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Abstract 

This thesis is concerned with an unusual category of magnetically ordered material, the 

zero moments ferrimagnetic half metal, which has potential for applications in thin film 

memory and logic devices. The materials are all prepared in bulk form. Due to the problem 

of Mn diffusion into the MgO tunnel barriers in thin film devices, it is necessary to explore 

compensated ferrimagnetic Mn-free half metals. 

Chapter 1 starts with the introduction of magnetism, including its history over the 

centuries and the main concepts of magnetism in solids, consisting of magnetic interactions, 

crystal field, critical behaviour etc. One type of magnetic material we are especially 

interested in is half-metal, showing 100% spin polarization. It has a band gap, behaving like 

an insulator, in one spin channel, while in the other one, it shows a non-zero density of states 

at the Fermi level. As a family of half-metals, the Heusler-type alloys with high Curie 

temperature are promising. The development of spintronic materials would boost non-

volatile memory expansion in limited space, like magnetic random-access memory.  

Chapter 2 is related to experimental procedures which were used during the 

investigations, including arc-melting, chemical vapour transport method, annealing 

treatments, x-ray diffraction, SQUID magnetometry, Mössbauer spectroscopy and point 

contact Andreev reflection measurement (PCAR). 

In chapter 3, rare-earth-free ferrimagnets Mn4-xZxN (Z = Cu — Ge and Ag — Sn) were 

investigated, which exhibit a magnetic compensation at room temperature. Compensated 

ferrimagnets exhibiting the characteristics of antiferromagnets (zero moments) and 

ferromagnets (transport properties) create opportunities for applications in high-frequency 

spintronics and low-energy loss communications. Apart from the traditional linear 

antiparallel alignments of sublattices, the non-collinear frustrated 2.35 µB moments of Mn 

on 3c sites of the (111) Kagome planes tilt about 20° out-of-plane in Mn4N and are easily 

influenced by substitutions on 1a sites, leading to different efficiency of compensation in 

Mn4-xZxN. The manganese site moments are determined by Z, orbital hybridization, charge 

transfer and the tilt angle, analysed by constrained density functional theory. The Ga 



 

 

compound with compensation at room temperature for x ≈ 0.26 we recommend for high-

frequency spintronic applications. 

However, the spin polarization of those ferrimagnets can never achieve the ideal value 

(100%) indicated by the band structures of the non-collinear Mn4N ferrimagnets calculated 

by Dr. Zsolt Gercsi. Fully compensated ferrimagnetic half-metals are required for low 

energy loss communications and high frequency spintronics. They are magnetically ordered 

materials that show ideal spin polarization with zero stray fields. The crystallographically 

inequivalent magnetic sublattices with the antiparallel alignment of their spins lead to 

compensated ferrimagnetism with no net magnetization.  

In chapter 4, Mn-based Heusler ferrimagnetic half metals are developed by two 

methods. One is tuning the Fermi level by doping V into Mn2FeAl to obtain the same 

electron states in two spin channels, leading to zero moments. The other one is combining 

two half metals with magnetic moments of opposite signs (one with Zt = 22, Mn2VAl; the 

other with Zt =25, Mn2FeAl)) to obtain a fully compensated ferrimagnetic half metal. These 

ideal half metals are potential candidates for spintronic devices. Up until now, we have 

developed three Mn-based ferrimagnets with low moments, but unfortunately, the problems 

of Mn diffusion into the tunnel barrier in thin film devices have been discussed recently.  

We then moved to explore Mn-free alloys in chapter 5. Four Mn-free binary (V3Al/Ga) 

and quaternary Heuslers (CrVTiAl/Ga) with 18 valence electrons and ideally ordered crystal 

structures, which have been theoretically predicted to be zero-moment half metals or spin 

gapless semiconductors, are studied experimentally. Experiments show that highly ordered 

quaternary structures cannot be obtained in bulk materials, consistent with the calculated 

‘Hull distance’ that provides an idea of the absolute phase stability. Further study on the 

magnetism of itinerant elements, e.g. V, Pt, provides an idea to develop new Mn-free 

ferrimagnets by controlling the itinerant elements’ bond length. 

Chapter 6 investigates the critical behaviour and first-order transition in the low-spin 

pyrite CoS2, which was recently identified as a topological ferromagnet with high spin 

polarization. Tricritical behaviour observed in scaling plots that indicates the appearance of 

ferromagnetism in CoS2 is a first-order phase transition. Critical exponents β = 0.196, γ = 

0.972 and δ = 5.27 do not obey the Widom equality which suggests a first-order transition. 

Finally, in chapter 7, the results were summarized, and future work is described. 
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Glossary 

Annealing: Heating the material uniformly; the time and temperatures required in the 

process are set. The longer the time taken to anneal, the more homogenous the sample will 

usually become 

Quenching: Fast cooling by immersing in ice water or the atmosphere.  

CVT: Chemical vapour transport. 

SOI: Spin-orbit interaction 

Magnetization: Magnetic dipole moment per unit volume of material. 

FM: Ferromagnetic.  

FiM: Ferrimagnetic 

AFM: Antiferromagnetic. 

PM: Paramagnetic. 

Curie temperature TC: The temperature where the long-range order of the magnetic moments 

vanishes. 

Néel temperature TN: The temperature where an antiferromagnetic substance becomes a 

paramagnet. This is analogous to the Curie temperature of ferromagnets. 

Magnetic compensation temperature: The temperature appears at which the magnetic 

moments of the equivalent sublattice are antiparallel. 

SQUID: Superconducting quantum interference device. 

PCAR: Point contact Andreev reflection. 

DSC: Differential scanning calorimetry 

QS: Quadrupole splitting 

EFG: Electric field gradient 

Stray field: Equivalence of demagnetizing field in the volume of surrounding a magnet. 

SGS: Spin gapless semiconductor  
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Chapter 1 Introduction 

1.1  Main concepts to Magnetism 

Magnetism describes an invisible ‘force’, attracting materials, like Fe, Ni and Co. This 

was first revealed, and the discovery traced back to the ancient world - lodestones (Fe3O4) 

in the ancient world. Utilizing this magic property, the navigational compass was the first 

technical application proposed [1]. In the following centuries, the knowledge of magnetism 

and magnetic materials has been constructed and developed. The most inspiring theory, the 

Curie-Weiss theory of ferromagnetism, is a modern understanding, which reveals that 

quantum mechanics cannot be separable from magnetism. In order to understand the origin 

of magnetism in solid materials, it is required to know the fundamental concepts of 

magnetism, from a quantum mechanical understanding to solid magnetic materials. 

1.1.1 Magnetic moments 

As the elementary quantity of magnetism, the magnetic moment is used to characterize 

the magnitude and orientation of the magnetic fields a magnet produces [1]. On an atomic 

scale, the spin of each electron and its orbital motions around the nucleus are associated with 

the intrinsic magnetic moments, i.e. the intrinsic magnetic moments come from the spin and 

orbital angular momentum. Consider the Bohr model of an atom, where electrons travel in 

circular orbits around the nucleus, which can be considered as a current loop. This is around 

an elementary area A and carries a current I. The magnetic moment 𝔪 is defined as  

 𝔪 = IA (1.1) 

and the unit of the magnetic moment is Am2. The current I (= -e/) is around the atom with 

the orbital period  = 2r/v. The magnetic moment of an electron also can be represented in 
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terms of the orbital angular momentum l = me r  v (r, radius of the current loop; v, velocity 

of the electron).  

 
𝔪 = 𝐼𝐴 = −

1

2
𝑒𝒓 × 𝒗 = −

𝑒

2𝑚𝑒
𝒍 (1.2) 

The orbital angular momentum is quantized in units of ℏ along a given direction 𝓏-axis: 

 𝔪𝑧 = −
𝑒

2𝑚𝑒
𝑚𝑙ℏ = µ𝐵𝑚𝑙 (1.3) 

where –eℏ/2me is a constant and defined as the Bohr magneton 10-24 JT-1.  The 

magnitude of the orbital angular momentum is √𝑙(𝑙 + 1)ℏ (-l ≤ ml ≤ l). Similarly, the 

intrinsic spin angular momentum of an electron is 

 𝔪 = −
𝑒

𝑚𝑒
𝑚𝑠ℏ = −

𝑒

𝑚𝑒
𝒔 (1.4) 

where s is the spin magnetic quantum. The value of any component of the spin angular 

momentum only takes one of the 2s + 1 possible values. Furthermore, the component of the 

spin moment along the z -axis is  

 𝔪𝑧 = −
𝑒

𝑚𝑒
𝑚𝑠ℏ (1.5) 

where 𝑚𝑠 is equal to ±
1

2
 corresponding to the spin-up and spin-down states. It is noted 

that the nucleus may have spins. However, its rest mass is nearly 2000 times larger than that 

of an electron, leading to negligible contributions to the magnetic moments.    

Generally, the total magnetic moment of an atomic electron, which possesses both spin 

and orbital angular momentum, may stem from the spin-orbit coupling interactions, creating 

a total electron angular momentum j = l ± s. Therefore, it can be expressed as   

 𝔪 = 𝔪𝑠 + 𝔪𝑠 = −𝑔µ𝐵
𝒋

ℏ
,    (1.6) 

where 𝑔 (= 𝑔𝑠 + 𝑔𝑙) is Landé g-factor and 𝑔𝑠  and 𝑔𝒍 are the corresponding spin and 

orbital g-factor, respectively.  
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The spin-orbit interaction (SOI) comes from the interaction of the spin of a moving 

particle with a potential in respect of relativistic quantum mechanics. For example, in the 

classical single-electron model in an atom (atomic number Z), the electron orbits with v 

velocity at distance r and thus the orbiting nucleus is equivalent to a current loop 𝐼 =

𝑍𝑒𝑣/2𝜋𝑟, generating a magnetic field (𝐵𝑆𝑂𝐼 =
𝜇0𝐼

2𝑟
=

𝑍𝜇0𝑒𝑣

4𝜋𝑟2 ) at the position of the electron. 

The potential energy is given by 𝜀 = 𝒎 ∙ 𝑩, where m is from the electron and B is from the 

orbital motion. It can be rewritten as 

  𝜀𝑆𝑂𝐼 = −µ𝐵𝐵𝑆𝑂𝐼 = −µ𝐵
𝑍𝜇0𝑒𝑣

4𝜋𝑟2    (1.7) 

If we approximate the value of 𝑟 ≈
𝑎0

𝑍
 for an inner electron, where a0 is the Bohr radius and 

𝑚𝑒𝑣𝑟 ≈ ℏ. The SOI energy can be rearranged as 

  𝜀𝑆𝑂𝐼 = −µ𝐵
𝑍𝜇0𝑒𝑣

4𝜋𝑟2 ≈
2𝑍4𝜇0µ𝐵

2

4𝜋𝑎0
3     (1.8) 

which is proportional to 𝑍4. Therefore, the effect of SOI is sensitive to the atomic number. 

That indicates that the SOI energy of the heavier elements is far more important, especially 

of the inner electrons, e.g. Pt; inversely, the 𝜀𝑆𝑂𝐼 for light elements is weaker. The Hamilton 

operator of the SOI for a single electron is  

 ℋso = 𝜆�̂�  ⋅ �̂�    (1.9) 

where 𝜆 is the spin-orbit coupling energy and �̂� and �̂� are dimensionless operators. In the 

multielectron atom, the single-electron SOI becomes (Λ/ℏ2) �̂�  ⋅ �̂�. The capital letters L 

and S stand for the sums of l and 𝑠 for the electrons. It should be noted that the sign of the 

constant Λ is positive for the 3d or 4f series and negative for the second half according to 

Hund’s third rule.  

In a magnetic solid, consisting of a large number of atoms with magnetic moments, its 

magnetization M (= 
∑ 𝑚𝑖

𝑁
𝑖=0

𝑉
) can be defined by the moment of an electron with N atoms in 

terms of the total magnetic moment per unit volume.  
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1.1.2 Magnetic fields 

A magnetic field describes a vector field that is created by moving charged particles 

[2], which experience a force known as Lorentz force 𝒇 = 𝑞(𝑬 + 𝒗 × 𝑩) (q, charge of the 

particle; E, electric field; 𝑩, magnetic field). In electrostatics, charged particles experience 

the force only associated with the E-field due to the zero B-field, i.e. 𝒇 = 𝑞𝑬. The Lorentz 

force equation establishes B-field and its magnitude depends on the definition of the ampere. 

The relation between the B-field and the total current density j is well known as Ampere’s 

law, 

 ∇  ×  𝑩 =  𝜇0𝒋 =  𝜇0(𝒋𝑐 + 𝒋𝑚) (1.10) 

where jc is the conduction current and jm is the Ampèrian magnetization current. The later 

current jm is determined by  

  𝒋𝑚 = ∇  ×  𝑴 (1.11) 

which is deduced from Stoke’s theorem for the magnetization currents [3]. The B-field is 

measured in the unit of Tesla (1 T ≈ 800 kA m-1). 

The other magnetic field is H, which is useful to retain Ampere’s law. It can be 

expressed as 

 
 𝑯 =

𝑩

𝜇0
−  𝑴 (1.12) 

Here, the H-field is introduced as an auxiliary magnetic field. The curl of the H-field can be 

deduced from Eq. 1.10 to Eq. 1.12 

  ∇  ×  𝑯 = 𝒋𝑐  (1.13) 

These two ‘magnetic fields’, the B-field and the H-field, in free space are linearly related by  

 B = H (1.14) 
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where 10-7 TmA-1 is the magnetic permeability of free space. In a magnetic solid, 

the condition changes to be more complicated and the general vector relation between the 

B-field and the H-field is normally arranged as 

 B = (H + M). (1.15) 

Similarly, an H-field in any magnet can be decomposed into two components, Hc and Hm, 

where Hc is created by conduction currents and Hm consists of stray fields produced by 

magnetization distributions of other magnets and demagnetizing field Hd from the magnet 

itself, shown in Fig. 1.1 [1]. The units of 𝑯 and M are Am-1. Inside the magnet, the relation 

at point ‘P’ of the quantities B, H, and M of a uniformly magnetized bar magnet with zero 

external magnetic fields. The direction of H is opposite to both B and M inside the magnet, 

which originates from the external and internal surfaces of the magnet.  

 

Fig. 1.1. The relationship of the B-field, H-field, and M at ‘P’ point for a uniform magnet 

[1]. The stray field outside a magnet and the demagnetizing field within it are illustrated. 

The demagnetizing field Hd is equal to –𝒩M (0 < 𝒩).  

When considering a magnetization process, the H-field at points inside the material 

consists of the demagnetizing field Hd and the fields produced by external magnets and 

conduction currents. That is to say the internal field H in the magnet with a continuous 
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medium approximates a sum of the external field, produced by steady electronic currents or 

the stray field of magnets outside the sample volume, and the demagnetizing field produced 

by magnetization distributions of the sample itself. The relation between Hd and M is given 

by  

 Hd = -𝒩M (1.16) 

where 𝒩 is the demagnetizing factor depending on the shape of the sample and the 

direction of M. It takes a value ranging from 0 to 1, e.g. toroid, long needle, and thin film 

with the magnetization along the long axis where 𝒩 = 0, and sphere with the magnetization 

along any direction where 𝒩 = 1/3. Therefore, depending on both demagnetizing factor and 

magnitude of the magnetization, the demagnetization field should be taken into 

consideration once Hd is comparable to the external field. While, if Hd is very small, the 

total field can approximately equal the external field. 

1.2 Magnetism in solids 

Solids consist of many atomic magnetic moments which can act together in a 

collaborative way. That means the atoms’ magnetism in a solid might be quite different from 

what would be observed when all the magnetic moments were isolated from one another. 

And it tends to be destroyed by chemical interactions of the outermost electrons. It may 

occur in various ways. For example, in ionic compounds, electron transfers between anions 

and cations to form filled shells; covalent bond formation normally is established in 

semiconductors or band formation in metals. 

With the help of the example of iron, the understanding of the magnetism of a solid 

becomes clear. The electronic configuration of atomic iron is (Ar) 3d4s2, where four of the 

3d electrons are unpaired, producing a maximal magnetic moment of 4 B, whereas, in a 

solid, the outer 4s orbitals first overlap to form a broad 4s-band, then the smaller 3d orbitals 

form a considerably narrow band. This leads to 4s to 3d charge transfer producing an 

electronic configuration, (Ar) 3d7.4s0.6, in iron metal. The narrow 3d band will split 
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spontaneously to form a ferromagnetic state if the Stoner criterion is satisfied. In a normal 

Fe in its bcc phase, the electrons are paired perfectly in all the inner shells and largely 

paired in the 4s-band. Its 3d-orbital spin configuration is 3d↑4.8d↓2.6. Therefore, 2.2 unpaired 

spins yield 2.2 B magnetic moments. The ↑ and ↓ electrons occupy different spin-split sub-

bands. Moreover, the magnetic moments are equal to the balance of the asymmetric splitting 

and occupation of spin-up and spin-down states. 

It has to be emphasized that the nature of the chemical bonding determined by crystal 

structure and composition is very sensitive to solid magnetism. For example, Fe in its fcc 

(face-centred-cubic) phase might be antiferromagnetic but its magnetism is unstable which 

depends on the lattice parameter [1]. Other examples associated with Fe in different 

crystalline environments exhibiting different magnetism are included in Table 1.1. 

Table 1.1. Atomic moments of iron in different crystalline environments [1]. 

Material Magnetism Magnetic moments (B/Fe) 

Fe2O3 Ferrimagnetic 5 

Fe Ferromagnetic 2.2 

Fe Antiferromagnetic unstable 

YFe2 Ferromagnetic 1.45 

YFe2Si2 Pauli paramagnetic 0 

FeS2 Diamagnetic 0 

The other point to be noted is that the behaviour of electrons in narrow bands for 3d 

orbitals can be explained in two limits: localized and delocalized. For the localized limit, the 

correlations of the electrons on the ion cores are strong due to the Coulomb interaction. 

Therefore, the utter electron is hard to transfer to its neighbours. In this limit, the magnetism 

is mainly dominated by the atom itself. However, in the delocalized limit, the Coulomb 

interaction between the nuclear charge and electron is not stronger anymore, of order 1 eV. 
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That is to say the outer electrons are not constrained to the atom and are liable to be shared 

with or transferred to its neighbours. Generally, the localized model is fit for 4f and 3d 

electrons in insulating compounds, where their inner 4f shell rarely participates in the 

bonding. This results in the integral number of unpaired spins per atom (e.g. Ni2+ 3d8, m = 2 

B) and discrete energy levels, which obey Boltzman statistics. Compared to the localized 

case, the delocalized model describes the magnetic electrons in wave-like extended states 

forming energy bands. The particular character of this model is that the number of electrons 

in bands crossing the Fermi level is not integral (e.g. Ni, 3d9.44s0.6, m = 0.6 B) and the 

electrons obey Fermi-Dirac statistics. The common point of these two models is that neither 

localized nor delocalized moments vanish above the Curie temperature TC and become 

paramagnetic. The magnetism in different types is going to be introduced in the following 

section. 

1.2.1 Magnetic interactions 

There are five main types of magnetism, ferromagnetism (FM), ferrimagnetism (FiM), 

antiferromagnetism (AFM), diamagnetism (DM) and paramagnetism (PM). Table 1.2 

summarize the features of each type of magnetism. The Curie-Weiss theory describes the 

magnetic transition from FM to PM corresponding to the transition temperature TC in 

ferromagnets. Similarly, from AFM to PM, the transition behaviour is called Néel transition, 

corresponding to the transition temperature TN. 

Table 1.2 Summary of five main magnetism types. 

Type Moment order Susceptibility  (SI) Saturation 

magnetization 

FM Spontaneous parallel alignment of 

moments 

~103 Large 
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FiM Unequal ferromagnetic sublattice with 

antiparallel alignment, showing a net 

magnetisation. 

~103 Small 

AFM Equal ferromagnetic sublattice with 

antiparallel alignment, showing a zero 

magnetisation. 

~10-1-10-4 Zero 

DM Antiparallel alignment of induced 

moments to the applied magnetic field. 

The effect is weak.  

~ -(10-3-10-5) / 

PM Randomly oriented magnetic moments 

under zero field, showing zero net 

moment. Under an applied field, moments 

align along the field direction, but the 

effect is weak. 

~10-3-10-6 / 

Ferromagnetic or ferrimagnetic materials which have magnetic order exhibit 

spontaneous magnetization without applied fields below the phase transition temperature TC. 

The moments of all magnetic atomic species in a ferromagnet align in the same direction as 

the external magnetic fields, which all positively contribute to the magnetization (Fig. 1.2). 

In a ferrimagnet, inequivalent magnetic species are aligned anti-parallel to the external fields 

which leads to a weak magnetization (Fig. 1.2). It is noted that ferromagnetism is generated 

in materials with asymmetric d or f electrons in spin-up and –down states under zero 

magnetic field. In addition, thermal perturbations can destroy the spontaneous magnetic 

order above TC resulting in a paramagnetic behaviour (Fig. 1.2). 

Antiferromagnetic materials with equivalent magnetic sublattices arranged in 

antiparallel alignment produce zero magnetic moments (Fig. 1.2). Therefore, one 

outstanding characteristic of an antiferromagnet is that there is no stray field, which can 

reduce the energy loss. Generally, antiferromagnetic ordering exists at sufficiently low 
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temperatures and vanishes at or above the transition temperature TN. It is noted that thermal 

perturbations may destroy the magnetic ordering as well. That means the antiferromagnetic 

materials will present paramagnetic behaviour above TN. 

Diamagnetic materials with an induced magnetization in an opposite direction to the 

applied field are repelled by a magnetic field. This repulsive force of diamagnet is in contrast 

to the attraction of ferro or ferri-magnetic materials. It is noted that the weak diamagnetic 

effect that is in most materials has its origin from the fact that magnetic moments produced 

by the electrons performing orbital motions align in the opposite direction to an applied field. 

The first discovery of diamagnetism was in bismuth, which was repelled by magnetic fields 

[4]. A rule of thumb that is used in chemistry to distinguish a material as paramagnetic or 

diamagnetic [5]: when all electrons are paired and there are no magnetic contributions, the 

material is diamagnetic; if unpaired electrons exist, the material is paramagnetic. One good 

example of a diamagnetic material is a superconductor. 

 

Fig. 1.2. Schematic diagram of magnetic moments with alignment directions for 

paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic materials. 

The understanding of different magnetic interactions is helpful to establish the desired 

magnetic materials, like ferrimagnets, which is one purpose of our project.  

1.2.1 Pauli paramagnetism  

Paramagnetism is a form of magnetism where the magnetic moment induced by the 

https://en.wikipedia.org/wiki/Magnetism
https://en.wikipedia.org/wiki/Magnetic_moment
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applied field is positive, proportional to the field strength and rather weak. The presence of 

unpaired electrons in the materials leads to paramagnetic behavior, which can be observed 

in most atoms and ions with incompletely filled atomic orbits. Compared to a ferromagnet, 

a paramagnet does not retain any magnetization when the external applied field is removed 

due to the thermal motion that randomizes the spin orientations. Even under the applied 

fields, their magnetization is small and proportional to the field strength owing to only a 

small fraction of the spins being oriented by the field.  

Pauli paramagnetism occurs in metallic systems that are not magnetically ordered and 

have equal number of spin-up and spin-down electrons in zero applied field. Under a 

magnetic field, the conduction band splits apart into spin-up and spin-down sub-bands due 

to the Zeeman effect, which will create a magnetization. In order to keep the Fermi level 

identical for both bands, there will be an imbalance in the number of spin-up and spin–down 

(Fig. 1.3b). The positive Pauli paramagnetic susceptibility is given by 𝜒𝑝𝑎𝑢𝑙𝑖 =
𝛿𝑀

𝐵
=

𝐷𝐹𝑔𝜇𝐵
2, where DF is the density of states at Fermi level. This expression shows that the 

Pauli paramagnetic susceptibility is independent of the temperature, unlike the Curie-law 

susceptibility for localized electrons. Temperature independence is the sign of the Pauli 

paramagnetism. It indicates that the Heusler alloy CrVTiAl and V3Al in A2 structure are 

Pauli paramagnets, which will be introduced in Chapter 5.  

 

Fig. 1.3. Spin-up and spin-down state separation in a metal as per Pauli paramagnetism in 

the (a) absence of applied field (B0 = 0) and (b) in the presence of field (B0 > 0) [6].  
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1.2.2 Crystal field  

Crystal field theory describes the degeneracy breaking of electron orbital states, usually 

d or f orbitals due to the Coulomb interaction produced by a surrounding charge distribution 

rof an ion or atom when it is embedded in a solid. Delocalized ions are nonmagnetic if 

their electronic shells are fully filled, while the shells of localized ions with a magnetic 

moment are partially filled. The crystal field interaction gives rise to the quenching of orbital 

angular momentum, which indicates that the magnitude of magnetic moments is only from 

spin for 3d ions. According to the Hund’s rule, its magnetic moments m = -g(B/ħ)J, where 

J is the total angular momentum and J = S for 3d ions. 

The crystal field Hamiltonian is defined as  

 ℋcf = ∫ 𝜌0(𝑟)𝜑𝑐𝑓 (𝑟)𝑑3𝑟 (1.18) 

where cf (r) is a potential produced by the charge distribution 0(r). And the total 

Hamiltonian of an ion or atom in a solid is expressed as  

 ℋ = ℋ0 + ℋso+ ℋcf + ℋZ (1.29) 

Where ℋ0 is raised by the Coulomb interactions among the electrons and between the 

electrons and the nucleus, which produce the total spin and orbital angular momenta. The 

Hamiltonian operator of the Coulomb interaction is 

 ℋ0 = ∑i [-(ħ
2/2me)

2 – Ze2/40ri] + ∑i<j (e
2/40rij) (1.20) 

And ℋso (Eq. 1.9) and ℋZ (Eq. 1.10) are the spin-orbit and Zeeman terms respectively. 

The relative magnitudes of interaction for 3d and 4f ions in solids are given in Table. 1.3. 

Here, ℋZ is for 1 T.  
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Table 1.3 Typical magnitudes of energy terms in K for 3d and 4f ions in solids [1]. 

 ℋ0  ℋso ℋcf   ℋZ 

3d 1-5104 102-103 104-105 1 

4f 1-6105 1-5103  3102 1 

As Table 1.3 shown, the crystal-field interaction for 4f electrons is weaker than the 

spin-orbit interaction because the 4f shell is buried deep inside the atom and the crystal-field 

potential is shielded by the outer electrons. That means ℋso should be considered before ℋcf 

in any perturbation scheme for 4f ions. On the contrary, for 3d ions, the crystal-field 

interaction is much stronger than the spin-orbit one. The ℋcf becomes the first term to 

consider in a perturbation scheme not the ℋso, except the Coulomb interaction ℋo.  

We start from the crystal-field interaction of one-electron p- and d- states. The density 

of states of an electron of an atom in any specific region can be described by a wave function. 

This one-electron model can be considered as a hydrogen-like atom. Therefore, the solution 

of the Schrödinger equation in polar coordinates contains radial and angular distribution 

functions. There are three eigenfunctions of ℋcf for p-orbital, px, py, pz (l = 1, ml = -1, 0, 1), 

which are not splitting. And there are five eigenfunctions of ℋcf for d-orbital (l = 2, ml = -2, 

-1, 0, 1, 2) of which three of them are t2g-orbital including dxy, dyz, dzx and two of them are 

eg orbital consisting of 𝑑𝑥2−𝑦2, 𝑑3𝑧2−𝑟2. Originally, these orbitals are degenerate for an 

isolated atom or ion, however, once the atom or ion in a crystal are subjected to a crystal 

field or ligand field by their neighbours, these orbital energy levels are split (Fig. 1.4). 
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Fig. 1.4. Splitting of one-electron 3d energy levels in different coordination crystal fields 

with a cubic symmetry; 2p energy levels are unsplit [1]. It is noted that the mainly t2g and 

eg-orbitals for 3d ions in octahedral coordination is ~ 1-2 eV. The crystal-field splitting of 

tetrahedral coordination ∆tet is 
4

9
∆oct. The relative magnitude of the energy splitting is shown. 

The splitting of the 3d-orbitals is determined by the specific coordination. Normally, 

3d electrons localized in oxides or other ionic compounds are in six-fold coordination, such 

as Fe3+ in Fe3O4 [7]. Also, the relative splitting of the 3d crystal-field levels in different 

coordination with a cubic symmetry for the one-electron state are different as illustrated in 

Fig. 1.4. In an octahedral coordination, the energy level of the t2g-obital is lower than that of 

eg-orbital. While, for a tetrahedral or cubic coordination, the stabilized energy of t2g-obital 

is higher than that of eg-orbital and the energy difference is symbolized by ∆. The crystal-

field splitting in a tetragonal ligand is smaller than that in an octahedral one. The specific 

relation was shown in Fig. 1.4. It is noted that the energy of these orbitals will change under 

a distortion, such as Jahn-Teller distortion on octahedral site and it can be further increased 

by a uniaxial distortion that splits the t2g levels. This distortion effect also works on the 

many-electrons state. 
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In many-electrons state, the orbital configuration of dn ion is defined by the Hund rule. 

However, owing to the overlap of multi-electron orbitals, the intense electrostatic field 

created by the ligand field sometimes manage to overturn Hund’s first rule or second one. 

The crystal-field might drive the ion into a low-spin state or high-spin state (Fig. 1.5). 

Strong-field ligands cause a large splitting of the d-orbitals, and the lower energy orbitals 

are fully filled before population of the upper energy levels starts according to Aufbau 

principle. Complexes with this arrangement of ion configurations are called ‘low-spin’. For 

example, S2- is a strong-field ligand and produces a large ∆, and the octahedral site of Fe2+ 

in FeS2, which has 6 d-electrons, would have the octahedral splitting diagram (Fig. 1.5) with 

all six electrons in the t2g sub-bands. Conversely, a weak-field ligand causes a small splitting 

∆ of the d-orbitals, and it is easier to drive electrons to the sub-orbitals with higher energy 

than those with low-energy because two electrons in the same orbital repel each other. For 

example, Cl- is a weak-field ligand and yields a small ∆, the Fe2+ in FeCl2 with six d-

electrons have an octahedral splitting diagram where all five singly d-sub-bands in one spin-

direction are singly occupied firstly and then then remaining electron fills in a sub-band in 

the other spin-direction based on Aufbau principle (Fig. 1.5). 

Fig. 1.5. (a) Comparison of the Fe ion energy levels for (a) FeS2 [8], where the crystal field 

stabilized in low-spin state with S = 0 and (b) FeCl2 [9], where the crystal field stabilized in 

high-spin state with S = 2. 
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The splitting diagrams are helpful to predict the magnetic properties of compounds. A 

compound with unpaired electrons in its splitting diagram is paramagnetic and is attracted 

by a magnetic field, while a compound lacking unpaired electrons in its splitting diagram is 

diamagnetic and will be repelled by magnetic fields. 

1.2.3 Molecular field theory  

There are many formulations of mean-field theory, which is a method to compute the 

values of the relevant thermodynamic quantities of a statistical mechanic model. The 

molecular field theory of ferromagnetism was firstly proposed by Pierre Weiss in 1906 [10]. 

It has been used in the Bragg-Williams approximation, models on Landau theory, Pierre-

Weiss approximation and etc. Its original theory was based on the classical paramagnetism 

of Langevin, then soon it was extended to the more general Brillouin theory of localized 

magnetic moments. It assumed that in addition to any externally applied field H, there is an 

internal ‘molecular field’ that is proportional to the magnetization of the ferromagnet. This 

theory is used to explain partial ferromagnetic laws successfully, such as magnetic phase 

transition. 

If nW is the constant of proportionality related to the internal contribution of the external 

applied field, the internal magnetic field is expressed as  

 Hint = nW
 M + H (1.23) 

where nW is Weiss coefficient, M is the spontaneous magnetization and H is the external 

applied field. The magnetization M = M0BJ(x) is given by Brillouin function  

 BJ (x) = 
2𝐽+1

2𝐽
 coth (

2𝐽+1

2𝐽
𝑥)- 

1

2𝐽
 coth (

1

2𝐽
𝑥) (1.22) 

and the magnetization at T = 0 K is expressed as M0 = nm0 = ngBJ, where n is the number 

of magnetic atoms per unit volume, g is the Landé g factor and J is total angular momentum 

quantum number. Now x = 0m0(nW
 M + H)/kBT. Therefore, 

 Ms / M0 = 0m0nW
 Ms /M0kBT (1.23) 

Where Ms is the spontaneous magnetization in zero field. Eq. 1.23 is rewritten as  
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 Ms / M0 = x0kBT/n0m0
2nW

  (1.24) 

In a convenient expression in terms of the Curie Weiss constant C (= 0ng2B
2J(J + 1)/3kB), 

Eq. 1.24 is rewritten as   

 Ms / M0 = x0 (J + 1) T/3JCnW (1.25) 

The plots of reduced spontaneous magnetization Ms / M0 versus T/TC for different J are 

exhibited in Fig. 1.6a. The values of reduced spontaneous magnetization deduced from 

molecular field theory for J from 1/2 to ∞ are listed in Table 1.4. for localized cases. Fig. 

1.6b shows the comparison of the theory and experiment for Ni.  

Table 1.4 Reduced spontaneous magnetization deduced from molecular field theory [1].  

T/TC 1/2 1 3/2 2 5/2 7/2 ∞ 

0 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 100000 

0.1 1.00000 1.00000 1.00000 0.99998 0.99992 0.99964 0.96548 

0.2 0.99991 0.99944 0.99833 0.99655 0.99428 0.98902 0.92817 

0.3 0.99741 0.99297 0.98688 0.98019 0.97359 0.96179 0.88730 

0.4 0.98562 0.97337 0.96043 0.94853 0.93815 0.92166 0.84157 

0.5 0.95750 0.92657 0.91752 0.90169 0.88881 0.86006 0.78889 

0.6 0.90733 0.87923 0.85599 0.83791 0.82383 0.80375 0.72588 

0.7 0.82863 0.79624 0.77122 0.75262 0.73856 0.71904 0.64739 

0.8 0.71041 0.67766 0.65365 0.63637 0.62358 0.60616 0.54455 

0.85 0.62950 0.59852 0.57629 0.56051 0.54892 0.53325 0.47864 

0.9 0.52543 0.49806 0.47880 0.46528 0.45543 0.44218 0.39660 

0.95 0.37949 0.35871 0.34435 0.33436 0.32713 0.31747 0.28455 

0.99 0.16971 0.16042 0.15400 0.14953 0.14631 0.14196 0.17198 
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Fig. 1.6. (a) Spontaneous magnetization as a function of temperature calculated from 

molecular field theory, based on the Brillouin function for different values of J. The classical 

limit J = ∞is based on the Langevin function. (b) The spontaneous magnetization for Ni, 

together with the theoretical curve for J = 1/2 from the molecular field theory [1]. Note that 

the theoretical curve is scaled to give correct values at each end. 

