4.9 shows that the minority bands cross the Fermi level

at the L point. If the states crossing the Fermi level can be pushed into the higher

energy region by adjusting the lattice constant or by doping with another element

so that the total number of electrons is reduced, a half-metallic gap can be opened

in this compound. CoZrMnSi having exactly 24 electrons, opens a semiconducting

gap due to well separated eu and t1u hybrids coming from the Co and Mn atoms.
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Once again, this pattern is in agreement with that in ternary X2Y
′Z compounds in

Inverse Heusler structure following the same Slater-Pauling rule. CoNbMnSi, with

one extra electron than CoZrMnSi, fills one out of two eg states in the spin up band.

The covalent nature of Co-Nb and Nb-Mn bonds enables this extra electron to be

shared between Co and Mn. Therefore, the eg states near the Fermi level are con-

tributed mainly by Co and Mn. Since no electrons are accommodated in the down

spin band, the semiconducting gap in spin down band remains. However, a very

close inspection of the band structure (Fig.4.10) of this compound reveals that in

the down spin channel, a band crosses the Fermi level only slightly at the X point.

Thus, although the magnetic moment of this system is integer, in strict sense, this

is not a half-metal but can be considered as near half-metal. A little change in the

lattice constant or suitable doping may push these states to the higher energy level

and bring out the half-metallicity.

In Fig.4.6, we show the densities of states of five compounds that have Type-II

as their ground state structures. Although CoNbMnSi and CoMoMnSi differ by

only one electron, the trend observed from CoZrMnSi to CoNbMnSi is not followed

when the compounds crystallise in a different structure. Substantial re-distribution

of states near the Fermi level happens as one goes from CoNbMnSi to CoMoMnSi.

We now see that the extra electron, in comparison to CoNbMnSi, is not solely

accommodated in the spin up band of CoMoMnSi, resulting in spin down states at

the Fermi level, followed by a gap. As the number of electrons starts to increase when

one goes from CoMoMnSi to CoRhMnSi, the extra electrons get accommodated in

the spin up band, opening up a semiconducting gap at the spin down channel, and

gradually filling up the spin up bands. As a result, CoTcMnSi, CoRuMnSi and

CoRhMnSi exhibit half-metallicity with nearly 100% spin polarization as is shown

in Table 4.4. In order to establish that they indeed are half-metals (Unlike CoYMnSi

and CoNbMnSi), we show the band structure of CoRhMnSi in Fig.4.11. The origin

of the half-metallicity in these compounds with structure Type-II is, however, do

not reflect the established reason in case of ternary X2Y
′Z compounds in regular

Heusler structures [7]. Unlike Co2MnSi, in the present case, the Co and the Mn

atoms sitting in different symmetry sites, have energy levels closer to each other. As

a result the bonding t2g hybrids originating from Co, Mn and X′ atoms and the non-

bonding t1u hybrids due to the Co and X′ atoms lie extremely close; same happens

for anti-bonding eg and non-bonding eu states. Consequently, top of the spin down

valence bands in case of CoMoMnSi and CoTcMnSi are due to the t1u states while

bottom of the conduction bands are due to the eg states. For CoRuMnSi and
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Figure 4.9: Spin-resolved band structure and density of states for CoYMnSi
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Figure 4.10: Spin-resolved band structure and density of states for CoNbMnSi

CoRhMnSi, they are due to the bonding t2g and non-bonding eu states respectively.

The half-metallicity is destroyed in CoPdMnSi. Since the spin up is completely filled

in CoRhMnSi, the extra electron in CoPdMnSi is accommodated in the spin down

band, thus, pushing the eu states towards lower energy and destroying half-metallic

behaviour. The CoAgMnSi is significantly different as the d shell is completely

filled in Ag, and the system crystallises in Type-I structure. The Ag states are now

lying deep in energy. The Co and Mn hybridizations are weak, with a large spin

polarization of Mn states.
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Figure 4.11: Spin-resolved band structure and density of states for CoRhMnSi
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Thus, in the CoX′MnSi series, we can identify one compound as nearly half-

metal, CoNbMnSi and three compounds as half-metals, CoTcMnSi, CoRuMnSi and

CoRhMnSi, with integer moments following Slater-Pauling rule and nearly 100 %

spin polarization (Table 4.3). In Fig.4.7 and 4.8 we show the densities of states of

CoX′FeSi compounds in Type-I and Type-II structures respectively. A comparison

with the densities of states of CoX′MnSi compounds reveal that the features are

very similar. CoYFeSi has 24 valence electrons and turns out to be a semiconductor

with zero moment, with the gap in both spin bands coming out from separations

in t1u and eu non bonding hybrids of Co and Fe. One extra electron in CoZrFeSi,

like CoNbMnSi, occupies the spin up eu states, leading to a semiconducting gap in

the down spin channel. This compound, thus, turns out to be a half-metal with

100% spin polarization (Table 4.3 and 4.4). One more electron in CoNbFeSi fills up

more states in the spin up band. However, though it seems like that the gap in the

spin down band is intact, a close up view shows that few spin down states are there

at the Fermi level. Thus the spin polarization in this material is only 87%. None

of the materials in Type-II structure qualify to be half-metals as all of them are

characterised by the finite number of states at the Fermi level. As the number of

electron increases while one goes from CoMoFeSi to CoRhFeSi, the extra electrons

are accommodated in the spin down eu bands, thus shifting the peak towards lower

energy. For CoRhFeSi and CoPdFeSi, the peak in the spin down band falls exactly at

the Fermi energy. This signifies structural instabilities in these compounds and may

lead to ground state structures of different symmetries. This qualitative difference

with respect to CoX′MnSi compounds is due to the extra electron of Fe in comparison

to Mn. Since, like CoX′MnSi compounds in Type-II structure, the spin up bands in

CoX′FeSi bands get filled, the extra electron in Fe is to be accommodated in the spin

down band, leading to filling up states in the gap, and subsequent loss of possible

half-metallicity.

Therefore, in the CoX′FeSi series, we find only CoZrFeSi to be half-metallic with

integer magnetic moment, in accordance with Slater-Pauling rule, and high value of

spin polarization. CoNbFeSi could be considered nearly half-metal. Suitable doping

with an element which reduces the total number of electrons may push the states

at the Fermi level towards higher energies and bring in a complete spin polariza-

tion in this compound. Among the compounds in Type-II structure, CoRuFeSi and

CoRhFeSi have spin polarizations close to 90%. Experimentally, CoRuFeSi has been

claimed to be a half-metal [236], however through indirect evidence. This discrep-

ancy between theory and experiment could be resolved by more direct experimental
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Figure 4.12: Spin polarized total and atom-projected densities of states for (a)
CoX′MnAl and (b) CoX′FeAl (X′ = Y, Zr, Nb, Mo) compounds. The ground states
of these compounds are TI.

evidences like measurement of the spin polarization.

4.3.3.2 CoX′Y′Al compounds

In this sub-section we present the spin-polarized total and atom projected densities

of states for all CoX′Y′Al compounds in their respective ground state structures, de-

termine the compounds that are half-metals and compare them with the compounds

in the Si series [187] to obtain a generalised picture across series of compounds. The

densities of states of all compounds are presented in Fig 4.12 and Fig 4.13. Fig

4.12.(a) and Fig 4.12.(b) show the electronic structures of the compounds with

structure type TI. We find that CoYMnAl and CoNbFeAl are the two half-metals

with a semiconducting gap in the spin down band, resulting in 100% spin polar-

ization. CoZrMnAl and CoMoFeAl are another pair of compounds with high spin

polarizations (more than 90%). Their electronic structures too have distinct features

of a near gap in one of the spin bands. In case of CoYMnAl, the gap originates due

to separation of t2g (due to hybridization of all transition metal d orbitals) and tu

states (due to Co and Mn states). The pattern of hybridization is same as CoYMnSi

[187]. However, CoYMnSi is not a half-metal as the tu states were below the Fermi

level. This presumably occurred as the the deeper lying Si states (compared to Al)

pulled the d states downward in energy. In case of CoNbFeAl, the gap is created due

to the separations of tu and eu states. CoZrFeAl, having exactly 24 electrons, have
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Figure 4.13: Spin polarized total and atom-projected densities of states for (a)
CoX′MnAl and (b) CoX′FeAl (X′ = Tc, Ru, Rh, Pd, Ag) compounds. The ground states
of these compounds are Type-II.

equal distributions among the spin channels, resulting in a zero moment and opening

of gaps in both spin channels. The extra electron in CoNbFeAl is accommodated

in the spin up band, thus retaining the semiconducting gap in the spin down band.