Weiss’s molecular field theory can be used to model the temperature dependence of 

spontaneous magnetization in a ferromagnet to achieve the Weiss coefficients, the sublattice 

magnetism and the transition temperature.  

The Weiss molecular field theory is not unique for ferromagnets, but also can be 

applied to antiferromagnet or ferrimagnet. Here, we will introduce the latter one. A 

ferrimagnet can be considered as two unequal and oppositely directed magnetic sublattices 

‘A’ and ‘B’, hence, the net magnetization M and the internal fields Hint for each sublattice 

in an external field H are 

 M = MA + MB (1.26) 

 Hint
A = nW

AA MA + nW
AB MB + H (1.27) 
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 Hint
B = nW

BB MB + nW
AB MA + H (1.28) 

where nW
AA

, nW
AB and nW

BB are the Weiss coefficients, which represent the inter-and 

intrasublattice interactions. The essential interaction nW
AB is negative. The magnetization of 

each sublattice is represented by a Brillouin function in unit vectors hint
A and hint

A:  

 MA = M0
ABJ(x

A) hint
A (1.29) 

 MB = M0
BBJ(x

B) hint
B (1.30) 

The susceptibility and Curie constant can be expressed as  

 A = 0
Am0

AHint
A/ kBT (1.31) 

 B = 0
Bm0

BHint
B/ kBT  (1.32) 

 CA = 0 n
A (meff

A)2/3kB (1.33) 

 CB = 0 n
B (meff

B)2/3kB (1.34) 

Above critical temperature TC, M = χHint, where χ = C/T, Hence,  

 MA = (CA/ T) (nW
AA MA + nW

AB MB + H) (1.35) 

 MB = (CB/ T) (nW
BB MB + nW

AB MA + H) (1.36) 

When H = 0, the magnetization of each subattice falls to zero at a critical temperature, which 

is the ferrimagnetic Néel temperature. The two sublattice magnetizations are equal and can 

cancel exactly at a temperature known as compensation temperature Tcomp. The TC for the 

ferrimagnet can be expressed in terms of the Weiss coefficients and Curie constants as 

 TC
 = 

1

2
( CAnW

AA+ CB nW
BB) + [(CAnW

AA- CB nW
BB)2+4CACB(nW

AB)21/2] (1.37) 

Although this model is simple and can be easily implemented numerically, there are 

some disadvantages that are needed to be considered. Firstly, the mean field approximation 

is not accurate at low temperatures and the calculated TC is overestimated. Secondly, the 

magnetization thermal scan should be over a wide range of temperatures to estimate TC, 

which can be used to ensure the accuracy of Weiss coefficients. On the other hand, Weiss 

molecular field theory as a phenomenological theory, and it does not consider the anisotropy. 

The extended field theory can correct this term, but it creates convergence problems at low 
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temperatures. However, it is noted that this model does not account for non-collinear 

moments. 

1.2.4 Critical behaviour  

The critical behaviour in ferromagnets describes a power-law divergence of the 

magnetic susceptibility in a ferromagnetic phase transition, which is also called a second-

order phase transition and is characterized by critical exponents , which are 

common to all mean field theories. There is a mathematical singularity in the Gibbs free 

energy at the transition temperature TC, where the order parameter drops continuously to 

zero. Also, there is a discontinuity in its temperature derivative. On the contrary, in a first-

order transition, the critical fluctuations are invisible, where the order parameter is 

discontinuous. 

There are several models to investigate the critical behaviour, where a pair of numbers 

representing the space and spin dimensionality D, d are used to specify a universality class, 

e.g., the two-dimensional Ising model 2, 1 or the three-dimensional Heisenberg model 3, 

3. Although slight differences of critical behaviour can be seen in different materials of 

each universality class, all the materials within a class behave similarly regardless of the 

phase structure or the compositions. A reduced temperature is defined as =1 - T/TC. When 

is very small, M   M  and C    

Here, M is the order parameter, H is the conjugate field and is the susceptibility dm / dH. 

Another two critical exponents  and  are used to describe the correlation length and the 

correlation function at TC. It is noted that the static critical exponents are not totally 

independent. They are related by equalities such as  

  (1.38) 

  (1.39) 

 D  (1.40) 
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   (1.41) 

In mean field theory, the critical exponents are  = 0 = 1/2 = 1 = 3 = 1/2and 

= 0 The mean field theory for the real critical fluctuations of magnetic materials could be 

consistent with the theory when D = 4 according to above equalities. Generally, the equation 

of state close to TC region can be written as 

 aCb (1.42) 

where M is the magnetization, H is the applied field, TC is the critical temperature and a and 

b are constants. 

A widely used tool is an Arrott plot, which is a plot of the magnetization square of a 

substance versus the ratio of the applied field to magnetization at several fixed temperatures. 

It provides an easy way to determine the presence of magnetic order in a material. According 

to the Ginzburg-Landau mean field theory for magnetism [11], the free energy close to a 

magnetic phase transition can be written as  

 F( + a(T - TC) M2/ TC + bM4 + … (1.43) 

The relation for the magnetization close to the phase transition is given by 

 b - a(T - TC)/2bTC.  (1.44) 

In a graph plotting M2 versus H/M for different temperatures, the isotherms are expected to 

be set of parallel straight lines. The one determining the critical temperature passes through 

the origin. Therefore, the Arrott plot not only provides the evidence for a ferromagnetic 

phase existence but can also be used to determine the critical temperature for the phase 

transition. 

In my project, we investigate the critical behaviour of a single crystal CoS2 (Chapter 

6), which is related to three-dimensional model. Values for the practically three-dimensional 

Heisenberg model are list in Table 1.5. 
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Table 1.5. Critical exponents for the three-dimensional d-vector models [1]. 

d        

0 Polymer 0.236 0.302 1.16 4.85 0.588 0.03 

1 Ising 0.110 0.324 1.24 4.82 0.630 0.03 

2 XY -0.007 0.346 1.32 4.81 0.669 0.03 

3 Heisenberg -0.115 0.362 1.39 4.82 0.705 0.03 

 Spherical -1 1/2 2 6 1 0 

1.3  Spin electronics  

Spintronics (spin electronics) is the science of spin-dependent electron transport, which 

exploits the angular momentum and magnetic moment of the electron to add new 

functionality to electronic devices. Compared to conventional electronics which ignores the 

spin of the electron, the manipulation of electron currents with the associated magnetic 

moments is the main goal in spintronics and this additional degree of freedom will improve 

the efficiency of data storage and transfer. The typical application of spintronics is 

ferromagnetic information storage, which has been the partner of semiconductor electronics 

in the information revolution. The magnetic storage density of spintronics is doubling even 

faster than that of semiconductors. It follows their own ‘Moore’s law’ [1]. Fig. 1.7 shows 

the trend of the increase of areal density of HDD and flash disk to the year of production 

indicating that the rapidly increasing rate on the magnetic recording, which breaks the 

conventional Moore's law, and the magnitude of the areal density can be up to 103 Gb/in2 

[12]. Actually, it is feasible to manipulate the spin polarized electronic currents when high-

quality metallic thin films in nanometer scale become available. It is different with the 

charge, the electron spin can be altered in some scattering events, arising a flip from spin up 

to spin down. The distance travelled by the electron along its path between spin flip is called 

spin diffusion length ls, which is 10 times larger than the mean free path. Therefore, thin 

film spintronic devices are pursued, whose layer thickness is comparable to ls, ranging from 

1 to 20 nm. Depending on the thin film heterostructure design, layers of materials with 
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different magnetic and electronic properties will exhibit many interesting phenomena, like 

exchange bias, perpendicular magnetic anisotropy, giant magnetoresistance (GMR) and 

tunnelling magnetoresistance (TMR). GMR is an effect observed in thin film structures with 

alternating ferromagnetic and nonmagnetic layers, achieving a high resistance if the 

magnetizations in the ferromagnetic layers are oppositely aligned, conversely, low 

resistance if they are parallel aligned (Fig. 1.8). And TMR has the similar device structure 

but with an insulating non-magnetic layer. Besides, the promising applications of spintronic 

data transfer in the THz range and for electronics with ultra-low power consumption if 

suitable materials can be found, which also encourages and attracts researchers to the field. 

Here, there are two key features of spintronic materials we are concerned with spin 

polarization and spin currents.  

 

Fig. 1.7. Trend of the increase of areal density of HDD and flash disk with the year of 

production [12]. (AMR. anisotropic magnetoresistance; CGR, compound growth rate; AFC 

media, antiferromagnetically coupled.) 
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Fig. 1.8. A simplified illustration of GMR. A non-spin polarized current enters the GMR 

structure but only one of the spin conduction bands (CB) is available in ferromagnet (FM1, 

left). (a) For low resistance the same spin CB is available in ferromagnet (FM2, right). (b) 

For high resistance there is no available CB in FM2 for spins from FM1. 

1.3.1 Spin polarization 

In spintronics, the manipulation of the electrons’ spin is connected to the fact that spin-

up and spin-down electrons have different mobilities in a ferromagnet. A very important 

feature of the spintronic materials is the high spin polarisation. Spin polarisation describes 

the degree of spin imbalance, or in other words the intrinsic net angular momentum of the 

electrons oriented along a given direction [13]. Spin polarisation derives from the 

inequivalent populations of the spin down and up states. The spin polarisation P of the 

conduction electrons at Fermi-level can be defined as: 

 𝑃 =  
𝑁↑−𝑁↓

𝑁↑+𝑁↓
    (1.45) 

where 𝑁↑ and 𝑁↓ are the densities of states (DOS) of the spin-up and spin-down states at 

the Fermi energy Ef, respectively. According to the value of 𝑃, materials can be divided into 

three types: non-magnetic metal (NM), a ferromagnetic metal (FM) and a half metal (HM) 

and the corresponding schematic band structures are illustrated in Fig 1.9. The spin-up and 

spin-down densities of states at Ef are symmetric in non-magnetic metal and it will not yield 

any spin polarised current passing through, i.e. P = 0. For a ferromagnetic metal, there is a 

FM1 FM2NM

I
Low resistance

FM1 FM2NM

I
High resistance

(a) (b)

https://en.wikipedia.org/wiki/Spin_(physics)
https://en.wikipedia.org/wiki/Angular_momentum
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splitting between spin-up and spin-down states at the Fermi level of the conduction band 

due to Coulomb interactions. This generates a net magnetization and allows a spin current 

to pass through, which will be polarized to some degree (0 < P < 1), e.g. 0.44 for Fe, 0.34 

for Co and 0.11 for Ni. While, compared to the classes mentioned above, the one with ideal 

spin polarisation (P = 1) has a special band structure: one spin direction showing a typical 

metallic band structure with nonzero density of states at Ef, and the other exhibiting a 

semiconducting or insulating property with a spin gap. This is called a half metal. The oxides 

(e.g. CrO2, Fe3O4) and many Heusler alloys fall into this class. Although the values of P are 

deduced from the height of DOS, it is not perfectly consistent with experimentally measured 

ones owing to the measurement method or the inevitable objective factors, e.g. the sample’s 

surface quality. Although there is no fully spin-polarised current pass through a half-metal 

in practice, such materials with very high spin-polarised currents are desirable in spintronic 

devices. It is noted that the transport measurements reflect the electrons mobility, therefore 

the experimental transport measurements for the 3d metals are sensitive to the polarisation 

of the 4s rather than 3d electrons, However, the ideal 100% spin-polarisation originates from 

the 3d electrons mobility. The normal transport measurements are no longer appropriate to 

the spin polarisation tests, instead other approaches, such as photoemission with polarization 

analysis, tunnel magnetoresistance, ballistic point contact and Andreev reflection, can 

deduce the spin polarisation. 

 

Fig. 1.9. The schemes of the electronic structures for non-magnetic metal, ferromagnetic 

metal and half metal.
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In summary, the spin polarization can be given not only by experiments but also 

electronic structure calculations, which is a valid method to predict ideal half metals due to 

the drawbacks of the experiments. 

1.4  Half metal  

Several decades ago, the study of electronic structure of Heusler alloys motivated by 

their unusual magneto-optical properties presented an unexpected result: some of these 

alloys showed the transport properties of metals as well as insulators at the same time in the 

same alloy depending on the spin direction. A material with this character is called a half 

metal. Although ideal 100% spin polarized currents for half metals only can be approached 

in the limit of the absolute zero temperature and neglecting spin-orbit interactions, half-

metals do show higher spin polarization than 3d ferromagnets (e.g. Fe, 40%; Co, 40%; Ni, 

35% [1]) in reality. It is noted that, owing to the limits in experiments, it is not surprising 

that electronic structure calculations play an important role to search for new half metals. In 

my project, theoretical DFT calculation was used to verify the new half metals I obtained, 

which were carried out by Dr. Zsolt Gercsi. 

Half metals included various materials with very different chemical and physical 

properties. Many of the known examples of half metals are Heusler alloys (Co2MnAl [14]), 

zinc blends (CrO2 [15]), double perovskites (Sr2FeMoO6 [16]) and magnetite (Fe3O4 [17]). 

Another class, sulphides with spinel structure is relatively rare. Due to the less correlation 

of electrons in sulphides, it is possible to optimize magnetic properties (ferro-, ferri and 

antiferromagnetic) by doping or substituting without the risk of losing its metallic properties 

in one spin direction. However, when the cation-cation distances are larger in sulphides, the 

magnetic coupling between these two cations will be weaker. This leads to the magnetic 

transition temperatures lower in comparison with the oxides. Nevertheless, this class of half 

metal is still worthwhile to pay attention, especially for other distinctive properties, for 

example, CoS2 shows Weyl fermions [18]. It is noted that the fully compensated 

ferrimagnetic half metal is the ideal one we are pursuing due to its characteristics, including 
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half-metallicity as well as magnetic order with zero moment. This material will produce zero 

stray field which will reduce the energy losses in operation. 

During my project, we worked on half-metallic ferromagnetic sulphide CoS2 and I 

discuss the critical behaviour in chapter 3, and develop a new fully compensated 

ferrimagnetic half-metal based on the analysis of the spin band gap, which is introduced in 

chapter 5. 

1.5  Heusler alloys  

A magnetic alloy, Cu2MnAl, was discovered in 1903 by Friedrich Heusler, which 

behaves like a ferromagnet although no constituent element is ferromagnetic by itself. Later, 

the concepts of antiferromagnetism and ferrimagnetism were introduced in the 1930s-1940s 

by Louis Néel. A vast collection of thousands of Heusler compounds exist with a 1:1:1 (Half 

Heusler) or a 2:1:1 (Full Heusler) stoichiometry.  

Heusler compounds include binary, ternary and quaternary alloys exhibiting a wide 

range of properties. The properties of many Heusler compounds can be modified through 

chemical substitutions to tune the electronic structure and the structural motifs leading to 

their potential use in applications requiring as a shape memory alloys, half-metallic 

ferromagnets [19, 20], fully compensated ferrimagnets [21], G-type spin-gapless 

semiconductors [22], superconductors [23, 24] and recently as topological insulators [25, 

26]. The latest study of topological insulators, which describe a new state of matter, in which 

spin-polarized edge and surface states are topologically protected against impurity scattering 

[25, 27] due to large spin orbit interaction on the surface [25], opens a new horizon. The 

magnetic Heusler compounds show many kinds of magnetic functionalities, such as 

magnetocaloric, magneto-optical [28], and shape memory effects due to martensitic 

transformation [26, 29]. Furthermore, the half-metallic Heusler compounds are 

semiconducting or insulating for electrons of one spin direction, while for the opposite spin 

direction they are metallic. This is ideal for spin electronics, when it is associated with large 
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magnetoresistance in spin valves, memory elements or high spin transfer torque efficiency 

in magnetic switches and oscillators [30]. 

The general ternary formula of a ternary Full-Heusler compound is X2YZ or XYZ for 

a Half-Heusler compound, where X and Y are transition or rare-earth metals, and Z is the 

main group elements. The possible elements forming the magnetic Heusler compounds are 

shown in Fig. 1.10. There are over 1000 possible Heusler compounds. However, not all are 

stable. 

 

Fig. 1.10. Periodic table of elements. The huge number of full-Heusler alloys are formed 

from X, Y transition or rare-earth metals elements (red, blue) and a s-p element (green) 

according to the colour scheme. The valence electrons are those electrons that reside in the 

outermost shell surrounding an atomic nucleus. For d-group elements, the valence electrons 

n equal to the number of the outer s and d electrons, e.g. Ti (3d24s2) with 4 valence electrons, 

V (3d34s2) with 5, Cr (3d54s1) with 6 and Mn (3d54s2) with 7, For main group elements, the 

valence electrons n equal to the number of the outer s and p electrons e.g. Al (3s24p1) with 

3 valence electrons, Si (3s24p2) with 4 and Sb (5s25p3) with 5. 
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1.5.1 Half Heusler alloys 

Generally, half-Heusler compounds XYZ crystalize in a non-centrosymmetric cubic 

structure (C1b, F43̅m). There are three interpenetrating fcc sublattices occupied by the X, Y, 

Z atoms, which sit at 4a (0,0,0), 4b (1/2, 1/2, 1/2) and 4c (1/4, 1/4, 1/4). The three possible 

atomic arrangements within C1b-type structure are XYZ, ZXY, YZX along the diagonal 

(111) direction (Fig 1.11a). The crystal structure of a half-Heusler compound is a ternary 

ordered variant of the CaF2 structure and can be derived from the tetrahedral ZnS-type 

structure by filling the octahedral lattice sites (Fig. 1.11b). In most Half-Heulser compounds, 

MgCuSb represents the atomic arrangement correctly. Although MgAgAs is assigned as the 

prototype of all Half-Heusler compounds, it forms a different atomic order than most other 

Half-Heuslers [31]. It is noted that a NaCl-type sublattice is formed by 4d Ag and As rather 

than the main group elements Mg and As. And in MgCuSb, the electropositive Mg and the 

electronegative Sb build the NaCl-type sublattice, which represents the atomic arrangements 

in the most half-Heuslers. Both variants have the same prototype, a LiAlSi-type [31]. The 

atomic arrangements in Half-Heusler are mainly determined by two factors. The first is the 

size difference between the atoms involved and the other is the kind of interatomic 

interactions. 

 

Fig. 1.11.  (a) Half Heusler (XYZ) structure (C1b) and (b) zinc-blende (ZnS-type) structure. 

It is noted that the pink dashed line in (a) along a diagonal distinguishes the arrangements 

of atoms. In (b), the shaded octahedron is composed of Wyckoff positions 4a and 4c in which 

the octahedral sites are occupied by 4b sites [26]. 

X

Half Heusler C1b ZnS-type

(a) (b)
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1.5.2 Full Heusler alloys 

The general formula X2YZ of Full-Heusler compounds includes four interpenetrating 

fcc sublattice. Two of the sublattices are equally occupied by one X and a rock salt type 

lattice is formed by the least and most electropositive elements, Y and Z, which are 

coordinated octahedrally due to the ionic character of their interactions. The ionic bond 

between X and Z is shortest (~ √3a0/4), leading to octahedral coordination. The covalent 

bond between X and Y present cubic coordination and the bond length is a0/2. This structure 

also can be understood as a zinc blende-type sublattice built of X and Z, the second X sits 

on the remaining tetrahedral sites, and Y occupies the octahedral sites. There are three sites 

in the unit cell, 4a, 4b and 8c. There are several possible occupancy schemes, such as 

Cu2MnAl-type (L21), CuHgTi2-type (XA) and random W-type (A2). The ordered phase of 

the CuHg2Ti-type (Fig. 1.12a) is the so-called inverse Heusler structure with F4̅3m space 

group. If the atomic number of Y is higher than that of X from the same period, the Full-

Heusler compounds prefer to crystallize in the inverse, XA structure. In this scheme, X and 

Z form a rock salt lattice to achieve an octahedral coordination for X element. The second 

X and Y atoms fill the tetrahedral holes with fourfold symmetry. Compared to the L21 

structure, the X atoms do not form a simple cubic lattice. X atoms are placed on the Wychoff 

positions 4a (0, 0, 0) and 4d (3/4. 3/4, 3/4). Y and Z atoms occupy 4b (1/2, 1/2, 1/2) and 4c 

(1/4, 1/4, 1/4) sites, respectively. In order to distinguish it from the normal Full Heusler 

structure, the inverse Heusler structure also can be expressed as XYX’Z, and it is frequently 

observed in Mn2-based compositions with Z (Y) > Z (Mn), such as Mn2CoSn [32, 33]. For 

the quaternary Heusler compounds, two different elements X and X’ sit on 4a and 4d 

positions, respectively. Y is placed on 4d and Z occupies 4c sites, whose prototype is 

LiMgPdSn (Fig. 1.12b). There is a quite small difference between the ordering of L21 and 

XA structures. The 8c sites of L21 split into 4c and 4d sites (XA). From the x-ray diffraction 

pattern, except the tiny change of the intensities from superlattice reflections, it is still hard 

to judge which phase structure is formed. But the superlattice reflections, (111) and (200), 

still are the key to distinguish what is the real phase of a full-Heusler alloy. From the 
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definition of the superlattice structure, which describes a periodic structure of layers of two 

(or more), it should be seen in more complicated crystal structure. Therefore, the superlattice 

reflections are helpful to judge whether a highly ordered Heusler structure is formed or not. 

For example, in a completely disordered simple cubic A2 structure, there is a (200) reflection 

but no (100). In the partly ordered B2 structure (different atoms at the cube corner and the 

cube centre) there is a (100) and a (200) reflections. If you index the reflections on the cubic 

Heusler cell that has double the lattice parameter, you see (400), but not (200) if it is 

completely disordered; but if you have B2 type order, then you see (200) and (400) [1]. In 

A2, complete disorder, these two typical superlattice peaks cannot be seen.  

 

Fig. 1.12. (a) The ternary Heusler compound with CuHg2Ti-type (inverse Heusler, XA) 

structure and (b) the quaternary Heusler alloy with LiMgPdSn-type (Y-type). Their space 

groups are all F4̅3m. 

 

Fig. 1.13. The cubic crystal structure of full-Heusler L21, XA, B2 and A2. Two-types full-

Heusler alloys (XA and L21) include 4 interpenetrating fcc lattices. B2 with two atom sites, 

Regular full Heusler

L21

Inverse full Heusler

XA

B2 A2

(a) (b) (c) (d)
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a (0,0,0) and b (1/2,1/2,1/2), and disordered A2 with one atom site, a (0,0,0), are simple 

cubic structures.  

The electronic structure and magnetic properties are very sensitive to the atomic 

arrangements. Even a small concentration of antisite defects in the ordered phase can modify 

the magnetic moment and Fermi-level spin polarization. 

1.5.3 Half-metallic Heusler alloys 

Half-metallic Heuslers are a sub-class of Heusler alloys. First to be predicted was 

NiMnSb by de Groot and his co-workers in 1983 through ab-initio calculations [19]. The 

magnetic moment in both Heusler and half-Heusler compounds is associated with the 

number of valence electrons, and it obeys a Slater-Pauling rule, which provides an opening 

to design new half-metallic Heusler alloys with desired magnetic properties. The number of 

minority valence electrons per unit cell is an integer coming from the number of occupied 

valence bands, 9 for the half-Heusler and 12 for full-Heusler alloys. We must point out that 

spin-orbit coupling destroys the minority band gap in principle, and it also reduces the spin 

polarization in practice, but not too much. In fact, defects, interfaces or surfaces all tend to 

destroy the perfect spin polarization [34]. 

The total magnetic moment is the difference between the number of occupied spin-up 

and spin–down states, 𝔪 = N↑–N↓. It also can be expressed as m = Zt – 2N↓ B, where Zt is 

the total valence electrons. Since, in half-Heusler compounds with the C1b structure, 9 

minority band states are fully occupied, the m = Zt - 18 rule has been formulated by Jund et 

al. [35] and Galanakis et al. [36]. The similar m = Zt – 24 rule for full-Heuslers is based on 

12 valence electrons in the minority band. It is noted that in all cases the predicted moments 

per stoichiometric formula unit are integer for Heusler half-metals in theory. In Fig. 1.14, 

we have gathered the calculated total spin magnetic moments for the half- (Zt = 18) and full-

Heusler (Zt = 24) alloys which we have plotted as a function of the total number of valence 

electrons separately. The dashed line represents the Slater-Pauling rule [37] of m = Zt - 18 

(and m = Zt - 24). For the half-Heusler compound, the value 0 of the moment corresponds 
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to the semiconducting phase. The 0 B moment of full-Heusler compounds arises from two 

magnetic sublattices, which have different chemical compositions or are associated with two 

different crystallographic sites, and they are fully compensated. This class of full-Heusler 

compounds is called fully compensated ferrimagnetic or antiferromagnetic Heusler half-

metals owing to the net zero magnetization. 

 

 

Fig. 1.14. Calculated total spin moments for half-Heusler (with 18 electrons) and (b) full-

Heusler alloys (with 24 electrons). The dashed line represents the Slater-Pauling (SP) 

behaviour. With open circles the compounds deviate from the SP curve in Ref. [38]. MRG 

(Mn2Ru0.5Ga, Zt = 21) is the first experimentally discovered zero-moment half metal [39].  

Compared to the ferromagnetic Heusler half-metals, which produce large magnetic 

dipole fields that can reduce the performance of spintronic devices, fully compensated 

materials that exhibit 100 % spin polarization with no net magnetic moments and no stray 

fields are of special interest, both technologically and scientifically. One of the advantages 

of the absence of stray fields is reduced energy losses. In my project, we are exploring this 

special class of Heusler compounds with near-zero or zero net magnetic moments and with 

high spin polarization due to half-metallicity.
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1.6  Spin gapless semiconductors   

Spin-gapless semiconductors (SGS) are a special type of magnetic material, akin to 

half-metals, which have a closed gap for one spin band and a non-zero gap for the other [40, 

41]. They can be considered as a combination of a gapless semiconductor [42] and a half-

metallic ferromagnet. The conduction carriers in SGS materials are not only fully spin 

polarized but also excited easily due to the unique band structure at the Fermi level. 

Compared to the traditional semiconductors, the charge carriers have higher mobility in SGS. 

Also, their electrical conductivity is lower than that of half metals and hence they provide a 

better conductivity match with respect to spin injection to semiconductors. The above-

mentioned advantages indicate that a SGS with these transport properties should offer novel 

functionalities in the field of spintronics. Compared to the other known spintronic 

semiconducting families, high Curie temperatures of Heusler-based alloys with SGS 

behaviour should provide another advantage for spintronics devices. In theory, many 

Heusler alloys have been identified as SGSs [40, 43-46] but very few have been confirmed 

experimentally. The first experimental confirmation of SGS behaviour in the Heulser family 

was reported in full-Heusler alloy Mn2CoAl [47]. Later, some evidences of SGS behavior 

based on theory and experiment were found in quaternary Heusler alloys, CoFeMnSi [48] 

and CoFeCrGa [49]. A fully compensated ferrimagnetic SGS nature was claimed in the 

quaternary Heusler alloy CrVTiAl by Venkateswara et al. [50]. 

1.7  Summary   

In this chapter, we started from introducing main concepts associated with the 

magnetization (magnetic moments and magnetic fields) in detail to discuss the magnetism 

in solids. The magnetic interactions can be divided into ferromagnetic, ferrimagnetic, 

antiferromagnetic, diamagnetic and paramagnetic based on the magnetic moments’ 

performances. Once considering the ions experiencing a crystal field in a solid, the spin 

configurations (t2g and eg sub-bands) will be different in different crystal coordination or 
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ligands. This is very favourable to predict the magnetic and transport properties by figuring 

out how the electrons fill in the d-orbital sub-bands. On the other hand, due to the limits of 

high temperature measurements in magnetization, the molecular field theory is a valid way 

to explain and estimate the magnetic phase transition, which is a critical point in magnetic 

materials. Based on the mean-field model, there are some modified models (e.g. 3D-XY, 

3D-Ising, 3D-Heisenberg) can be used to verify the existence of magnetic phase transitions, 

which are more close to the experimental results, as well as the interactions between ions or 

atoms. 

The good understanding of magnetism and crystal-field effects support us to explore 

new fully compensated ferrimagnetic half metals, which have zero net moment. This 

material requires the characteristics of ferrimagnet with zero moment as well as half-metal 

with a spin gap simultaneously. Compared to other half metals, such as zinc-blende, double 

perovskites, magnetite or sulphides, Heusler alloys exhibiting high Curie temperature make 

it very attractive, as well as their tuneable composition in a formula X2YZ or XYZ and their 

predictable magnetization by Slater-Pauling rule, which are all favourable to our purposes 

to search for new zero moment ferrimagnetic half-metal with high spin polarization and no 

stray field. This would be a very useful material for spintronics, which has very wide 

applications, such as computer memories (MRAM), magnetic sensors (GMR, TMR). And 

switching the dominated sublattice of compensated half metals is very promising for 

magneto-optic applications, either. 
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Chapter 2 Methodology 

In this Chapter, the relevant experimental techniques, such as arc-melting, annealing, 

x-ray diffractions, and other measurements, are introduced. The arc-melting method is used 

for bulk material preparation. After this, we annealed the ingot at high temperatures, from 

500ºC to 1000ºC, for 7 days or longer and then we may either fast cool or slow cool the 

ingot depending on purposes. A different approach, chemical vapour deposition was used to 

grow single crystals of CoS2. We used powder X-ray diffractometer to analyse the 

crystallographic properties. Superconducting quantum interference device (SQUID) 

magnetometry and Mössbauer spectroscopy were used to characterize the magnetization and 

the Fe atomic moment, respectively. Point contact Andreev reflection (PCAR) spectroscopy 

fitted by BTK (Blonder-Tinkham-Klapwijk) model [1] was used to deduce the spin 

polarization. 

2.1  Arc-melting 

Arc-melting is a typical method to prepare metal ingots with high chemical and 

mechanical homogeneity The metallic elements sit in a depression in a copper hearth where 

they heat up to 2000 to 4000 K in an argon atmosphere via an electric arc struck between a 

tungsten electrode and the metals (Fig. 2.1b). A welding power supply provides the electric 

current and it forms an electrical arc in the Ar atmosphere between the electrode and the 

metals. In order to attain compositional uniform alloys, the metal buttons should be 

repeatedly turned over and remelted for several times. Due to the ionized Ar, an electrical 

arc discharge is realized between two electrodes and generate high intensity beam to heat 

the metals. The temperature can be up to thousands centigrade. 
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Fig. 2.1. (a) Arc-melting system includes 3 main parts- power source, chiller and vacuum 

chamber. (b) The schematic diagram to the electrical arc generation between the electrode 

and the elements [2].  

The arc-melting system includes three main parts, power source, chiller and vacuum 

chamber with copper hearth and tungsten sword as Fig. 2.1a shown. The Cu electrode with 

a sharp W tip, which is made from 2% thoriated, red tungsten, 4.0 mm in a diameter. A 

Tetrix 230 AC/DC comfort power supply with rotary dial is used for arc melting and 

controlling the heating temperature. The welding voltage from 10.1 V to 19.2 V and DC 

current from 3 A to 220 A can be supplied. A foot-operated remote control (RTF 19POL 5) 

is used for adjusting the welding current (0% to 100%) depending on the preselected current 

range on the power supply. The melting starts after carefully placing the tungsten electrode 

sword onto the metals and pressing the torch trigger and lift arc current flows. In general, 

the metal ingot should be remelted four times or more to ensure its homogeneity. The cold 

circulation water from the chiller cools the electrode and copper hearth. The vacuum 

chamber is purged and vented five times under Ar and 10-2 bar vacuum, respectively. 

Melting occurs in a vacuum tight chamber with high purity Ar atmosphere (0.5 bar), which 

ensure protection from oxidization, on the water-cooled Cu hearth. A titanium pellet 
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gathering which changes its colour after melting and after oxygen absorption ensures it 

keeps the chamber oxygen-free as it getters oxygen gas. A batch of three alloys can be made 

in a single evacuation, as there are three crucibles in the copper hearth (2 small and 1 large). 

Around 5g of metals can be melted in a small pocket crucible and 12g in the large one.  

A 55 – 75 A DC current is usually used for Mn-based alloys due to the high vapour 

pressure of Mn than that of other elements, which causes the Mn loss. While the current 

values increase up to 75 – 80 A for V-based alloys or titanium owing to high melting points. 

Current controlling, cooling rate of the chiller and electrode gap all influence on the 

solidification rate and process which allows production of defect free materials [3]. 

2.2  Annealing technique 

Annealing is a heat treatment process which may change the physical and chemical 

properties of a compound to some degrees. The determination of the annealing temperature 

is based on the materials’ recrystallization temperature. In addition, the annealing 

temperature and time are the two main factors to determine the ordered structure’s formation. 

The cooling rate depends on the request of the types of the alloys being annealed. Such as, 

steel is usually left to cool down to room temperature in air while copper and silver either 

can be cooled in air slowly or quenched in ice-water mixture quickly. When we explore the 

best annealing temperature, the fast cooling is very helpful to obtain high-temperature 

phases, which might be a metastable one, e.g. FeV forming B2 at 773 K [4], which cannot 

be achieved with a slow cooling. And the heating process promotes atoms migrate in the 

crystal lattice and reduces the dislocations. The crystal grain size and phase composition 

depend upon the heating and cooling rates and also determine the material properties. The 

knowledge of phase diagrams and material compositions guide the annealing process to 

prepare expected samples for a further study. In our study, the annealing temperature for 

Mn-based alloys ranges from 600ºC to 800ºC due to the high vapour pressure of Mn, while 

for Mn-free alloys, that can be up to 1000ºC (e.g. CrVTiAl). Samples are subjected to anneal 



44 2.3 Chemical vapour transport method (CVT) 

 

 

at various temperatures and time at high vacuum (10-6 to 10-7 bar), following by furnace 

cooling or rapid quenching in the ice-water mixture in order to make the specimen 

homogeneous or pursue the ordered phase. The samples are loaded in a quartz tube and a 

Preiffer vacuum Hi Cube turbo-molecular pump is used to keep a high vacuum. Or the 

samples are sealed in a quartz tube with high vacuum (10-6 bar). The temperature of the 

furnace, which is used for annealing, is shown on temperature display confirmed by K-type 

thermocouple. The set-up of the annealing measurement as illustrated in Fig. 2.2. It includes 

a furnace (maximum temperature: 1000ºC) and a vacuum pump station with a quartz tube 

to keep samples in a high vacuum protecting from oxidation. 

 

Fig. 2.2. The quartz tube pumped by turbo-molecular pump was putting into a resistive tube 

furnace. The extreme high temperature of this furnace can be up to 1000ºC. 

2.3  Chemical vapour transport method (CVT)  

Chemical vapour transport is a method for crystal growth via the gas phase, which is 

popularized by Schäfer [5]. It is a process where a condensed phase, typically a solid has to 

be volatilized in a gaseous reactant (transport agent) due to the solid with insufficient 

pressure for its own volatilization and then deposited elsewhere in the form of crystals. 

Usually, the volatilization and crystallization temperatures are different. If a condensed 

Vacuum station with turbo-molecular pump Resistive tube furnace 
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substance at the position of volatilization encounters a temperature gradient, it moves to the 

place of deposition (for crystallization) via the gas phase, from source to sink (Fig. 2.3). 

 

Fig. 2.3. Schematic diagram of CVT experiments for crystallization of solids in a 

temperature gradient. Generally, the temperature of the source (T2) is slightly higher than 

that of the sink (T1). 

A character of CVT reactions is that the transport agent is required for the dissolution 

of a solid in the gas phase. Conventional transport agent is halogens or halogen compounds. 

A suitable transport agent transfers the components of the initial solid into gas phase, which 

is caused in almost every case by different temperatures leading to change the equilibrium 

position in source and sink. Transport directions are related to two reaction mechanisms: 

exothermic reactions transport from sink (T1) to higher temperature (T2) zone, and 

endothermic reactions transfer the solid (source T2) to the cooler zone (sink T1). The other 

important parameter is the rate of the mass transport. The rate-determining step is the gas 

motion, which is the slowest one in a CVT reaction in most cases. Therefore, optimising the 

parameters, including growth temperature, transport agent, transport direction and the free 

energy of the reaction, is a key to a successful CVT. 

The set-up of CVT experiments consists of two-zone furnace (for source T2 and sink 

T1), the reactant and transport agent sealed in a quartz tube (see Fig. 2.3). The prepared 

ampoule for CVT is placed in the middle of the furnace reaching both temperature zones. It 

is noted that a high transport rate usually is chosen for the synthesis of a compound or the 

purification of it. While a crystal growth is required rather smaller transport rates. In our 

Source (T2) Sink (T1)

Precursor

Single crystals

Transport agent
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study, we prepared CoS2 in single crystal form. It is essential to avoid explosions due to the 

sulphur vapour pressure increasing on heating in a sealed ampoule. The single crystal of 

CoS2 used this method was prepared by Dr. Yangkun He. 

2.4  X-ray diffraction and Rietveld refinement  

X-ray diffraction (XRD) is an experimental technique to identify the crystal phase 

structure of a material and can also provide information on unit cell dimensions. It can 

characterize a clean polished alloy, finely ground, homogenized bulk composition, chemical 

powder and thin films.  

In 1912, Max von Laue discovered that crystalline substances act as three-dimensional 

diffraction grating for X-ray wavelengths similar to the spacing of planes in a crystal lattice, 

which is helpful to understand well of the properties connected with the structure of the 

studying substances. Fig. 2.4a presented the schematic diagram of beam path following 

Bragg diffraction Law. The constructive interference of monochromatic X-rays and a crystal 

is the basic theory of the X-ray diffraction. The interaction of the incident rays with the 

sample delivers constructive interference only occurs at the particular angles of incidence 

which obeys Bragg’s law [6]: 

 2dsin = n   (2.1) 

where  is the x-ray wavelength, d is the lattice spacing, i.e. atomic layer (inter plane) 

separation of Bragg planes, n is the diffraction order and  is the incident angel of the x-ray 

and the sample surface. These detected x-ray diffractions by scanning the sample through a 

range of 2 angles are counted. Based on this equation, which is necessary but not sufficient 

for a reflection to occur, we can calculate the lattice constants which is related to the spacing 

lattice d for a given wavelength [7]. All X-ray diffractions carried out in my project are 

performed with Cu K radiation ( = 1.5405 Å), which produces X-rays in an X-ray tube. 
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Fig. 2.4. (a) Schematic diagram of Bragg diffraction Law. X-ray radiation incident at an 

angle θ is reflected from parallel atomic planes with spacing d. (b) Basic XRD measurement 

geometry: X-ray source, detector and the sample stage. The related parameters of our 

measurements ω and 2θ are shown. 

Our X-ray diffracted experiments were carried on the Philips Panalytical X’Pert Pro, 

which is equipped with multi-strip detectors to allow for the integration of each point along 

2 over the detector array for fast acquisition. A basic XRD measurement figure related our 

diffractions is illustrated in Fig. 2.4b. The mainly related parameters are ω and 2θ. 

Equipment calibration is performed by using the manual scan to align the beam path by 

adjusting ω and 2θ to ensure accurate diffractions with high intensity. On the other hand, 

high quality diffraction patterns require fine powders, which are crushed from our bulk 

polycrystalline samples and then spread out and flattened on a glass slide. It is noted that, in 

our study on Heusler alloys, the superlattice peaks are very significant to distinguish the 

truly crystalline structure. The superlattice peak comes from a periodic structure of a 

multilayer. In our case, the superlattice peaks in the Heuslers arise from the X and Y 

sublattices, which should sit at the specific sites without exchanging between each other. 

The intermixture between X and Y will lead to the disorder (A2 or B2 phase [8]) that 

explains the disappearance of superlattice peaks. It will affect the alloys physical properties 

and might be off the initial expectation. Fig. 2.5 exhibits the diffraction of an ordered 

Heulser-structure and disordered B2 structure for comparison.  

(a) (b)
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Fig. 2.5. The simulated X-ray diffractions of B2 and L21 phases. The intermixture of X (1/4, 

1/4, 1/4) and Y (1/2, 1/2, 1/2) results in B2 phase. The absence of a (111) superlattice peak 

indicates B2 phase crystallization. 

Rietveld refinement is the most common powder XRD refinement technique used in 

the characterisation of crystalline materials proposed by Hugo Rietveld in the 1960s. The 

Rietveld refinement method is used to fit a calculated diffraction pattern to experimental 

data by a least squares approach, but it requires a reasonable initial approximation of many 

free parameters, such as space group, lattice parameters, peak shape and coordinates of all 

atoms in the crystal structure, what can be refined from the observed diffraction data. 

Although limitations of background noise and resolution exist, it is still possible to determine 

the accurate lattice parameter and crystal structure by fitting a profile. This powerful 

refinement technique also can be used to explore the structural details, such as the grain size, 

phase fraction volumes, atomic coordinates, micro strain in crystal lattice [9]. 
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The software, Fullprof Suite, is formed by a set of crystallographic programs (Fullprof, 

EdPCR, GFourier etc..). It is used for Rietveld analysis of x-ray powder diffraction data. 

And the structure to be refined is typically attained from a Crystallographic Information File 

(. CIF). In our work, the CIF file is obtained from Crystallography Open Database (COD) 

[10]. 

2.5  SQUID magnetometry  

SQUID (Superconducting Quantum Interference Device) magnetometer is one of the 

most highly sensitive and effective methods to measure magnetization based on the change 

of flux through a coil. The magnetic flux change comes from the quick removal of a sample 

positioned at the centre of a coil in the field to a point far from the coil (Fig. 2.6) to modify 

the current in the superconducting loop, which consists of two superconductors separated 

by thin insulating layer to form two parallel Josephson junctions. The DC SQUID (Fig. 2.7) 

is based on the Josephson effect [11] describing a supercurrent phenomenon that a current 

that flows continuously without any voltage applied due to the tunnelling of the Cooper pairs 

through a tunnelling barrier. The supercurrent flowing through the junction is determined 

by  

 I (t) = Ic sin((t))  (2.2) 

where Ic is the critical current and (t) is the Josephson phase.  
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Fig. 2.6. Schematic plot of the DC SQUID magnetometer (right) [12]. The details of the 

main circuits (blue square labelled) showing on the left side. Extracting the straw to move 

the sample from the centre to a point yields an induced emf. due to the flux change and then 

the induced current is flowing in the coil and generate a magnetic field into the SQUID loop 

which delivers a magnetic flux. 

Without the external magnetic field, the input current Itot splits into two branches 

equally (Fig. 2.7a). If an external magnetic flux  threading this superconducting loop (Fig. 

2.7b), it will generate a screening current Is circulating in the loop to yield a magnetic field 

to cancel the applied external flux and create an additional Josephson phase which is 

proportional to . In the two branches, the current becomes Ib/2 + Is and Ib/2 - Is, respectively. 

Once the current in either branch exceeds Ic of the Josephson junction, there is a voltage 

produced across the junction. The Josephson relations in current and voltage is derived as,  

 𝜕𝐼

𝜕𝜙
= 𝐼𝐶𝑐𝑜𝑠(𝜙) 

(2.3) 

 𝜕𝜙

𝜕𝑡
=

2𝜋

𝛷0
𝑉(𝑡) 

(2.4) 
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where 𝛷0 =
2𝜋ℏ

2𝑒
 (2.0710-15 Tm2) is the magnetic quantum flux. Rearranging the above 

equations and show the voltage-current characteristic of an inductor, 

  𝑉(𝑡) =
𝛷0

2𝜋𝐼𝑐𝑐𝑜𝑠(𝜙)
 

𝜕𝐼

𝜕𝑡
= 𝐿(𝜙)

𝜕𝐼

𝜕𝑡
  (2.5) 

where L() is the kinetic inductance as a function of the Josephson phase . Here, 𝐿(0) =

𝛷0

2𝜋𝐼𝑐
 is called Josephson inductance LJ. One period of voltage variation corresponds to an 

increased flux quantum. Therefore, the SQUID acts as a magnetic flux-to-voltage 

transformer converting the magnetic flux into an electrical voltage. SQUID magnetometer 

can detect super low magnetic moment (10-10 Am2). And the great sensitivity of order 10-11 

Am2 at low fields (below 250 mT) and 2 10-15 Am2 at high fields [13], which performs in 

AC mode.     

 

Fig. 2.7. Scheme of a DC SQUID (left). Electrical diagram of DC SQUID under the external 

magnetic flux Φ (Φ = 0 (a); Φ = nΦ0 (b)). Ib, bias current; Is, screening current. 

A Quantum Design Magnetic Property Measurement System (MPMS XL-15) is used 

to characterize the magnetic properties of the studied materials. A closed-helium cycle is 

used to cool the superconductors as well as the low temperature measurements. The 
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magnetization measurements can be run from 4 K to 400 K and the applied field can be up 

to 5 T. A small piece of the bulk material placed in a gel cap which is mounted on the centre 

of a drinking straw. The gel cap has small diamagnetic contributions to the measured signal. 

The weak ferromagnetic or fully compensated ferrimagnetic signal should be corrected by 

subtracting the gel cap contribution. It is noted that the magnetization of the thin films or 

magnetic liquids also can be measured by SQUID magnetometer, which is also needed to 

take the magnetic signal from the substrates or the holder into consideration. 

2.6  Mössbauer spectroscopy 

Mössbauer spectroscopy is a spectroscopic technique based on the Mössbauer effect, 

which was discovered by Rudolf Mössbauer in 1958 [14]. The Mössbauer Effect is used in 

gamma-ray spectroscopy, where the nucleus bound in a solid has a possibility of emitting or 

absorbing gamma rays with no loss of energy to a nuclear recoil (Fig. 2.8). The system obeys 

the conversation of momentum only on average, not for each event [15]. It requires a nucleus 

undergoes alpha or beta decay or electron capture and then falling into a lower energy ground 

state by emitting a gamma ray. For example, excited 57Co decays to 57Fe by electron capture 

and it can decay to the ground state (3/2 to 1/2) by emitting a gamma ray with E = 14.4 keV 

(left-top of Fig. 2.8). 

A simplified set-up of Mössbauer spectroscopy measurement was shown in the bottom 

of Fig. 2.8, which includes 57Co source, sample container and detector. Mössbauer 

spectroscopy measures the transition energy (-absorption or emission) spectrum using a 

Doppler scale in mms-1. If the emitting and absorbing nuclei are in the same chemical 

environments, the transition energy would be exactly same and where both materials are at 

rest, we can observe resonant absorption. Nevertheless, in the different chemical 

environments, the nuclear energy levels will shift in a few different ways. Although these 

shifted energies are  

https://en.wikipedia.org/wiki/Spectroscopy
https://en.wikipedia.org/wiki/M%C3%B6ssbauer_effect
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tiny (< 1 meV), the extremely narrow spectral linewidths of gamma rays make small energy 

shifts corresponded to large changes in absorption. Through Doppler modulation to bring 

the two nuclei back into the resonance, for some value of relative velocity. That will be 

observed in the Mössbauer spectra, which shows the gamma ray intensity as a function of 

the source velocity. The velocity corresponds to the resonant energy levels of the sample 

based on 𝑣 /c = Δ𝐸/𝐸𝛾  (1 mm/s = 4.8× 10-8 eV). Typically, there are three types of 

nuclear interactions might be observed through the spectrum: isomer shift, quadrupole 

splitting and hyperfine magnetic splitting [16, 17].  

Isomer shift describes a shift in the resonance energy of a nucleus due to the transition 

of electrons within its s orbitals, which is a relative measure. It is useful for determining 

oxidation state, valence states, electron shielding and the electron-drawing power of 

electronegative groups [16]. 

Quadrupole splitting (QS) is the separation between two absorption peaks due to the 

electric field gradient (EFG), which reflects the interaction between the nuclear energy 

levels and surrounding EFG. Nuclei in states with spin quantum number I > ½ exhibits non-

spherical charge distributions, which may have a nuclear quadrupole moment. And the 

nuclear energy levels are split by an asymmetric electric field (produced by an asymmetric 

electronic charge distribution or ligand arrangement) splits the nuclear energy levels [16]. 

The quadrupole splitting can be used for determining oxidation state, spin state, site 

symmetry and the arrangement of ligand [16]. For singlets, the value of QS is zero or very 

small, which can be observed in a cubic symmetry. 

Magnetic hyperfine splitting reflects an interaction between the magnetic moment of 

the nucleus and the magnetic field created by the surrounding magnetically ordered electrons 

due to Zeeman Effect. The spin energy of a nucleus split into 2l + 1 sub-energy levels under 

a magnetic field, where l is the nuclear spin and the selection rule is l = 0, ±1. For example, 

the 57Fe nucleus with spin state l = 3/2 will split into 4 non-degenerate sub-states with ml 

values of +3/2, +1/2, −1/2 and −3/2, which will introduce 6 possible transitions for a 3/2 to 

1/2 states [16] (see right-top of Fig. 2.8). The corresponding spectrum show sextet peaks as 

shown in right-bottom of Fig 2.8. For a randomly oriented crystalline, the ratio of the 

component of the sextet is 3:2:1:1:2:3. The magnetic transition from anti-ferromagnetism or 
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ferromagnetism to paramagnetism corresponding to the sextet transforming to quadrupole 

doublet. Further, the non-magnetic Fe in a compound usually shows a singlet. It is noted that 

the imperfections in the lattice may influence the magnetic hyperfine spectrum. Any 

quadrupole shifts are sensitive to the Fe oxidation, spin state and coordination. An extent of 

splitting is proportional to the magnetic field strength, which depends upon the electron 

distribution of the nucleus. Therefore, we can calculate the localized moment of Fe based 

on this principle. As a rule of thumb for Fe- metal, a moment of 1 μB/Fe produces a hyperfine 

field Beff = 15 T, α-Fe metal has 2.2 μB and Beff = 33 T. 

Samples are prepared for Mössbauer spectroscopy by mixing 45 mg of powder sample 

with 30 mg of icing sugar. To determine the chemical and structural environment of iron 

atoms on a nearest neighbour length scale, site occupancies of atoms, and magnetic 

characteristic of the phases in iron- based materials. Transmission Mössbauer spectrometry 

was carried out using a 57Co (Rh) source in the constant acceleration mode for a bulk sample 

with natural Fe (2% 57Fe) or doped with pure 
57

Fe. Spectra were analysed by means of a 

least-square fit to Lorentzian peaks and the isomer shift values are quoted relative to metallic 

α-Fe at 300 K. In this thesis, the measurements and fits of Mössbauer spectroscopy were 

conducted by Prof. P. Stamenov. 
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Fig. 2.8. Nuclear decay scheme of 57Co which undergoes (n, γ) decay, populating the 14.4 

keV excited state of 57Fe. These γ-rays are resonantly absorbed in an absorber containing 

57Fe. Hyperfine structure in the absorption spectrum is revealed by modulating the energy 

of the source by moving it with constant acceleration with an electromagnetic transducer. A 

six-level hyperfine spectrum of a ferromagnetic α-Fe absorber is shown in right top. The 

bottom sketch shows the set-up of the Mössbauer spectroscopy measurements. 

2.7  Point Contact Andreev Reflection (PCAR) 

Point contact spectroscopy (PCS) [18] describes a tunnelling experiment, two metal 

electrodes physically touching each other with no intended tunnelling barrier at the interface. 

The electrical transport is realized by a narrow construction formed at the interface between 

the two metal electrodes. The ballistic contact is a priority method which can ensure the 

mean free path of the electrons in both the metals is greater than the diameter of the point 

contact. That means, with applying of a bias voltage, the electrons are accelerated across the 

ballistic contact diameter without undergoing any scattering and therefore do not dissipate 

energy. The 
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property of the PCS is utilized to get energy and momentum resolved information on 

different process at Fermi level. 

 

Fig. 2.9. Schematic of the Andreev reflection process for (a) a normal metal-superconductor 

interface and (c) a half metal- superconductor interface. The half metal has 100% spin 

polarized electrons at the Fermi level. The corresponding PCAR spectrum of a N-S (Cu-Nb) 

and a HM-S (CrO2-Nb) interfaces are shown in (b) and (d) [19]. 

Compared to PCS, one of the normal metal (N) is replaced by a superconductor (S) in 

point contact is called Andreev reflection (PCAR) spectroscopy [20], which is a powerful 

technique for the measurement of Fermi level spin polarization in metallic and degenerate 

semiconducting materials. In Andreev reflection (Fig. 2.9a), an electron incident on the N-

S interface gets reflected back as a hole in the opposite spin band of the metal and a Cooper 

pair propagates inside the superconductor. The process is elastic in nature and highly spin 

dependent. That means the excitation energy to the incident electron is as same as the 

reflected hole. At the extreme low temperature ( 0 K), which is an ideal state, for an N-S 

interface with no barrier, the differential conductance (G = dI/dV) at low bias voltage (V < 
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∆/e) is as large as twice that at its high value (V >> ∆/e).  However, the experiments 

cannot be carried out at 0 K and the barrier can never be completely removed, either, which 

is due to the Fermi velocity mismatch in two electrodes and the oxide barrier at the interface. 

There are two peaks appearing in the G-V spectrum close to ±∆/e for such finite barriers 

(Fig, 2.8a, no polarized electron). Once the normal metal in Andreev reflection is replaced 

by a half metal, who has 100% spin polarized electrons, the Andreev reflection will be 

suppressed due to the absence of Cooper pairs (Fig. 2.9c, polarized electrons). It leads to 

zero conductance across the interface below the gap. Therefore, the value of spin 

polarization can be estimated from the degree of this suppression by using Blonder-

Tinkham-Klapwijk (BTK) model [1]. 

The BTK model is used to calculate the current through the point contact for the PCAR 

spectroscopy. The BTK theory neglects some of the delicate surface phenomena, such as the 

lattice relaxation. There are drawbacks of this theory, like the step-function shape of the 

voltage drop across the barrier and the lateral momentum conservation. The modified BTK 

model solves some but not all the issues, which is the most satisfactory method to deduce 

the spin polarization. The spin-polarized current in the ferromagnet changes the conductance 

of the contact in Fermi level. This measurement offers several advantages on the sample 

preparation, testing requirements and accuracy. For example, no restrictions on the sample 

geometry, which avoids some complicated fabrication steps. And there is no requirement of 

an applied magnetic field and show excellent energy resolution (~0.1 meV). However, the 

possible surface modification coming from the uncontrolled surface oxides or other 

chemical reactions on both ferromagnets, and superconductors shows a negative side, which 

could not quantify. Although this drawback exists, compared with other methods which 

better controlling the surface oxidation, the values of the spin polarization is consistent with. 

Also, the PCAR measurement is considerably easier to put into practice. This is helpful to 

explore and widen the research of many new materials (metal or half-metal) that are too 

difficult to incorporate into tunnel junctions. 
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A standard PCAR measurement is done in a four-probe geometry (Fig. 2.10a). A DC 

voltage (Vdc) is modulated by a small AC voltage, Vac cos (t). The corresponding converted 

current (I + i cos (t)), which is passed through the tip-sample junction. The output of the 

contact voltage can be expressed by a Taylor series as 

 
𝑉(𝐼 + 𝑖𝑐𝑜𝑠(𝜔𝑡)) =  𝑉(𝐼) +

𝑑𝑉

𝑑𝐼
𝑖𝑐𝑜𝑠(𝜔𝑡) +  

1

2

𝑑2𝑉

𝑑2𝐼
 𝑖2𝑐𝑜𝑠2(𝜔𝑡) + ⋯ 

(2.6) 

If the current is sufficiently small, the higher order terms can be neglected. The differential 

conductance G(V) = dV/dI of the junction is recorded as a function of bias voltage (V). The 

PCAR spectra is generally depicted by the normalized conductance G(V)/GN vs the bias 

voltage (V). 

 

Fig. 2.10. (a) Schematic of a standard four-probe geometry technique to measure the 

differential conductance across the tip and sample. (b) Ballistic transport in a point contact 

experiment. a is the diameter of the ballistic contact and l is the mean free path.   

In our work, a mechanically sharpen Nb superconducting tip lands on the surface of 

sample using a vertical micrometre screw gauge. In our measurements the transport regime 

mostly lies in the diffusion limit, where the contact area (𝑎) is between ballistic (𝑎 ≪ 𝑙) (Fig. 

2.10b) and inelastic limit (𝑎 ≫ 𝑙 ). The inelastic limit is always avoided in the PCAR 

measurement as in this regime both energy and momentum information are lost at the 
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junction. Although, in the diffusion regime elastic scattering of carrier preserve the energy 

the momentum information is lost. Since, in our case we are interested in measuring the 

energy gap of magnetic samples, the diffusion regime allows to measure the same. The 

differential conductance of PCAR spectra are fitted within modified-BTK model as 

described by P. Stamenov [21]. All of the PCAR measurements related to this thesis were 

conducted by Ajay Jha.
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Chapter 3 Rare-earth-free non-collinear 

ferrimagnets Mn4-xZxN with compensation at room 

temperature 

3.1  Introduction 

Magnetic materials with a very low net magnetic moment are highly sought after for 

low energy loss communications and high-frequency spintronics [1]. Although 

antiferromagnetic (AFM) materials have no net moment, apart from some exceptions with 

special symmetry [2, 3], they usually lack net spin polarization and they are insulators. 

Ferrimagnetic (FiM) metals exhibit transport properties just like ferromagnets, while their 

magnetization can also fall to zero if the net moments of the two antiparallel sublattices 

compensate, leading to the current interest in developing new compensated ferrimagnets for 

spintronics [4, 5]. 

Ferrimagnets comprise two sublattices with different magnetic moments where AFM 

exchange may coexist with a net ferromagnetic (FM) spin alignment. The most common 

types of collinear ferrimagnetism are shown in Fig. 3.1a; well-studied examples are Fe3O4, 

Y3Fe5O12, amorphous Gd-Co [6] and Mn2Sb [7]. In these materials, the moments within 

each sub-lattice are aligned parallel while the two sublattices are coupled 

antiferromagnetically. A less common non-collinear ferrimagnetic (ncFIM) magnetic 

structure can manifest, where the coupling is between a non-collinear magnetic sublattice, 

and a ferromagnetic sublattice, as shown in Fig. 3.1b. Notably, ferrimagnetism is non-

collinear in second type; examples are Ni(NO3)2 [8], MnCr2O4 [9] and Ho2Fe14B [10] at low 

temperature. Unlike oxides, which are usually insulating, metallic ferrimagnets are often R-
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T-based, where R is a heavy rare-earth and T is Fe or Co, or else they can be Mn-based. The 

latter category avoids the use of rare-earth metals and often exhibits a high Curie 

temperature1 that is useful for real-life applications.  

The metallic perovskite Mn4N crystallizes in face-centred cubic (fcc) structure (space 

group Pm3
_

m) where N atoms occupying the body-centered interstitial site are coordinated 

by an octahedron six Mn atoms in the 3c face-center positions, as shown in Fig. 3.2a. The 

Mn in the 1a corner positions is not in direct contact with the nitrogen. The magnetic order 

has been investigated both experimentally and theoretically. Initially, a collinear 

ferrimagnetic structure was suggested with the easy axis along [111] [11, 12]. A large 

magnetic moment m1a = 3.8 μB is present on 1a sites (the majority sublattice) and there is a 

much smaller moment m3c = 0.9 µB on 3c sites (the minority sublattice) that was thought to 

be greatly reduced by p-d hybridization with the neighboring nitrogen [12]. However, 

neutron diffraction with polarization analysis later revealed that triangles of 3c atoms in (111) 

planes, where they form a Kagome lattice shown in Fig. 3.2b, add a transverse, triangular 

antiferromagnetic component to the 3c sublattice spin structure, where the spins in the (111) 

plane either lie along axes that meet at the centre of the triangle (Γ4g mode) or else lie along 

the sides of the triangle (Γ5g mode). Only a small anisotropy energy separates the two modes, 

and the modes may coexist at finite temperature [13]. Calculations by Uhl et al. [14] 

confirmed a non-collinear ‘umbrella’ structure with the net sublattice moments aligned 

antiparallel along the [111] axis, producing a net moment close to the value of 1.1 μB that is 

found experimentally [12]. The Γ4g mode has a topological character that is thought to 

account for the large anomalous Hall effect in many Mn4-xZxN materials [15]. The 

assumption that Mn4N is a collinear ferrimagnet is therefore unwarranted and may lead to 

misleading conclusions [16]. 

In the Weiss mean-field model, the temperature-dependent magnetization (M-T) curves 

                                                 
1 We call the magnetic ordering temperature the Curie temperature for both ferromagnets and ferrimagnets 

and the Néel temperature for antiferromagnetsm. Sometimes in ferrimagnets it is called the ferrimagnetic Néel 

temperature. 
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for ferrimagnets can be categorized into three types depending on the moment and main 

molecular field coefficients within and between sublattices (n1a1a, n1a3c and n3c3c) [17]; 

corresponding curves are shown in Figs. 4.1c-f. The M-T curve of binary Mn4N [18, 19] is 

Q-type, without compensation, where the magnetization of the 1a sublattice is always larger 

than that of the 3c sublattice and n1a3c is the main molecular field coefficient. An N-type M-

T curve with compensation may be achieved by substituting Z for Mn on 1a sites in Mn4-

xZxN (Z = Co, Ni, Cu, Zn, Ga, Ge, As, Rh, Pd, Ag, Cd, In, Sn, Sb, Pt, Au and Hg with x < 1) 

[20, 21] to achieve compensation, and this has been investigated experimentally [22-25]. 

Though most dopants are nonmagnetic, it is found that compensation is achieved at quite 

different values of x for different nonmagnetic elements [26]. Therefore, it is necessary to 

analyze the compensation efficiency, which describes by how much moments are reduced 

per atom, in order to clarify the governing physical mechanisms that allow us to productively 

design novel Mn4N-based compensated ferrimagnets for room temperature applications. 
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Fig. 3.1. Ferrimagnetic prototypes. (a) Collinear ferrimagnetic (FiM) spin structure is a 

combination of ferromagnetic (FM) and antiferromagnetic (AFM) spin structures. (b) 

Noncollinear ferrimagnetic (ncFiM) structure combines non-collinear antiferromagnetic 

(ncAFM) and FM structures. Three types of temperature-dependent magnetization curves 

are found for a ferrimagnet with two sublattices (1a and 3c for Mn4N) with (c) m1a > 3m3c 

with n1a3c as the main molecular field coefficient, (d) m1a < 3m3c with n1a3c as the main 
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molecular field coefficient, (e) m1a > 3m3c with n1a1a as the main molecular field coefficient 

or (f) m1a > 3m3c and n3c3c as the main molecular field coefficient. The difference is that (f) 

exhibits a compensation point but (e) does not. The collinear model is used here. In a 

noncollinear model, the chief difference in the shape of the curve is the non-zero slope at 

low temperatures (see Fig. 3.2c). In this study, we investigate the origin of the non-collinear 

ferrimagnetism of Mn4N with extensive studies that show compensation at room 

temperature with various non-magnetic alloying elements, and we compare their magnetic 

compensation efficiency. We discuss the findings in relation to valence electron count, 

magnetic moment, tilt angle and lattice constant, based on the experimental data and 

constrained density functional theory calculations. Our measurements are all made on bulk 

materials. 

3.2  Methods 

The high purity (> 99.99%) elements of Mn and Z = Cu, Ga, Ge, In, Sn were arc-melted 

together five times to prepare homogeneous polycrystalline ingots. Extra Mn (2%) was 

added to compensate the loss due to its high vapor pressure. The ingots were then ground 

into powder and reacted with N2 (> 99.99%) at 750 – 800 ℃ at a pressure of 50 kPa for 1 

day. We found that if the N2 pressure is too large (100 kPa) a Mn2N impurity phase will 

form in some samples at small values of x. Nitrogen deficiency can lead to nitrogen 

vacancies or formation of γ- or β-Mn type impurities. Additional heat treatment (annealing 

at 660 ℃ in vacuum for one day was needed for Mn-Cu and Mn-Ge ingots before grinding 

them into powder to transform γ-Mn into β-Mn, owing to the ductile mechanical properties 

of γ-Mn which makes it very difficult to grind. 

The composition of the polycrystalline sample was confirmed by energy-dispersive X-

ray spectroscopy. The crystal structure was characterized by powder X-ray diffraction (XRD) 

that showed a single-phase cubic structure. Magnetization measurements were conducted 

using a 5 T superconducting quantum interference device magnetometer (SQUID, Quantum 

Design). 
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3.3  Results  

3.3.1 Non-collinear ferrimagnetism in Mn4N  

The origin of non-collinear ferrimagnetism can be deduced from the interatomic 

distances and corresponding sign of the magnetic interactions in the crystal structure, 

identified by X-ray diffraction in Fig. 3.2a. The lattice parameter a0 = 3.865 Å is also the 

nearest-neighbour distance between two Mn1a atoms d1a1a. The nearest distances between 

Mn3c and Mn1a or Mn3c d1a3c and d3c3c are both equal to a0/√2 = 2.733 Å. Generally, Mn 

atoms separated by 2.5-2.8 Å have delocalized electrons and couple antiferromagnetically 

while Mn atoms with longer separations (> 2.9 Å) couple ferromagnetically [6]. Therefore, 

the Mn1a moments lie parallel to each other, whereas the small d1a3c distance favours 

antiparallel coupling between the sublattices. The separation of nearest-neighbour Mn3c 

atoms d3c3c is responsible for the non-collinear triangular antiferromagnetism of the 3c 

sublattice. Together, these interactions lead to the umbrella-like spin structure, and overall 

non-collinear ferrimagnetism. 

Mn4N has a high Curie temperature TC (780 K) and a small saturation moment mtot = 

1.1 μB/f.u. along a [111] direction, as shown in Fig. 3.2c. The measured moment mtot is the 

difference of the m1a and three times the ferrimagnetic component of Mn3c mc
FiM, which are 

3.8 μB and -0.9 μB per Mn, respectively [13] as shown in Fig 4.2a. It should be noted that 

the net moment in Fig. 3.2c remains a constant below 50 K and then drops with increasing 

temperature. By 160 K (T/TC = 0.2), the moment has fallen by 13% of the 4 K value, in 

agreement with literature [18]. This is quite unusual, because according to the collinear 

mean-field model, the decrease at T/TC = 0.2 should be smaller than 1% (see Fig. 3.1c-e). 

The inability to fit a P-type curve to a collinear mean-field model for Mn4N [19] is a strong 

indication of the non-collinear nature of the magnetic order. 
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Fig. 3.2. Non-collinear magnetic structure of Mn4N. (a) Crystal and magnetic structure 

showing the Γ4g triangular ferrimagnetism. Grey, blue and red atoms represent N, Mn1a and 

Mn3c, respectively. The distances between 1a to 1a, 3c to 3c and 1a to 3c are labelled as d1a1a, 

d3c3c and d1a3c. (b) Kagome lattice of Mn3c projected into a (111) plane showing Γ4g-like 
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magnetic structure. It is noted that its moments pointing to each other in 120º leads to zero 

moments. The out-of-plane magnetic component is ~ 2.7 B, resulting in a net moment of 

1.1 B. That is consistent with the values at 4 K in (c) the thermal magnetization scan M(T) 

for Mn4N. The magnetic moments per formula remain constant up to 50 K (green arrow) but 

drop significantly above. At 160 K (purple arrow) the moment has already fallen to 87% of 

the base temperature value. The following figures (d)-(e) show the details of calculations for 

Mn4N carried out by Dr. Zsolt Gercsi. (d) Energy difference in the calculated magnetic 

structure as a function of tilt angle θ between m3c and (111) plane. (e) Magnetic moments 

with varied tilt angle θ. (f) Comparison of calculated total energies as a function of lattice 

constant for the collinear and non-collinear ferrimagnetic structures. 

The non-collinear spin structure was analysed further using a constrained DFT 

approach. Although our results suggest that the Mn3c sublattice moments make an angle 

close to 70° with the Mn1a moments, very far from the simplified picture of collinear 

ferrimagnetism often assumed, the DFT calculations show a screen of its stable atom 

arrangements and the moments dependency on the title angle (Fig. 3d-e). The details of the 

theoretic calculation are shown in Appendix II. 

3.3.2 Doping for compensation  

In order to achieve compensation, namely to change the temperature-dependent 

magnetization from Q-type to N-type, the main exchange should change from n1a3c to n3c3c, 

while the 1a site moment m1a should be larger than three times the net 3c site moment 

3m3c
FiM. This means that Mn on the 1a site should be substituted at the appropriate level x 

in Mn4-xZxN (Z = Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Rh, Pd, Ag, Cd, In, Sn, Sb, Pt, Au and Hg 

with x < 1). The candidates of dopants can be magnetic or nonmagnetic, which are located 

in a region defined by red lines in the periodic table in Fig. 3.3. In our work, we selected Cu, 

Ga, Ge, In and Sn as nonmagnetic elements, to dope into Mn4N in order to understand the 

key factors influencing the exchange interactions of N1a3c and N3c3c.  
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Fig. 3.3. Periodic table. The region defined by red lines includes the potential dopants for 

Mn4N to realize magnetic compensation. The dopant can be magnetic or nonmagnetic. 