One more electron in CoMoFeAl, fills the spin up states almost completely. How-

ever, the t2g bands from the occupied part of the spectrum in the spin down channel

move closer to the Fermi level producing small number of states there and reducing

the spin polarization to 96%. This material, therefore, can be categorised as a ”near

half-metal” with high spin polarization. Among the other members of CoX′MnAl,

we do not find any more half-metal due to the nature of band filling. CoZrMnAl has

features very similar to CoZrFeAl in it’s spin up densities of states. The highlight

is a small near-gap bordered with tu and eu non-bonding states, while the extra

electron as compared to CoYMnAl fills the spin down band. As a result, the sys-

tem is a near half-metal with a spin polarization of 95%. CoNbMnAl has exactly

24 electrons, distributed evenly between two spin bands rendering this compound

a non-magnetic semiconductor like CoZrFeAl. In fact the electronic structure of

CoNbMnAl changes drastically with respect to CoZrMnAl. The densities of states

of CoMoMnAl is quite similar to that of CoMoFeAl with a near-gap in the spin

down band bordered by tu and eu hybrids. However, the position of the e states

of CoMoMnAl is lower in energy in comparison to those of CoMoFeAl, producing

states at the Fermi level thereby lowering of the spin polarization to 86%.
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Among the compounds with structure type TII, we do not find any half-metal in

CoX′Y′Al series. Only CoRuMnAl can be considered a near half-metal as the spin

polarization is 94%. Qualitatively this is distinctly different from the Si-series qua-

ternary compounds where two half-metals were found [187]. Among the CoX′MnAl

compounds with structure TII, we find that in cases of four out of five compounds,

there is indeed a gap in the spin down band. However, the gap does not extend

through the Fermi level for any of the compounds. Once again this is due to the

positions of the t bands, primarily, with respect to the Fermi levels. A comparison

with Si-series compounds [187] reveals that the t bands in Si-series compounds were

lying deeper in the spectrum, ostensibly due to the presence of deep lying Si states

pulling the d bands of transition metals towards lower energies. In case of CoX′FeAl

compounds, the extra electrons as one goes from TI CoMoFeAl to CoTcFeAl and

onwards, are accommodated in the spin down e bands, thus, pulling them closer to

Fermi levels and destroying any possibility of having a half-metallic gap. Similar

was the situation for CoX′FeSi series with structure type TII. We present the spin-

resolved band structures of three compounds CoYMnAl,CoZrMnAl and CoRuMnAl

in figures 4.14- 4.16. These band structures corroborate that the first one is a

half-metal while the other two are near half-metals. In case of CoYMnAl, we do see

a clear separation of the valence and conduction bands with Fermi level falling in

the gap. This is an indirect gap as the top of the valence band is at Γ point while

the bottom of the conduction band is at L point. In case of CoRuMnAl, we find

the top of the valence band protruding into the conduction region at Γ point. This

implies that tuning the number of states in that small pocket of protrusion, by alloy-

ing suitably, the material may be converted to a half-metal. In case of CoZrMnAl,

though the densities of states may give an impression of a zero gap majority spin

channel, the band structure demonstrates it is not so. At the X point, there is band

crossing from valence to conduction region across the Fermi level. Once again, little

tuning by alloying or by suitable pressure to reduce the states protruding across

Fermi level, can make this material a half-metal.

A comparison between CoX′Y′Al and CoX′Y′Si series show one interesting pat-

tern: the densities of states for compounds with same NV have striking resemblances.

CoYMnSi and CoZrMnAl have similar features in the densities of states in both

spin channels. So are CoZrMnSi-CoNbMnAl, CoMoMnAl-CoNbMnSi, CoYFeSi-

CoZrFeAl, CoZrFeSi-CoNbFeAl, CoNbFeSi-CoMoFeAl. There are resemblances

too in the spin down bands of CoMoMnSi-CoRuMnAl, CoTcMnSi-CoRhMnAl,

CoRuMnSi-CoPdMnAl and CoRhMnSi-CoAgMnAl pairs, all with structure type
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Figure 4.14: Spin-resolved band structure and density of states for CoYMnAl
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Figure 4.15: Spin-resolved band structure and density of states for CoZrMnAl

TII. This can be easily understood by considering how the bands in one of the spin

channels are filled continuously, depending upon NV, across the series.

4.3.4 Trends in the local magnetic moments

In order to understand the trends in the total magnetic moments and the features

in the densities of states, we look into the trends in the local magnetic moments

associated with each species across the series studied. In Tables 4.4 and 4.5, results
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Figure 4.16: Spin-resolved band structure and density of states for CoRuMnAl
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Table 4.4: Total and atomic magnetic moment of CoX′MnSi systems in µB/f.u.. NV is
the number of valence electrons of the systems. M is the total magnetisation. P is the
spin polarization.

Systems(TI) NV M MCo MMn MX′ MSi P(%)

CoYMnSi 23 4.55 1.20 3.37 -0.09 0.00 46
CoZrMnSi 24 0.00 0.00 0.00 0.00 0.00 0
CoNbMnSi 25 0.99 0.71 0.30 0.00 0.00 96

Systems(TII) NV M MCo MX′ MMn MSi P(%)

CoMoMnSi 26 2.33 0.68 -0.58 2.27 -0.01 31
CoTcMnSi 27 3.00 0.67 -0.34 2.60 0.02 100
CoRuMnSi 28 4.00 0.92 0.13 2.94 -0.01 97
CoRhMnSi 29 5.00 1.21 0.43 3.33 -0.02 100
CoPdMnSi 30 4.90 1.11 0.21 3.47 -0.01 58

Systems(TI) NV M MCo MMn MX′ MSi P(%)

CoAgMnSi 31 3.53 0.49 3.08 0.02 0.08 14

for total and the site projected magnetic moments for all the compounds in the

CoX′MnSi and CoX′FeSi series, respectively, are presented. We find that the trend

in the local magnetic moments is same for compounds irrespective of the series, as

long as the structure type is same. The compounds having Type-I arrangement as

their ground states and having valence electrons equal to or more than 24 follow the

same trend in both series: both Co and Y′ element have low moments with Y′ having

a vanishingly small moment. As number of electrons increase due to a different X′,

the moments start to increase. The low exchange-splitting of the stronger magnet

Y′ in both series can be understood from the neighbourhood around Y′ in Type-I

structure. In Type-I structure, nearly non-magnetic 4d elements and Si form the

neighbourhood around the Y′ element. This weakens the exchange field associated

with the Y′ element and prevents building up of local moment in Y′. When an

extra electron is added to the system due to a different 4d element, the covalent

bonding between Co and Y′ makes them share the electron, resulting in nearly

uniform increase in spin polarizations of both Co and Y′. The notable differences

to this trend are found in cases of CoYMnSi, CoAgMnSi and CoAgFeSi, where

both Mn and Fe have large spin polarizations. In these cases, the lattice constants

of the systems are significantly larger in comparison to the other compounds with

the same structure. Due to this, the Y′ atoms hybridize very little with the other

atoms, thus, almost retaining their atomic moments. The most suitable example of

this is CoYMnSi where the lattice constant is the largest and the Mn atom has a
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Table 4.5: Total and atomic magnetic moment of CoX′FeSi systems in µB/f.u.. NV is
the number of valence electrons of the systems. M is the total magnetisation. P is the
spin polarization.

Systems(TI) NV M MCo MFe MX′ MSi P(%)

CoYFeSi 24 0.00 0.00 0.00 0.00 0.00 0
CoZrFeSi 25 1.00 0.56 0.62 -0.12 0.00 100
CoNbFeSi 26 1.99 1.12 0.99 -0.06 0.02 87

Systems(TII) NV M MCo MX′ MFe MSi P(%)

CoMoFeSi 27 2.83 0.84 -0.33 2.31 0.04 59
CoTcFeSi 28 3.89 1.01 0.15 2.68 0.03 64
CoRuFeSi 29 4.66 1.26 0.53 2.87 0.01 87
CoRhFeSi 30 4.90 1.44 0.57 2.87 0.01 89
CoPdFeSi 31 4.00 1.08 0.07 2.84 -0.01 73

Systems(TI) NV M MCo MFe MX′ MSi P(%)

CoAgFeSi 32 2.71 0.69 2.14 0.03 -0.06 41

moment greater than 3 µB. In case of systems with Type-II arrangement, Co and

Y′ are nearest neighbours. The strong exchange field associated with them leads to

large exchange splittings in the Y′ components. This gives rise to sizeable magnetic

moments on Y′ and Co sites. The local magnetic moments systematically increases

as the total number of electrons increase with change of X′ element. The changes

in Fe moment is small compared to that in Mn as the number of electrons increase.

This indicates that the Fe moments are more localised than the Mn moments. This,

in turn, implies that the effects of localisation are to be included for compounds

having Fe as has been mentioned earlier. Due to the strong exchange fields in the

Type-II structures, the 4d elements too get slightly polarized.

In Tables 4.6 and 4.7 we present the total and site projected magnetic moments

of CoY′MnAl and CY′FeAl compounds, respectively. Analysing the trends as a

function of NV and structure type, we find near identical behaviour with CoX′Y′Si

series [187]. Across the series and structures, the total moment continuously in-

creases with NV for compounds with NV > 24 and upto 29. This is understood from

the hybridization and band filling picture discussed in the previous sub-section. We

find that the continuous building up of the moment is due to building up of Co and

Y′ moments. This is more prominent for compounds in structure type TII where the

moments on the 3d elements build up due to they being nearest neighbours leading

to large exchange splitting primarily on Y′ elements. The changes in Fe moments
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Table 4.6: Total and atomic magnetic moment of CoX′MnAl systems in µB/f.u.. NV is
the number of valence electrons of the systems. M is the total magnetisation. P is the
spin polarization.

Systems(TI) NV M MCo MMn MX′ MAl P(%)

CoYMnAl 22 4.00 0.80 3.41 -0.13 -0.04 100
CoZrMnAl 23 0.98 0.10 0.94 -0.07 -0.01 95
CoNbMnAl 24 0.00 -0.00 0.00 -0.00 -0.00 0
CoMoMnAl 25 0.91 0.82 -0.09 0.22 -0.01 86

Systems(TII) NV M MCo MX′ MMn MAl P(%)

CoTcMnAl 26 2.11 0.57 -0.62 2.21 -0.02 20
CoRuMnAl 27 3.02 0.53 -0.13 2.66 -0.01 94
CoRhMnAl 28 4.05 0.84 0.25 3.07 -0.03 77
CoPdMnAl 29 5.00 1.27 0.25 3.48 -0.03 39
CoAgMnAl 30 4.59 1.07 0.03 3.48 -0.03 33

with NV are smaller compared to Mn moments, implying Fe moments are more lo-

calised. The moments on the 4d compounds are small. They gain moment due to

polarizing effect of strong exchange fields of 3d elements. For compounds with NV >

29, the total moments start decreasing with increasing NV. The corresponding com-

pounds are CoPdFeAl, CoAgFeAl and CoAgMnAl. The electronic structure reveals

that the Pd states are deep in energy and both spin bands are nearly filled. Since it

has a filled d shell, this is only natural that there will be a relatively weak exchange

field associated with Pd. As a result, the moment on Pd drastically reduces com-

pared to the X′ element in the preceding compound in the series. This brings the

overall moment down. Ag has s states in it’s valence band, which are further deep

in energy leaving no scope of any spin polarization of the X′ component. Therefore,

even though the Co and Y′ moments do not change significantly, the moments of

CoAgFeAl and CoAgMnAl decrease with respect to the preceding compounds in

their respective series.