 

Fig. 3.4. (a) X-ray diffractions of Mn4-xGaxN (x = 0.24, 0.26) with refinements by Rietveld 

method. The superlattice peaks (001) and (110), located in the low angle region (25º~ 32 º), 

of both compounds are all visible. (b) Comparing the ratio of (100) and (110) intensities (see 
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the simulated patterns (green from 1a sites and pink from 3c sites) in the bottom), the 

experiments indicate that Ga prefers to occupy 1a sites.  

We start with Ga dopants. Fig. 3.4a shows the x-ray diffraction (XRD) patterns of Mn4-

xGaxN (x = 0.24, 0.26). Their lattice constants are 3.873 Å and 3.870 Å for x = 0.24 and 0.26, 

respectively. The atomic radius of Ga (1.30 Å) becoming close to that of Mn (1.40 Å) leads 

to a little bit of contraction. The low-angle data are expanded in Fig. 3.4b. The larger 

intensity of the (110) superlattice peak indicates that Mn4-xGaxN crystallizes in a well-

ordered structure with Ga atoms occupying the 1a site. According to the hysteresis loops of 

Mn3.76Ga0.24N (Fig. 3.5a), the temperature dependence from 4 K to 350 K of magnetic 

moments at 5 T is summarized in Fig. 3.5b. We also include the data of Mn3.74Ga0.26N in 

Fig. 3.5b. The value of the net moments for x = 0.24 decreases from 0.2 μB/f.u. at 4 K to 

0.027 μB/f.u. at 350 K. That for x = 0.26 firstly falls from 0.14 μB/f.u. at 4 K to 0.034 μB/f.u. 

at 300 K and then increases to 0.053 μB/f.u. at 350 K. These are in agreement with thermal 

scans, as shown in Fig. 3.5c. Nonmagnetic Ga weakens the magnetic exchange leading to a 

decreased TC = 610 K for x = 0.24. The net moment of 0.17 μB/f.u. at 4 K under 0.25 T 

indicates that each Ga decreases the moment by of ~3.8 μB, matching with the moment of 

m1a from neutron diffraction [13] as well as our calculation. The compensation temperature 

is then Tcomp = 408 K. Compared to x = 0.24, the composition x = 0.26 also presents a 

magnetic compensation at 291 K. Slightly higher Ga doping moves the compensation to 

lower temperature. Thus, in this case, the 1a sublattice dominates the magnetization at low 

temperatures, while the 3c sublattice is dominant above compensation. The M-H curves 

shown in Fig. 3.5a exhibit lower hysteresis indicating weak cubic magnetocrystalline 

anisotropy. Note the magnetization at 4 K is not saturated even in 5 T, further supporting 

the non-collinear ferrimagnetic structure where the tilt angle θ changes with magnetic fields. 
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Fig. 3.5. (a) Isothermal magnetization curves for Mn3.76Ga0.24N from 4 K to 350 K. The 

remanence Mr decreases from 0.07 to 0.007 μB/f.u. with temperature increasing from 4 to 

350 K. (b) The saturation magnetization as a function of temperature in different Ga dopants 

(x = 0.24, 0.26). (c) Thermomagnetic scans M(T) for Mn4-xGaxN (x = 0.24 and 0.26) with 

applied field of 0.25 T. It is noted that the M(T) curves in this chapter are running in FC 

mode unless specially stated. 

The compensation efficiency of different elements from Cu to Sn surrounding Ga in 

the periodic table is introduced in the following. Unlike Ga, that changes the net moment at 

the rate of ~3.8 μB/atom, the rates for the other elements influence are significantly different.  

 

Fig. 3.6. (a) X-ray diffraction patterns of Mn4-xSnxN (x = 0.26, 0.28) with Rietveld 

refinements. (b) The superlattice peaks are located in the low angle region. The higher (110) 

intensity indicates that Sn sits at the 1a site.  
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The X-ray diffraction pattern of Mn4-xSnxN confirms that Sn-doped samples form a 

well-ordered single phase (Fig. 3.6a). The lattice constants for x = 0.26 and 0.28 are 3.904 

Å and 3.910 Å, respectively. Compared to the simulated diffraction patterns, the larger 

intensity of (110) denotes Sn also tend to occupy 1a site (Fig. 3.6b). The isothermal 

magnetization curves from 4 to 300 K are shown in Fig. 3.7a. The magnetic moments at 5 

T for x = 0.26 and 0.28 as a function of temperature were summarised in Fig. 3.7b. For Sn 

with x = 0.26, the magnetization is reduced to 0.26 μB/f.u., but is much more than 0.12 μB/f.u. 

for Ga with the same x. It is noted that the magnetization curve at low temperature (4 and 

50 K) shows a larger hysteresis (Fig. 3.7c), attributed to the Γ5g antiferromagnetic 

configuration that co-exists all the way down from the Néel temperature of Mn3SnN [27]. 

When the temperature rises beyond 100 K, the curve shape is similar as that at 300 K as 

shown in Fig. 3.7a.  

The same magnetic behaviour at low temperature is also observed in the In-doped 

sample (x = 0.26) (Fig. 3.8a). The thermal scan for Mn3.74In0.26N suggests the compensation 

is around 100 K (Fig. 3.8b), which agrees with the previous study [26]. There is a difference 

in the M-T curves measured after field-cooling (FC) and zero-field-cooling (ZFC) for 

Mn3.74Sn0.26N shown in Fig. 3.7d. The compensation temperature is around 400 K for Sn 

substitution with x = 0.26. The magnetization is less sensitive to x for Sn than for Ga, while 

that is more significant to x for In than for Ga. 
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Fig. 3.7. (a) Isothermal magnetization curves for Mn3.74Sn0.26N from 4 K to 300 K. The 

remanence Mr decreases from 0.09 to 0.018 μB/f.u. with temperature increasing from 4 to 

300 K. (b) The magnetic moment at 5 T as a function of temperature for different Sn dopants 

(x = 0.26, 0.28). (c) Magnetization curve for Mn3.74Sn0.26N at 4 K and 300 K. (d) Zero-field-

cooled (ZFC) and field-cooled (FC) thermomagnetic scans for Mn4-xSnxN. 
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Fig. 3.8. (a) Isothermal magnetization curves for Mn3.74In0.26N from 4 K to 300 K. (b) 

Thermomagnetic scans under 0.25 T applied field for Mn3.74In0.26N. 

However, the trend towards low compensation efficiency is more significant for Ge 

than Sn. The magnetic moment of Mn3.74Ge0.26 N (0.49 μB/f.u) is higher than that of Sn-

doped with the same x (0.26 μB/f.u.), as shown in Fig. 3.9b. The structures of Mn4-xGexN (x 

= 0.26 and 0.35) as Fig. 3.9a illustrated suggest the expected phase form. The lattice 

parameters are 3.87(2) Å for x = 0.26 and 3.87(1) Å for x = 0.35, respectively. The unit cell 

is very stable. As in the magnetization curves, no compensation below 400 K was observed 

in thermal scans even in x = 0.35, although the magnetic moments at 4 K under 0.25 T 

changes from 0.49 μB/f.u. for x = 0.26 to 0.18 μB/f.u. for x = 0.35. 
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Fig. 3.9. (a) X-ray diffraction of Mn4-xGexN (x = 0.26, 0.35). (b) Thermomagnetic scans 

under 0.25 T applied field for Mn4-xGexN (x = 0.26, 0.35). 

On the other hand, Mn4-xCuxN is very sensitive to compositional changes. Fig. 3.10 

presents the x-ray diffraction (XRD) patterns of Mn4-xCuxN with x from 0 to 0.34. The lattice 

parameter changes from 3.879 Å for x = 0.26 to 3.885 Å for x = 0.34. The small 

concentration of Cu dopants is hardly able to expand the unit cell due to the close similarity 

of the atomic radii of Cu (1.35 Å) and Mn (1.40 Å). The Rietveld refinements for the low-

angle data exhibited the higher superlattice peak intensity of (110) than that of (001), which 

indicates that Mn4-xCuxN crystallizes in a well-ordered structure with Cu atoms occupying 

the 1a site. The magnetic hysteresis loops of Mn3.84Cu0.16N are shown in Fig. 3.11a. The rest 

compositions show almost identical M(H) curves. The isothermal saturated magnetization 

variations in different Cu are exhibited in Fig. 3.11b. The curve shapes are almost identical 

to their thermal magnetization scans (Fig. 3.11c), which gradually change from Q-type 

towards N-type and finally to P-type within a narrow range of x. The composition with N-

type interactions presents compensation around x = 0.19. 
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Fig. 3.10. X-ray diffraction patterns of Mn4-xCuxN (x = 0, 0.16, 0.19, 0.26, 0.3, 0.34). 

 

Fig. 3.11. (a) Isothermal magnetization curves for Mn3.84Cu0.16N from 4 K to 300 K. (b) The 

saturation magnetization under 5 T as a function of temperature in different Cu dopants. (c) 

Thermomagnetic scans for Mn4-xCuxN (x = 0.16 to 0.34). Their thermo-magnetization curve 

shapes indicate that the compounds with x = 0.16 are Q-type and with x = 0.26, 0.30 and 

0.34 are P-type. The compound with x = 0.19 shows a N-type curve without zero crossing 

due to the imperfect homogeneity. 
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The M-T curves for Cu, Ga, Ge, In and Sn with x = 0.26 are compared in Fig. 3.12. 

Copper has the highest compensation efficiency with a P-type M-T curve without 

compensation (Tcomp < 0 K). In- and Ga-doped samples exhibit Tcomp of 70 K and 298 K, 

respectively with N-type M-T curves. The difference between the magnetization at Tcomp and 

zero is due to the inevitably imperfect homogeneity. While Sn-and Ge-doped ones leads to 

a complete disappearance of compensation (Q-type M-T curve). The Curie temperatures of 

Cu, Ga, Ge, In and Sn-doped are 653 K, 620 K, 632 K, 600 K and 547 K, respectively. 

 

Fig. 3.12. Thermomagnetic scans for Mn3.74Z0.26N (Z = Cu, Ga, Ge, In and Sn). 

We plot data for different compositions of Mn4-xZxN at 4 K in Fig. 3.13a including both 

our own data and previous reports [26, 28-30]. The slope changes significantly from Ni (-

6.20 μB/atom), Cu (-5.01 μB/atom), Zn (-4.35 μB/atom) [21], Ga (-3.70 μB/atom) to Ge (-2.52 

μB/atom) with increasing valence electron for dopants in the fourth period. A similar trend 

is also found for dopants in the fifth period: Ag (-7.70 μB/atom) [31], In (-4.35 μB/atom) and 

Sn (-3.08 μB/atom). Based on this trend, the magnetic diagrams for different types of M-T 

curve are visualized in the maps of Figs. 4.13c and 4.13d. With lower concentrations of 

dopants, the interaction between 1a and 3c sites dominates and there is no compensation 
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below the Curie temperature leading to a Q-type M-T curve. With suitable x, the moment of 

the 1a sublattice is still larger than that of the 3c sublattice at low temperature, while at high 

temperature the 3c sublattice wins above compensation. Therefore, an N-type M-T curve is 

found. When heavily-doped, the 3c sublattice dominates throughout whole temperature 

range, and there is a P-type M-T curve with no compensation. Elements from the fifth period 

have a greater ability to compensate than those from the fourth period, and the magnetization 

is very sensitive to x. Therefore, the boundary for different M-T curves are shifted to the left 

(lower x) and the useful N-type region is narrower. 

 

Fig. 3.13. (a) Summary of the net moment as a function of composition x in Mn4-xZxN. We 

include our own data (solid points) and previous reports (open points). It is noted that the 

data shown here all obtained below ~ 4 K. (b) The slope in (a) shows different magnetic  
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efficiencies. Magnetic diagram for Q, N and P-type M-T curves, depending both on x and Z 

for elements from the fourth (c) and fifth (d) periods. 

3.4  Discussions  

The compensation efficiency of the dopants is analysed in view of the magnetic 

moment, non-collinear angle and lattice constant, using experimental and theoretical 

approaches. 

3.4.1 Lattice constant  

Compounds with the same x but different Z from the same group have the same valence 

electron number, and the main difference in their effects on the magnetic structure is related 

to the lattice parameter. Fig. 3.14a shows a0 for Mn4-xZxN (Z = Cu, Ga, Ge, Ag, Sn and In). 

It is clear that Ag [31], In and Sn [26] lead to a greater increase in lattice parameter than Cu, 

Ga and Ge for the same x, because of their larger atomic radii. The increased lattice 

parameter translates to a larger atomic separation in the cubic crystal, leading to reduced p-

d hybridisation of Mn3c and increased Mn-Mn exchange that produce a relative increase of 

magnetism of the 3c sublattice. The Mn3c moment is larger and more localized, leading to 

improved compensation efficiency for dopants from the 5th period. 
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Fig. 3.14. (a) Lattice parameters for Mn4-xZxN (Z = Cu, Ga, Ge, Ag, Sn In), comparing our 

data (solid points) and previous reports (open points) [26, 31]. (b) Calculated tilt angle θ 

versus x from Eq. 3.6. (c) Calculated magnetic moment for Mn3c in Mn3ZN (x = 1). (d) Tilt 

angle θ for different m1a and m3c deduced from DFT. The bigger tilt angle indicates the spin 

directions of Mn3c is more triangular. A value of 3m3c similar to that of m1a is favourable to 

obtain compensated magnetization, which is what we want.  

3.4.2 Magnetic moment  

Since the nearest-neighbour for Mn1a is always Mn3c, the magnetic coupling between 

Mn1a atoms is weak. As a result, the moment for the remaining Mn1a is not influenced 

significantly, as also indicated from neutron diffraction [32]. Therefore, the effect of doping 

on the net magnetization comes mainly from Mn3c. We built our DFT model to capture 
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trends in the electronic and magnetic structures and used the simplest 5-atom unit cell model 

to model our experimental observation with different compositions. This model allows us to 

compare trends for x = 1, when the 3c site is fully occupied by Mn and the symmetry is 

cubic. 

The calculated Mn3c moment as a function of valence electron count in Mn3ZN from 

Mn to Ge in the 4th period and from Tc to Sn in 5th period is plotted in Fig. 3.14c. The 

magnetic behaviour shows the same trend; an initial increase saturates around Ni and Pd, 

and drops monotonically afterwards. In order to separate the electronic effects from the 

impact of chemical pressure on the lattice parameter, we first fixed a0 of all members of the 

series to that of Mn4N (3.82 Å). This is shown by the solid red and black lines for the 4th and 

5th periods in Fig. 3.14c. The peak at Ni, which has three electrons more than Mn, resembles 

a localized moment picture with striking similarities with the Slater-Pauling rule. These 

three extra electrons are shared by the three nearby Mn3c atoms, and hence each of the Mn3c 

atoms get one more electron becoming like iron, which shows the largest average moment 

in 3d alloys. The influence of the lattice constant on the moment expected on Mn3c without 

constraint is also drawn in green and blue lines for comparison. The same trend is maintained, 

with peaks at Z = Ni and Pd. The main difference is found on the right-hand side of the 

curves, especially for elements from 5th period, as it relates to the expanded lattice 

parameters with additional valence electrons compared to the Z = Mn reference. The 

significant change in the amplitude of m3c is one of the main reasons for the different 

compensation efficiencies. In addition, the orientation of m3c also depends on its amplitude 

that further impacts the efficiency of compensation as we discuss it in the following section. 

3.4.3 Tilt angle  

Two questions concerning the tilt angle θ between m3c and the (111) plane are: How 

does θ change with x, and with different dopants? 

The 3c moment has two components, one component m3c
Fi along the ferrimagnetic [111] 

axis and the other m3c
AFM in triangular antiferromagnetic (111) plane. The molecular field 
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acting on 3c site also has two components, parallel and perpendicular to the [111] axis HFi 

and HAFM, corresponding to the ferrimagnetism and in-plane antiferromagnetism. They 

satisfy the relationships 

 HAFM
 = -2 n3c3c m3c cosθ cos120°    (3.1) 

   HFiM = n1a3c m1a(1 - x) - 2n3c3c m3c sinθ (3.2) 

 m3c
Fi = m3c sinθ (3.3) 

 m3c
AFM = m3c cosθ    (3.4) 

 tanθ = HFiM / HAFM   (3.5) 

where n3c3c and n1a3c are the Weiss coefficients for interactions between 3c-3c Mn and 1a-

3c Mn, as shown from the inset of Fig. 3.14b. In Eqs. 3.1 and 3.2, the in-plane 

antiferromagnetism considers the interaction from the other two nearest neighbor Mn3c with 

120° triangular spin structure; the negative sign of m3c is already considered. Taking Eqs. 

3.1 and 3.2 into Eq. 3.5, we get 

 sinθ = n1a3c m1a(1 - x)/(3n3c3c m3c) (3.6) 

Previously θ was estimated from neutron diffraction to be about 70° (nearly collinear), 

with m3c
Fi = 0.9 μB, m3c

AFM
 = 0.36 μB, m3c = 0.97 μB, m1a = 3.8 μB but with large error bars 

[13]. This means the compensation efficiency should be weaker than -(3.8+0.36) = -4.16 

μB/atom, if we assume that the magnetic structure becomes collinear ferrimagnetic after 

doping. But from both our and previous experiments, dopants of Ni, Ag, Cu are much more 

effective, indicating that m3c
AFM was underestimated. This is also found in our DFT 

calculations, where θ = 19.5° for binary Mn4N.Thus if we plot the relationship between x 

and θ in Eq. 3.6 (Fig. 3.14b), we find that θ decreases with x almost linearly. The umbrella-

like triangular spin structure of Mn3c rotates away from the [111] direction and becomes in-

plane and therefore the net moment changes at a slower rate, as confirmed by comparative 

neutron study of Mn3.2Ga0.8N and Mn4N [32]. Finally, when x = 1, Mn1a is completely 
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replaced by the nonmagnetic dopant, Mn3ZN is a triangular topological antiferromagnet in 

the (111) plane, if the crystal remains cubic. 

When doped with different elements from Cu to Ge, or from Ag to Sn, the decrease of 

m3c with increase of valance electrons leads to a rise of θ according to Eq. 3.6. This can 

weaken the effect of decreasing m3c
Fi according to Eq. 3.3. Similarly, considering the 

increased lattice constant for dopants from the 5th period, the enhanced m3c can also lead to 

a drop of θ, weakening the influence on m3c
Fi. We further estimate θ by DFT calculation 

based on different m1a and m3c manganese site moments, as shown in Fig. 3.14d. We use the 

fixed spin moment (FSM) approach, where the amplitude of the magnetic moments on both 

sites is fixed. In Fig. 3.14d, we plot the angles for minimum total energy Etot (m1a, m3c). The 

general trend is that the larger m3c for a given m1a, the smaller θ. The larger m3c moment 

tends to stay in the (111) plane, and only the increasing moment on the 1a site could 

compensate for this rotation. This is in qualitative agreement with Eq. 3.6 and the vanishing 

moment on m1a with increasing x, from experiment. 

3.4.4 Best dopants for compensated ferrimagnetism  

Mn4-xZxN thin films are already attracting attention for spintronics [33, 34]. Most 

studies have been done with Ni or Co [22-25], but they are not ideal for achieving 

compensation. Beside the demand for compensation, additional requirements must be 

considered when choosing the best dopants. Based on our analysis, Ga appears to be a 

suitable dopant in Mn4-xZxN films for spintronics for the following reasons: First, earlier 

elements from 4th period like Ni compensate the moment with small values of x. As the total 

moment is very sensitive to the composition, it is difficult to control the composition 

precisely and homogeneously. Second, for elements that have many additional valance 

electrons like Ge, a large value of x is needed due to the low compensation efficiency. As a 

result, the Curie temperature drops substantially, which is not beneficial for room 

temperature applications. Third, Ga does not significantly increase the lattice constant 

compared to elements from 5th period so that a series of thin films can be grown with 
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different compositions x and a similar tetragonal distortion is expected on the same substrate. 

The slight tetragonal distortion (c/a ~ 0.99) due to biaxial strain imposed at the interface of 

the film and substrate is the origin of perpendicular [001] anisotropy. A smaller lattice 

constant of the film than common substrates, such as SrTiO3 with a001 = 3.91 Å, is the key 

for the in-plane tensile strain and perpendicular anisotropy [35, 36], which can be easily 

realized in Ga-doped samples. Finally, the compensation efficiency of Ga, -3.70 μB/atom 

coincides with m1a. This is a consequence of a combination of an increased m3c and a 

decreased θ rather than simply the nonmagnetic nature of the dopant.  

3.5  Conclusion  

From our experimental and theoretical study of the rare-earth-free non-collinear 

ferrimagnetic metals Mn4-xZxN, we conclude that the non-collinear ferrimagnetism 

originates from the structure of the Mn3c (111) Kagome planes with a small Mn-Mn 

interatomic separation that leads to frustration of the antiferromagnetic nearest-neighbour 

interactions. The tilt angle of the moments from the (111) planes, θ = 20°, is smaller than 

previously thought from neutron experiments. There is a choice of substitutions to achieve 

magnetic compensation at room temperature. The efficiency of different elements in this 

respect decreases gradually with increasing valence electrons from group 11 (Cu, Ag) to 

group 14 (Ge, Sn). The Mn1a moment is not sensitive to the dopants, while the Mn3c moment 

peaks at Ni and Pd then drops with further valance electron addition. The higher efficiency 

of elements from 5th period is due to the larger lattice constant, which weakens the 

hybridization of Mn3c and N and leads to an increase of m3c. In addition, the tilt angle 

decreases with increasing m3c and composition x. Based on the above results, Ga is the 

recommended dopant for Mn4-xZxN for thin film spintronics with perpendicular anisotropy. 
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Appendix  

I. Method of DFT calculations 

Ab-initio calculations based on density functional theory were carried out using norm-

conserving pseudopotentials and pseudo-atomic localized basis functions implemented in 

the OpenMX software package2 [37]. Calculations were based on a minimal 5 atom basis 

cell of the cubic structure using 13×13×13 k-points to evaluate the total energies. Pre-

generated fully relativistic pseudo-potentials and the pseudo-atomic orbitals with a typical 

cut-off radius of 6 atomic units (a.u.) were used with s3p3d3 for the metal and s3p3d2 for the 

metalloid elements, respectively. An energy cut-off of 300 Ry was used for the numerical 

integrations. The convergence criterion for the energy minimization procedure was set to 

10−8 Hartree. In the case of the non-collinear calculations, we show the results without spin-

orbit interaction (SOI), whose influence on the total energy is negligible compared with the 

exchange interactions. 

II. DFT calculations of pure Mn4N 

In DFT approach, the directions of the individual spins are pinned to a selected angle 

but the magnitudes of the moments are allowed to vary freely in the total energy 

minimization process. The direction of Mn1a is pinned to the body diagonal [111] and the 

tilt angle θ of the spins of the Mn3c atoms is varied (also see inset of Fig. 3.14b). As the 

angle is rotated from the collinear ferrimagnetic configuration (θ = 90°) into the (111) plane 

(θ = 0°, Γ4g spin structure) and then towards a ferromagnetic configuration at θ = -90° the 

energy and magnetic moments vary as shown in Fig. 3.2d and 3.2e One can visualize this 

                                                 
2 All DFT calculations were carried out by Zsolt Gercsi on MnsXN compositions. 
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angle change like a closed umbrella (FiM) that opens out to close to 0° in regular usage and 

well beyond it on a windy day (FM, θ = -90°). The relative total energy change of the 

constrained angle approach is shown in Fig. 3.2d. Following the total energy minimum curve 

from the right to left, we witness a decrease in total energy Etot with the Mn3c moments 

canting away from the antiparallel spin arrangement into the (111) plane. The minimum of 

Etot is found at around θ = 20°. The Etot difference between the collinear ferrimagnetic and 

non-collinear ferrimagnetic ground state is significant, about 4.5 meV/atom. The 

calculations also confirm that the FM arrangement (θ = -90°) of the spins on Mn is very 

unfavourable with energy difference ~32 meV/atom. Our results therefore suggest that the 

Mn3c sublattice moments make an angle close to 70° with the Mn1a moments, very far from 

the simplified picture of collinear ferrimagnetism often assumed. For further analysis, Fig. 

3.2e shows the calculated site-specific magnetic moments together with the total magnetic 

moment per formula unit in our range of interest (θ = 0 to 90°). A strong dependence of 

magnetization for both magnetic sites as a function of θ is revealed; the Mn1a moment 

remains ~4 μB down to about θ = 45° and then a significant reduction to ~3.2 μB occurs on 

closing towards the (111) plane (θ = 0°). In contrast, the Mn3c site moment increases from 

about 1.1 μB up to 2.4 μB when the angle closes from FiM towards the Γ4g-like configuration. 

The Etot minimum suggest magnetic values of m1a = 3.65 μB, m3c = 2.35 μB with mtot = 1.24 

μB/f.u. Indeed, the collinear ferrimagnetic spin configuration also yields a value of mtot that 

is close to the experimental value, but we have relaxed both spin configuration for the 

equilibrium lattice parameters from DFT and find a value a0 = 3.75 Å for the collinear 

ferrimagnetic state that is smaller than that for the non-collinear ferrimagnetic state a0 = 3.82 

Å, in Fig. 3.2f, which is closer to the experimental value of 3.865 Å at 300K. The earlier 

calculation by Uhl [14] found a greater tilt angle and a smaller 3c moment, fixing the lattice 

parameter and exploring a smaller range of . The energy difference can be ascribed to the 

electronic pressure caused by the altered magnetic spin configuration. This exchange 

interaction, like that in FeRh [38], explains the significantly expanded lattice constant for 

Mn4N (3.86 Å) compared to its ferromagnetic analogs such as Fe4N (3.79 Å), Co4N (3.75 
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Å) and Ni4N (3.72 Å) on the one hand and on the other hand it is also manifest throughout 

the rotation of the spins that alters exchange-split band energies by Coulomb repulsion. This 

non-Heisenberg like behaviour relates to the spin split d-bands crossing the Fermi level that 

influences the band filling and calculated magnetic moments. 
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Chapter 4 Fully compensated half-metallic 

Heusler alloys 

4.1  Introduction  

Half-metals take advantage of a band structure exhibiting metallic behaviour for one 

spin channel and a gap for the other one at Fermi level (Ef), to yield 100% spin polarized 

currents. This is very useful for thin film spintronic devices, such as spin valves, spin 

injectors, and spin transistors. It is noted that half metallicity is usually predicted by 

theoretical calculations [1-6] and confirmed by experiments. Traditional half-metallic 

materials are oxides (e.g. CrO2 [7], EuO [8], CaFeO3 [9]) or else, some diluted magnetic 

semiconductors [10], chalcogenides (e.g. CoS2 [4]) and Heusler alloys [1] (e.g. NiMnSb 

[11], Co2MnSi [12]). The latter is of particular interest due to its high Curie temperature well 

suited for applications at room temperature and tunable composition based on a formula 

X2YZ, where X and Y are transition metals and Z is a main group element. The ideal half 

metal for thin film spintronics is a fully compensated ferrimagnetic half metal that produces 

no stray field.  

The vast collection of Heuslers, more than 1000 alloys, and their tuneable magnetic 

moments often following Slater-Pauling rules lead to their use in many applications as half-

metallic ferromagnets [13, 14], completely compensated ferrimagnets [15], nonmagnetic 

semiconductors [16], superconductors [17, 18] and recently as topological insulators [19, 

20]. One large category of Heusler alloys is half-metal, which has a gap in one spin channel 

and the majority density of states in another one at the Fermi level (Ef). The conventional 

ferromagnetic Heusler half-metals are T-based, where T is Fe or Co, or else Mn-based, 

exhibiting high Curie temperatures. It is noted that a material combining the characteristics 
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of a ferrimagnet and a half-metal together is an ideal half metal, which is called a fully-

compensated ferrimagnetic half-metal if it has a ferrimagnetic compensation temperature. 

This material has fully spin-polarized currents as well as a zero net magnetic moment. 

Traditionally, we can start with one parent half metal by doping electrons or holes to move 

the Ef up or down and achieve the ideal half metal. One good example is Mn2RuxGa, where 

x ranges from 0.3 to 0.7 [21]. And the other potential 24-electron fully-compensated 

ferrimagnet is Mn1.5V0.5FeAl. Magnetic compensation could be realized by lowering the 

Fermi energy in Mn2FeAl through partial replacement of Mn by V (Fig, 4.1). Another idea 

is to combine two half-metals with magnetic moments of opposite signs (one with Zt = 22, 

Mn2VAl; the other with Zt = 25, Mn2FeAl)) to obtain a fully compensated ferrimagnetic 

half-metal. Therefore, the ideal composition Mn2Fe0.67V0.33Al should generate zero moment 

in principle, which is in agreement with the DFT calculations by Dr. Z. Gercsi. Here we 

explore both approaches, but we found that when attempting to make a Mn2FeAl Heusler 

alloy with the XA structure, it was nonmagnetic and crystallized in the -Mn structure. This 

led us to investigate Mn, a spin liquid, with Fe, Al, and other substitutions. 

 

Fig. 4.1. The spin resolved density of states for (a) Mn1.5V0.5FeAl with XA structure (space 

group: F4̅3m) [22], (b) Mn2FeAl with XA and Mn2VAl with L21 (space group: Fm3̅m)3. 

Partial replacements of Mn by V lead to lower Fermi energy level by introducing holes. 

                                                 
3 The calculated spin resolved density of states for Mn2FeAl with XA and Mn2VAl with L21 were carried 

out by Dr. Z. Gercsi. 
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4.2  Fully compensated ferrimagnetic Mn1.5V0.5FeAl  

4.2.1 Introduction  

Half-metals have only one spin channel for conduction: the spin-polarized band 

structure exhibits metallic behaviour for one spin band, while the other exhibits a spin gap 

at the Fermi level. Because of the gap, the electronic states at the Fermi level are expected 

to be 100 % spin polarized at T = 0, but some spin mixing will result from spin-orbit coupling 

or thermal effects. Nevertheless, a highly spin-polarized current should be feasible in these 

compounds, which can maximize the efficiency of magnetoelectronic devices [23]. 

Cubic ferrimagnetic Heusler compounds are a family of materials [20], where 

crystallographically inequivalent magnetic sublattices with antiparallel alignment of their 

spins, may lead to a half-metallic compensated ferrimagnet with magnetic order but no net 

magnetization. The L21 alloys have an X2YZ composition, with an ordered bcc structure, 

composed of four interpenetrating fcc lattices [24]. X and Y are transition metal atoms, and 

Z is an s-p element, which is important for stabilizing the structure. The magnetic properties 

of Heusler compounds [25-28] are rather sensitive to the distribution of atoms over the 

atomic sites.  

The L21 Heusler compounds with X = Co or Mn occupy a unique position in the 

spectrum of half metals because of their high Curie temperatures. Their magnetic moments 

usually follow a Slater–Pauling curve where the moment in Bohr magnetons per formula 

unit obeys the m = Zt – 24 rule, where Zt is the total number of valence electrons. The 24 

arises because there are 12 occupied majority-spin states per formula unit below a spin gap 

(four sp states from the Z element that lie well below the Fermi level and eight bonding or 

non-bonding d states from the hybridized X and Y d orbitals. There are then a further seven 

antibonding or nonbonding d states above the gap, accounting for the 15 spin up electrons 

of the three 3d atoms. The pattern is repeated for the minority-spin electrons, but the spin 

gap is at a higher energy due to the exchange splitting of the bands. Reducing the number of 

valence electrons to 24 per formula unit could therefore lead to a zero-moment compensated 

ferrimagnetic half metal when the spin gaps match, but other possibilities are a nonmagnetic 
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ground state — zero moment with no exchange splitting or magnetic order [29] — or a 

semiconducting state with the Fermi level lying in both spin gaps, or a change of structure 

from cubic to tetragonal D022. 

Twenty years elapsed between the theoretical prediction of a compensated 

ferrimagnetic half-metal in 1995 [28] and the experimental discovery of the first such 

material, thin films of the 21-electron Heusler compound Mn2Ru0.5Ga (MRG) by our group 

in 2014 [21]. MRG has since then been extensively investigated including studies of the 

anomalous Hall effect, XMCD, Kerr effect [30] and domain observations [31] especially 

around the compensation temperature Tcomp. Single-pulse all-optical switching has been 

found [32]. One of the two manganese sublattices exhibits a spin gap, so the material 

combines the advantages of an antiferromagnet (no stray fields at compensation) with those 

of a ferromagnetic metal (highly spin polarized electrons at the Fermi level). 

In 2017, Stinshoff et al. [22, 33] reported another such ferromagnetic material, the first bulk 

24- electron Heusler compound Mn1.5V0.5FeAl. The magnetization is always small, and 

Tcomp and TC were found to vary with heat treatments. XMCD showed small net moments 

on the Fe and V, and large oppositely-directed moments on two inequivalent Mn sublattices. 

Their calculations showed a gap in the DOS of one band for both L21 and XA structures 

(Fig. 4.2a and b). Al occupies 4a and Mn and V occupy 4b in both structures but in L21 Mn 

and Fe share the 8c site but in XA 4c is occupied by Mn and 4d by iron.  

 

Fig. 4.2. The spin resolved density of states for Mn1.5V0.5FeAl is shown for Fm3̅m in (a) and 

for F 4̅3m in (b) [22]. (c) The temperature dependence of the magnetization M(T) for 

Mn1.544Fe1.035V0.369Al1.051, which compensates at 120 K [33].  
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Here, we investigate a series of these as-cast bulk Mn-V-Fe-Al alloys with 0, 2 or 4% 

Mn excess, as well as annealed samples with no Mn excess to reveal the sensitivity of their 

compensation behaviour to Mn contents. We find that the compensation behaviour is very 

sensitive to lattice constants changes by different heat treatments. There are two types of 

behaviour, one with a larger lattice parameter is ferromagnetic, with a large moment and 

high Curie temperature, the other with ferrimagnetic compensation and a low moment. 

4.2.2 Experiments 

A series of polycrystalline Mn1.5V0.5FeAl ingots with excess amounts of Mn (0, 2 and 

4 %) were prepared by arc melting from a mixture of elements of very high purity Mn, V, 

Fe and Al in an argon atmosphere. Before melting the Mn1.5V0.5FeAl ingots, special care 

was taken to clean the surface of Mn metal, and a shiny metallic alloy ingot was obtained 

by arc melting. To study the effect of heat treatment on magnetic properties, as-cast samples 

with no excess Mn were wrapped in Ta foil and sealed in evacuated quartz tubes before 

annealing at 900C for a week followed by either slow cooling or quenching in an ice-water 

mixture.  The three sample types are therefore ‘as-cast’, ‘annealed’ and ‘quenched’. 

Powder x-ray diffraction measurements were carried out on the compounds using Cu K1 

( = 1.5405 Å) radiation to identify the phase purity and the crystal structure. Magnetization 

measurements (both at 300 K and 4 K in a 5 T field) and the temperature dependence of 

magnetization from 4 K to 400 K in an applied field of 0.1 T were performed using a SQUID 

MPMS XL magnetometer. 57Fe Mössbauer spectra 4  were collected in transmission 

geometry at room temperature. The constant acceleration mode spectrometer was equipped 

with 57Co(Rh) source. The spectrometer was calibrated using α-Fe and the spectra were 

fitted by the least–squares method. Spin polarization was measured on three polished as-cast 

samples (bulk) using point contact Andreev reflection (PCAR) spectroscopy5. 

                                                 
4 The Mössbauer spectra measurements and fits were carried out by Prof. Plamen Stamenov. 
5 The PCAR measurements and fits were performed by Ajay Jha 
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Fig. 4.3. (a) X-ray diffraction patterns of as-cast Mn1.5V0.5FeAl alloys prepared with an 

excess of 0%, 2% or 4% Mn. (b) The long-scan (48 hrs.) x-ray diffraction patterns for as-

cast and quenched Mn1.5V0.5FeAl (0% excess Mn), and the simulated x-ray pattern of the 

perfectly ordered L21 structure (using CrystalDiffract software) shown at the bottom. The 

inset shows the zoom-in patterns of the superlattice peaks. The higher intensity of (111) peak 

than that of (200) indicates that the as-cast alloy prefers to form L21 structure. 

4.2.3 Results and discussion  

The X-ray diffraction patterns of as-cast Mn1.5V0.5FeAl alloys with an excess of 0, 2 or 

4% Mn, presented in Fig. 4.3a. The observed superlattice peaks (111) and (200) for as-cast 

sample with extra 0% Mn (Fig. 4.3b) confirm that it tends to form the cubic L21 structure 

with space group Fm3̅m. The lattice parameter is 5.84 Å in our as-cast samples, which is 

similar to that reported for annealed alloys of L21 Heusler. The lattice parameter for our 

annealed samples is greater (5.88 Å), and they exhibit different magnetic behavior. Stinshoff 

et al. [33] found, through electronic structure calculations, that Al and V are disordered and 

do not contribute to the magnetization; only Mn and Fe sublattices contribute to the net 

magnetization with the major contribution from Mn. Although all our as-cast samples show 

a single L21 cubic phase with similar peak positions (Fig. 4.3a), the relative intensities of 

the reflections are slightly different — absence of (200) and increase in intensity of (422) in 

the 0% Mn sample compared to the others. There can be a considerable atomic disorder in 
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Mn1.5V0.5FeAl due to the substitution of V at Mn sites. Any changes in stoichiometry and 

atomic order will greatly affect the structural stability and magnetic properties of the system. 

The XRD patterns of the quenched samples (Fig. 4.3b) show weak (200), (422), (420) peaks 

but no (111) superlattice peak, which suggest that our quenched samples are likely to be 

disordered (B2).  

 

Fig. 4.4. (a) Magnetization curves of as-cast Mn1.5V0.5FeAl (MVFA) with different excess 

Mn at 300 K and 4 K. (b) Thermal scans on increasing temperature showing compensation 

and Curie temperatures. (c) Magnetization curves of quenched and annealed Mn1.5V0.5FeAl 

at 300 K and 4 K. (d) Thermal scans on increasing temperature showing TC > 400 K for the 

quenched sample and TC = 340 K for the annealed one. 
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Our main objective is to explore new zero-moment compensated ferrimagnetic half-

metallic Heusler alloys. Magnetization curves at 300 K and 4 K for as-cast Mn1.5V0.5FeAl 

with different Mn excesses are shown in Fig. 4.4a and the temperature dependence of 

magnetization in Fig. 4.4b. The magnetization varies as a function of Mn contents in 

Mn1.5V0.5FeAl alloys both at 300 K and 4 K. The low saturation magnetization of 1.6 Am2kg-

1 (0.05 µB per formula), measured at 4 K in a field of 5 T on a small piece, is obtained for a 

sample with 4 % excess Mn. Magnetization is ≲ 0.1 µB/f.u. at all temperatures, but there is 

a strong para process at 4 K in the 0 % sample. It seems that, unlike Mn2Ru0.5Ga where there 

are well-defined moments of about 2 µB on both Mn sites, the present alloys lie very close 

to the threshold for the appearance of magnetism. Thermal scans on increasing temperature 

in Fig. 4.4b show both compensation and Curie temperatures. The Curie temperature (TC) 

of all samples is found to be above 300 K. The value of TC increases with increasing Mn 

content, from 325 K (0% Mn) to 340 K (4% Mn) for the as-cast samples. All three samples 

show compensation points at low temperature and there is systematic variation in the 

compensation temperature Tcomp with Mn content. It decreases from 143 K for 0% Mn to 0 

K for 4% Mn. The magnetic behavior suggests that there are two kinds of compensation [34] 

— the sample with 4% excess Mn is fully compensated in the ground state (Tcomp = 0), while 

the samples with 0 and 2% Mn are overcompensated (Tcomp > 0). The completely 

compensated state for 4% Mn excess can only be achieved owing to the different exchange 

and temperature dependencies experienced by the sublattices [15] and the compensation 

point is shifted to higher temperatures by reducing the Mn content.  

Interestingly, our samples subjected to annealing heat treatments behave differently 

and do not exhibit compensation, as shown in Fig. 4.4d. The values of saturation 

magnetization are 39 Am2kg-1 (1.3 µB per formula) for annealed alloy and 19 Am2kg-1 (0.7 

µB per formula) for quenched one at 4 K (Fig. 4.4c). They appear to be ferromagnetic with 

a higher TC, 340 K for annealed and 450 K for quenched (Fig. 4.4d). 
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Fig. 4.5. Summary of Tcomp and TC as a function of lattice parameter for Mn1.5V0.5FeAl 

(MVFA) with extra 0%, 2% and 4% Mn. When a < 5.846 Å, the alloy can show magnetic 

compensation temperature from 0 K to 150 K. The compensation behavior disappears when 

a > 5.85 Å and magnetization and TC increase. Our data of Tcomp and TC are symbolized by 

blue and red balls, respectively. The data from the previous report [33] for Tcomp and TC are 

symbolized by green and maroon balls, respectively. 

Combining our data with that in the previous report [33], the compensation and Curie 

temperatures of these Heusler alloys are sensitive to the unit cell volumes and they are raised 

by excess Mn contents and annealing heat treatments. The Tcomp and TC as a function of 

lattice parameters are illustrated in Fig. 4.5. The compensation behavior coming from the 

antiparallel spin alignments of two different Mn sublattices can be observed in the sample 

with lattice parameter a < 5.845 Å. But when a > 5.85 Å, compensation disappears, and TC 

is higher. Here, excess Mn doping, or heat-treatment is a means to control the size of the 

unit cell. The results suggest that optimizing the lattice parameter to achieve a ferrimagnet 

with high compensation temperature is feasible.  
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Fig. 4.6. Room-temperature 57Fe Mössbauer spectra of the as-cast Mn1.5V0.5FeAl powders. 

The average hyperfine field is ~ 0.7 T. 

57Fe Mössbauer spectrum of all three as-cast Mn1.5V0.5FeAl samples is shown in Fig. 

4.6. The spectra show a single broadened absorption line that is best fitted with a very small 

hyperfine field of 0.7 - 0.8 T at room temperature. The average hyperfine field is 0.7 T. 

Using the conversion factor of 15 T/μB for metallic iron, the 0.7 T hyperfine field 

corresponds to an atomic moment of only 0.05 μB. The hyperfine field decreases with 

increasing Mn excess. The magnitude is similar to that found in the weak itinerant 

ferromagnet Fe2VGa [29]. From this we can conclude that there is practically no magnetic 

contribution from the iron sublattice to the total room-temperature magnetization, which is 

dominated by the contributions of the Mn sublattices. 



4.2.3 Results and discussion 105 

 

 

 

 

Fig. 4.7. Point contact Andreev reflection spectroscopy of polycrystalline as-cast 

Mn1.5V0.5FeAl ingots at 2 K (measured by Ajay Jha).  

The spin polarization of all three as-cast samples of Mn1.5V0.5FeAl was measured using 

point contact Andreev reflection (PCAR) spectroscopy at 2.2 K [35, 36] with 

superconducting niobium point contacts. The data is fitted using modified BTK theory. The 

fitting model takes full account of a number of parameters such as series resistance, 

superconducting proximity effect, and electronic heating, as described previously [36]. The 

highest spin polarization of 57% at the Fermi level is obtained on sample with 2% excess 

Mn. The value of P is 55% for that has been measured by PCAR on any Heusler compound.
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Diffusive spin polarization measurements on bulk Heusler alloys are never much in excess 

of 60% [35,37, 38] probably because the band dispersion is different at the surface and in 

the bulk, or because of spin-orbit scattering. That measurement on Co2FeSi, for example, 

yielded 51% [37].  

4.2.4 Conclusion  

The compensated ferrimagnetic half-metallic Mn1.5V0.5FeAl alloys show near-zero 

magnetization and exhibit a compensation temperature that is sensitive to manganese 

content and heat treatment. Magnetization is ≲ 0.1 µB/fu at all temperatures. We find 

compensation at a temperature ranging from 0 – 140 K that is tuneable by varying the 

manganese stoichiometry in as-cast samples. The balance of the ferrimagnetism is very 

sensitive to heat treatment and atomic order. Samples subjected to annealing or quenching 

treatments did not exhibit compensation, but only they exhibit a high enough TC for practical 

room-temperature applications. Mössbauer spectroscopy reveals a surprisingly small 

contribution to the magnetization from the Fe sublattice. The 57 %, spin polarization 

measured by point contact Andreev reflection is one of the highest values reported in a bulk 

Mn-based Heusler compound. 

4.3  Spontaneously compensation and half-metallicity in the 

Heusler ferrimagnet Mn2Fe1-xVxAl  

4.3.1 Introduction  

The zero-moment half metals, which present high-frequency dynamics and ideal spin 

polarization, are highly sought after in THz spintronics. The ideal spin polarization is 

attributed to the distinctive characteristic of half metal, whose band gap contains the Fermi 

level in the insulating spin channel. The traditional method, doping electrons or holes into 

the parent half metal to balance the spins in two channels and maintain the half-metallicity. 

This is adopted to make Mn2RuxGa. But, unfortunately, it is found that the half metal only 
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can be found when Ru concentration ranges from 0.3 to 0.7. This limited composition range 

reduces the half metals suitable for spintronics. Then we come up with another approach: 

using two-parent half metals with opposite magnetic signs to balance spins in two directions. 

In principle, it ensures the whole series will be half metallic.  

The band gap of half metal can be of four types depending on the number of d electrons 

occupying the gapped channel (d0-, d2-, d3-, and d5-type). A d0-type band gap is found in 

CrO2 [39]. Two electrons occupy the t2g band below Ef with spin-up after four electrons of 

Cr transferring to the two oxygen atoms (Fig. 4.8a). A d2-type band gap presents in spin-

down at the Mn4b site (Co2MnGa) [40, 41]. The crystal field splitting of Mn4b with cubic 

coordination leads to an eg level below a t2g one [42]. Two electrons fill in the spin-down eg 

band below the Ef and the other four electrons fill in the 3d band at Ef in spin-up (Fig. 4.8b). 

At Co site (CoS2) [30], the splitting of the 3d-orbitals in the octahedron coordination leads 

to a d3-type band gap between eg and t2g bands in spin-down [42] (Fig. 4.8c). Fe2+ (Fe3O4 

[43]) with a high-spin state presents a d5-type gap. The eg and t2g bands in spin-down are all 

below the Ef and filled (Fig. 4.8d), while the rest electron occupies the 3d-band crossing the 

Ef in spin-up. dN-type band gaps ensure their half metallicity. Therefore, the half-metallic 

band structure in each 3d constituent of alloys or compounds is key to guaranteeing their 

half-metallicity. Therefore, combining half metals with different type gaps together ensures 

the half metallicity of the new alloys, either. For the compensated one, the more important 

thing is to distinguish the opposite magnetic signs of the fundamental half metals. It is easier 

to tell for the Heusler alloys by the Slater-Pauling rule. For example, when the number of 

the valence electrons is above 24, the magnetic moment is positive. Whereas the number is 

less than 24, it is negative. Then regulate and control the ratio of the fundamental half metals 

to make the new one with 24 electrons, producing zero moments.  
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Fig. 4.8. (a) Schematic densities of states of Cr in CrO2 [39]. The empty 3d-band in spin-up 

direction leads to a d0-type band gap at Cr site. (b) Mn4b in Co2MnGa in cubic coordination 

with crystal field split d-levels with the eg  band lower. Two 3d electrons fill in the spin-

down eg band forming a d2-type band gap and four others occupy the spin-up 3d bands [40]. 

(c) In CoS2 [30], the Co has a d3-type band gap due to the spin splitting of the t2g-orbitals in 

octahedral coordination. (d) In Fe3O4, Fe2+ is in a 3d6 high-spin state where five electrons 

occupy the 3d-orbitals of the spin-up band, presenting a d5-type band gap [43]. 

Here, we take Mn2Fe1-xVxAl Heusler alloy as the example to examine the new approach 

on establishing new fully compensated half metals: balancing two half metals with opposite 

magnetic moments. The new Heusler can be considered as a combination of two 

ferrimagnetic half metals (Mn2FeAl with 25-electrons and Mn2VAl with 22-electrons). A 

fully compensated ferrimagnetic half metal Mn2Fe0.75V0.25Al obtained experimentally in 

bulk form, has a composition close to the expected Mn2 Fe0.67V0.33Al. 

4.3.2 Band structures  

Half metallic Mn2VAl and Mn2FeAl exhibit different spin configurations due to their 

different structural symmetry. Ordered Mn2VAl and Mn2FeAl crystalized in the L21 and XA 

structures, respectively (Fig. 4.19 in Appendix I). Here, covalent bonds form between Al 

and 3d elements. The covalent electrons in 3p orbitals are not spin-polarized and are non-

magnetic. The nearest neighbours of Al4a
 are on 4c and 4d sites and the next-nearest 
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neighbours are the 4b sites. Therefore, the covalent bonds tend to form between Al with 

Mn4c/4d in the L21 structure or with Mn4c and Fe4d in the XA structure, and the 4b sublattice 

does not share any electrons with Al. The bond length from 4c to 4d site is ~ 2.94 Å, 

indicating ferromagnetic exchange interaction between these two sites with Mn, while that 

from 4c/4d to 4b site is ~ 2.55 Å, leading to antiferromagnetic exchange. The antiparallel 

alignment of magnetic moments from 4c/4d and 4b sites result in ferrimagnetism in these 

alloys. 

In Mn2VAl with the L21 structure (Fig. 4.9a), the short distance between Mn4c/4d and 

V4b (2.55 Å) leads to antiferromagnetic coupling, which is the main interaction. Note that 

4c and 4d sites are equivalent in the L21 structure. They are the 8c sites occupied here by 

Mn. The large distances between Mn4c-Mn4d (~ 2.94 Å) and V4b-V4b (~ 4.15 Å) lead to 

ferromagnetic interactions within the Mn and V sublattices [42]. The schematic band 

structures of its 3d constituent are shown in Fig. 4.9a. Mn at 4c and 4d sites share five 

electrons with Al4a and 4.5 electrons remain in the 3d-orbitals of each Mn. The splitting of 

the 3d-orbitals at Mn4c/4d in an octahedral coordination leads to a d3-type band gap, shown 

in Fig. 4.9a. Each Mn with a d1.5↑3↓ configuration has a ~ 1.5 B magnetic moments [44]. 

The crystal field splitting of V4b site with cubic coordination leads to a d2-type band gap 

(Fig. 4.9a). The spin configuration of V4b is d3↑2↓
, yielding a 1 B magnetic moment [44]. 

Therefore, half metallicity of Mn2VAl is guaranteed by its 3d constituent sublattices with 

dN-type band gaps (d3-type for Mn and d2-type for V). The antiparallel alignment of Mn and 

V spin sublattices results in a total magnetic moment of -2 B in Mn2VAl, which agrees with 

the Slater-Pauling rule m = Zt-24 (Zt = 22, total valence electrons) [45] and the experiments 

[46]. 
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Fig. 4.9. The schematic band structures of (a) Mn2VAl and (b) Mn2FeAl. In L21 Mn2VAl, 

two equivalent sublattices 4c and 4d with octahedral coordination produce -1.5  2 = -3 B 

in total; V4b site with a cubic coordination yields 1 B. The total magnetic moment is -2 B. 

Mn4c/4d with d3-type gap and V4b with d2-type gap ensure the alloy’s half-metallicity. In XA 

Mn2FeAl, both Mn4c and Fe4d are in octahedral coordination with a d3-type gap. Their spin 

configurations indicate that -2 B and 0 moments are obtained in Mn4c and Fe4d sites. Without 
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covalent bonds at Mn4b, its splitting in a cubic coordination leads to a d2-type gap and 

generates 3 B moments. Mn2FeAl possesses 1B magnetic moment, agreeing with the 

Slater-Pauling rule m = Zt - 24 [45]. 

In Mn2FeAl with the XA structure (Fig. 4.9b), antiferromagnetic interaction between 

Mn4b and Mn4c are determined by the bond lengths of ~ 2.55 Å, while the 4b-4b and 4c-4c 

interactions are ferromagnetic (d = 2.94 Å). The schematic band structures of each 3d 

sublattice of Mn2FeAl are shown in Fig. 4.9b. The nearest neighbours of Al are Mn4c and 

Fe4d
 which form covalent bonds with Al sharing three and two electrons, respectively. 

Therefore, the number of localized electrons that produce magnetism are 4 for Mn4c and 6 

for Fe4d. The splitting of 3d-orbitals at the Mn4c site in an octahedral coordination results in 

a d3-type gap at Ef. It shows d1↑3↓ spin configuration and produces -2 B magnetic moments. 

Fe4d in octahedral coordination is in a low-spin state (spin configuration: d3↑3↓), exhibiting a 

d3-type gap and no magnetic moment as shown in Fig. 4.9b. There is no covalent bond 

between Al4a and Mn4b
 atoms due to a 2.94 Å bond length that is longer for other sites. The 

splitting of 3d-orbitals at Mn4b in cubic coordination leads to a d2-type gap at Ef. The spin 

configuration d5↑2↓ indicates that it has a 3 B magnetic moment. The total magnetic moment 

of the half metal Mn2FeAl is therefore 1 B, consistent with the Slater-Pauling rule m = Zt - 

24 (Zt = 25) and other published calculations [47].            

Based on the virtual band structure discussions on Mn2ZAl (Z = V and Fe), it is 

possible to obtain a new compensated ferrimagnetic half-metal Mn2Fe1-xVxAl by balancing 

the weight of Mn2VAl (-2 B) and Mn2FeAl (1 B). The magnetic moment can be 

expressed as  

m = (1 - x) - 2x = 1 - 3x  (4.1) 

where x is the proportion of Mn2VAl in Mn2Fe1-xVxAl. The fully compensated ferrimagnet 

(m = 0) can be obtained at x = 1/3, which agrees with the DFT6 calculations (Fig. 4.10a). 

                                                 
6 DFT calculations were carried out by Dr. Zsolt Gercsi. 
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Half-metallicity has been ensured by the 3d band gap of each constituent, consistent with 

the calculations of the density of states, as shown in Fig. 4.10b. 

 

Fig. 4.10. (a) The magnetic moments of each 3d sublattice and total moments with V 

changing. In Mn2FeAl, the magnetic moments of Mn4c and Mn4b is -2 B and 3 B, 

respectively. In Mn2VAl, each Mn has a  1.5 B magnetic moments and -1 B magnetic 

moment is obtained for V. The ideal composition with x = 0.33 shows zero moment. (b) 

Calculated density of states for Mn2Fe1-xVxAl with x from 0 to 1. All compositions show a 

half-metallic property at Ef, as shown in the inset. 

The above discussion suggests that by combining two fundamental half-metals with 

magnetic moments of opposite signs (Mn2VAl with Zt = 22, Mn2FeAl with Zt = 25), a fully-

compensated ferrimagnetic half metal Mn2Fe1-xVxAl can be realized. 

4.3.3 Experiments  

A series of polycrystalline ingots Mn2Fe1-xVxAl (x = 0-1) were prepared by arc-melting 

mixtures of high-purity Mn, Fe, V and Al elementals (99.99%) in an argon atmosphere. In 

order to ensure homogenous as-cast samples, the arc-melting was repeated four times. 

Crystallographic structures were determined by using Panalytical XRD Cu K ( = 1.5405 

Å) radiation. Magnetization measurements and the temperature dependence of 
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magnetization between 4 - 300 K in an applied field of 0.5 T were carried out by using the 

superconducting quantum interference device (SQUID) magnetometer. 

Ab-initio calculations7 based on density functional theory were carried out using norm-

conserving pseudopotentials and pseudo-atomic localized basis functions implemented in 

the OpenMX software package [48]. Calculations were based on a minimal 16 atom basis 

cell of the cubic structure to evaluate the total energies. An energy cut-off of 300 Ry was 

used for the numerical integrations. The convergence criterion for the energy minimization 

procedure was set to 10−8 Hartree (4 eV). 

4.3.4 Results  

I. Crystal structure 

X-ray diffractions of as-cast Mn2Fe1-xVxAl (x = 0 - 1) are shown in Fig. 4.11a. An A13 

(-Mn) structure, exhibiting a complicated diffraction profile, is formed with x = 0 [49]. The 

main diffraction peaks (100), (111), (220) (400), (420), (440) and (026) suggest that alloys 

with x = 0.25 to 0.75 crystalize in a Heusler-like structure (simulated L21 and XA diffraction 

patterns shown in Fig. 4.11b). The ratio of the intensities of the superlattice peaks (100) and 

(111) drops with increasing x, indicating that XA is preferred for x < 0.5 and L21 is more 

favourable for x > 0.5. The lattice parameter increases slightly from 5.87 Å for x = 0.25 to 

5.88 Å for x = 0.75 in a wide composition region (Fig. 4.11c), due to a small difference of 

their metallic radius (Fe, 1.26 Å; V, 1.34 Å). When the composition moves to the V-rich 

direction, the (100) peak becomes weaker and at x = 1, the almost invisible (100) peak 

indicates that the disordered B2 phase is obtained (Fig. 4.11b) [46]. Compared to the ordered 

Mn2VAl (a = 5.92 Å) [50], the lattice constant of the disordered variant (a = 5.925 Å) is 

higher, which is similar to other alloys, e.g. FeV, 2.93Å in A2 and 2.91 Å in B2 [51]. The 

atomic disorder may come from the substitution of Al at V sites. A proper annealing 

                                                 
7 DFT calculations on Mn2Fe1-XVxAl were performed by Dr. Zsolt Gercsi. 
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treatment improves the L21 ordering for Mn2VAl [46] but does not work for Fe-rich 

compositions (an A13 phase is formed after annealing instead) [49]. 

 

Fig. 4.11. (a) X-ray diffraction patterns of as-cast Mn2Fe1-xVxAl (x = 0, 0.25, 0,33, 0.5, 0.75 

and 1) alloys. (b) The simulated x-ray diffraction profiles of A13, B2, XA and L21 structures 

for the Mn2Fe1-xVxAl alloys. Except for the A13 structure, the others can be distinguished 

by the superlattice peaks located in the low angle region (25º to 33º). For the B2 ordering, 

only one superlattice peak (100) shows up around 30º. While, in the Heusler ordering (L21 

& XA), both peaks, (111) & (200), can be observed. In order to tell what kind of the Heusler 

ordering the alloys form, we plot (c) the ratio of the intensities of superlattice peaks (100) 

and (111) as a function of x. The inset shows the x-ray patterns of alloys with x from 0.25 to 

1. With the value of I(111)/ I(200) decreasing, the preferred Heusler crystallographic ordering 

changes from XA to L21 in Mn2Fe1-xVxAl with x from 0.25 to 1. (d) The lattice parameters 
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as a function of x. The start (x = 0) and end (x = 1) compositions tend to form -Mn (A13) 

and B2 phases, respectively. It is noted that Mn2VAl (x = 1) prefers to form the L21 structure 

after high temperature annealing (~ 1173 K [50]). 

II. Magnetic properties 

Although diffraction patterns of L21 (space group : Fm3
_

m) and XA (F4
_

3m) are nearly 

identical, their sublattice spin configurations are different owing to structural symmetries 

variations. Fig. 4.12a shows magnetization curves for Mn2Fe1-xVxAl at 4 K. The saturated 

magnetic moments at 4 K varies from 0.03 to 1.83 B/f.u for alloys with x changing from 

0.25 to 1. The alloy with x = 0 is a Pauli paramagnet [49]. The variation of magnetization at 

300 K is similar to that at 4 K, from 0.25 B/f.u. for x = 0.25 to 1.73 B/f.u. for x = 1 (Fig. 

4.12b). Actually, we don’t see the compensated moments in the expected alloy (x = 0.33) 

but we do find a very tiny moment in alloy with x = 0.25. The saturation magnetic moments, 

at 4 K (green line) and 300 K (blue line), as a function of x are summarised in Fig. 4.12b. 

There is a small discrepancy between the Slater-Pauling rule (red) and the experimental 

results because the experimental samples cannot be made fully ordered due to the close 

atomic number of the 3d elements, such as Fe and Mn. Zero moments we observe in 

Mn2Fe0.75V0.25Al at 35 K (Fig. 4.12d), close to the expected value of 0.33. 
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Fig. 4.12. (a) The magnetization curves of as-cast Mn2Fe1-xVxAl with x from to 1 at 4 K. The 

predicted composition Mn2Fe0.67V0.33Al doesn’t show zero moments, but the one with x = 

0.25 yield extremely low moments. (b) The saturated magnetic moments as a function of V 

content with Slater-Pauling rule (red) at 4 K (green) and 300 K (blue). (c) Thermal 

magnetization scans under 0.5 T external applied field for Mn2Fe1-xVxAl (x = 0.25 to 1) from 

4 K to 300 K. (d) The magnetic compensation for x = 0.25 is shown up at 35 K.  

Furthermore, thermomagnetic scans under 0.5 T for Mn2Fe1-xVxAl (x ~ 0.25 to 1) are 

illustrated in Fig. 4.12c. we do observe the fully compensated ferrimagnetic behaviour in x 

= 0.25 (Fig. 412d). The compensation temperature Tcomp is around 35 K and the Curie 

temperature is above 300 K. When more Fe is replaced by V, the initial slope of the M(T) 

curve at low temperature is zero and the magnetization increases, with a higher TC.  
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4.3.5 Discussion 

As we mentioned above, small discrepancies of experimental and calculated 

compensated compositions come from imperfect Heusler ordering. Annealing is expected 

to improve the ordering, but it does not work for Fe-rich compositions, which prefer the A13 

structure, although annealing is helpful for V-rich alloys; Mn2VAl develops a 2.07 B 

magnetic moment after annealing (at 900ºC), which matches the Slater-Pauling rule. Slight 

doping with Co is a way to improve Heusler ordering because of the electronegativity 

difference of Mn with Co is larger than that with Fe.  

Mn2CoAl also tends to form the XA Heusler structure. The nearest neighbours of Al 

are Mn4c and Co4d. They form covalent bonds with Al. The band structures of Mn4c
 and Mn4b 

for Co composition is identical to those for the Fe one. Although the distance of Co4d to 

Mn4b is quite short, ferromagnetic exchange exists between these two sites due to Co, as 

similar as hcp Co [52]. Co4d with a spin configuration d4↑3↓ (Fig. 4.13) carries 1 B magnetic 

moment. Its splitting field leads to a d3- type gap crossing the Ef (Fig. 4.13). Therefore, the 

dN-type band gap in each 3d element (d3-type for Mn4c and Co4d, and d5-type for Mn4b) 

confirms the half-metallicity of Mn2CoAl (Fig. 4.13), which produces a 2 B net magnetic 

moment that is as same as expected from the Slater-Pauling rule (m = Zt - 24, Zt = 26). 

 

Fig. 4.13. The schematic band structures of XA Mn2CoAl. Both Mn4c and Co4d with d3-type 

gap, are in octahedral coordination and share 3 and 2 electrons with Al, respectively. Their 

spin configurations indicate that moment of -2 B and 1 B are obtained in the Mn4c and Co4d 

sites, respectively. If there was no electron sharing at Mn4b with a cubic coordination, which 

forms a d5-type gap, there would be a 3 B moment. Therefore, Mn2CoAl possess a 2 B net 

magnetic moment, agreeing with the Slater-Pauling rule m = Zt – 24 [45]. 
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According to the above discussion, another new compensated ferrimagnetic half-

metal Mn2Co1-xVxAl can be made by combining Mn2VAl (-2 B) and Mn2CoAl (2 B). Eq. 

4.1 can be modified to  

m = 2(1 - x) - 2x = 2 - 4x (4.2) 

The alloy with x = 0.5 has zero moment. Therefore, it is possible to substitute Fe by Co in a 

wide range of x to tune the compensation temperature. In addition, compared to Fe with ~ 0 

moment, the greater ferromagnetic exchange of magnetic Co (~ 1 B) results in an increase 

in TC [53]. 

4.3.6 Conclusion 

In summary, we have investigated a new fully-compensated half-metallic ferrimagnet 

Mn2Fe1-xVxAl that reveals a mechanism of magnetic compensation, which is verified by the 

experiments as well as DFT calculations. The dN- type band gaps of the 3d constituents in 

an alloy guarantee its half-metallicity, e.g. Mn2VAl: Mn8c with d3-type and V4b with d2-type 

gaps; Mn2FeAl: Mn4c with d3-type and Mn4b with d5-type gap. The new ferrimagnetic alloy 

Mn2Fe1-xVxAl is made of Mn2VAl (-2 B) and Mn2FeAl (1 B). A fully-compensated bulk 

half metal is observed in x = 0.25, exhibiting a compensation behaviour at ~ 0 K, rather than 

the expected value of x = 0.33. Imperfect Heusler ordering in as-cast alloys is the main 

reason for the small discrepancy between the experiments and calculations. Co doping can 

improve its Heusler ordering as well as the Tcomp and TC. Thus, besides the existing method 

by tuning the Ef by varying the composition, our study has validated a new approach to 

develop new fully-compensated ferrimagnetic half-metals by combining two half-metals 

with opposite magnetic moments. 
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4.4  Spin liquids and spin glasses in Mn-based alloys with the 

cubic A13 (-Mn) structure  

4.4.1 Introduction 

The discovery of a nonmagnetic 24-electron Heusler compound with -Mn structure 

(see in section 4.3.4) led us to investigate Mn, a spin liquid, with Al, and other substitutions. 

Pure Mn, with the cubic A13 structure, is in equilibrium between 1000 K and 1370 K, but 

it can be stabilized at room temperature in solid solutions Mn100-xZx with Z = Al, Co, Ga, Ge 

or Sn; many other elements will enter the structure at higher temperatures [54]. The pure 

phase is usually obtained at room temperature by quenching an ingot annealed at about 1200 

K in iced water. Here we have been able to obtain both the pure phase, and a wide range of 

polycrystalline solid solutions using a slightly different method — repeated arc melting and 

rapid cooling. We report the structural and magnetic properties, as well as preliminary point-

contact Andreev reflection measurements on these as-cast materials and discuss the results 

in the light of electronic structure calculations based on the fixed moment method (Appendix 

II), and previous experimental reports. 

The A13 unit cell, space group P4132, has 20 atoms in two 12-coordinated 

crystallographic sites, 8c (Mn-I) and 12d (Mn-II). The latter form four linked triangles, each 

perpendicular to a different direction, in a sublattice with strongly frustrated 12d – 12d 

antiferromagnetic bonds that resembles a three-dimensional version of the Kagomé lattice 

[55-57]. The structure is illustrated in Fig. 4.14a. Mn does not order magnetically down to 

1.4 K, although the 12d Mn atoms carry delocalized magnetic moments. Nakamura et al. 

proposed that Mn is the only element with a quantum spin liquid ground state [55]. The 

development of a magnetic moment on manganese, and the sign and magnitude of the Mn-

Mn exchange interactions, depend critically on the Mn-Mn bond lengths, which accounts 

for variety of the magnetism found in Mn allotropes. As a rule of thumb, manganese with 

the shortest bonds, ≲ 2.40 Å, is nonmagnetic. When the bond distance lies in the range 2.60 

– 2.80 Å, there are small itinerant moments that couple antiferromagnetically, while for 
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longer bonds, ≳ 2.90 Å, manganese atoms with large localized moments couple 

ferromagnetically. The 8c manganese atoms, have three short 8c – 8c bonds of 2.36 Å and 

an average nearest-neighbour distance of 2.56 Å, whereas the shortest 12d – 12d distances 

are two of 2.58 Å and two of 2.63 Å, with an average of 2.64 Å. We can therefore anticipate 

a small or vanishing Mn moment on 8c sites and reduced itinerant moments of order 1 µB 

on 12d sites that would like to couple antiferromagnetically to each other (and to their 8c 

neighbours if they are magnetic). Calculated moments range from 0.1 – 0.8 µB for 8c sites 

and 0.4 – 2.48 µB for 12d sites [58].  

Several neutron scattering studies of pure and doped Mn [55, 57, 59-63] have revealed 

no long-range magnetic order, but short-range antiferromagnetic correlations. The spin 

liquid is characterized by an almost temperature-independent paramagnetic susceptibility 

SI = 8 x 10-4 [55] and a large electronic specific heat coefficient  = 70 – 80 mJmol-1K-2, 

that falls off rapidly with increasing x [64]. The ratio of these two quantities is twice the 

value R = π2kB
2/3µ0µB

2 = 5.8 x 106 expected in the free-electron model, indicating strong 

correlations in the manganese d-band. The zero-point energy has been estimated at 40 meV 

[55]. 

The quantum spin liquid is the magnetic ground state in pure Mn. Whenever some of 

the Mn atoms in the A13 structure are replaced by another element, a spin glass characterized 

by a difference between the field-cooled (FC) and zero-field cooled (ZFC) susceptibility 

usually appears below a freezing temperature Tf of order 10 K. This has been reported for 

Mn100-xZx, when Z = Al [55], Co [62], and In [63] with x < 20.  Single crystals of Co-doped 

Mn are an exception. There the spin liquid persists down to 50 mK [57].  