The exchange splittings in compounds with structure type TI are smaller, an

artefact of the neighbourhood around the 3d components. The exception is CoYM-

nAl where Mn has a large moment. A significantly large lattice constant in this

compound is a hindrance for Mn to hybridize with the other components leading

to it retaining it’s local moment in the atomic state. The densities of states of this

compound is consistent with this assessment. One can see that in the spin up chan-

nel, the Mn states are deep lying and are well separated from the Co states, along

with the fact that Mn down band is nearly empty.
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Table 4.7: Total and atomic magnetic moments of CoX′FeAl systems in µB/f.u.. NV is
the number of valence electron of the systems. M is the total magnetisation. P is the spin
polarization.

Systems(TI) NV M MCo MFe MX′ MAl P(%)

CoYFeAl 23 0.86 0.04 0.93 -0.04 -0.02 84
CoZrFeAl 24 0.00 0.00 -0.00 0.00 0.00 0
CoNbFeAl 25 1.00 0.62 0.56 -0.09 -0.01 100
CoMoFeAl 26 1.93 1.14 0.77 0.10 -0.01 96

Systems(TII) NV M MCo MX′ MFe MAl P(%)

CoTcFeAl 27 3.05 0.77 -0.14 2.43 0.01 78
CoRuFeAl 28 4.20 1.14 0.40 2.77 -0.01 51
CoRhFeAl 29 4.86 1.40 0.55 3.00 -0.02 32
CoPdFeAl 30 4.41 1.37 0.15 2.92 -0.02 72
CoAgFeAl 31 3.82 1.20 -0.02 2.74 -0.03 69

4.3.5 Exchange coupling and Curie temperature

In this section, we present the results on inter atomic effective exchange coupling

constant(Jeff ) and Curie temperatures Tc for CoX′Y′Z compounds in all the series.

The variations of the Curie temperatures with different X′ atoms i.e. with changes

in the valence electron numbers are shown in figures 4.17 and 4.20. First we’ll con-

sider the CoX′Y′Si series. From Fig.4.17 we find two compounds, CoRhMnSi and

CoRuFeSi, having very high Curie temperatures, 1012K and 1052K respectively.

The experimental Curie temperature for CoRuFeSi is 867K[236]. Our results are

overestimated in comparison to the experimental one as we have used mean field

approximation. Apart from these two, there are few other compounds with Curie

temperatures between 600K and 800K(Fig.4.17). The results show that the varia-

tions in the Curie temperatures can be classified in two distinct regions based on

the structure types in which the compounds crystallise. In each region, however,

the variations are not uniform. This is true for the two different series (Y′ = Mn,

Fe) also. For Type-I structures, the Curie temperatures are low. For Type-II struc-

tures they increase with NV steadily upto a critical point NV after which it steadily

decreases. The maximum Curie temperature in both CoX′MnSi and CoX′FeSi are,

therefore, obtained when NV.

In order to explain such behaviour of Curie temperatures, we take recourse to

the calculated inter-atomic magnetic exchange coupling parameters, and the fea-

tures in the densities of states. In Fig.4.18 and 4.19, we show the various effective
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Figure 4.17: Calculated Curie temperature with total number of valence electron for
CoX′Y′Si series.

exchange coupling parameters (Jeff ). We find that the Co-Co, Co-Y′ and Y′-Y′

effective exchange parameters are the dominant ones. The other exchange interac-

tions are very weak and do not contribute to the understanding of the trends in the

Curie temperature. Analysing the results for exchange interactions in compounds

with two different structure types, we see that Co-Y′ interaction is the dominant one

irrespective of the structure type. In general, the Co-Y′ effective exchange param-

eters for compounds in structure Type-II are significantly larger than for those in

structure Type-I. The weaker Co-Y′ interactions for compounds in structure Type-I

are due to the fact that Co and Y′ interactions are mediated via the weak mag-

net X′ in structure Type-I while the interactions are direct in structure Type-II. A

notable exception to this trend is found in case of CoNbFeSi which has structure

Type-I as the ground state but the Co-Y′ exchange parameter is larger than that in

CoMoFeSi, the first compound in the series having structure Type-II as the ground

state. That the variations in the Co-Y′ exchange parameter decides the variations in

the Curie temperature is visible upon comparing the trends of both quantities. Thus,

a stronger Co-Y′ exchange parameter in CoNbFeSi leads to a higher Curie temper-

ature in comparison to CoMoFeSi, in spite of the former crystallising in structure

Type-I and thus, having an indirect Co-Y′ exchange. The other exchange parameters

have similar variations qualitatively across the two series, and they only contribute

to the absolute values of the Curie temperatures. The prominent ones except Co-Y′

are the X′-Y′ and the intra-atomic Y′-Y′ interactions. The exceptional behaviour of
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Figure 4.18: Effective exchange coupling constant for CoX′MnSi compounds. Open
symbols: Type-I structure, Filled symbols: Type-II structure

CoYMnSi in the context of total magnetic moment is also observed here. In case

of this compound, the Co-Mn interaction strength is of the same order as that of

CoRhMnSi, the compound having the maximum value of Curie temperature in the

series. However, this strong ferromagnetic Co-Y′ interaction is completely compen-

sated by a stronger Mn-Mn interaction, which is antiferromagnetic in nature, leading

to a smaller value of Curie temperature.

The result on Curie temperatures revel another interesting fact. We find that the

half-metals with 100% spin polarizations having structure Type-II have high Curie

temperatures(428K for CoTcMnSi and 1012K for CoRhMnSi) while the only half-

metal with 100% spin polarization having structure Type-I, CoZrFeSi, has a rather

low Curie temperature of 267K. This suggests that the half-metallicity cannot be

always correlated with occurrence of high Curie temperature. As the discussion in

the preceding paragraph suggest, the magnitude of Curie temperature is decided by

the select exchange interaction and their magnitudes, which in turn are dependent

upon the structure types. Thus, the crystal structure plays the most important role

influencing the magnitude of the Curie temperatures.

The question that remains to be answered is that why the Jeff values have the

maximum at NV followed by a decrease upon increase in NV. Kubler et al [110],

in their investigations into a similar behaviour in the ternary Co2Y
′Z compounds

found a similar behaviour in the variations of the Curie temperatures with NV.

They attributed this to the changes in the behaviour of the “Exchange average”,

the average of exchange energies associated with low temperature spin excitations.
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Figure 4.19: Effective exchange coupling constant for CoX′FeSi compounds. Open sym-
bols: Type-I structure, Filled symbols: Type-II structure

This variation in the “Exchange average” is related to the availability of spin down

states below Fermi level. They showed that a gap in the spin down bands starting

below Fermi level and extending beyond it would lead to a larger value of “Exchange

average” and consequently a larger Curie temperature. Extending this idea to the

compounds in the present work, we find that the unavailability of the states in the

spin down bands gradually increases as NV increases and is maximised at NV = 29.

Thus the “Exchange average” is maximised at NV = 29 and we see its manifestations

in the maximisations of the Jeff . Upon further increase of NV, we see states in the

spin down bands at the Fermi level. This reduces the “Exchange average” and the

Jeff and Curie temperatures decrease beyond NV = 29.

The results on Jeff and Tc for the CoX′Y′Al compounds considered in our study

are presented in Figures 4.20-4.22. Fig 4.20 shows the variations of Tc with different

X′ atoms i.e. with changes in NV for CoX′Y′Al. The two half-metals CoYMnAl

and CoNbFeAl have Tc of 430K and 232K respectively. Our result for CoYMnAl

agrees well with the value of 482K obtained by Rahmoune et al[239]. Looking

at Fig 4.20 we find that qualitative variations in Tc depends on the ground state

structure type of the compounds in the series implying that the arrangements of

the atoms in crystallographic sites play a significant role in deciding Tc as well. We

find that in general, compounds with structure type TII have Tc higher than those

of compounds with structure type TI. The highest Tc for both series is obtained at

NV=29, a result exactly same as the quaternary Si-series [187]. Similar to CoX′Y′Si
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Figure 4.20: Calculated Curie temperature with total number of valence electron for
CoY′X′Al series.

series[187] we find that, Co-Y′ Jeff are the dominant interactions and the variations

in Tc closely follow the variations in this particular effective exchange parameter.

Other prominent exchange parameters are for Co-Co, Y′-Y′, Y′-X′ ones. As was

seen in Si-based compounds [187], Co-Y′ interactions for compounds in structure

type TII are notably stronger than those of compounds in structure TI. The reason

for this is that, Co-Y′ interaction is direct in TII whereas weak magnet X′ is the

mediator for Co and Y′ interactions in TI.