Metallic Mn and its alloys are unlike the frustrated insulating oxides with the 

pyrochlore, garnet or hyperkagome structures that have been the subject of much recent 

interest [65, 66]; these compounds have localized moments, and are thought to form 

quantum spin liquids when the moments are small (Na4Ir3O8) [67], and classical spin liquids 

above a spin freezing temperature when the moments are large (GdGa5O12) [68]. 
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4.4.2 Results  

I. Structure  

X-ray diffractions of the as-cast samples show nice single-phase diffraction patterns 

that can be indexed on the A13 structure. This is true of pure Mn, and Mn100-xZx with Z 

= Al, x < 40, Z = Ge, x < 8, Z = Fe, x < 30 and Z = Co, x < 20. A selection of data is shown 

in Fig. 4.14b. The lattice parameter a0 increases with x for Z = Al, Ga, it remains almost 

unchanged for Z = Co, and decreases for Z = Fe. The data are plotted in Fig. 4.14c, together 

with some other data from the literature [55, 62, 63]. The metallic radius of Mn is 1.27 Å, 

whereas the radii of Al, Fe, Co, Ga, In, Ru and Ge are 143, 126, 125, 135, 167, 134 and 1.39 

Å respectively. The Vegards law initial slope dao/dx is included in Table 4.1. There is a fair 

correlation with the size of the dopant metal. 

 

Fig. 4.14. (a) The Mn structure, illustrating the connectivity of the 12d sites, which form a 

three-dimensional Kagomé-like lattice. (b) X-ray powder diffraction of some as-cast alloys 

(Mn80Z20) that crystallize in the Mn structure. (c) Lattice parameters of the four solid 

solutions (Al, Ge, Co, Fe) considered. The data shown here are from our own as-cast alloys 

with x = 0 to 40. 
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Table 4.1. Influence of doping in Mn100-xZx on lattice parameter a0, spin freezing 

temperature Tf and difference in FC and ZFC susceptibility. Listed are the relative changes 

for x = 1.  

Z d(lna0)/dx d(lna0)/dx dTf/dx d(𝜒𝐹𝐶𝜒𝑍𝐹𝐶)/dx 

 Calculated % Measured % Measured K Measured ppm 

Al 0.10 0.051 1.3 27 

Ge 0.11 0.045 3.7 / 

Fe -0.02 -0.020 3.0   5 

Co nd 0.004 3.7   9 

As regards the site preference of the dopant, in the case of Z = Al this is readily deduced 

by fitting the X-ray powder patterns, because the atomic scattering factors of Mn and Al 

differ significantly. The Al has a strong preference for 12d sites, in agreement with reference 

[55]. For Fe and Co there is little X-ray contrast with Mn, but from neutron diffraction, Co 

has been shown to solely occupy 8c sites [57, 62]. For iron, a direct measurement is possible 

by 57Fe Mӧssbauer spectroscopy. Manganese on the 12d site is known from 55Mn NQR to 

be subject to a large, asymmetric electric field gradient at the nucleus [55, 69], but the 

quadrupole interaction for Mn at 8c sites is much smaller. The iron in our samples with the 

larger quadrupole splitting (0.65 and lower isomer shift (0.02 mms-1 relative to Fe) is 

associated with 12d and the smaller splitting and higher isomer shift (0.10 and 0.24 mms-1) 

is associated with 8c. On this basis, the iron in our samples, and those studied earlier [70] 

prefers 8c sites, but about 30% is present in 12d. Ru strongly prefers 8c [71], but In strongly 

prefers 12d [63]. 

II. Magnetization  

The magnetic susceptibility  of pure Mn is essentially independent of temperature 

from 4 K to 300 K, with no difference between the field-cooled and zero-field-cooled results, 
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in agreement with previous literature. The measured paramagnetic susceptibility is 8 x 10-4, 

with only a very weak maximum near 140 K [55, 63]. However, for every dopant, we found 

that even a small amount, x ≈ 1, created an upturn or a peak in susceptibility at low 

temperature, accompanied by a bifurcation of the field-cooled (FC) and zero-field-cooled 

(ZFC) scans as shown in Fig. 4.15. A vertical shift of the field-cooled M(H) magnetization 

curves is also observed. The behaviour is characteristic of a spin-glass. The freezing 

temperature Tf increases with x, as shown in Fig. 4.16a. Differences in FC and ZFC 

magnetization in an applied field of 1 T are plotted in Fig. 4.16b for Al, Fe and Co.   

 

Fig. 4.15. A selection of susceptibility vs temperature data for Mn80Z20 (Z = Al, Fe, Co) and 

Mn96Ge4. Solid points – field cooled, open points – zero field cooled. 
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Fig. 4.16. (a) Spin freezing temperatures for Mn100-xZx; Solid points, this work, open 

triangles from Refs. [55, 62, 63]. (b) Difference between magnetic moment at 4 K vs x in 

the field-cooled and zero-field-cooled states, plotted on a log-log scale. 

III. Point contact Andreev reflection8 

Some results have been obtained for a pure Mn sample and a Mn65Al32Ru3 alloy that 

shows a spin glass transition at 32 K. Measurements are performed in a flow of helium 

vapour using a mechanically-sharpened Nd tip, in the absence of an external magnetic field: 

care is needed to avoid oxidation of the Mn surface prior to the measurement. Data are 

analysed using the modified BTK model, as detailed elsewhere [72]. The best fit to Mn is 

found with an essentially zero spin polarization 3(6) %. The best fit to the spin glass is 

obtained with a spin polarization of 8(2) %. The data are shown in Fig. 4.17, with fit 

parameters and errors.

                                                 
8 PACR measurements and fits were carried out by Ajay Jha 
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Fig. 4.17. Point-contact Andreev reflection measurements with fits (a) Mn (a spin liquid) 

at 2.1 K and (b) Mn65Al32Ru3 (a spin glass) at 2.0 K. 

4.4.3 Discussion  

The magnetic susceptibility of our as-cast samples of pure and doped Mn agrees well 

with previously-published literature on quenched material. Only in pure Mn does the 

quantum spin liquid phase persist to the lowest temperatures. Any amount of a magnetic or 

nonmagnetic dopant converts the spin-liquid ground state into a spin glass below a freezing 

temperature Tf. Al has a strong preference for the 12d site, where it forms bonds with three 

neighbouring atoms in the same sublattice, as illustrated in Fig. 4.14a, but all the other 

dopants are expected to be present to some extent on 12d sites in the as-cast samples, as we 

confirmed by Mӧssbauer spectroscopy for iron. It seems that any disruption of the topology 

of the Kagomé-like lattice, even by a magnetic 3d atom, spells the end of the spin liquid at 

low temperature, and its replacement by a spin glass with at least some frozen spins. The 

freezing temperature Tf tends to zero with x; alloys with Z = Fe or Co show temperature-

independent spin-liquid-like susceptibility at higher temperatures, whereas alloys with Z = 

Al or Ge develop a temperature-dependent susceptibility. A Curie-Weiss analysis of the Al 

sample with x = 40 gives an effective manganese moment peff = 4.8 µB, corresponding to a 

spin S = 1.9. 
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The theoretical calculations (Appendix II) suggest that Mn is near the brink for the 

appearance of magnetism. The 8c site is barely magnetic at equilibrium due to the short 2.36 

Å 8c - 8c bonds. However, a little increase of this distance can turn on the site magnetism, 

as demonstrated by the plot with orange squares in Fig. 4.18b (Appendix II). On the other 

hand, the 12d - 12d distances are large enough to support moderate magnetic moments. The 

12d – 8c distance could also enable magnetic moments to develop. The very shallow energy 

minima as a function of Mn moment seen in the calculations of Fig. 4.18 (Appendix II) are 

an unusual and characteristic feature of Mn. When the stabilization energy is so small, it 

falls in the range of the zero-point energy, and spontaneous magnetic fluctuations is the spin 

liquid may be expected to persist down to T = 0.  

The picture changes radically with the introduction of non-magnetic elements; both Al 

and Ge deepen the total energy minima and help to form well-defined moments. This effect 

is linked to the lattice expansion that facilitates the appearance of stable magnetic moments 

on 8c sites. Fe has a smaller, compressive effect to the lattice parameter, suggesting that 

there is no significant 8c moment, similar to undoped Mn. Indeed, our experimental results 

also find the smallest change in magnetisation for the Fe dopant. 

Doping tends to decrease the susceptibility when T > Tf   for Fe and Al alloys but 

increase it when Z = Co or Ge. The decrease probably reflects a weakening of the electronic 

correlations in the spin liquid, which is accompanied by a reduction in the large value of the 

electronic specific heat coefficient [64, 73]. The increase may be associated with an increase 

in the density of states at the Fermi level. 

There are large variations in the difference in the field-cooled and zero-field cooled 

susceptibility with different dopants, plotted on a logarithmic scale in Fig. 4.16b. The 

difference is a measure of the rigidity of the spin-glass state, and the relative weight of 

ferromagnetic to antiferromagnetic bonds in the distribution of exchange interactions. The 

neutron study by Paddison et al. [57] on Co-doped single crystals shows that the most 

important exchange bonds are the antiferromagnetic nearest-neighbour (2.60 Å) bond, and 

a ferromagnetic fifth-neighbour (4.20 Å) bond. The difference between the field-cooled and 
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zero-field-cooled moments is largest for Al or Ge, both of which remove three 

antiferromagnetic bonds per 12d site atom, and smallest for Fe and Co, where the coupling 

with Mn may remain antiferromagnetic. 

No spin polarization is observed for pure Mn in the PCAR measurements at 2.0 K but 

the observation of spin polarization for the spin glass was surprising. Recent studies of spin 

correlations in MnO above its Néel temperature of 118 K [74] where Mn ions form a partly-

frustrated fcc lattice reveal that unlike the long-range order below TN, the short-range order 

in the paramagnetic state is not type II antiferromagnetism [42]. Without the constraint of 

long-range ordering, it is possible to satisfy the exchange bonds locally better than it is in 

the antiferromagnetic state, and the spin correlation length is then longer than expected. In 

the case of Mn, the weight of ferromagnetic bonds in the distribution of exchange 

interactions could be responsible for the spin polarization of 8 ± 2% measured in PCAR. 

The characteristic timescale for the measurement is defined by the 1.5 meV superconducting 

gap of Nb; it is therefore of order tens of picoseconds. In spatial language, the characteristic 

length-scale of the correlations is longer than typical electronic phase coherence lengths, 

which are tes of nanometres close to Ef. 

4.4.4 Conclusions  

The existence of a quantum spin liquid in Mn at low temperatures depends on the 

integrity of the 12d kagomé-like lattice. Disrupting its topology by doping with either 

nonmagnetic atoms or a different magnetic 3d atom localizes the moments at T ≈ 0 and turns 

the spin liquid into a spin glass. The spin liquid may then appear above the freezing 

temperature Tf. 

The fixed-moment DFT calculations show that there is a well-defined average Mn 

moment in an expanded lattice ̶ the case for Al or Ge doping but no Mn moment for a 

compressed lattice ̶ the case for Fe doping. At the experimental lattice parameter, the 

stabilization energy of the Mn moment at any value between 0 and 0.4 µB is much less than 

the estimated zero-point fluctuation energy [55].
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The spin polarization of ~ 8 % revealed by PCAR in the spin glass phases is attributed 

to a weakly ferromagnetic character of the spin correlations measured on the characteristic 

timescale/length-scale of the measurements. 

Revisiting the metallic Mn quantum spin liquids may help to throw some light on the 

behaviour of the rare-earth oxide candidates with strongly-frustrated pyrochlore or kagomé-

type lattices. The metals have the advantage of strong exchange interactions, which allow 

representative behaviour to be observed at easily-accessible temperatures. 

4.5   Summary  

In this chapter, we focused on exploring cubic fully compensated ferrimagnetic Heusler 

half metals, which combined the characteristics of ferrimagnets and half metals. The 

ferrimagnet has magnetic order but at compensation produces zero magnetic moment. And 

the half metal yields 100% spin polarized currents due to a band gap in one spin channel at 

the Fermi level. The first material we introduced was fully compensated ferrimagnet 

Mn1.5V0.5FeAl, whose parent compound is ferrimagnetic half-metal Mn2FeAl. Its 

compensation and Curie temperatures are very sensitive to the unit cell volume, which is 

raised by manganese contents or heat treatments. The results suggest that when the lattice 

parameter is less than 5.845 Å, compensation behaviour can be observed although the TC is 

above room temperature. With expanding the lattice parameter, the magnetic compensation 

disappears and the TC increases, > 400 K. Then, we moved to another cubic Heusler 

ferrimagnetic half metal Mn2Fe1-xVxAl, which is considered as a combination of Mn2VAl 

(Zt = 25) and Mn2FeAl (Zt = 22) with magnetic moments of opposite signs. The dN- type 

band gaps of the 3d constituents in the alloys guarantee their half-metallicity (Mn2VAl: Mn8c 

with d3-type and V4b with d2-type gaps; Mn2FeAl: Mn4c with d3-type and Mn4b with d2-type 

gap). the fully compensated ferrimagnetic half metal Mn2Fe0.75V0.25Al is realized. Through 

the analysis of its constituents’ spin configurations, the mechanism of magnetic 

compensation was revealed. Knowledge of compensation in half-metals inspired us to 

develop new ideal fully-compensated ferrimagnetic half-metals with high TC. The DFT 
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calculations agree well with our experiments. It is noted that Heusler-ordered Mn2FeAl 

cannot be obtained in ingots, because the equilibrium phase is A13 (-Mn). 
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Appendix 

I.  Heusler-order stability in Mn2Fe1-xVxAl 

 

Fig. 4. 19. The total energy difference per atom of L21 and XA structures as a function of V 

concentration x. The preferred L21 order is in alloy with x > 0.5, while the preferred XA 

order is in that with x < 0.5. The theoretical calculations were carried out by Dr. Z Gercsi. 

II.  Details of calculations on Mn and Mn95Z5 

The Vienna ab initio Simulation Package (VASP) [75], based on DFT with the 

projector augmented wave (PAW) method [76] and Perdew-Burke-Ernzerhof (PBE) 

parametrization was used. We took the minimal, 20-atom cell and replaced a single 8c or 

12d atom to examine the effect of doping with Fe, Al or Ge. The lattice was fully relaxed in 
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a non-magnetic (NM) equilibrium configuration with a lattice parameter of 6.00 Å. For 

isovolumic expansion/ compression, we relaxed the internal atomic positions. The fixed-

spin moment (FSM) approach [77] allows the total magnetic moment to be fixed at a specific 

value, and the magnitude and direction of the local magnetic moments are free to relax in a 

collinear fashion. 

A remarkably broad and shallow energy minimum (< 1 meV) appears for Mn at the 

relaxed equilibrium lattice parameter for moments running from 0 to 0.4 µB /atom (Fig. 

4.18a). Moments above ~ 0.4 µB /atom are energetically unfavourable. The site-specific 

moments were shown in Fig. 4.18b, indicating the nature of the magnetic coupling. 

Significant magnetic moments are found on 12d sites, while the 8c moments of are < 0.12 

µB. Stable antiferromagnetic sublattice coupling of develops in this shallow energy range, 

but when the total moment is forced to be > 0.4 µB/atom, the 8c moments flip to an 

unfavourable ferromagnetic configuration.  

There is a striking difference in magnetic stability with 2% lattice expansion or 

compression. Compression destroys the magnetism of Mn, but expansion stabilizes the 

magnetic state, and increases the moments. 
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Fig. 4.18. (a) FSM results of the relaxed, compressed and expanded lattice of Mn. (b) site 

specific magnetic moments in Mn as calculated from FSM method. (c) Lattice parameter 

as a function Z dopant and its occupancy in Mn. (d) FSM results for the effect of dopants 

on the 12d site. 

We now turn to the chemical pressure induced by dopants, which were allowed to 

occupy either site. The lattice parameter shrinks slightly with the addition of Fe, while the 

main group elements Al and Ge expand the lattice (Fig. 4.18c). Doping on either site has 

almost the same effect. We regard the shallow energy minima found for Mn is a 

characteristic of the spin liquid state. The magnetic states are considerably more stable than 

the parent Mn (Fig. 4.18d). 

The calculations for Mn95Z5 for Z = Al and Ge show a 0.5% lattice expansion for the 

two main group dopants, and there is a smaller 0.1% compression for Fe.  
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Chapter 5 Mn-free ferrimagnetic alloys 

5.1  Introduction  

Half-metallic ferromagnets exhibit 100% spin polarization due to a gap in one of the 

spin channels. Traditional half-metals include CrO2 and Co-based Heusler alloys such as 28-

electron Co2MnSi [1]. More recently, Mn-based ferrimagnetic half metals Mn2RuxGa (MRG) 

have been developed that exhibit spin compensation at a temperature Tcomp that can be tuned 

by varying the Ru content and they exhibit Curie temperatures of order 500 K, well suited 

for applications [2]. However, Mn-diffusion into the MgO barrier of MRG-based magnetic 

tunnel junctions has proved to be a problem [3]. Therefore, it would be desirable to find a 

new Mn-free half-metallic ferrimagnet.  

Firstly, we investigated the magnetic properties of bulk, single-phaseV3Al, CrVTiAl 

and the corresponding Ga compounds (V3Ga & CrVTiGa) experimentally, which are 

predicted as ferrimagnetic half metals, spin-gapless semiconductor and metallic 

antiferromagnet in different atomic arrangements by density functional theory calculations9. 

It is noted that both magnetism and semi-conductivity are destroyed by disorder. All the as-

cast alloys show some degree of B2-type ordering, but all of them are Pauli paramagnets 

with dimensionless susceptibilities close to the average of the atomic constituents. We find 

that even the prolonged annealing did not improve any atomic order, suggesting the expected 

ordering is inaccessible in alloys prepared from the melt.   

However, the character of light 3d elements in alloys, exhibiting non-magnetic or 

magnetic behavior, points out one way to develop new ferrimagnetic alloys without Mn. We 

                                                 
9 These are in studies performed by Dr. Z. Gercsi. 
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investigated the magnetism of V in ordered (B2) and disordered (A2) Fe1-xVx alloys, 

revealing the influence of the bond lengths on magnetism: V atoms with the shortest bonds 

(< 2.9 Å) behave nonmagnetically, those with the longest bonds (> 3.8 Å) show long-range 

ferromagnetic coupling and the V sites with bonds of 2.9 – 3.8 Å couple 

antiferromagnetically. Similar behaviour also can be seen in the other light transition 

elements, which is applied on the more localized side of the boundary between the 

completely itinerant and more localized regions (Fig. 5.10c). 

5.2  Cubic V3Al, CrVTiAl and related 18-electron Heusler 

compounds with a different group 13 element  

5.2.1 Introduction  

The Heusler structure made by light 3d elements attracts more attention due to the high 

magnetic transition temperatures [4, 5], which is made out of four interpenetrating fcc 

lattices (4a, 4b, 4c, and 4d) as illustrated in Fig. 5.1. Structures can be distinguished by the 

sequence of atoms W, X, Y and Z in the 4a, 4c, 4b and 4d sites along a body diagonal 

direction. The origin can be chosen at any one of them. The compounds may form A2, Im3
_

m (XXXX); B2, Pm3m (XYXY); D03, Fm3
_

m (XYYY); L21, Fm3
_

m (XYXZ); XA, F4
_

3m 

(XXYZ); and Y-type, F4
_

3m (XWYZ), named by the Strukturbericht symbol and space group, 

respectively. There are crystallographically-distinct variants in each case except A2, 

depending on how the atoms are identified as WXY or Z. In the LiMgPdSn Y-type structure, 

4! = 24 permutations of the atoms are possible on the four sublattices, but only three of them 

are crystallographically distinguishable. We denote them as I, II and III. The order of the 

atoms along the diagonal in CrVTiAl, for example, can be I; Al-Cr-Ti-V, II; Al-Ti-Cr-V or 

III Al-Cr-V-Ti. The Y-type and XA structures have no centre of inversion but L21, D03, B2 

and A2 all have one.  
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Fig. 5.1. (a) An arrangement of four different atoms, Cr, V, Ti, Al on the four fcc sublattices 

along the body diagonal of the cubic Heusler Y-type structure. In the D03 structure, 4a is 

occupied by the group 13 element and 4b, 4c and 4d sites are occupied by V, whereas in the 

B2 structure, 4a and 4b sites are occupied by a mixture of elements and 4c and 4d sites by a 

different mixture. (In D03 the 4c and 4d sites are crystallographically equivalent and are 

referred to as 8c sites). 

Galanakis et al. suggest that many inverse XA Heusler alloys are half-metals [6], 

following the Slater-Pauling rule, 𝔪 = n – 18, where 𝔪 is the moment per formula in Bohr 

magnetons and n is the number of valence electrons in the formula (3 for Al, Ga, 4 for Ti, 5 

for V and 6 for Cr, for example). This is analogous to the ‘𝔪 = n – 24’ Slater-Pauling rule 

that was established experimentally for L21 compounds, including the Co2YZ series [6-8]. 

That means when n = 18 or 24, the materials are expected to be compensated ferrimagnetic 

half metal. An extensive study by Ma et al. of the calculated electronic structure of 127 such 

inverse Heuslers confirmed that the presence of spin gaps and (n – 18) half metallicity [9]. 

However, very few such materials have been realized in experiments. In addition, the great 

majority have differences of formation energy that are so small (50 - 100 meV/atom) with 

respect to other, stable phases or combinations of phases that they were thought unlikely to 

be synthesizable in equilibrium [9]. These formation energy differences are generally quoted 

with reference to the convex ‘hull’, which is an energy surface in compositional space, based 

on the energies of huge numbers of computed compounds archived in the AFLOWLIB or 

Open Quantum Materials (OQMD) databases. Many computational studies of binary, 
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ternary and quaternary Heuslers have tested potential new candidates for stability with 

respect to the hull [7, 9-14]. These calculations were carried out by Dr. Zsolt Gercsi.  

The group 13 elements Al or Ga have eight spin-unsplit states at the bottom of the 

valence band arising from the 3s/3p or 4s/4p orbitals, respectively. The nine 3d electrons 

may or may not occupy spin split orbitals, with or without a gap at the Fermi level [15]. 

Some possible schematic densities of states are illustrated in Fig. 5.2, including one variety 

of spin gapless semiconductors [16]. The 18-electron compounds could be antiferromagnets 

or compensated ferrimagnets. Compensated ferrimagnetic semiconductors with different 

gaps in the  and  densities of states [5, 17 ] arepotential spin filters [18].   

 

Fig. 5.2. Schematic densities of states suggested for 18-electron Heusler compounds. They 

might be half-metal, spin-gapless semiconductor, spin filter and nonmagnetic semiconductor. 

The last panel can also represent an antiferromagnetic semiconductor. 

We first summarize published density functional theory (DFT) calculations of the 

electronic structure of the 18-electron D03 and Y-type intermetallics [5, 18]. There have 

been several calculations for D03-V3Al. (The low-temperature equilibrium phase is an A15 

superconductor with Tsc = 11.7 K that becomes bcc above 600oC [19]). First calculations 

found it to be a nonmagnetic gapless semiconductor [20]. Subsequently, it was identified as 

an antiferromagnetic semiconductor [4, 6]. Antiferromagnetism is possible because the 

vanadium on 4b sites has no moment, and the vanadium on the surrounding 8c sites forms 

two equivalent antiferromagnetically coupled sublattices (4c and 4d) in a G-type spin 

Nonmagnetic 

semiconductor

Half metal

Ef

Spin-gapless

semiconductor

Spin filter
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structure, with moments of about 1.5 µB/atom and a calculated Néel temperature of 600 – 

1000 K. The nonmagnetic state lies 0.039 eV/atom above the ordered antiferromagnetic state 

[21]. D03-type V3Ga is calculated to be nonmagnetic [9], or else a G-type antiferromagnet 

[4, 18 ] with a Néel temperature of 500 – 850 K. In both V3Al and V3Ga, a broad maximum 

in the temperature dependence of magnetization is observed at 600 K [21] or 390 K [18] 

respectively, amounting to 1 - 2% of the susceptibility. The equilibrium phase for V3Ga at 

these temperatures is A15-type. 

The 18-electron quaternaries, CrVTiAl and CrVTiGa, were predicted to follow the XA 

ternary Heusler alloys and behave as fully-compensated half-metallic ferrimagnets with a 

gap for one spin direction in the spin-polarized density of states (DOS). Calculations for 

CrVTiAl based on an ordered LiMgPdSn-type structure predicted a spin gap in both  and 

 densities of states, and an antiferromagnetic ordering temperature TN in excess of 2000 K 

[17]. This is considerably higher than the value for cobalt, the metal with the highest known 

Curie temperature. There are equal and opposite moments on the Cr and V+Ti sublattices of 

about 3 µB, but very little magnetism on Al [17]. On the basis of such electronic structure 

calculations, CrVTiAl was proposed as a spin filter for spin electronics [17, 22], or as a spin-

gapless semiconductor where the spin gap in one band is practically zero [5]. The constituent 

elements behave quite differently. Three of them are Pauli paramagnets (Ti, V and Al); the 

fourth (Cr) hosts an incommensurate antiferromagnetic spin density wave arising from 

‘Fermi surface nesting’ with an amplitude of 0.43 µB that is largely orbital in character. The 

Néel temperature TN is 313 K [22]. 

The CrVTiAl alloy was subsequently prepared in bulk [5, 22, 23] and thin film form 

[24, 25]. It crystallizes in a cubic structure with a0 ≈ 6.10 Å and there is some evidence of 

B2 atomic ordering [23, 24], but not Y-type or D03 ordering. The bulk alloy has a 

temperature-independent magnetic susceptibility  = 4.510-8 m3kg-1 with no sign of any 

net moment from 4 – 400 K according to one report [22]. In another report, the susceptibility 

is similar with a small upturn below 10 K [24], but evidence of a very small net moment of 

10-3 µB/fu and a little coercivity at 3 K together with some temperature-dependence in the 
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susceptibility around 750 K, were later attributed to an oxide impurity [24]. All samples 

studied showed a metallic residual resistivity 0 in the range 160-280 µ cm. The 

temperature coefficient of resistance becomes negative at high temperature, which was 

interpreted as semiconducting behaviour with a gap of 0.16 eV. The Hall coefficient is 

positive, consistent with hole densities of 1022 cm-3. (The atom density in the compound is 

7 1022 cm-3). A small nonlinear component of magnetization observed in thin films 

saturates in about 2 T. These data were interpreted as showing that CrVTiAl is a fully-

compensated ferrimagnetic half metal with a very high TC. However, real materials are 

considered to exhibit a considerable degree of atomic disorder compared to the ideal 

structures in Fig. 5.1a, and only a small fraction of any sample was estimated to be in a fully-

ordered Y structure or one with only Cr/V disorder, both of which exhibit spin gaps [5]. 

There is no publication on these materials showing direct evidence of magnetic 

ordering such as magnetic neutron diffraction, anomalous Hall effect or measurement of 

magnetic hyperfine interactions. Nor are there data showing hysteresis measured by the 

magneto-optic Kerr effect, domains or spin-torque switching such as have been reported in 

Mn2RuxGa, the most-thoroughly studied example of a compensated half metal [26]. 

Nevertheless, absence of evidence is not evidence of absence. 

Our primary aim here was to try to prepare the 18-valence electron Heusler compounds 

with D03 or Y structures and investigate their magnetism experimentally to see whether they 

fulfil any of the interesting theoretical predictions. Materials selected for the study are bulk 

V3Al and CrVTiAl, together with their Ga counterparts. Samples doped with 1 wt. % of 57Fe 

are included for Mössbauer spectroscopy. Then we compare our experimental results with 

the calculated dependence of magnetism on atomic order in the four sublattices using DFT 

calculations, which are extended to cover two other group 13 elements, B and In. The 

calculations suggest that the G-type AFM spin arrangement appears to be generic feature of 

the 18-electron D03-ordered series, but our data show little evidence for the formation of the 

ordered structure in bulk material. The stability of the magnetically ordered configurations 

is investigated in the binary and quaternary series as well as the stability of the atomic order,
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and the structures themselves.  

5.2.2 Experiments  

Alloys were prepared by arc melting the elements (99.99 % pure) Cr, V, Ti and Al or 

Ga under Argon. Samples were also prepared with 1 wt. % of 57Fe. The alloys were first 

studied in the as-cast state, and then after annealing for 10 days in vacuum at 650℃ or 900℃, 

followed by furnace cooling or quenching to ambient temperature. Some representative x-

ray diffraction data for as-cast material are shown in Fig. 5.3. All the as-cast alloys were 

single phase, with the exception of V3Ga, which showed a trace of an A15 Cr3Si-structure 

secondary phase. The main peaks in all cases correspond to the A2 bcc structure, but a weak 

200 reflection found in all of them indicates some tendency towards B2 atomic order. The 

X-ray diffraction patterns of the 57Fe-doped samples were no different. There was no sign 

of a (111) reflection, which is a marker for D03, L21, XA and Y-type order, even after long 

counts around 2 = 25o. Data are included in Fig.5.3.  

Analysis of the ratio of the 002/004 peak heights [27] for CrVTiAl, compared with the 

ratio of the 001/002 peak heights for B2-ordered (V+Cr)/(Ti+Al), allowed the degree of B2 

order to be quantified as SB2 = 0.46. The corresponding result for the Ga alloys is SB2 = 0.41. 

Estimated errors are ±0.05. The as-cast alloys are therefore partly ordered at the level of the 

B2 bcc sub-cell, but not at the level of the 8x larger Heusler cell (Fig. 5.1). 
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Fig. 5.3. X-ray diffraction patterns of as-cast alloys: V3Al & V3Ga (left) and CrVTiAl & 

CrVTiGa (right). 

Prolonged annealing of the as-cast ingots at 650 ℃ or 900 ℃ failed to improve the 

atomic order. On the contrary, the as-cast single cubic phase with partial B2 order 

disproportionate into two or more separate cubic phases with different lattice parameters. 

The example of CrVTiAl is shown in Fig. 5.4. From differential scanning calorimetry (DSC) 

at 10℃ per minute, the phase segregation is found to occur in the range 400 – 500℃. The 

quaternary appears to decompose into VCr and TiAl solid solutions, with lattice parameters 

of 2.95 Å and 3.09 Å, respectively. The phase segregation temperature for CrVTiGa was a 

little higher. 

V3Ga was different. It showed a trace of A15-structure impurity already in the as-cast 

state and annealing at 650℃ or 900℃ transformed it completely into the superconducting 

A15 structure, as anticipated from the phase diagram. Refinement of the structure in the 
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space group Pm3
_

n gives a0 = 4.62 Å and a composition of V2.9Ga. A15-type V3Al was not 

obtained after these anneals. 

 
Fig. 5.4. X-ray diffraction patterns of as-cast alloys after annealing at 650 ℃ or 900 ℃. 

Magnetization data are presented in Fig. 5.5 for as-cast, single-phase samples. In every 

case, the magnetization is linear in the field of up to 5 T at temperatures ranging from 4 K - 

400 K. The 57Fe-doped samples behave similarly. There is no sign of any weak moment, and 

the susceptibility is temperature-independent to within ±1. Changes seen at higher 

temperatures, up to 900 K, were irreversible and associated with phase segregation. They 

amount to less than 2% of the room-temperature susceptibility.  

 

Fig. 5.5. Magnetization data. Field variation at 4 K and 400 K for (a) V3Al/Ga and (b) 

CrVTiAl/Ga. (c) Temperature scans of the susceptibility in 1 T. 
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Only V3Ga behaves differently. Due to the trace of the superconducting A15 phase in 

the alloy, it exhibits a Meissner effect below Tsc = 13.5 K (Fig. 5.5a and c inserts).  From 

the initial negative susceptibility of -0.031at 4 K, the volume fraction of A15 in the as-cast 

sample is estimated as 3%.  

Table 5.1. summarizes the lattice parameters, density, mass susceptibility and 

dimensionless susceptibility for the as-cast 18-electron alloys. The magnitude of the 

temperature-independent paramagnetic moment in 5 T lies in the range 1.0 - 1.5 10-3 µB 

per atom. Values of the dimensionless susceptibility  for the alloys fall about 40% short of 

the value required for the appearance of spontaneous ferromagnetism according to the Stoner 

criterion [28]. The susceptibility of the 1% iron-doped alloys was likewise temperature-

independent down to 4 K. 

Table 5.1. Lattice parameter, density and susceptibilities of the as-cast alloys.  

Compound 𝒂𝟎 (Å) 𝝆 (kgm-3) 𝝌𝒎  (10-9 m3kg-

1) 

𝝌 (10-6) 

CrVTiAl 6.17 5042 44.8 226 

CrVTiAl (57Fe) 6.14 5115 33.8 173 

CrVTiGa 6.12 6389 37.1 237 

CrVTiGa (57Fe) 6.11 6435 37.0 238 

V3Al 6.08 5311 56.5 300 

V3Al (57Fe) 6.10 6273 57.7 362 

V3Ga 6.05 6669 41.3 275 

Values of density and susceptibility for the pure elements are provided in Table 5.2 for 

comparison. It is remarkable that the volume-averaged dimensionless susceptibility of the 
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elements av agrees very well with the measured susceptibility of all four alloys (Table 5.3). 

Furthermore, the susceptibility of vanadium is temperature-independent below room 

temperature [29] and that of chromium is temperature-independent above the Néel 

temperature, and decreases by 4% at lower temperatures [30]. The susceptibilities of bcc 

VCr [31] and VTi [32] solid solutions show little temperature dependence either.  

Table 5.2. Density and susceptibility of the pure elements [33]. 

Element Structure 𝝆 (kgm-3) 𝝌𝒎 (10-9 m3kg-

1) 

𝝌 (10-6) 

Al fcc 2698 7.7 21 

Ga ortho 5907 -3.9 -23 

Ti hcp 4540 40.1 182 

V bcc 6110 62.8 384 

Cr bcc 7190 44.5 320 

Table 5.3. Comparison of the dimensionless susceptibility of the compounds with the 

averaged values of the constituent elements. 

Compound 𝝌𝒂𝒗 (10-6) 𝝌 (10-6) 

CrVTiAl 227 226 

CrVTiGa 216 237 

V3Al 293 300 

V3Ga 282 275 
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No evidence of any reversible antiferromagnetic transition in V3Al or V3Ga was 

observed in DSC in the range 30 – 1000 oC, where compounds were thought to order 

antiferromagnetically [18, 21]. Instead, there is an irreversible exothermic transition at 

380oC for V3Al, which is associated with a very small, irreversible decrease in susceptibility 

at the same temperature. In V3Ga there is a larger exothermic transition at 490 ℃, which is 

associated with the irreversible transformation to the A15 structure. In the quaternaries, we 

find exothermic events at 445 ℃ for CrVTiAl and at 506 ℃ for CrVTiGa, where the 

irreversible phase segregation takes place (Fig. 5.6). A small (~ 2%) irreversible step appears 

in susceptibility at the same temperature. 

 

Fig. 5.6. DSC thermograms for as-cast quaternary alloys CrVTiAl and CrVTiGa. The 

exothermic reactions happen at 445 ℃ for CrVTiAl and at 506 ℃ for CrVTiGa, respectively, 

where the single phase of the as-cast alloy decomposes into two separate phases (see Fig. 

5.4).



5.2.3 Analysis and comparison electronic structure calculation 153 

 

 

A direct probe of any magnetic order is provided by Mössbauer spectroscopy of 1% 

57Fe-doped samples10. There is no perceptible difference in the X-ray patterns in the samples 

with or without 1% of iron, and only minor changes are found in the magnetic susceptibility 

(Table 5.1). The room temperature spectra for the iron-doped alloys shown in Fig. 5.7, 

indicate that the iron is paramagnetic, with an isomer shift of -0.14 mms-1 with respect to 

the source, 57Co in Rh. The quadrupole splitting of 0.42 mms-1 for CrVTiAl and CrVTiGa 

(Fig. 5.7a), reflects a range of disordered atomic environments for the 57Fe impurity. In V3Al 

(Fig. 5.7b), there is an unsplit central peak which is due to ~ 20 % of the iron that is situated 

in a locally-symmetric nearest neighbour environment. There is no magnetic hyperfine 

splitting in any of the alloys and the hyperfine field is less than 1T. The above information 

indicates that none of the alloys are magnetically-ordered at room temperature. 

 

Fig. 5.7. 57Fe Mössbauer spectra of 1 wt. % iron impurities in a) CrVTiAl and CrVTiGa and 

b) V3Al. 

5.2.3 Analysis and comparison electronic structure calculation  

The antiferromagnetic order in this 18-electron system is expected with chemically-

identical sublattices as a fully compensated ferrimagnetic half-metal at a specific 

                                                 
10 The Mössbauer experiments were conducted by Prof. Plamen Stamenov. 
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compensation temperature, Tcomp = 0 K [34]. The compensation temperature dependence 

relevant to the sublattice magnetizations varies with distinct exchange interactions of 

crystallographic sublattices, which is analogues to thin films of the 21-electron Heusler half-

metal Mn2Ru0.5Ga [35-37] with a compensation at T = 0 K while a nonzero net moment at 

other temperatures. The 24-electron bulk Heusler Mn1.5V0.5FeAl behaves similarly [36]. 

However, none of the binary V3X or quaternary CrVTiX alloys exhibit spontaneous 

magnetization at any temperature. 

According to the DFT calculations11 (Appendix I), electronic structures of the binary 

and quaternary alloys exhibit its half-metallic or semi-conductive character (see Fig. 5.2) as 

we expected. We start with the 18-electron binary V3X (X = B, Al, Ga and In) with D03 

order. The calculations have shown that the equivalent antiparallel spins at V1 atoms (4c 

site) and V2 atoms (4d site), leading to zero net moment, and each atom with magnetic 

moments of 1.4 -1.7 µB, whilst there is no magnetic moment on V2 (4b site). The details of 

the magnetic moments can be seen in Appendix II. Therefore, the electronic structures of 

V3X indicate that the ordered D03 alloys are predicted to be antiferromagnetic 

semiconductors due to a symmetrical electronic structure in respect to spin-up and spin-

down channels (Fig. 5.8). 

                                                 
11  DFT calculations were carried out by Zsolt Gercsi.  
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Fig. 5.8. Calculated densities of states for the 18-electron antiferromagnetic D03-type V3X 

binary alloys with different Group 13 elements (B, Al, Ga, In). 

However, the calculated D03 ordered binaries manifests little benefits for spintronic 

applications. Further alloying elements are needed to transform the D03-type order into a 

possible XA- or Y-type atomic arrangement by partial replacement of V. This approach 

could produce a ferrimagnetic spin structure with asymmetric spin states at the Fermi level, 

as predicted for CrVTiAl [17, 24, 25], which also retains the balance of 18 electrons and 

zero net magnetic moment. 

There are three possible variants in CrVTiX and the corresponding energies as a 

function of lattice parameter (Fig. 5.9) indicate that the ferrimagnetic variant III is more 

favourable except CrVTiB. Although the ferrimagnetic alloys could be realized [17], the 

practical difficulties to achieve fully ordered single-variant quaternary ones from the melt 

seem insuperable. The close vicinity in energy of variants I, II and III, some of them differing 

in energy by less than 25 meV (kBT at ambient temperature), suggests that a disordered high-

entropy alloy prefer to form rather than an ordered phase [38]. There is little benefit from 

mixing magnetic and non-magnetic atoms together in terms of useful magnetic functionality.  



156 5.2.3 Analysis and comparison electronic structure calculation 

 

 

 

 

Fig. 5.9. Energies of the three variants (I, II, III) of the quaternary CrVTiX alloys, as a 

function of lattice parameter distinguishing ferrimagnetic and nonmagnetic solutions.  

Unfortunately, none of these ordered phases that we have discussed are thermodynamically 

stable. Furthermore, all DFT calculations indicate that the ordered phase is not ever stable 

in the ground state. It is noted that the disorder is going to destroy the spin gap and magnetic 

order, which is the exactly same as what we find in our experiments.  

We then use the hull distance to check the phase’s stability. The hull distance ∆Ehull is 

equal to the difference between the formation energy and hull energy. And here, the hull 

describes the energy surface in compositional space with all the more stable alloys. When 

the ∆Ehull is zero, the stable phase is lying on the convex hull. When the ∆Ehull is negative, 

that means the new phase is below the hull, the new hull will be re-established. Therefore, 

the new stable phase is on the new hull. While the ∆Ehull is positive, the new phase will be 

above the hull. Then it is potentially unstable and could decompose into a combination of 

more stable compounds lying on the hull. Our quaternary Heusler alloys all tend to 

decompose into phase mixtures due to the positive Hull distance (Table 5.4). That means 

when the energy distance from the convex energy curve in compositional space connecting 



5.2.4 Conclusion 157 

 

 

the most stable mixtures of phases are less than 50 - 100 meV/atom, the phase may not form 

in practice. Our experiments are fully consistent with this prediction.  

Table 5.4. Calculated electronic states of Y- type variants in CrVTiX compounds, together 

with the hull distance of the most stable variant. 

CrVTiX I II III Stable phases Hull distance 

(eV/atom) 

B Metallic NM/ 

Metallic 

SGS TiB+V3B2+TiCr2+Ti -0.465 (Y–III) 

Al HM Metallic SGS TiAl+VCr -0.114 (Y–III) 

Ga HM Metallic SGS TiGa+VCr -0.125 (Y–III) 

In HM Metallic SGS TiIn+VCr -0.238 (Y–III) 

 

5.2.4 Conclusion  

Our work emphasizes that we need to be more cautious when attempting to make the 

real bulk materials in practice and built a relationship with the results of DFT calculations. 

The calculations predict that the four idealized D03-ordered binary vanadium phases can be 

antiferromagnetic gapless semiconductors with nonmagnetic vanadium on 4b sites. 

However, low-energy antisite defects eliminate the semiconductivity and tend to destroy the 

magnetism. In the case of the Y-phase quaternary alloys, differently-ordered variants with 

or without magnetic order are calculated to differ in energy by such a small amount, ~ 50 

meV. And further, the high entropy of the disordered alloys contributes to the atomic 

disorder. Moreover, a fully-ordered D03 binary or any Y-type quaternary variant is never 

the most stable solution for any of these compounds according to the hull energy. 

Our experimental study establishes that the single-phase 18-electron binary Heusler 

alloys with A2 order and the quaternaries with partial B2-type order in the as-cast state after 

arc melting all behave like the Pauli paramagnetic metals. The prolonged annealing process 
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does not improve their atomic order at all. The quaternary alloys prefer to disproportionate 

irreversibly into two stable cubic phase mixtures, as predicted thermodynamically. 

Therefore, theoretical claims for the discovery of new ternary and higher intermetallic 

phases with outstanding physical properties should be critically screened for stability. Then, 

lengthy discussions of magnetic order and electronic structure of phases would be avoided, 

as well as misidentifications of small, irreversible features in the temperature-dependent 

susceptibility as Néel points. The opportunities for Fermi-level engineering and stabilizing 

unusual electronic or magnetic structures are wider for thin films with a surface on a 

substrate than they are for bulk crystalline materials. So we might have a chance to obtain 

highly ordered Heusler alloys in thin-film. 

 

5.3  Tailoring the magnetism of vanadium by crystallographic 

ordering in Fe-V alloys  

5.3.1 Introduction  

Generally, the magnetic 3d elements are considered to be Cr, Mn, Fe, Co and Ni.  The 

light 3d transition element vanadium is usually nonmagnetic, and even exhibits 

superconductivity in some of its alloys (V3Ga [39], CsV3Sb5 [40], V3Si [41], ZrV2 [42]). 

However, in contrast with a common understanding, vanadium does sometimes exhibit 

ferromagnetism [43] and antiferromagnetism in its alloys [39]. The conditions for obtaining 

nonmagnetic or magnetic vanadium are still debated.  

3d vanadium in Fe1-xVx was predicted to be nonmagnetic for the disordered A2 structure 

but magnetic for the ordered B2 structure. Although DFT calculations [44-46] predicted V 

to be antiferromagnetic, experimental techniques, including neutron scattering, Mössbauer 

spectroscopy and nuclear magnetic resonance spectroscopy [47], do not support this 

predicted magnetism in both chemically ordered and disordered alloys. This inconsistency 

between the experiments and calculations calls for further investigation of the Fe1-xVx system.  
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The literature suggests that the itinerant elements, such as Rh [48], Pt [49] and Pd [50], 

can be either nonmagnetic or magnetic. The changes in magnetic moments and transition 

temperatures from the disordered to the ordered phase12 are summarized in Fig. 5.10a and 

b. Crystallographic ordering is the key to the magnetism of the itinerant elements. However, 

to obtain magnetic vanadium controlled by its local environments in Fe1-xVx is a challenging 

task and as far as we know no progress has been reported in this direction.      

Thus, we investigate the magnetism of V in ordered (B2) and disordered (A2) Fe1-xVx 

alloys and discuss the influence of the local environment on magnetism. The findings related 

to the magnetization and the Curie temperature for different x and degrees of atomic ordering. 

Extending the analysis to other itinerant magnets containing V or other weakly-polarized 

transition elements, exhibiting tunable magnetism (pale green boxes in the periodic table, 

Fig. 5.10c), reveals the relationship between magnetism and local coordination.  

                                                 
12 The details of dopants’ magnetic moments and transition temperatures in disordered and ordered phases 

are listed in Tables 5.5 and 5.6 of Appendix III. 
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Fig. 5.10. (a) The bar graphs show the relative difference of magnetic moments of an 

itinerant transition metal alloy element (red) in its ordered and disordered states. V and Pt 

completely lose their magnetism in the disordered state. (b) The difference of magnetic 

ordering temperatures in ordered and disordered atomic structures. Elements with the most 

localized moments (Fe and Co) are the least sensitive to change in local environments. (c) 

Periodic table of transition elements. The elements in the pale green boxes can be either 

itinerant magnetic or nonmagnetic based on the local environments in their alloys. Elements 

in the yellow and white boxes are Pauli paramagnetic and diamagnetic, respectively. 

5.3.2 Experiments  

Fe1-xVx (x = 0.25, 0.33, 0.4, 0.5, 0.6, 0.67, 0.75) polycrystalline ingots were synthesized 

by arc-melting high-purity iron (99.99%) and vanadium (99.95%) under high purity Ar 

atmosphere. In order to make the as-cast samples more homogenous, the arc-melting was 

repeated four times. The buttons were sealed under vacuum into a quartz tube and annealed 

at 500℃ for a week before quenching into an ice-water mixture. The structures were 

characterized with an X-ray diffractometer using CuK radiation ( = 1.5405 Å). The 
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magnetization measurements were carried out by using the 5 T superconducting quantum 

interference device (SQUID) magnetometer. 

5.3.3 Results  

I. Crystal structure 

X-ray diffraction patterns were obtained at room temperature for the series of Fe1-xVx 

(x = 0.25 – 0.75) alloys both in as-cast (Fig. 5.11a) and annealed (Fig. 5.11b) states. The 

lattice constant for the as-cast samples in the disordered A2 phase changes from 2.91 Å to 

2.97 Å as x increases from 0.25 to 0.75 due to the larger atomic radius of V than that of Fe. 

The lattice constant changes linearly with composition (red) following Vegard's law as 

shown in Fig. 5.11c. Whereas, after annealing at 500℃, the lattice constant increases 

nonlinearly from 2.91 Å to 2.96 Å with x = 0.33 to 0.67 (see blue line in Fig. 5.11c), because 

of the crystallographic ordering. It is extremely difficult to see the superlattice peak (001) of 

B2 phase (CsCl-type) in a traditional XRD pattern, even at high angles, due to the similar 

atomic scattering factors of Fe and V [45]. The existence of at least partial B2 ordering after 

annealing at low temperature can be inferred from the decrease of lattice constant deduced 

from the shifts of the (110) bcc Bragg peak towards higher 2 angles [51]. This is most 

distinct for x = 0.5 where the reduction of the lattice constant (~ 2.91 Å) due to B2 ordering 

is as high as 0.7% in agreement with a previous report [52]. The similar trend is observed in 

annealed alloys with x = 0.4 and 0.6. 

 



162 5.3.3 Results 

 

 

 

 

Fig. 5.11. The x-ray diffraction patterns of (a) as-cast Fe1-xVx alloys (inset, the zoom-in 

diffraction peaks of (110)) and (b) Comparison of x-ray diffractions for as-cast and annealed 

(500℃) Fe0.5V0.5. The pattern for the annealed alloy shifts toward higher 2 angles. The 

inset shows the zoom-in of the (110) diffraction peak. (c) The lattice constant as a function 

of x both in the as-cast and 500℃ annealed Fe1-xVx alloys. 

II. Magnetic properties 

Crystallographic ordering gives rise to different magnetic properties of Fe1-xVx in A2 

and B2 structures. Fig. 5.12a presents the thermo-magnetization scans of Fe0.5V0.5 (A2 and 

B2) and the fits using the mean-field method [28]. The fitted moments in the B2 structure, 

1.12 and 0.37 B for Fe and V (antiparallel to Fe) respectively, agree with previous work 

[45]. The TC for Fe0.5V0.5 decreases from 480 K (A2) to 350 K (B2), due to weakening of 

the ferromagnetic interactions by antiferromagnetically coupled V. The influence of 

crystallographic ordering is weaker but also observable in Fe0.6V0.4, which is located at the 

A2/B2 phase boundary, and there are distinctive differences of initial slopes of mav(T) curves 

(mav, average atomic magnetization), shown in Fig. 5.12b. The mav of as-cast alloys decreases 

with increasing temperature. However, mav for the annealed alloy rises with increasing 

temperature below 60 K (T/TC < 0.1), showing ferrimagnetic-like behavior. This is quite 

unusual, because the initial slope of M(T) curve in the mean-field model is normally zero 

for a common ferrimagnet like yttrium iron garnet [53]. The behavior indicates that V 

gradually and reversibly loses its magnetism on heating rather than simply becoming 
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magnetically disordered for this composition lying at the A2/B2 phase boundary.  

 

Fig. 5.12. (a) Thermal scans of saturation magnetization of Fe0.5V0.5 in A2 (red line) and B2 

(green line) ordered structures with mean-field model fits (black for A2 and blue for B2). 

The drop in magnetization in B2 phase below 50 K is due to a trace of the weakly-magnetic 

 phase. (b) The shape of the mav(T) curve at low temperature indicates that B2 Fe0.6V0.4 

(light blue line) is ferrimagnetic, which is unlike the as-cast A2 alloy (red line) at low 

temperature. The magnetization first increases and then decreases on heating. The induced 

moment on V gradually disappears during heating, for this composition near the A2/B2 

boundary. (c) The mav(T) curve and inverse susceptibility of Fe0.33V0.67. The positive p (200 

K) verifies the ferromagnetism. (d) The mav/ms curves of Fe0.75V0.25 (A2) and Fe0.33V0.67 (A2). 

The saturation magnetizations of the two alloys are 1.4 and 0.12 B/atom, respectively. 

Unlike V, the significant influence on the Fe moment is the alloy composition rather 

than crystallographic ordering. When x increases to 0.67, the thermal magnetization does 
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not behave like a typical ferromagnet with a fast drop of magnetization at TC (Fig. 5.12c), 

although the ferromagnetism is confirmed by a positive paramagnetic Curie temperature p 

of 200 K deduced by fitting the inverse susceptibility in the paramagnetic state. This fitting 

gives an effective paramagnetic moment meff = 2.3 B for Fe0.33V0.67. According to the 

Rhodes-Wohlfarth plot of the ratio mc/ms versus Curie temperature, where mc = (1 + meff
2)1/2 

– 1 and ms is the saturation moment in Bohr magnetons, the large ratio mc/ms = 3.2 indicates 

that Fe0.33V0.67 is an itinerant ferromagnet [54]. Compared with the Fe-rich alloys, such as 

Fe0.75V0.25, the thermal scan and field-induced magnetization of this V-rich composition (Fig. 

5.12d) illustrate that Fe is only weakly magnetic in the V-rich region. The above results 

suggest that the increased number of V neighbors of Fe is the main factor that weakens its 

magnetism. 

Fig. 5.13a summarizes the average atomic moment mav as a function of x in the A2 and 

B2 phases, respectively. For the A2 disordered alloys, mav at 4 K linearly drops from 1.1 

B/atom (x = 0.25) to nearly zero (x = 0.75). This linear trend is as same as that found for Ni 

with nonmagnetic Cu neighbours [28]. However, in the B2 ordered phase, mav decreases 

nonlinearly from 0.99 B/atom (x = 0.33) to 0.12 B/atom (x = 0.67), following a similar 

trend to the lattice constant. This nonlinear dependence is similar to that of Fe with 

ferromagnetic Co neighbours and Ni with antiferromagnetic Mn neighbours [28] (Fig. 

5.13a). 

The maximum and minimum Curie temperatures TC are found in Fe0.75V0.25 (1025 K) 

and Fe0.25V0.75 (45 K) with disordered structures, respectively (Fig. 5.13b). TC for the B2 

phase is always lower than that for disordered A2 phase with the same composition. The 

maximum difference appears for alloys with x = 0.5, which exhibit TC of 350 K for B2 and 

480 K for A2. This result indicates the different roles that V plays in magnetism, based on 

ordering. In disordered A2, V is confirmed to be nonmagnetic by both theoretical and 

experimental studies when x > 25 at. % [47, 55, 56]. The linear Curie temperature 

dependence is similar to those found for Ni-Cu [57] and Co-Zn [58] (Fig. 5.13b), with a 
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nonmagnetic element (Cu or Zn) partly replacing the ferromagnetic host (Ni or Co) to 

weaken the exchange interactions by decreasing the number of nearest magnetic neighbors. 

However, in ordered B2 alloys, V is antiferromagnetically coupled to Fe, decreasing the net 

moment and TC nonlinearly, which is also observed for TC or TN in other alloys with a 

magnetic dopant, such as Co-Pt [59] and Fe-Cr [60].  

 

Fig. 5.13. (a) Average atomic moment mav and (b) the magnetic transition temperatures (TC 

or TN) of Fe1-xVx alloys with varying x. Non-linear behaviour appears in the B2 structure, 

and other alloys of Fe, Co and Ni with ferromagnetic, antiferromagnetic or nonmagnetic 

elements [28, 57- 60]. The magnetism of the elements is distinguished by the different 

colours. 

5.3.4 Discussions  

I. Relationship between bond length and magnetism of V 

3d elemental iron in Fe-V alloys is always ferromagnetic when x < 0.75 regardless of 

atomic ordering, while the interaction for the itinerant V is sensitive to its bond length. Fig. 

5.14a describes the magnetism variations with the bond length d between V nearest 

neighbours. The details of the associated materials are listed in Table 5.7 of Appendix III. 

Generally, the shortest V - V bonds (< 2.9 Å) are nonmagnetic; the longest bonds (> 3.8 Å) 

are ferromagnetic and the bonds of 2.9 – 3.8 Å behave antiferromagnetically. Taking Au4V 

as an example, disordered Au4V with d = 2.7 Å is nonmagnetic, while the ordered phase 
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with d = 4.96 Å is ferromagnetic [43]. A similar trend can be seen for Cr and Mn (Fig. 5.16 

in the Appendix III). Details of Cr-based and Mn-based materials are listed in Table 5.8 and 

5.9 of Appendix III. Cr-Cr bond lengths less than 2.5 Å or greater than 3.44 Å are 

nonmagnetic or ferromagnetic, respectively, while Mn-Mn bonds are nonmagnetic when d 

< 2.43 Å and ferromagnetic when d > 2.83 Å. The magnetic phase is determined by the 

shortest bond length for V, Cr and Mn, as shown in Fig. 5.14b. In the A2 phase, the shortest 

bond length of V is  2.53 Å, corresponding to a nonmagnetic structure, and the magnetism 

only arises from ferromagnetic interactions between Fe atoms. After annealing, the V-V 

bond length in Fe0.5V0.5 with B2 ordering ( 2.91 Å) corresponds to antiferromagnetic V-V 

bonds. Compared to the disordered state, additional antiferromagnetic exchange between Fe 

and V must be taken into account because V possesses a moment in the B2 ordered alloy. 

The interaction with Fe weakens magnetization and lowers TC. 

 

Fig. 5.14. (a) Magnetic transition temperatures (TC or TN) as a function of V-V bond lengths 

in the V-based materials. Note that, V-V bond lengths of 2.53 Å and 2.91 A are deduced in 

non-magnetic V sites (A2) and antiferromagnetic V sites (B2) respectively in Fe0.5V0.5. (b) 

A magnetic phase diagram based on the nearest neighbour bond length for the light 3d 

elements V, Cr and Mn. 

II. Composition-dependent moment and TC 
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Vanadium is less electronegative than iron, therefore electrons are transferred from V 

to Fe, increasing the d band occupancy and decreasing the Fe moment. Assuming each V 

donates c electrons to Fe in A2 Fe1-xVx alloys, each Fe atom obtains cx/(1 - x) electrons and 

its magnetic moment is roughly (m0 - cx/(1 - x)) B/Fe, where m0 is the magnetic moment of 

Fe before charge transfer. The total magnetic moment for A2 Fe1-xVx can be expressed as 

m = (m0 - cx/(1 - x)) (1 - x) = m0 - (c + m0)x (5.1) 

In Eq. 5.1, m decreases linearly with x. By fitting the magnetization vs. x in Fig. 5.13a, m0 is 

found to be 2.07 B, close to the value for metallic Fe of 2.2 B and the charge transfer 

number c is 0.9. In the B2 structure, the additional contribution of V modifies Eq. 5.1 to  

 m = m0 - (c + m0)x – m’x (5.2) 

where m’ is the magnetic moment per V. Since m’ is a function of x (in B2, m’ increases 

from 0 for x = 0.4, to 0.36 B for x = 0.5, and finally drops back to 0 for x = 0.6), m decreases 

nonlinearly with x in Fig. 5.13a. 

The trends of TC for A2 and B2 Fe1-xVx alloys as a function of x are similar to those of 

magnetization for the following reason. The Curie temperature is proportional to the 

exchange interaction J [28]. Fe has 8 nearest-neighbour (NN) and 6 next-nearest-neighbour 

(NNN) in A2. Therefore, in A2 Fe1-xVx the total exchange interaction, also the exchange of 

Fe sublattice, can be expressed as  

 Jtot = JFe-Fe = 8JNN(1 - x) + 6JNNN(1 - x) (5.3) 

Eq. 5.3 gives a linear relationship between composition x and total exchange, suggesting 

that TC is linear with x, as shown in Fig. 5.13b. In B2, total interactions of the ordered alloy 

include three components, one ferromagnetic exchange interaction from Fe to Fe and two 

antiferromagnetic interactions associated with V. For example, in B2 Fe0.5V0.5, Fe has 4 NN 

(V) and 6 NNN (Fe), and V has 8 NN (Fe) and 6 NNN (V). However, the antiferromagnetic 

V - V exchange may be neglected because a bond length of 2.91 Å sits at the 

nonmagnetic/antiferromagnetic boundary. Therefore, the exchange interaction between 
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magnetic V and Fe is the dominant factor explaining the offset from the linear trend in Fig 

5.13b, because JFeV is most significant when x ~ 0.5.  

III. Band structure 

Based on above analysis of the local environment and magnetic moment, the schematic 

band structures of the A2 and B2 variants of Fe0.5V0.5 are summarized in Fig. 5.15. The 

magnetic moment of Fe with a ~3d9 configuration is ~1 B for both structures, taking into 

account the charge transfer with c ~ 0.9 from V, deduced from the fit of Eq. 5.1 to the data. 

In the A2 structure, the crystal field splitting of 3d-orbitals of Fe in the two coordination, 

octahedral and cubic (see Fig. 5.15a), leads to hybridized t2g and eg bands. There is no band 

splitting for nonmagnetic V. In the B2 structure, the coordination of 3d-orbitals of Fe and V 

are octahedral and cubic, respectively (see Fig. 5.15b). The different local environments of 

V and Fe cause a different crystal field splitting for eg and t2g bands: The eg energy is greater 

than that of t2g band for Fe, while for V the eg band lies below the t2g. The antiparallel 

coupling of the Fe and V moments gives a ferrimagnetic structure, with more occupied 

orbitals in spin-up channel of V and the spin-down channel Fe.  



5.3.5 Conclusion 169 

 

 

 

Fig. 5.15. The schematic band structure of Fe0.5V0.5 in A2 (a) and B2 (b) structures. In the 

A2 structure, the 8 NN and 6 NNN of Fe form a cubic and an octahedral coordination 

polyhedron respectively, among which half are magnetic elements. With charge transfer, Fe 

has a ~3d9 atomic configuration with a magnetic moment of ~1 B. In the B2 structure, the 

coordination of Fe and V are cubic and octahedral, respectively. There are more occupied 

orbitals in spin-up channel of V and spin-down in Fe, leading to ferrimagnetism. 

5.3.5 Conclusion  

In summary, our study reveals the behaviour of the individual atomic magnetic 

moments of Fe1-xVx alloys in the ordered (B2) and disordered (A2) bcc structures. The as-

cast alloys have an A2 structure, while annealing leads to a partially-ordered B2 structure. 

The magnetism of Fe is determined by the number of Fe neighbours which dominates the 

ferromagnetic interactions in the A2 as well as in the B2 structure. The magnetism of V is 

sensitive to the bond length, which varies with atomic ordering. The linear dependences of 

magnetization as well as TC as a function of V concentration for A2 alloys (V > 25 at. %) 

indicate that V is nonmagnetic (d < 2.9 Å), while the nonlinear dependences for B2 alloys 

indicate that V has developed a moment that is antiferromagnetically coupled (2.9 Å < d < 
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3.8 Å) with the moment of Fe. The additional V – Fe exchange interaction due to the 

magnetic moments carried on V is responsible for the distinctive changes of its magnetic 

properties, including magnetization and TC. Based on our study of the Fe1-xVx system, it is 

noteworthy that elements sitting on the borderline between the itinerant and localized 

regions (pale green boxes in Fig. 5.10c) may change their magnetism when the bond length 

is changed, even slightly. The tuneable magnetic moment of weakly-polarized elements 

provides a method to develop new magnetic materials. 

5.4  Summary  

We did not succeed in making a Mn-free ferrimagnetic half metal, which was our 

original objective, although the DFT calculations indicate that the idealized D03-ordered 

binary vanadium phases or extended Y-type quaternaries should have formed ferrimagnetic 

half metals or spin-gapless semiconductors. Low-energy antisite defects eliminate 

semiconductivity (in V3Al) and also tend to destroy the magnetism. That means a fully-

ordered D03 binary or any Y-type quaternary variant is never the most stable solution for 

any of these compounds, which is verified by the Hull energy. Therefore, future claims based 

on theoretical calculations for discovery of ternary, and especially higher intermetallic alloys, 

with brilliant physical properties must make clear on the composition stability of the phases 

to avoid lengthy discussion of magnetic order and electronic band structures, as well as 

misidentification of small, irreversible features in the temperature-dependent susceptibility 

as Néel points. While disorder may improve the mechanical properties, it is inimical to 

collective magnetic order, which depends sensitively on local atomic arrangements and 

unusual structure in the electronic density of states. Growth methods that avoid the melt, 

such as physical or chemical deposition on a substrate might run a better chance of success. 

The opportunities for Fermi-level engineering and stabilizing unusual electronic or magnetic 

structures are wider for thin films with a surface on a substrate than they are for bulk 

crystalline materials. It is as thin films that new electronic materials are likely to be applied.  
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On the other hand, light itinerant elements in alloys provide a chance to obtain Mn-free 

ferrimagnets, through control of the crystallographic ordering. Our investigation of the V 

magnetism of bcc Fe1-xVx alloys in different ordered states reveals that the magnetism at V 

site is determined by the bond length (see Fig. 5.14a). In B2 ordered Fe0.5V0. 5, 

ferrimagnetism is realized due to the antiparallel alignment of Fe and V moments. Further, 

we find that itinerant alloys including of weakly-polarized transition elements like Pt, Rh 

and Pd, display similar magnetic properties based on crystallographic and atomic order. 

Therefore, the tuneable magnetic moment of weakly-polarized elements provides a method 

to develop new ferrimagnetic materials. 
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Appendices 

Appendix I. DFT calculations method 

Ab-initio calculations based on DFT calculations were carried out using norm-

conserving pseudopotentials and pseudo-atomic localized basis functions as implemented in 

the OPENMX software package [61]. The Y-type ordered calculations were based on a 

minimal 4-atom basis cell of the Heusler structure using 151515 k-points to evaluate the 

total energies. The conventional 16-atom basis cell was used for the investigation of antisite 

(V-X) swapping in the binary V3X alloys. Pre-generated fully relativistic pseudopotentials 

and the pseudo-atomic orbitals with a cut-off radius of 7 atomic units (au) were used with 

s2p2d2 for the metal and s2p2d1 basis orbitals for the group 13 metalloid elements with an 

energy cut-off of 220 Ry (3 keV) for the numerical integrations. The convergence criterion 

for the energy minimisation procedure was set to 10−8 Hartree (4 µeV). Spin-orbit interaction 

(SOI) was not considered in the calculations. The reason is that SOI is only a small 

perturbation to the electronic structure in case of 3d-orbitals in high symmetry crystal field 

(cubic), typically do not yield significant SOI. Here we are interested in the total 

magnetization and the fermi level spin polarisation. These conditions were tested on other 

previously-reported full Heusler alloys, and excellent reproducibility was confirmed. The 

plotted densities of states (DOS) were evaluated on a denser (191919) k-grid for more 

detail. 
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Appendix II. Magnetic moments of V in D03-type V3X (X= B, Al, Ga, In) 

  a0 (Å) mv4b/mtotal 

() 

Band 

structure 

mv8c-

total 

() 

Band 

structure 

Stable 

phase 

Hull 

distance 

(eV/atom) 

V3B 5.71 0/0 Metallic/NM 0 Metallic/NM V3B2 

+V 

0.486 

V3Al 6.12 1.10/0 Metallic/AFM 1.26 Metallic/FiM AlV2 

+V 

0.011 

V3Ga 6.13 1.2/0 Metallic/AFM 1.68 Metallic/FiM V3Ga  

(A15) 

0.164 

V3In 6.36 2.03/0 Metallic/AFM 1.24 Metallic/FiM In +V 0.218 

AFM – Antiferromagnetic; FiM – Ferrimagnetic  

Appendix III. Details of collected materials comparing with Fe1-xVx 

Table 5.5. The magnetic moments on dopants of disordered (DO) and ordered (O) alloys. 

The dopants were underlined.  

Material Dopant momentDO (B) Dopant momentO (B) Reference 

Au4V 0 0.41 [43] 

CrPt3 0 -0.27 [62] 

Cr0.3Pt0.7 0 -0.47 [49] 

Au4Mn 2 4 [43] 

FePd3 0.34 0.57 [50] 

Fe3Rh 0.75 1 [48, 63]  
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Ni3Fe 0.6 0.62 [64] 

FeCo 1.7 1.705 [65] 

 

Table 5.6. Magnetic transition temperatures (TC or TN) in disordered (DO) and ordered (O) 

alloys. The dopants were underlined.  

Material TC/TN
 DO (K) TC or TN

 O (K) Reference 

Au4V NM 39 [43] 

MnPt3 0 380 [66, 67] 

CrPt3 0 494 [68] 

Au4Mn 203 473 [43] 

Mn3Rh 700 840 [69] 

Ni3Fe 863 940 [70] 

FePd3 476 499 [71] 

 

Table 5.7. V-V bond length in V-based alloys with their magnetic transition temperatures 

(TC or TN). (NM < 2.9 Å; FM > 3.8 Å) 

Material V-V bond length (Å) Magnetism TC or TN
  (K) Reference 

Fe0.5V0.5(A2) 2.53 NM 480 This work 

Fe0.5V0.5(B2) 2.91 AFM 350 This work 

V3Al (A15) 2.4 NM 0 [39] 

V2FeAl 2.57 NM 0 / 

V3Al (A2) 2.63 NM 0 [39] 
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KV3Sb5 2.75 NM 0 [72] 

V  2.79 NM 0 [73] 

V2O3 2.91 AFM 170 [74] 

V3Se4 3.14 AFM 17 [75] 

V5Te8 3.44 AFM 52 [76] 

VPt3 3.84 FM 290 [77] 

GaV4S8 3.92 FM 12  [78] 

VI3 3.94 FM 50  [79] 

Au4V 4.96 FM 39 [43] 

 

Fig. 5.16. The transition temperatures (TC or TN) as a function of (a) Cr-Cr and (b) Mn-Mn 

bond length in Cr-based and Mn-based alloys, respectively. 
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Table 5.8. Cr-Cr bond length in Cr-based alloys with their magnetic transition temperatures 

(TC or TN). (NM < 2.5 Å; FM > 3.44 Å) 

Material Cr-Cr bond length (Å) Magnetism TC or TN
 (K) Reference 

Cr3Si  2.28 NM 0 [80] 

Cr2B 2.46 NM 0 [81] 

Cr  2.52 AFM 312  [28]  

Cr2Al  2.59 AFM 634 [82] 

CrCl3 3.43 AFM 16.8 [83] 

CrO2 3.45 FM 396 [28] 

CrBr3 3.63 FM 37 [84] 

CuCr2Se4 3.66 FM 430 [85] 

Cr5Te8   3.88 FM 222 [86] 

CrI3  3.96 FM 61 [87] 

CrBe12 4.17 FM 50  [88] 

 

Table 5.9. Mn-Mn bond length in Mn-based alloys with their magnetic transition 

temperatures (TC or TN). (NM < 2.43 Å; FM > 2.83 Å) 

Material Mn-Mn bond length (Å) Magnetism TC or TN
  (K) Reference 

Mn (A13) 2.36 NM 0 [28] 

Mn2Ti 2.43 NM 0 [89] 

Mn2RuGa 2.6 AFM 490 [2] 
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IrMn3 2.67 AFM 730 [28] 

Mn (A12) 2.73 AFM 450 [28] 

Mn2Au 2.78 AFM 953 [82]  

MnPt 2.82 AFM 975 [90] 

MnAs 2.85 FM 318 [28] 

MnSb 2.88 FM 573 [28]  

MnBi 3.06 FM 633 [28] 

Cu2MnAl 4.02 FM 603 [91] 
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Chapter 6 Critical behaviour and weakly first-

order transition in a topological ferromagnet CoS2 

6.1  Introduction 

Since the discovery of insulators that are insulating in the interior but electrically 

conducting at the surface, the topology of electronic bands has attracted wide attention [1-

3]. Research in non-magnetic topological materials has led to a succession of theoretical and 

experimental studies, involving topological insulators [3,4], Dirac semimetals [5-7] and 

topological Weyl semimetals [8]. Intriguingly, the combination of magnetism and topology 

can create a variety of novel topological quantum states [9-11] including a high anomalous 

Hall effect [12] and an anomalous Nernst effect [13] owing to Berry curvature and Weyl 

nodes, respectively. One of the few examples of a ferromagnetic topological material that 

was recently verified experimentally is CoS2, which is nearly half-metallic [14]. Hence it is 

an interesting material for this thesis. 