Though qualitatively the variations of Tc across series and structure types in

CoX′Y′Al are exactly same as that in CoX′Y′Si compounds, there are quanti-

tative differences. In general, CoX′FeAl (CoX′MnAl)have higher (lower)Tc than

CoX′FeSi(CoX′MnSi). The difference is prominent in compounds with TII structure

type. In CoX′FeAl compounds with structure TII, we find that Co-Fe and Fe-X′

interactions are stronger than those in CoX′FeSi compounds. This along with more

ferromagnetic Fe-Fe interactions in Al-series compounds lead to higher Tc in them.

In the CoX′MnZ compounds, we find that in Si-series, the dominant Co-Mn inter-

actions are stronger than that in Al-series; the other prominent interactions being

of comparable strength. This, then, decides the quantitative differences in Tc of the

two series.

Finally the reason behind Tc being maximum at NV = 29 across the series irre-

spective of Y′ and Z element can be explained in terms of “Exchange average”[110],

exactly the way was done for Si series [187]. Inspecting the densities of states for
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Figure 4.21: Effective exchange coupling constant for CoX′MnAl compounds. Open
symbols: structure type TI, Filled symbols: structure type TII.

compounds with structure type TII, we see that lower the value of the number of

states in spin down channel at Fermi level in the compounds with structure Type-

II, higher is the “Exchange average” and subsequently the Tc. For both Al and

Si-series quaternary compounds we see that as NV increases, the number of states

at the Fermi level keeps decreasing and that in turn increases the “Exchange aver-

age” and Tc upto a particular NV. The subsequent fall of Tc can also be attributed

to the fall in “Exchange average” with increasing NV as the electronic structure

shows a fall in the number of available states at the Fermi level in spin down bands.

Thus we conclude that the significant similarity in the qualitative trends in the vari-

ations of Tc across Y′ and Z series of Co and 4d transition metal based quaternary

Heuslers can be correlated to the similarities in the trends in the variations in their

electronic structures which is dependent upon structure types and NV.

4.3.6 Qualitative comparison with quaternary Heuslers hav-

ing all magnetic components 3d transition metals

Our results in this chapter provide significant insights into the roles of atomic ar-

rangement, the number of valence electrons, and the hybridizations towards achiev-

ing half-metallic behaviour. In order to gain deeper insights and evolve a generalised

picture of half-metallicity in quaternary Heusler compounds, we now make a qualita-

tive comparison between the series where the only difference is that X′ a 4d element

in one and a 3d element (one of Sc to Cu in the row of 3d transition metals in the
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Table 4.8: Lattice constants, structure type,magnetic moments and electronic behaviour
of quaternary CoX′Y′Z (X′ = Sc to Cu ; Y′ = Mn , Fe and Z = Al, Si) compounds. The
sources of the information are explicitly mentioned.

Systems Lattice Structure M Whether Half-metal(HM) or
(Type-I) constant(Å) type (µB/f.u.) metal (M) or semiconductor (SC)

CoScMnAl - - - -
CoTiMnAl 5.86 TI 0.98 HM[61]
CoVMnAl 5.80 TI 0 SC[242]
CoCrMnAl 5.76 TI 1 HM[242]
CoMnMnAl (Mn2CoAl) 5.73 TII 1.99 HM[83, 196]
CoFeMnAl 5.79 TI 3 HM[242]
CoCoMnAl (Co2MnAl) 5.7 TI 4.023 M[209]
CoNiMnAl 5.79 TI 5 HM[242]
CoCuMnAl - - - -
CoScFeAl - - - -
CoTiFeAl 5.85 TI 0 SC[242]
CoVFeAl 5.73 TI 0.97 HM[61]
CoCrFeAl 5.70 TI 2 HM[61, 63]
CoMnFeAl 5.79 TI 3 HM[242]
CoFeFeAl(Fe2CoAl) 5.701 TII 5 M[70]-
CoCoFeAl(Co2FeAl) 5.7 TI 4.99 M[210]
CoNiFeAl - - - -
CoCuFeAl - - - -
CoScMnSi - - - -
CoTiMnSi 5.73 TI 0 SC[61]
CoVMnSi 5.65 TI 0.97 HM[61]
CoCrMnSi 5.65 TI 2 HM[63]
CoMnMnSi(Mn2CoSi) 5.62 TII 3 0 HM[196, 212]
CoFeMnSi 5.66 TI 4 HM[242] SGS[63]
CoCoMnSi(Co2MnSi) 5.63 TI 5 HM[209]
CoNiMnSi 5.67 TI 4.69 M[243]
CoCuMnSi - - - -
CoScFeSi - - - -
CoTiFeSi 5.73 TI 1 HM[61]
CoVFeSi 5.66 TI 1.97 HM[61] SGS[63]
CoCrFeSi 5.63 TI 3 HM [242]
CoMnFeSi 5.66 TI 4 HM[242]
CoFeFeSi(Fe2CoSi) 5.60 TII 4.96 M[221]
CoCoFeSi(Co2FeSi) 5.62 TI 5.48 M[225]
CoNiFeSi - - - -
CoCuFeSi - - - -
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Figure 4.22: Effective exchange coupling constant for CoX′FeAl compounds. Open
symbols: structure type TI, Filled symbols: structure type TII.

periodic table) in another. In Table 4.8, we have compiled the available results on

the quaternary compounds CoX′Y′Z with main group element either Si or Al, Y′

either Mn or Fe and X′ one of the 3d transition metals. From the compiled results we

find that the in the quaternary family with all magnetic components 3d transition

metals, there are significantly higher number of materials reported to be half-metals

or even SGS [61, 63, 116]. Since the results in the present work, that of Reference

[187] and [168] on ternary and quaternary Heusler compound series with one of the

magnetic element a 4d transition metal indicate that NV is a significant predictor of

half-metallic behaviour, we first compare the electronic properties, in the context of

half-metallic behaviour, of compounds across the families with same NV.

We first observe that there are four pairs of half-metals (with same NV), one each

from two families, one with X′ a 3d element and another with X′ the isoelectronic 4d

element. They are CoNbFeAl-CoVFeAl, CoZrFeSi-CoTiFeSi, CoTcMnSi-Mn2CoSi

and CoRhMnSi-Co2MnSi. Strictly speaking the X′ a 3d element contingent in the

last two pairs is not a quaternary compound. The ground state structures of all four

compounds in the first two pairs are TI while that of the third pair is TII. In the

fourth pair, CoRhMnSi has TII structure but Co2MnSi crystallises in TI. There are

another five pairs of compounds having nearly identical behaviour in the context

of half-metallicity. In the pair CoMoFeAl-CoCrFeAl, CoMoFeAl is a near half-

metal while CoCrFeAl is a SGS; both compounds in the pair CoNbMnSi-CoVMnSi

are near half-metals. In the pairs CoZrMnAl-CoTiMnAl, CoRuMnAl-CoFeMnAl,

CoRuMnSi-CoFeMnSi, the constituents with 4d element as X′ are all near half-
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metals while the other ones are all half-metals. Apart from the last two pairs,

the components in the other three pairs have identical ground state structures, TI.

CoRuMnAl and CoRuMnSi crystallise in TII while CoFeMnAl and CoFeMnSi have

TI as their ground states.

There are another eight pairs of isoelectronic compounds whose electronic be-

haviours are different. In each of these pairs compounds with 4d elements are metals

while the ones with all magnetic components beingf 3d transition metals are half-

metals. These pairs are CoNiMnAl-CoPdMnAl, CoMnFeAl-CoTcFeAl, CoCrFeSi-

CoMoFeSi, CoMnFeSi-CoTcFeSi, CoCrMnSi-CoMoMnSi, CoVFeSi-CoNbFeSi,

CoCrMnAl-CoMoMnAl and CoMn2Al-CoTcMnAl. The constituents of the first five

pairs have different ground state structures; the compounds with all 3d magnetic

components have structure type TI while the ones with one 4d constituent are in

structure type TII. Out of the remaining three pairs, the constituents of the first

two pairs crystallise in TI while the last one crystallise in TII.

These observations clearly indicate that NV can be considered a predictor for

half-metallic behaviour of quaternary Heuslers as long as structure types are same

as that of existing isoelectronic half-metals. This was also observed in cases of

ternary Heusler compounds [168]. The reason can be traced back to the similari-

ties in the electronic structures and band-fillings for isoelectronic compounds across

various different series with transition metal elements from different rows of the peri-

odic table. Although the systematic analysis of evolution of properties with changes

in NV through an analysis of evolutions in the partial densities of states providing

a clear picture of element-specific hybridizations is not available in literature for

quaternary compounds with all magnetic elements from 3d row of periodic table,

one can intuitively conclude that since the hybridizations in structure type TI com-

pounds mostly come from the 3d elements, the similarities in electronic structures

for isoelectronic compounds across series and thus in the electronic properties like

half-metallic behaviour are only natural consequences.

Another observation regarding the parents and daughter compounds in CoX′Y′Z

considered here is quite insightful. None of the quaternary daughters predicted to

be half-metals among the compounds in these four series have both ternary parents

as half-metals. We find that out of the five half-metals CoYMnAl, CoNbFeAl,

CoTcMnSi, CoRhMnSi and CoZrFeSi found in the quaternary series considered,

Co2YAl is a non-magnetic semiconductor, Mn2YAl a metal; Co2NbAl is a half-metal,

Fe2NbAl a non-magnetic semiconductor; both Co2TcSi and Mn2TcSi are normal

metals; Co2RhSi a metal while Mn2RhSi a half-metal, Co2ZrSi a half-metal and while
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Fe2ZrSi is a non-magnetic semiconductor. This indicates that the half-metallicity

in CoNbFeAl and CoZrFeSi might be coming solely from the half-metallicity of

one of the ternary half-metal parents. This is because the other parent is a non-

magnetic semiconductor and thus replacing one Fe with a Co in each one of them

must have filled one of the spin bands rendering it metallic while the other spin

band remains semiconducting. The origin of half-metallicity in the other three

compounds would be indeed intriguing as there are three different combinations in

their ternary parents: metal-metal, metal-non-magnetic semiconductor and metal-

half-metal. This aspect is worth investigating in future.

4.3.7 Conclusions

We have made a detailed investigations into the structural, electronic and magnetic

properties of 36 quaternary Heusler compounds spanning the series CoX′Y′Z, where

X′ stand for 9 elements with 4d electrons in their valence shells, and Y′ being Fe

and Mn, the two strong magnets with unfilled 3d electrons in their outer shells and

Z being Al and Si. Our search for new half-metallic ferromagnets from quaternary

series with both 3d and 4d electrons in the same compound throws up interesting

facts. We find that although there are thirteen compounds with integer values of

their magnetic moments, all of them do not qualify to be half-metals or even near

half-metals.

We find that three compounds CoTcMnSi, CoRhMnSi and CoZrFeSi can be

identified as truly half-metals from CoX′Y′Si series. However, there are few other

compounds like CoYMnSi, CoNbMnSi, CoRuMnSi and CoNbFeSi, which can be

identified as near half-metals. Application of moderate pressure or controlled dop-

ing in a way that the total number of electrons in these systems reduce, should make

these systems half-metallic too. We found two half-metallic ferromagnet CoYMnAl

and CoRuMnAl with 100% spin polarization and three “nearly” half-metallic com-

pounds with a gap like feature in minority spin channel and spin polarization greater

than 90% in CoX′Y′Al series.

We provide an understanding of the types of site occupancies observed in the

compounds of the two series in terms of relative values of electronegativities of Co,

X′ and Y′. This explanation towards the preferred structure types of quaternary

Heusler compounds addresses ground state structure types of large numbers of com-

pounds in the quaternary family outside of the two series studied in this work. The

trends in the magnetic properties and the electronic structures of these compounds
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CoX′Y′Z (X′ = 4d elements, Y′ = Mn, Fe and Z = Al, Si )

are found to be due to the neighbourhood of the magnetic atoms, which differ be-

tween the two preferred structure types. Consequently, the magnetic interactions

between the stronger magnetic elements, Co and Y′, get modified as the structure

type or the element X′ changes. We find that the magnetic exchange interactions be-

tween Co and Y′ atoms are the strongest and their behaviour with number of valence

electrons is responsible for the trends in the Curie temperature, another quantity

of interest for assessing a half-metal in the context of its potential for spintronics

applications. We make an assessment of the variations in the magnetic exchange

averages across the compounds from the features in their densities of states and

conclude that the variations of the Curie temperatures can be understood from it.

The compounds crystallising in Type-I structures have lower Curie temperatures

due to weaker exchange interactions between the constituents, making the average

exchange lower. The compounds with structure Type-II have higher Curie tempera-

ture due to stronger Co-Y′ exchange interactions which make the average exchange

stronger. In both series we find that the maximum Curie temperature is achieved

for compounds with NV=29, and in general high values of Curie temperatures are

obtained if the number of valence electrons are in a range of 28-30.

Accordingly, out of the compounds identified as half-metals in the present study,

CoTcMnSi and CoRhMnSi have significantly high values of Curie temperature and

hence these two can be considered as new functional materials for magnetic applica-

tions. If CoNbFeSi, CoTcFeSi,CoRuFeSi and CoRhFeSi turn out to be half-metals

under moderate pressure, they also would fall into this category as they too have

high values of Curie temperature.

This work offered a broader perspective to the physics of half-metallic quater-

nary Heuslers. We systematically compared the results on CoX′Y′Al series with the

results on another series with same Y′ and X′, CoX′Y′Si [187]. We found that as

long as NV and structure types are the same, the electronic and magnetic properties

of the compounds from the two series are nearly identical. The minor changes some-

what affecting the possibilities of half-metallic behaviour were due to the changes

in the positions of the 3d states with respect to the Fermi levels, an artefact of the

deeper lying Si states pulling the d bands towards lower energies as compared to the

Al states. We further compared the impacts of the X′ component on half-metallic

behaviour by comparing the results of isoelectronic quaternary pairs where X′ is

a 3d element in one case, and 4d in the other. We once again observed that un-

less the structure types are identical, it is not possible to obtain half-metallicity in

isoelectronic compounds from both series. Thus, rather than the chemical element
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X′, the NV and the structure types are more important in determining half-metallic

behaviour in quaternary Heuslers. We attributed this to the general picture of hy-

bridizations between the transition metal atoms which were found to be transferrable

across various quaternary series. Thus, manipulating the NV by substitution at the

Z site may transform near half-metals to half-metals with 100% spin polarization

as the hybridization between the transition metals is not expected to be affected

substantially due to such substitution. Finally, we investigated the transferability of

the half-metallic properties of parent ternary Heuslers making up a daughter qua-

ternary compound. We found that neither of the quaternary Heusler compounds

considered here showing half-metallic behaviour have half-metallicity in both parent

ternary compounds. This poses an interesting open question regarding the emer-

gence of half-metallic behaviour through substitution at select sites which will be

addressed in the future. This work, therefore, provides a number of useful insights

into evolving a broader picture of half-metallicity which can help predict and design

future half-metals for spintronics applications. The importance of this work is that

instead of focusing on prediction of new half-metals from a new series of compounds,

which is what available mostly in literatures, it makes an attempt to address the mi-

croscopic physics governing a large group of materials in a systematic and coherent

way.
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Chapter 5

Site dependent substitution and

half-metallic behaviour in Heusler

compounds: a case study for

Mn2RhSi, Co2RhSi and CoRhMnSi

5.1 Introduction

In the last two chapters we have extensively studied ternary and quaternary com-

pounds with one 4d element [168, 187, 228]. Our primary goal was to understand

the basic trends in electronic and magnetic properties of ternary and quaternary

Heusler compounds across different series and their connections to the half-metallic

behaviour. One of the interesting find of this study is that if we consider the qua-

ternary Heusler compounds as the daughter compounds, derived from the parent

ternary compounds, none of the half-metallic quaternary compounds have half-

metallicity in both the ternary parents. This throws up a possibility of emergence

of half-metallic behaviour through substitution at select sites of ternary compounds

which are not half-metals. In this chapter, we address this by considering Mn2RhSi,

Co2RhSi and CoRhMnSi as a case study. In the previous two chapters, we have found

that CoRhMnSi and Mn2RhSi are half-metals while Co2RhSi is a normal metal. This

makes this combination of parent-daughter compounds suitable to investigate how

site-dependent substitution give rise to half-metallicity. In this chapter we approach

CoRhMnSi compound from two directions: one, by systematically replacing one

Mn with Co in Mn2RhSi and two, by systematic replacement of one Co by Mn in

The contents of this chapter have been Accepted in Computational Condensed Matter
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Co2RhSi. We investigate the effects of composition on the electronic structure and

magnetic properties and try to find if half-metals at intermediate compositions can

be obtained as well as try to understand how site specific substitution is related to

the origin of half-metallic behaviour. The chapter is organised as follows: Compu-

tational details and the methods, used in this chapter are given in the next section.

In the subsequent section (Section 5.3) we present the discussions of the calculated

results on structural, electronic and magnetic properties of the compounds, studied

here. The summarized main results is presented at the end.

5.2 Calculational Details

Both Mn2RhSi and Co2RhSi have Hg2CuTi type structure as their ground state

while CoRhMnSi has LiMgPdSn structure in the ground state. Denoting the 3d tran-

sition metal elements X occupying 4a(0, 0, 0) and 4c(1/4, 1/4, 1/4) sites in Hg2CuTi

structures as XI and XII respectively, we see that CoRhMnSi can be obtained by

replacing MnI (CoII) by Co (Mn) in Mn2RhSi (Co2RhSi). In this work, we systemat-

ically vary the concentration of MnI and CoII (Co and Mn) in Mn2RhSi and Co2RhSi

respectively to study the emergence of half-metallicity in (Mn1−xCox)RhMnSi and

CoRh(Co1−xMnx)Si where x = 0, 0.25, 0.50, 0.75 and 1. We model these two sys-

tems by cosidering the 16 atom conventional cubic cell. In this, each of the four

sub-lattices has four positions. Systems with different compositions are modelled

by filling up these positions. For example, (Mn1−xCox)RhMnSi with x = 0.25 can

be modeled by filling up the positions corresponding to Rh, MnII, Si and by putting

one Co and three MnI atoms in the positions corresponding to the sub-lattice of

MnI.

Spin-polarized DFT based projector augmented wave (PAW) method as im-

plemented in Vienna Ab-initio Simulation Package (VASP) [137–139] is thereafter

used for electronic structure calculations. We have used Generalized Gradient Ap-

proximation (GGA) [172] as implemented by Perdew-Burke-Ernzerhof for exchange

correlation functional in our calculations. The valance electron configurations con-

sidered are, Mn: 3p64s23d5, Co: 3d84s1, Rh: 4p65s14d8. An energy cut-off of 450

eV and a Monkhorst-Pack [173] 6× 6× 6 k-mesh is used for sampling the Brillouin

zone for the calculations of determining the equilibrium structures. After relaxing

the structures fully, for self-consistent calculations we used a 11 × 11 × 11 k-mesh.

A larger 15 × 15 × 15 k-mesh was used for calculating densities of sates (DOS).

We set the total energy and the force convergence criteria to 10−6 eV and 10−2
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Table 5.1: Calculated lattice constants, formation energies, total magnetic moments
Mtotal and spin polarization P of (Mn1−xCox)RhMnSi compounds. x is the Co-content at
MnI site.

Co-content Lattice Formation energy Mtotal P
(x) constant(Å) (eV/atom) (µB/f.u.) (% )

0.00 5.81 -0.25 3.00 100.00
0.25 5.82 -0.27 3.50 100.00
0.50 5.82 -0.30 4.00 100.00
0.75 5.82 -0.32 4.50 100.00
1.00 5.83 -0.35 5.00 100.00

eV/Årespectively.

To calculate the magnetic pair exchange parameters as well as Curie tempera-

tures we have used multiple scattering Green function formalism as implemented

in SPRKKR code[140] mapping the spin part of the Hamiltonian is mapped to a

Heisenberg model as shown in chapter 2. Using the the formulation of Liechtenstein

et. al.[163], the magnetic pair exchange parameters, Jµνij , are calculated from the

energy differences due to infinitesimally small orientations of a pair of spins. An

angular momentum cut-off lmax = 3 along with full potential spin polarized scaler

relativistic Hamiltonian is used to calculate the energy differences by the SPRKKR

code. We have used an uniform k-mesh of 28 × 28 × 28 for Brillouin zone integra-

tion. The Green’s functions were calculated for 48 complex energy points distributed

on a semicircular contour. For the self-consistence cycles, the energy convergence

criterion was set to 10−6 Ry .

5.3 Results and Discussions

5.3.1 Structural Properties

We optimized the ground state structure in each case by relaxing the atoms in the

16 atoms supercells, and obtained lattice constants and formation energies. The

results are presented in Tables 5.1 and 5.2. Total magnetic moments Mtotal and spin

polarization (P%) are also given. The formation energies were calculated using the

following equation.

Ef = ECompound −
4∑
i=0

xiEi(element) (5.1)
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Table 5.2: Calculated lattice constants, formation energies, total magnetic moments
Mtotal and spin polarization P of CoRh(Co1−xMnx)Si compounds. x is the Mn-content at
CoII site.

Co-content Lattice Formation energy Mtotal P
(x ) constant(Å) (eV/atom) (µB/f.u.) (% )

0.00 5.76 -0.33 3.29 71.00
0.25 5.78 -0.34 3.74 52.00
0.50 5.80 -0.34 4.15 30.00
0.75 5.81 -0.35 4.57 28.00
1.00 5.83 -0.35 5.00 100.00

Here, ECompound represents the total energy of the unit-cell, Ei(element) is the

energy per atom of bulk Mn, Co, Rh or Si. The number of atoms present in a

unit-cell for the element i, is given by xi. We find that replacing MnI atoms in

(Mn1−xCox)RhMnSi by Co atoms does not change the lattice constant significantly

as we go from Mn2RhSi (x = 0) to CoRhMnSi (x = 1) by replacing MnI with Co

atoms continuously. On the other hand, there is a non-negligible and almost linear

increase in the lattice constant as the Mn-content increases in CoRh(Co1−xMnx)Si

system. The negative formation energy per atom in all cases implies that these

compounds can form and further investigation for these compounds are worth a

shot.

5.3.2 Electronic Structure

We have discussed earlier that for magnetic Heusler compounds, with magnetic

components being 3d transition metals, the hybridization of the transition metal

elements and the relative position of the Fermi level in minority spin channel with

respect to position of bonding and non-bonding states would explain the origin

of the half-metallic gaps [7, 59, 61, 64]. The same idea was found to be suitable

in understanding the electronic structures of Mn2RhSi, Co2RhSi and CoRhMnSi

[168, 228]. In this sub-section, we discuss the changes in the electronic struc-

tures of (Mn1−xCox)RhMnSi and CoRh(Co1−xMnx)Si with changes in x in or-

der to understand how half-metallicity evolves with substitutions. In Fig 5.1 and

Fig 5.2 spin polarized total and atom projected densities of states for two se-

ries, (Mn1−xCox)RhMnSi and CoRh(Co1−xMnx)Si are shown respectively, where

x = 0, 0.25, 0.50, 0.75 and 1.

From Fig 5.1 we find that the gaps at the minority spin channels are flanked by
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Figure 5.1: Spin polarized total and atom-projected densities of states for
(Mn1−xCox)RhMnSi compounds.
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the states from the atoms (MnI and Co) at 4a site. In case of x = 0 we see that

the gap is due to the separation between the non-bonding t2g/t1u states below the

Fermi energy and eg/eu states above the Fermi energy coming mainly from MnI.

MnII spin down states are mostly in the unoccupied part and farther away from

Fermi level so that they do not affect the features near the half-metallic gap. With

introduction of Co replacing MnI, these features hardly change. The Co states are

positioned extremely close to the MnI states affecting the position of the bottom of

the conduction band only slightly. Thus, we found that substitution of the Co atoms

at MnI sites in Mn2RhSi does not change the minority spin densities of states sig-

nificantly, leaving the direct band gap at the Γ point unchanged. The spin-resolved

electronic band structures of these systems along the high symmetry direction in

Brillouin zone are shown in the Fig. 5.3 to Fig. 5.6 to compare our findings from the

total densities of states.

The situation is very different in case of CoRh(Co1−xMnx)Si, as seen in Fig. 5.2.

Unlike Mn2RhSi where MnII spin down band was nearly empty with MnI spin down

states being localised, both CoI and CoII spin down states are fairly delocalised

and hybridize substantially. The substituting Mn atoms, on the other hand, occupy

mostly the spin up band. The unoccupied part of the spin down band, away from the

Fermi level, is spanned by the Mn states. As a result, a half-metallic gap does not

open as long as there are CoII atoms. With increasing x, the CoII spin down bands,

however, become narrow with a small gap opening near Fermi level, presumably

because of the weakening of hybridization of the transition metal atoms. When Mn

replaces CoII completely, the states at the Fermi level completely disappear, giving

rise to the half-metallic gap.

The evolution of the spin down electronic structure with x in these two cases,

thus, imply that the extent of localisation, the degree of hybridization and the posi-

tion of the d states are responsible for emergence and sustenance of half-metallicity

in the systems under consideration. Taking cue from this, the site dependence of

half-metallic or near half-metallic behaviour can be understood for the following

parent-daughter families mentioned in chapter 4 : Mn2TcSi - CoTcMnSi - Co2TcSi

and Mn2RuSi - CoRuMnSi - Co2RuSi. In case of the former, Mn2TcSi Co2TcSi and

CoTcMnSi have spin polarizations of 87%, 22% and 100% respectively while in case

of the later Mn2RuSi, CoRuMnSi and Co2RuSi have spin polarization of 91%, 97%

and 65%. Upon examining the electronic structures of these compounds (chapters 3

and 4), one can see clear resemblance to the Mn2RhSi - CoRhMnSi - Co2RhSi com-

bination investigated here. The analysis of Fig. 5.1 and 5.2, thus, provide insights
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Figure 5.3: Spin-resolved band structure and density of states for (Mn1−xCox)RhMnSi
where x = 0
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Figure 5.4: Spin-resolved band structure and density of states for (Mn1−xCox)RhMnSi
where x = 0.25

which are not confined to the present study only.
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Figure 5.5: Spin-resolved band structure and density of states for (Mn1−xCox)RhMnSi
where x = 0.50
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Figure 5.6: Spin-resolved band structure and density of states for (Mn1−xCox)RhMnSi
where x = 0.75
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Figure 5.7: Spin-resolved band structure and density of states for (Mn1−xCox)RhMnSi
where x = 1
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5.3.3 Variations in the magnetic moments
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Figure 5.8: The variations of the total and atom resolved spin magnetic moments of
MnI, Co, Rh, MnII and Si in (Mn1−xCox)RhMnSi.
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Figure 5.9: The variations of the total and atom resolved spin magnetic moments of CoI,
Rh, CoII, Mn and Si in CoRh(Co1−xMnx)Si.

The Slater-Pauling (SP) rules are necessary conditions for half-metallicity in Heusler

compounds. As discussed in previous chapters, an integer value of the total magnetic

moment is the signature of a potential half-metal. However, in the present case, we
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find that (Mn1−xCox)RhMnSi compounds are half-metals for all x but the magnetic

moments for compounds with x = 0.25 and x = 0.75 are non-integers (Table 5.1).

We found that the variations in the total magnetic moment can be mapped into a

SP equation relation in this case,

M = |NV − 24| (5.2)

where NV =
∑4

i=1Ni, Ni is the average number of valance electrons at the sub-

lattice i. This suggest that the SP rule is valid even in case of half-metals with

non-integer magnetic moments, as was suggested earlier [68].

In Figures 5.8 and 5.9 we show the variations in the total and site-specific mag-

netic moments for (Mn1−xCox)RhMnSi and CoRh(Co1−xMnx)Si respectively. For

the former, we find that moment of MnII remains near constant with a value close

to 3 µB. This is in confirmation with the electronic structure where irrespective of

the composition, the spin up band of MnII is almost full while the spin down band

is almost empty. The weak hybridization of the MnII states with states from other

atoms in the spin up band explains the little variation of its moment with x. With

the introduction of Co, the total moment increases due to increasing moment of Co.

The moment of MnI was quite quenched in Mn2RhSi. With increase in Co content,

its moment further quenches.

From Fig. 5.9, we find that the total moment in CoRh(Co1−xMnx)Si also in-

creases with x. However, unlike the other system, here the variations in the moment

are aided by rapidly increasing moment of Mn and subsequent reduction in the mo-

ment of CoII. This behaviour, can be easily understood from the variations in the

electronic structure with x. Th Mn being substituted at the octahedral site fills the

spin up states completely leaving the spin down states near empty. The CoII states,

on the other hand, dwindle as more Mn is incorporated in the system, thus reducing

its moment gradually.

5.3.4 Magnetic Exchange interactions and Curie tempera-

ture

Variations of estimated Curie temperatures and inter atomic effective exchange cou-

pling constants (Jeff ) with x are shown in Fig. 5.10 and 5.11 respectively. From

Fig. 5.10 we find that (Mn1−xCox)RhMnSi compounds have relatively low Curie

temperatures compared to CoRh(Co1−xMnx)Si. This is due to the substantial anti-
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Figure 5.11: Effective exchange interactions for different x (a) (Mn1−xCox)RhMnSi and
(b) CoRh(Co1−xMnx)Si compounds.

ferromagnetic MnI-MnII exchange coupling in (Mn1−xCox)RhMnSi that somewhat

balances the ferromagnetic interactions. From Fig. 5.11.(a) and (b) we find that Jeff

for nearest neighbour atoms are larger compared to those of the others: MnI-MnII,

Co-MnII and Rh-MnII are dominant in Fig. 5.11.(a) and CoI-CoII, CoI-Mn and Rh-

CoII are dominant in Fig. 5.11.(b). In case of (Mn1−xCox)RhMnSi compounds, as we

go from x = 0 to 1 the MnI-MnII, Rh-MnII and Co-MnII Jeff values keep increasing

with x. The variations in Curie temperatures follows the same trend, reaching to

its highest value for x = 1. It is to be noted that very strong ferromagnetic Co-MnII

interaction supersedes the antiferromagnetic MnI-MnII interactions and is primarily
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responsible for increase in Tc with x. In case of CoRh(Co1−xMnx)Si compounds the

variations of Jeff values for CoI-Mn and CoI-CoII with respect to x resemble the

variations of atom resolved spin magnetic moments of Mn and CoII respectively as

shown in Fig. 5.9. As we go from x = 0 to 1 the Mn content in the systems keep

increasing as well as the total moment along with an increase in effective exchange

coupling constant values for nearest neighbour CoI-Mn interaction. On the other

hand with decreased Co content Jeff for CoI-CoII nearest neighbour interaction is

reduced significantly. This is reflected in the decrease in Curie temperature while

going from x = 0 to 0.25. For x = 0.50 the contributions from CoI-CoII and CoI-

Mn are near identical reflecting in the near constant value of Tc between x = 0.25

and x = 0.50. Since the CoI-Mn interaction is very high in case of x = 0.75 Curie

temperature is also higher compared to x = 0.50 case. As one reaches x = 1, the

Co-Mn interaction is the largest one, so is the Curie temperature.

5.4 Conclusions

In this chapter we have explored in detail the electronic and magnetic properties

of the two sets of substitutionally disordered compounds, (Mn1−xCox)RhMnSi and

CoRh(Co1−xMnx)Si where x = 0, 0.25, 0.50, 0.75 and 1, employing first-principles

electronic structure calculations. Our focus was to systematically investigate the

emergence of half-metallic behaviour in the daughter compound upon substitution

in the parents, one of which is not a half-metal. In case of (Mn1−xCox)RhMnSi

compounds the half-metallicity is intact as it was in parent Mn2RhSi where as in case

of CoRh(Co1−xMnx)Si compounds half-metallicity is observed only upon replacing

the Co completely with Mn at the site of substitution. Analysing the electronic

structures we find that the positions of the transition metal constituents energy

states with respect to Fermi level and subsequent hybridizations are responsible

for half-metallic behaviour being dependent on site-specific substitution. We find

that the total magnetic moment of (Mn1−xCox)RhMnSi compounds, can easily be

mapped onto a linear equation like that of celebrated SP-equation by considering

the non integer site occupancies in these compounds, demonstrating that the integer

moment is not always a necessary condition for half-metallicity in substitutionally

disordered Heuslers.

In conclusion, we find that if we substitute Co at MnI site in Mn2RhSi the struc-

tural and electronic properties of the system are hardly susceptible to the changes in

the composition. Only the Curie temperature and the total spin magnetic moment

118
TH-2068_136121006



5.4 Conclusions

undergo changes due to the changes in the total valance electrons and magnetic

exchange interactions as a result of Co substitution. In contrast if we substitute

Mn at CoII site in Co2RhSi the electronic structure changes gradually, a gap starts

opening near the Fermi level and half-metallicity shows up when all Co at the 4c

site are replaced with Mn. Upon comparison with the parent-daughter combina-

tions where the daughters are either half-metals or “near” half-metals while both

parents are not, we find clear resemblances in their electronic structures. We, thus,

infer that at least for Co-Mn based quaternary daughter compounds where the other

transition metal constituent is one of the members of the 4d series, more half-metals

with substantial Curie temperature can be obtained by selective substitution in the

ternary parent compounds. These findings provide the necessary motivations for

experimentalists to explore these materials in a systematic way.
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Chapter 6

Conclusions and scopes for future

work

6.1 Conclusions

In this thesis, we systematically explored the structural, electronic and magnetic

properties of ternary and quaternary Heusler compounds with 3d and 4d transition

metals using first principle electronic structure calculations. Apart from identify-

ing a few new materials for spintronics applications we investigated the impacts of

presence of both 3d and 4d transition metal constituents together, and their origin,

on the structural, electronic and magnetic properties of series of ternary and qua-

ternary compounds. Moreover, we did a comparative analysis of these compounds

with more familiar family where all magnetic elements are from 3d series to un-

derstand the relative roles of 3d and 4d elements on their electronic properties like

half-metallic behaviour. We conclude that the microscopic origin of features like

half-metallicity, a very much sensitive and material specific property, can be ex-

plained in a more general way irrespective of the character of the valence electrons

of the magnetic constituents. The aspect of site-dependence of substitution affecting

the half-metallic behaviour is also addressed. A possibility to find predictors that

can help to visualise possible new half-metals or materials with high spin polariza-

tions, useful for various applications, is another important outcome of this work.

In the first chapter, the concepts relevant to the investigated ternary and quater-

nary Heusler compounds for spintronics applications were described. Depending on

the site occupancies of different constituent transition metals of these compounds,

the origin of half-metallicity is discussed using a generalised hybridisations picture.

121
TH-2068_136121006



Chapter 6. Conclusions and scopes for future work

A brief review of ternary and quaternary Heusler compounds is provided, leading

to the indication of unexplored direction in this regard. We also provide the jus-

tifications behind choosing the specific series of Heusler compounds for the work

presented in this thesis.

The theoretical methods used in this thesis are discussed in chapter 2. Along

with a brief introduction, different implementations of Density Functional Theory

(DFT), the backbone of modern first-principle electronic structure based methods,

are presented. Approaches used to calculate finite temperature magnetic properties

are then discussed.

In the next chapter we have performed a comprehensive study of structural, elec-

tronic and magnetic properties of 54 ternary compounds with the chemical formula

X2X
′Z where X = Mn, Fe and Co, X′ = 4d transition metal atoms ranging from Y to

Ag and Z = Al and Si. We found seven half-metals Mn2NbAl, Mn2ZrSi, Mn2RhSi,

Co2ZrAl, Co2NbAl, Co2YSi and Co2ZrSi from the six ternary series investigated.

We also found five “near half-metals” with spin polarization greater than 90% and

a pseudo-gap near the Fermi level which might be tuned such that the gap falls

at the Fermi level, inducing half-metallicity in these compounds. We found that

the hybridisation picture used to explain the origin of half-metallicity in the ternary

Heusler compounds with all 3d transition metal elements as magnetic components is

also valid for the compounds where both 3d and 4d elements are present. This leads

to a more general framework in explaining the origin of half-metallicity in Heusler

X2X
′Z compounds with X′ being either a 3d or a 4d electrons. A comparative anal-

ysis of our results with X2X
′Z compounds where X′ is a 3d element, shows that if

the number of valance electrons (NV) are same, the electronic properties are more

or less alike if a 3d element is replaced by a 4d one as long as both the compounds

have same ground state crystal structures. Our study indicates that NV can be a

good predictor in searching new half-metals as the relative positions of X and X′

states near the Fermi level determines the half-metallicity in these compounds. We

also concluded that the trends in the Curie temperature TC could be understood

with the trends in dominant exchange interactions of the nearest neighbour atoms

irrespective of the structure types of the compounds.

In the following chapter, we extend our work on ternary Heuslers to quaternary

Heuslers. We systematically explore the CoX′Y′Z series, where X′ is a transition
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metal atom from the 4d series, Y′ is either Mn or Fe, strong magnet with unfilled 3d

electrons in its outer shell and Z = Al, Si. Out of 36 quqternary Heusler compounds

only three compounds (CoTcMnSi, CoRhMnSi and CoZrFeSi) from CoX′Y′Si se-

ries and two compounds (CoYMnAl and CoRuMnAl) from CoX′Y′Al series are

found to be half-metallic ferromagnets. However we identified few other compounds

like CoYMnSi, CoNbMnSi, CoRuMnSi, CoNbFeSi, CoZrMnAl, CoRuMnAl and Co-

MoFeAl as “nearly” half-metals with a gap near the Fermi level. The neighbourhood

of the magnetic atoms which is dependent upon the crystal structure type is found to

be responsible for the trends in electronic structures and magnetic properties of these

compounds. Accordingly we find that the strongest exchange interactions between

Co and Y′ are responsible for the trends in the Curie temperature showing that the

Curie temperature for the compounds where Y′ and Co are in nearest neighbour po-

sition is higher compared to the compounds with other structure type. We also show

that total number valance electrons (NV) can be a good predictor to indicate useful

Co-based Heusler compounds with high Curie temperature, as in our study we find

compounds with NV = 29 are having the highest Curie temperature and in general

have high values of Curie temperature when NV is in the range of 28-30. We find

that this trend is similar to that of Co2-based ternary alloys. Apart from the predic-

tion of new half-metallic magnets for spintronics applications this work provides a

better outlook to understand the physics of half-metallic quaternary Heuslers. Our

results on comparative analysis between two series with different Z elements show

that the Z element plays a minor yet significant role in affecting the half-metallicity,

as long as the NV and structure type remain same for two compounds in comparison.

This is due to the fact that the d bands are pulled more towards the lower energies

by the deep lying Si states as compared to the Al states which in turn changes the

position of the 3d states near the Fermi level. The comparison between the isoelec-

tronic quaternary (CoX′Y′Z) pairs with X′ as a 3d element in one case, and a 4d

in the other, while keeping all other constituents same, shows that the half-metallic

property is not guaranteed unless the structure types are same. This leads us to con-

clude that NV and the structure types together can be predictors of half-metallicity

in quaternary compounds irrespective of the X′ element. This fact is also verified by

the generalised scheme of hybridisations between the transition metal atoms, which

is valid across all the quaternary series. Another important finding of this work is

that half-metallicity is not transferrable from two suitable parent ternary Heusler

compounds to a daughter quaternary Heusler compound. This paves the way for

addressing the issue of emergence of half-metallic behaviour through substitution at
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select sites.

In chapter 5 we have investigated the effect of site dependent substitution on

half-metallic behaviour in Heusler compounds. As a case study we have chosen

Mn2RhSi, Co2RhSi and CoRhMnSi and explored the structural, electronic and

magnetic properties of the two series, (Mn1−xCox)RhMnSi and CoRh(Co1−xMnx)Si

where x = 0, 0.25, 0.50, 0.75 and 1.00. We find that if Co is substituted at tetra-

hedral Mn sites, the structural and electronic properties of the systems remain

unchanged with Co content while a increase in Curie temperature and total spin

magnetic moment are observed. Thus, as we go from Mn2RhSi to CoRhMnSi the

half-metallicity is found to be intact for different Co concentrations (x). However

no such thing is observed as we go from Co2RhSi to CoRhMnSi by gradually substi-

tuting Mn at octahedral Co sites of Co2RhSi until the octahedral Co is completely

replaced. We conclude that this is related to the extent of localisation of the states

associated with magnetic components with 3d electrons and the positions of their

bands with respect to the Fermi levels. In case of (Mn1−xCox)RhMnSi system where

half-metallicity is insensitive to x, we also find a relation like the celebrated Slater-

Pauling relation connecting magnetic moment and the number of valance electrons

in case of later being non-integer. The work in this chapter, therefore, sheds signif-

icant light onto the relations between site dependent substitution and half-metallic

behaviour and predicts Mn(2−x)CoxRhSi as half metals with high Curie temperature.

6.2 Scopes for future work

The work presented in this thesis can be extended in various directions. In actual

experiments, the systems are grown on semiconductor substrates. Thus, one of the

possible extension of the present work can be to investigate the sustainability of half-

metallic behaviour upon growing the bulk materials on semiconductor substrates.

One issue intricately connected to the growth of the systems experimentally is

tetragonalization of the compounds. This is particularly relevant for Mn-based com-

pounds. Therefore, one direction of the extension of the present work can be towards

investigation of sustenance of half-metallic behaviour upon tetragonalization.

In this work we have considered ideal site occupancies for all the systems. How-
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ever, during experimental synthesis there are possibilities of atomic swaps or creation

of vacancies. The half-metallic behaviour should be checked against such possibili-

ties. This will be the direction of another possible extension.

Finally, we have obtained a number of “nearly half-metals” with high spin po-

larization from the series under the investigation. We have proposed that these can

be converted to half-metals by tuning the position of the Fermi level. This can be

achieved either by applying pressure or by alloying with suitable elements. A quest

towards new additions to the family of half-metals can be carried out along this line.
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[50] J. Kübler, A. William, and C. Sommers, Physical Review B 28, 1745 (1983).

[51] S. Ishida, S. Fujii, S. Kashiwagi, and S. Asano, Journal of the Physical Society of

Japan 64.

[52] M. M. Rahman, M. Kisaku, T. Kishi, D. Matsunaka, W. Dino, H. Nakanishi, and

H. Kasai, Journal of Physics: Condensed Matter 16, S5755 (2004).

[53] R. Soulen Jr, Science 282, 85 (1998).

[54] A. Stroppa, S. Picozzi, A. Continenza, and A. Freeman, Physical review B 68,

155203 (2003).

[55] H. Akai, Physical Review Letters 81, 3002 (1998).

[56] H. Akinaga, T. Manago, and M. Shirai, Japanese Journal of Applied Physics 39,

L1118 (2000).

[57] J. C. Slater, Phys. Rev. 49, 537 (1936).

[58] L. Pauling, Phys. Rev. 54, 899 (1938).
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[71] K. Özdoğan, E. Şaşıoğlu, and I. Galanakis, Journal of applied physics 103, 023503

(2008).

[72] P. Neibecker, M. E. Gruner, X. Xu, R. Kainuma, W. Petry, R. Pentcheva, and

M. Leitner, Physical Review B 96, 165131 (2017).
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[78] E. Şaşioglu, L. Sandratskii, and P. Bruno, Journal of Physics: Condensed Matter

17, 995 (2005).

[79] T. Gasi et al., Physical Review B 87, 064411 (2013).

[80] J. C. Slonczewski, Journal of Magnetism and Magnetic Materials 159, L1 (1996).

[81] X. Wang, Physical review letters 100, 156404 (2008).

[82] X.-L. Wang, S. X. Dou, and C. Zhang, NPG Asia Materials 2, 31 (2010).

[83] S. Ouardi, G. H. Fecher, C. Felser, and J. Kübler, Phys. Rev. Lett. 110, 100401
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Journal of materials science 49, 4180 (2014).

[204] T. Graf, J. Barth, B. Balke, S. Populoh, A. Weidenkaff, and C. Felser, Scripta

Materialia 63, 925 (2010).

[205] H. Khosravi, A. Boochani, G. Rasolian, S. Solaymani, and S. Naderi, International

Journal of Modern Physics B 31, 1750109 (2017).

[206] T. Kanomata et al., Physical Review B 82, 144415 (2010).

[207] M. Zhang et al., Journal of magnetism and magnetic materials 277, 130 (2004).

[208] Y. Kudryavtsev et al., Physical Review B 77, 195104 (2008).

[209] P. Webster, Journal of Physics and Chemistry of Solids 32, 1221 (1971).

[210] Z. Pezeshki-Nejad, A. Ramazani, S. Alikhanzadeh-Arani, M. Almasi-Kashi, and

M. Salavati-Niasari, Journal of Magnetism and Magnetic Materials 412, 243 (2016).

[211] H. Luo, Y. Xin, B. Liu, F. Meng, H. Liu, E. Liu, and G. Wu, Journal of Alloys and

Compounds 665, 180 (2016).

[212]

[213] Q.-L. Fang, J.-M. Zhang, X.-M. Zhao, K.-W. Xu, and V. Ji, Journal of Magnetism

and Magnetic Materials 362, 42 (2014).

[214] I. H. Bhat, S. Yousuf, T. M. Bhat, and D. C. Gupta, Journal of Magnetism and

Magnetic Materials 395, 81 (2015).

[215] X.-P. Wei, X.-R. Hu, S.-B. Chu, G.-Y. Mao, L.-B. Hu, T. Lei, and J.-B. Deng,

Physica B: Condensed Matter 406, 1139 (2011).

[216] S. Yabuuchi, M. Okamoto, A. Nishide, Y. Kurosaki, and J. Hayakawa, Applied

134
TH-2068_136121006



BIBLIOGRAPHY

Physics Express 6, 025504 (2013).

[217] M. Kawakami, S. Nishizaki, and T. Fujita, Journal of the Physical Society of Japan

64, 4081 (1995).

[218] S. Yoshimura et al., Journal of Applied Physics 103, 07D716 (2008).

[219] L. Zhang, E. Brück, O. Tegus, K. J. Buschow, and F. De Boer, Physica B: Condensed

Matter 328, 295 (2003).

[220] L. Bainsla, M. M. Raja, A. Nigam, B. C. S. Varaprasad, Y. Takahashi, K. Suresh,

and K. Hono, Journal of Physics D: Applied Physics 48, 125002 (2015).

[221] Y. Du et al., EPL (Europhysics Letters) 103, 37011 (2013).

[222] D. C. Gupta, I. H. Bhat, and M. Chauhan, Structural and magnetic stability of fe

2 nisi, in AIP Conference Proceedings, volume 1591, pages 1501–1502, AIP, 2014.

[223] Y. Li, Journal of Shanghai Jiaotong University (Science) 22, 530 (2017).

[224] D. P. Rai et al., Bulletin of Materials Science 34, 1219 (2011).

[225] S. Wurmehl, G. H. Fecher, H. C. Kandpal, V. Ksenofontov, C. Felser, H.-J. Lin, and

J. Morais, Physical Review B 72, 184434 (2005).

[226] H. C. Kandpal, C. Felser, and G. H. Fecher, Journal of Magnetism and Magnetic

Materials 310, 1626 (2007).

[227] M. Zagrebin, V. Sokolovskiy, and V. Buchelnikov, Journal of Physics D: Applied

Physics 49, 355004 (2016).

[228]

[229] V. Alijani, O. Meshcheriakova, J. Winterlik, G. Kreiner, G. H. Fecher, and C. Felser,

J. Appl. Phys. 113, 063904 (2013).

[230] O. Meshcheriakova et al., Phys. Rev. Lett. 113, 087203 (2014).

[231] V. Alijani, J. Winterlik, G. H. Fecher, S. S. Naghavi, S. Chadov, T. Gruhn, and

C. Felser, J. Phys.: Condens. Matter 24, 046001 (2012).
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