CoS2 crystallizes in a cubic pyrite structure (space group Pa3̅) shown in Fig. 6.1a. The 

cobalt atom is located at the centre of the octahedron formed by six sulphur atoms [15]. The 

splitting of the 3d-orbitals in the octahedron coordination leads to a gap between eg and t2g 

bands [16]. The low-spin state cobalt has a formally divalent configuration, and the seven 

3d electrons are distributed with four in spin-up states and the other three in spin-down states 

to give the low-spin configuration schematically shown in Fig. 6.1b. Therefore, the Fermi 

level just lies in the gap between t2g and eg in the spin-down state, forming a half-metal. This 

is further confirmed by the magnetic measurements (0.91 B/Co) [14] and band structure 

measured by angle-resolved photoelectron spectroscopy [15]. Other calculations however 
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find a pocket of minority-spin electrons at the R point in the corner of the Brillouin zone of 

the pure compound [14] that leads to a peak in the density of states at the Fermi level that 

may explain the large electronic specific heat [17]. The minority-spin electron pocket has 

recently been confirmed [15] by angular resolved photoelectron spectroscopy that probes 

the bulk electronic structure. The same study also found a bulk Weyl point just below the 

Fermi level, connected by a Fermi arc to a Weyl point that is inferred to be just above the 

Fermi level, giving rise to surface states that are topologically protected. The Fermi arcs 

have majority-spin character. It suggests that the surface states associated with the Fermi 

arcs may contribute to the good catalytic properties of CoS2 [14]. Recent literature on CoS2 

drew attention to its potential for spintronic applications with highly spin-polarized currents, 

albeit at low temperature [18], and its catalytic properties [19].  

Although the critical behaviour of a powder sample has been reported, the only critical 

exponent discussed is , which is close to the value expected for an itinerant ferromagnet 

(= 5.0) [20]. The present study examines the ferromagnetic phase transition at 120 K in 

detail and looks for the relation with its unusual electronic structure. The potential of CoS2 

as a magnetocaloric material is also reported. 

6.2  Experiments 

High quality CoS2 single crystals were grown by the chemical vapour transport (CVT) 

method13 starting from CoS2 mesh powder (99.99%). The mixture of the CoS2 powder 

(about 3 gram) with 3.5 mg/ml-tube volume CoBr2 (99.99%) was sealed in a quartz ampoule, 

which was then put in an oven with a temperature gradient from 700 °C (source) to 640 °C 

(sink) for 14 days followed by quenching in water. The crystals obtained were octahedral, 

showing eight triangular {111} surfaces. The x-ray diffraction pattern was obtained with 

using CuK ( = 1.5405 Å) radiation. The magnetization measurements were carried out on 

a single crystal with the magnetic field applied along a [111] easy direction using a 5T 

                                                 
13 Single crystal CoS2 was prepared by Dr. Yangkun He using the CVT method outlined in Chapter 2.3. 
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Quantum Design superconducting quantum interference device (SQUID) magnetometer. 

Thermomagnetic scans under 0.01 T were run to study the effective magnetic moments and 

to estimate the Curie temperature. Thermal scans in fields ranging from 0.01 T to 5 T were 

used to investigate the relation between the paramagnetic Curie temperature p and the 

applied field. Isothermal magnetization curves M(H) measured from 100 K to 130 K at 

temperature intervals Δ𝑇 = 2 K were the basis for exploring the critical region.  

 

Fig. 6.1. Crystal structure of pyrite-type CoS2. (a) The octahedron coordination is formed 

by six sulphur atoms around a cobalt atom. Blue and yellow atoms represent Co and S, 

respectively. (b) Schematic view of the splitting of the spin-up and spin-down 3d electron 

energy levels. (c) The easy axis of CoS2 is along a 111 direction (perpendicular to the pink 

plane). (d) X-ray diffraction pattern from a (111) plane of the CoS2 crystal, showing three 

peaks.
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6.3  Results and discussion 

CoS2 crystallizes in the pyrite structure (Fig. 6.1a, c). Only (l l l) peaks were observed 

in the X-ray diffraction pattern on a (111) surface, shown in Fig. 6.1d. The lattice constant 

a0 = 5.537(8) Å, agrees well with previous literature [21-23]. The saturation moment at 4 K 

was determined as 0.94 B, consistent with earlier reports [15,24,25].  

The critical behaviour measured in the vicinity of the Curie temperature along a [111] 

direction is now discussed. A temperature-dependent M (T) scan in 0.01 T is shown in Fig. 

6.2a. The paramagnetic Curie temperature p was obtained by fitting the inverse 

susceptibility in the paramagnetic state to a Curie-Weiss law χ = 𝐶/(𝑇 − 𝜃p), where 𝜒 is 

the dimensionless susceptibility and 𝐶 is Curie constant. The value of p increases from 

119.6 K to 127.1 K when the applied magnetic field is increased from 0.01 T to 5 T, as 

shown in Fig. 6.2b, which is similar to the behaviour of Rh2CoSb [26] showing a tricritical 

point near its Curie temperature. The p values obtained in low applied fields for CoS2 are 

closer to its Curie temperature (119.8 K). The sharp change in field-dependence before 0.1 

T is related to the weakly first-order transition, as shown below. An effective paramagnetic 

moment meff of 2.32 B is calculated from the Curie constant C = 
𝜇0𝑛𝑚𝑒𝑓𝑓

2

3𝑘𝐵
, where 𝑘𝐵 is 

the Boltzmann constant and 𝑛 is number of magnetic atoms per cubic meter. According to 

the Rhodes-Wohlfarth plot of the ratio mc/ms versus Curie temperature, where mc = 

(√1 + 𝑚𝑒𝑓𝑓
2-1) and ms is saturation moment, both in Bohr magnetons, the value mc/ms = 

1.67 that we find for CoS2 indicates that it is a partly itinerant ferromagnet [27]. 
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Fig. 6.2. (a) Left: Temperature dependence of the magnetization under a magnetic field of 

0.01 T. Right: Inverse susceptibility (blue line) fit by the Curie-Weiss law (red line). (b) 

Magnetic-field dependence of p along the easy axis of CoS2. 

The magnetic critical behaviour was studied by characterizing a series of interrelated 

critical exponents  and around TC [24]. The definitions of these exponents are  

 𝑀𝑠(𝑇) = 𝑀0(−𝜀)𝛽, 𝜀 < 0, 𝑇 < 𝑇C, (6.1) 

 𝜒0
−1(𝑇) =

ℎ0

𝑚0
𝜀𝛾, 𝜀 > 0, 𝑇 > 𝑇𝐶, (6.2) 

 𝑀 = 𝐷𝐻1/δ, 𝜀 = 0, 𝑇 = 𝑇𝐶,   (6.3) 

where  𝑀0 , ℎ0/𝑚0,  D are critical amplitudes [25] and 𝜀  is the reduced temperature 

defined as = T- TC)/TC. The universal magnetic equation of state [28] is  

𝑀(𝐻, 𝜀) = 𝜀𝛽𝑓±(
𝐻

𝛾+𝛽),    (6.4) 

where 𝑓± are regular functions associated with the variables H and 𝜀. Further simplifying 

this equation, it can be written as 𝑚 = 𝑓±(ℎ), where 𝑚 = 𝜀−𝛽𝑀(𝐻, 𝜀) and ℎ =
𝐻

𝛾+𝛽 . 

Here, 𝑓+ is the function for T > TC, while 𝑓− is for T < TC. It means that when the right 

values of andare found, scaled 𝑚 and ℎ will lie on two universal two curves, one 
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above TC and the other below TC. Any two of the critical exponents suffice to describe the 

static critical behaviour for a particular universality class, defined by the dimensions of space 

and the magnetic order parameter  

 

Fig. 6.3. (a) Initial isothermal magnetization curves measured along (111) around TC = 120 

K (navy blue curve) for single-crystalline CoS2. (b) Arrott plots (M2 vs 0H/M) near TC. Note 

that the temperature interval ∆T is 2 K.    

Fig. 6.3a exhibits the field-dependent isothermal magnetization curves measured along 

the easy axis across the critical region. The magnetization increases rapidly under low field 

and saturates at high field when T < TC, whereas above TC the shape of the curve is initially 

slightly concave and before becoming linear and then convex on approaching saturation. 

The standard method to determine the critical temperature using Arrott plots is based on 

mean field theory where = 1/2, = 1and= 1 [29]. Fig. 6.3b shows the Arrott plots of 

𝑀2 versus μ0𝐻/𝑀, where the isotherms are expected to be set of parallel straight lines, 

with one passing through the origin, the critical isotherm, determining the temperature TC. 

Our plots are completely different from those expected from mean field theory of a second 

order phase transition. 

Based on a criterion proposed by Banerjee [30], the slope of the Arrott plot can reveal 

the order of the transition order: a negative value indicates a first-order phase transition while 
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a positive one corresponds to a second-order phase transition. Obviously, the linear slope in 

the high-field region of our plots is positive, but it is noted that there is a convex downward 

curvature in the extremely low-field region, which was explained by Takahashi in terms of 

spin fluctuation theory [31]. However, the convex downward curvature and negative slope 

in CoS2 is still evident when the temperature is a little higher than TC, which is a sign of a 

weakly first-order transition accompanying the second-order Curie transition.  

 

Fig. 6.4. The isotherms plotted as M1/ vs (0H/M) 1/ with a (a) 3D Heisenberg model, (b) 

3D Ising model, (c) 3D XY model and (d) tricritical mean-field model. Note that the 

temperature interval ∆T is 2 K.    

The mean-field theory requires that the 𝑀2  vs μ0𝐻/𝑀 curves at various 

temperatures around TC should be a series of parallel lines in the high-field region, but the 

curves shown in Fig. 6.3b are not linear. The conventional Arrott plot cannot successfully 
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characterize the critical behaviour of CoS2. A better approach is the modified Arrott plot [32] 

deduced from the Arrott-Noakes equation (𝐻/𝑀)1/𝛾 = 𝑎𝜀 + 𝑏𝑀1/𝛽 , where a and b are 

constants. A series of parallel straight lines of 𝑀1/𝛽 vs (𝐻/𝑀)1/𝛾 at various temperature 

around TC can be obtained if suitable values of 𝛽 and 𝛾 are found, and the line should pass 

through the origin when T = TC. Four models, 3D Heisenberg ( = 0.365,  = 1.386), 3D 

Ising model (( = 0.325,  = 1.24), 3D XY model ( = 0.345,  = 1.316), and tricritical mean-

field model ( = 0.25, = 1.0), are used to construct the modified Arrott plots [33] shown in 

Fig. 6.4. Among all these models, the tricritical mean-field model works the best, although 

it is not perfect. To further identify the best model, it is valid to use the normalized slope 

given by 𝑁𝑆 = 𝑆(𝑇)/𝑆(𝑇c), where 𝑆(𝑇) is defined as 𝑑𝑀1/𝛽/𝑑(𝐻/𝑀)1/𝛾 . The ideal 

value of the normalized slope is 1.0 because the modified Arrott plot should consist of a 

series of parallel straight lines. Fig. 6.5 shows the plot of 𝑁𝑆 vs 𝑇 for the four models, 

which further indicates that the tricritical mean-field model is the best of the four, although 

the description of the critical behaviour of CoS2 still less than perfect.  

110 115 120 125 130

0.5

1.0

1.5

N
o
rm

a
li

ze
d

 S
lo

p
e 

(N
S

)

Temperature (K)

 3D Heisenserg

 3D Ising

 3D XY

 Tricritical mean field

Tc

 

Fig. 6.5. Temperature dependence of the normalized slopes 𝑁𝑆 = 𝑆(𝑇)/𝑆(𝑇𝑐). 
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In order to obtain more precise critical exponents, an iteration method has been 

employed [34]. Linear extrapolation from the high-field straight lines of the isothermal 

curves yields the values of 𝑀𝑠(𝑇) and 𝜒0
−1(𝑇), which are the intercepts on the axis, 𝑀1/𝛽 

and (𝐻/𝑀)1/𝛾. By fitting the data following the Eqs. 6.1 and 6.2, a set of modified values 

of 𝛽 and 𝛾 will be obtained. They will be used to reestablish a new modified Arrott plot. 

The above procedure was repeated until the values of the critical exponents are stable. It 

should be noted that the obtained exponents by this method are independent of the initial 

choice of parameters, which ensures these critical exponents are reliable. Fig. 6.6a presents 

the temperature dependence of 𝑀𝑠 and 𝜒0
−1 accompanyed with fitting curves (solid line). 

The critical exponents  = 0.196, with TC = 119.9 K, and = 0.972, with TC = 119.7 K are 

obtained by fitting. The linear extrapolation from the high-field region to obtain the 

intercepts and select the proper values of critical exponents are very helpful to obtain a set 

of parallel straight lines in the high-field region. An alternative is to use the Kouvel-Fisher 

(KF) method [35] to determine the critical exponents. The KF equations are  

 𝑀𝑠(𝑇)

𝑑𝑀𝑠(𝑇)/𝑑𝑇
=

𝑇 − 𝑇𝐶

𝛽
 (6.5) 

 𝜒0
−1(𝑇)

𝑑𝜒0
−1(𝑇)/𝑑𝑇

=
𝑇 − 𝑇𝐶

𝛾
 (6.6) 

By taking this KF method, the slopes of 1/𝛽  and 1/𝛾  can be acquired from the 

temperature dependence of 
𝑀𝑠(𝑇)

𝑑𝑀𝑠(𝑇)/𝑑𝑇
 and 

𝜒0
−1(𝑇)

𝑑𝜒0
−1(𝑇)/𝑑𝑇

, respectively. The method gives  = 

0.196 and = 0.925 with TC = 119.8 K as shown in Fig. 6.6b.  
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Fig. 6.6. (a) Temperature dependence of the spontaneous magnetization Ms (left) and the 

inverse initial susceptibility 𝜒0
−1 (right). Ms (T) and 𝜒0

−1(T), based on the intercepts on the 

𝑀𝑠
1/𝛽and (H/M)1/axes, respectively, which are given by the linear extrapolation of the 

high-field straight line of the isotherm curves using the modified Arrott plots. TC and critical 

exponents are calculated by fitting Eqs. 6.5 and 6.6 (solid line). (b) The Kouvel-Fisher plot 

for the temperature dependence of the spontaneous magnetization 𝑀𝑠 (left) and the inverse 

initial susceptibility 𝜒0
−1 (right). Critical exponents 𝛽 and 𝛾 are the slopes of the curves, 

and TC is the exploration. 
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Fig. 6.7. The magnetization curve at TC (119.8 K). The corresponding log-log scale plot is 

shown in the inset, whose slope in the high-field region is  = 5.27 
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The critical exponents deduced by the KF method agree with those generated by the 

modified Arrott plot within experimental error. The third critical exponent  associated with 

the magnetization isotherm at TC is determined by Eq. 6.3, where D is the critical amplitudes 

[35]. The isothermal magnetization M(H) measured at the critical temperature TC = 119.8 

± 0.2 K is shown in Fig. 6.7 and the inset shows a log-log plot. Through fitting the high 

field slope in the isothermal curve of log-log scale, the critical exponent = 5.27 is obtained. 

The expected value of can be deduced from the Widom scaling law  
𝛽

𝛾
 [29], where 

and  are determined by the modified Arrott plot (= 5.96). Or it can be obtained by KF 

method (= 5.27), which is consistent with Ref. [20]. These values of  do not agree with 

each other, which suggests that the transition is not a second order phase transition. The 

difference suggests a weakly first-order transition. 

In order to verify the reliability of the values deduced for the critical exponents  and 

 and TC, we adopt the scaling analysis, 𝑚 = 𝑓±(ℎ), mentioned above. Fig. 6.8a shows the 

scaled 𝑚 (=𝑀|𝜀|−𝛽) as a function of scaled ℎ (=𝜇0𝐻|𝜀|−(𝛾+𝛽)), along with the same plot 

on a log-log scale in the inset. All of the experimental data in the high-field region fall on 

one of two independent branches, T > TC and T < TC. Furthermore, the data in the low-field 

region above TC collapse onto one as well. However, in the lower-field region below TC, the 

experimental data do not collapse onto one curve, which is exactly the behaviour found in 

materials exhibiting tricriticality. This phenomenon usually arises at the boundary between 

a first-order phase transition and a second-order one and these two transitions will meet at a 

single point, which is called the tricritical point [36-38]. The critical behaviour of CoS2 is 

similar to MnSi [39], which exhibits a first-order phase transition from conical to 

ferromagnetic states under an external magnetic field [40]. The tricritical point of magnetic 

field (𝐻𝑇𝐶𝑃) separates first-order from second-order behaviour. That is to say, above 𝐻𝑇𝐶𝑃, 

the scaled curves should fall onto a universal curve, whereas below HTCP, the scaling 

equation can no longer be used because of the first-order character. Thus, the turning point 

at the external field Hc on the 𝑚 vs ℎ curve on log-log scale reflects the boundary between 

the first-order and second-order behavior as shown in inset of Fig. 6.8a. The curve of Hc vs 
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T is shown in Fig. 6.8b, which decreases nearly linearly with temperature changing from 

112 K to TC. The points of Hc (= 0.034 T) and TC (=119.8 K) meet at HTCP. Hc is temperature-

independent below 110 K. Although the extent of the first order transition in our single 

crystal of CoS2 is weaker than that of MnSi, the scaling equation plot on a log-log scale for 

CoS2 (inset of Fig. 6.8a) is totally different from that of a normal ferromagnet [41-45]. It 

suggests that the transition observed at TC is weakly first-order. 

 

Fig. 6.8. (a) Scaling plots of renormalized magnetization m (= 𝑀|𝜀|−𝛽) vs renormalized h 

(=𝜇0𝐻|𝜀|−(𝛾+𝛽)) around the critical temperature for single crystal CoS2. Inset: the same plot 

in log-log scale. The turning point Hc meets TC at HTCP. (b) The phase diagram of CoS2 

determined by fitting the external field µ0Hc.  

Comparing the critical exponents in different theoretical models, listed in Table 6.1, to 

those obtained for CoS2, it seems that the pyrite cannot be categorized into any conventional 

universality class. Taroni et al. have conducted a comprehensive investigation of critical 

exponents for 2D magnets and find that the exponent  is within a window, 0.1 ≤  ≤ 

0.25  [46]. Despite the fact that the single crystal structure of CoS2 is clearly three 

dimensional, the exponent is in the range for 2D magnets. However, our value of 𝛽 is 

similar as that expected from the tricritcal mean-field model, and it is similar to some other 

magnetic single crystals, such as CrGeTe3, CrSiTe3 and MnSi (Table 6.1), as well as some 
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manganite oxides [36, 47, 48]. Interestingly, these compounds show the same feature – a 

crossover from a first-order phase transition to a second-order ferromagnetic one at a 

tricritical point. Generally, a first-order transition is accompanied by a discontinuous volume 

change. Therefore, it is expected that there is a latent heat and a discontinuous magnetic 

entropy change at TC  

Table 6.1. Comparison of critical exponents obtained for CoS2 with different theoretical 

models and related materials close to a tricritical point. (SC, single crystal)  

Composition Reference TC (K) Method    

CoS2
SC This work 119.8 Modified Arrott 

plot 

0.196 0.972 5.959 

   Kouvel-Fisher 0.196 0.925 5.719 

   Critical isotherm / / 5.275 

Mean field   Theory 0.5 1 3 

3D-Heisenberg   0.365 1.38

6 

4.8 

3D-Ising   0.325 1.24 4.82 

3D-XY   0.345 1.31

6 

4.81 

Tricritical 

mean-field 

  0.25 1 5 



200 6.3 Results and discussion 

 

 

 

CoS2 [20] 119.5  / / 5.2 

CrGeTe3
SC [49] 67.9 Modified Arrott 

plot 

0.242 0.985 5.07 

CrSiTe3
SC [50] 31 0.170 1.532 10.012 

MnSiSC [39] 30.5 0.242 0.91 4.734 

La0.1Nd0.6Sr0.3MnO3 [51] 249.5 0.257 1.12 5.17 

La0.9Te0.1MnO

3 

[37] 239.5 0.201 1.27 7.14 

The magnetic entropy can be calculated by  

 
∆𝑆𝑀(𝑇, 𝐻) = ∫ (

𝜕𝑆

𝜕𝐻
)𝑇

𝐻

0

𝑑𝐻 = ∫ (
𝜕𝑀

𝜕𝑇
)𝐻

𝐻

0

𝑑𝐻 (6.7) 

where (
𝜕𝑆

𝜕𝐻
)𝑇  and (

𝜕𝑀

𝜕𝑇
)𝐻  is determined by the Maxwell’s equation. ∆𝑠𝑀(𝑇, 𝐻)can be 

approximately expressed as ∆𝑆𝑀(𝑇𝑖, 𝐻) =
∫ 𝑀(𝑇𝑖,𝐻)

𝐻
0 𝑑𝐻−∫ 𝑀(𝑇𝑖+1,𝐻)

𝐻
0 𝑑𝐻

𝑇𝑖−𝑇𝑖+1
. Fig. 6.9a shows the 

calculated temperature dependence of −∆𝑆𝑀(𝑇, 𝐻) in a field along the (111) direction of 

our single crystal. All the curves of the magnetic entropy change exhibit a peak around TC 

and the peaks are broad and increasingly asymmetric with increasing field. The maximum 

value of the magnetic entropy change, −∆𝑆𝑀(𝑇, 𝐻), around the ferromagnetic transition is 

7.1 J kg-1 K-1 in an applied field change of 5 T. Comparing the result for CoS2 with the 

previous reports on some magnetocaloric materials in Fig. 6.9b, it seems that ferromagnets 

with a high magnetic entropy change exhibit a first-order transition, while the materials with 

a second-order transition shows much smaller values, as low as 3 J kg-1 K-1. The details of 

these ferromagnets were list in Table 6.2. The magnetic entropy change in CoS2 is 
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exceptionally large for a system where the ions only have S = 1/2, a further indication of the 

first order character of the transition.    

     CoS2 therefore exhibits a weakly first-order transition under low applied field while 

it is suppressed in high field. The entropy change is already comparable with the 

conventional magnetocaloric material Gd with S = 7/2 (−∆𝑆𝑀(𝑇, 𝐻) = 9 J kg-1 K-1 [52]). 

The transition in CoS2 exhibits little hysteresis and it may be a promising material for 

magnetocaloric applications well below room temperature.  

 

Fig. 6.9. (a) Temperature dependence of isothermal magnetic entropy change −∆𝑆𝑀(𝑇, 𝐻) 

calculated from magnetization at various magnetic fields. (b) Comparison of the magnetic 

entropy change and the Curie temperature for some ferromagnetic materials. The materials 

with first-order phase transition exhibit large magnetocaloric effect, while the value for the 

materials with a second-order transition is much lower. CoS2 is located at the boundary 

between the 1st order and 2nd order transition regions, but the entropy change is large in view 

of the low spin state S = ½ of the cobalt. 
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Table 6.2. Comparison of the magnetic entropy change and the Curie temperature for some 

ferromagnetic materials. 

Materials TC (K) −∆𝑆𝑀(𝑇, 𝐻), ∆H = 5 T 

(J kg-1 K-1) 

Reference 

CoS2 119.8 7.1 This work 

MnAs 317 35 [53] 

La(FeSi)13 175 27.8 [54]  

NiCoMnSn 388 20.1 [55] 

Ni2MnGa 345 18 [56] 

Fe2P 214 8.5 [57]  

PrCrGe3 90.5 3.2 [41] 

Co2ZrSn 192 3.2 [58]  

FeGe 279 2.3 [33] 

Co2TiSn 375 2.23 [59]  

Finally, we return to the question raised in the introduction — is the order of the 

magnetic phase transition in CoS2 related to the unusual topological electronic structure of 

the material? It is expected that any ferromagnetic phase transition in a cubic material, such 

as Fe, must involve a reduction of symmetry [60]. Iron with  easy axis anisotropy will 

become weakly tetragonal due to the influence of magnetostriction which couples magnetic 

symmetry breaking with a change in crystal structure — a ferromagnet can never be strictly 

cubic if there is any magnetostriction, however small. But this does not prevent a continuous 

phase transition at TC if the point-group of the ferromagnetic phase is a subgroup of the point 

group of the paramagnetic phase. In CoS2, (space group Pa3̅) the point group is 2/m3̅ which 

can change continuously to 3̅ if the space group becomes R3̅, consistent with the [111] 

easy axis [17].  
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There are two other conducting ferromagnets that exhibit topological features for which 

the critical behaviour has been studied. One is the van der Waals layer compound Fe3GeTe2 

[61, 62]. This is an itinerant ferromagnet where the iron occupies two sites, the 4e sites 

which form a double layer sandwiching a layer of 2c sites that is itself isolated and 

sandwiched between layers of tellurium. The compound exhibits unusually large anomalous 

Hall and Nernst effects [63, 64], and hosts skyrmions [65]. The Curie temperature of 215 K, 

and strong uniaxial anisotropy arising from the 4e sites [66, 67] — the anisotropy field is 8 

T, and the anisotropy energy is 1.29 MJm-3 [68], which reduces the effective spin dimension 

to 1. The spatial dimension is 3, because 2D magnetic systems must have isolated single 

sheets of magnetic ions. In ref. [69], the authors find critical behavior from modified Arrott 

plots and Kouvel-Fisher analysis that yields  = 0.327,  = 1.079 and  = 4.261 that satisfy 

the Widom equality – The exponents are fairly close to those expected from the 

3D Ising model (Table 6.1), as might be anticipated from compound’s structure. The other 

material is the Weyl semimetal Co3Sn2S2 with Fermi arcs at the Fermi surface [70]. Here 

too, the data can be reduced using modified Arrott plots and Kouvel-Fisher analysis to yield 

exponents  = 0.348,  = 1.26 and  = 4.52 that satisfy the Widom equality within 

experimental error. The behaviour of CoS2 is quite different. The Arrott plots show a 

negative slope, indicating a first-order transition and the measured exponents do not satisfy 

the scaling law.  

We think that the weakly first-order ferromagnetic transition in CoS2 is connected with 

the appearance of the minority-spin electron pocket at the R point in the Brillouin zone 

below the Curie temperature. The transition is from a non-topological paramagnetic state to 

a topological ferromagnetic state with band inversion like that in a topological insulator. 

This cannot be a continuous transition; it is inevitably first-order because the ferromagnetic 

band structure is topologically protected. The other two topological ferromagnets are not 

reported to exhibit the band inversion seen in CoS2. In fact, 5% Se reduces the Curie 

temperature of CoS2 to 90 K and makes the transition strongly first-order with a thermal 

hysteresis of 2.5 K [71]. This is likely a result of increased band inversion due to broadening
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of the eg band. 

6.4  Conclusion 

We have presented a variety of evidence from static magnetic measurements that the 

ferromagnetic phase transition at 119.8 K in CoS2 is weakly first-order. There is a tricritical 

point at the transition temperature. The first-order transition found in low fields is suppressed 

by an applied magnetic field of order 100 mT, which is sufficient to break the topological 

protection. The corresponding energy per site is of order 50 mK. Furthermore, we suggest 

that the ferromagnetic phase transition in any material that develops topologically protected 

band inversion at the Curie point will be first-order, and we suggest in Future Work a way 

to check this idea in the Co-Fe pyrites. 

The calculated magnetocaloric effect near TC is large in view of the low spin of S = ½ 

of the cobalt. There is very little hysteresis. Topological ferromagnets, especially ones with 

higher Curie temperatures, may be useful magnetocaloric materials. 
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Chapter 7 Conclusions and Forward Plan 

7.1  Conclusions 

The purpose of our project was to search for new compensated ferrimagnetic half metal. 

We started with the investigation of rare-earth-free non-collinear ferrimagnets Mn4-xZxN (Z 

= Cu — Ge and Ag — Sn) and found that the non-collinear ferrimagnetism originates from 

the structure of the Mn3c (111) Kagome planes with a small Mn-Mn interatomic separation 

that leads to frustration of the antiferromagnetic nearest-neighbour interactions. The tilt 

angle of the moments from the (111) planes, θ = 20°, is smaller than previously thought. 

There is a choice of substitutions to achieve magnetic compensation at room temperature. 

The efficiency of different elements in this respect rises gradually with increasing valence 

electron number from group 11 (Cu, Ag) to group 14 (Ge, Sn). The Mn1a moment is not 

sensitive to the dopants, while the Mn3c moment peaks at Ni and Pd then drops with further 

valance electron addition. The higher efficiency of elements from 5th period is due to the 

larger lattice constant, which weakens the hybridization of Mn3c and N and leads to an 

increase of m3c. In addition, the tilt angle decreases with increasing m3c and composition x. 

Based on the above results, the Ga compound with compensation at room temperature for x 

≈ 0.26 is recommended for high-frequency spintronic applications.  

Then, development of new fully compensated ferrimagnetic half metals, which have 

zero moment but exhibit magnetic order with 100% spin polarization, is targeted for 

spintronic applications. They are promising for low energy loss communications and high-

frequency spintronics. Here, we explore ideal half metals following two directions: one is 

Mn-based Heusler alloys and the other one is Mn-free alloys. 

In Mn-based half metals, the first material we introduced was fully compensated 

ferrimagnet Mn1.5V0.5FeAl, whose parent compound is ferrimagnetic half-metal Mn2FeAl. 
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Its compensation and Curie temperatures are very sensitive to the unit cell volume, which is 

raised by manganese content or heat treatments. The results suggest that when the lattice 

parameter is less than 5.845 Å, compensation behaviour can be observed. With expanding 

the lattice parameter, the magnetic compensation disappears and the TC increases, > 400 K. 

Then, we moved to another cubic Heusler ferrimagnetic half metal Mn2Fe1-xVxAl, which is 

considered as a combination of Mn2VAl (Zt = 25) and Mn2FeAl (Zt = 22) with magnetic 

moments of opposite signs. The dN- type band gaps of the 3d constituents in the alloys 

guarantee their half-metallicity, (Mn2VAl: Mn8c with d3-type and V4b with d2-type gaps; 

Mn2FeAl: Mn4c with d3-type and Mn4b with d5-type gap). The fully compensated 

ferrimagnetic half metal Mn2Fe0.75V0.25Al is realized. Through the analysis of its 

constituents’ spin configurations, the mechanism of magnetic compensation was revealed. 

Knowledge of compensation in half-metals inspired us to develop new ideal fully-

compensated ferrimagnetic half-metals with high TC. The DFT calculations of distinguishing 

Heusler ordering, electronic structures and sublattice moments for Mn2Fe1-xVxAl agree well 

with our experiments, except for Mn2FeAl, which is impossible to form with Heusler order 

in ingots because its equilibrium phase is A13 (-Mn).  

In Mn-free alloys, four Mn-free binaries (V3Al/Ga) and quaternary Heuslers 

(CrVTiAl/Ga) with 18 valence electrons and ideally-ordered crystal structures, which have 

been theoretically predicted to be zero-moment half metals or spin gapless semiconductors, 

were not made successfully. The hull energy, describing the absolute phase stability, 

suggests a fully-ordered D03 binary or any Y-type quaternary variant is never the most stable 

solution for any of these compounds. Therefore, future claims based on first-principles 

calculations for the discovery of new ternary and higher intermetallic phases with useful 

physical properties should be critically screened for stability, at least with respect to disorder 

and known competing phase mixtures on the hull. Nevertheless, light itinerant elements in 

alloys provide a chance to obtain Mn-free ferrimagnets, through control of the local 

coordination and bond length. For example, the V magnetism of bcc Fe1-xVx alloys in 

different ordered states reveals that the magnetism at V site is determined by the bond length. 

Generally, the shortest bonds of V sites (< 2.9 Å) are nonmagnetic; those with the longest 
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bonds (> 3.8 Å) are ferromagnetic; the V sites with bonds of 2.9 – 3.8 Å behave 

antiferromagnetically. In B2 ordered Fe0.5V0. 5 ferrimagnetism is realized due to the 

antiparallel alignment of Fe and V moments. Itinerant alloys including weakly-polarized 

transition elements like Pt, Rh and Pd, display similar magnetic properties based on 

crystallographic and atomic order. Therefore, the magnetic moment of weakly-polarized 

elements provides an innovative way to develop new ferrimagnetic applications. 

At last, we presented a variety of evidence from static magnetic measurements that the 

ferromagnetic phase transition at 119.8 K in CoS2 is weakly first-order, which is 

distinguished by a tricritical point. The weakly first-order transition found in low fields is 

suppressed by an applied magnetic field of order 100 mT. The calculated magnetocaloric 

effect near TC is large in view of the low spin of S = ½ of the cobalt, which may be useful 

for magnetocaloric applications.  

7.2  Forward plan 

7.2.1 Forward plan on ferrimagnet Mn4N 

From our experimental and theoretical study of the rare-earth-free non-collinear 

ferrimagnetic metals Mn4-xZxN, the efficiency of different dopants in magnetic 

compensation rises gradually with increasing valance electrons from group 11 (Cu, Ag) to 

group 14 (Ge, Sn). Bulk Mn4N with Ga dopants presents compensation at room temperature. 

Therefore, further efforts are required to grow Mn4-xGaxN thin films and explore their 

magnetic and transport properties. Thin film suitable for spintronic devices should have 

perpendicular anisotropy. 

7.2.2 Forward plan on fully-compensated Mn-based ferrimagnets  

The data collected so far indicate that the Mn1.5V0.5FeAl (MVFA) compound is a promising 

fully-compensated Heusler half metal. The bulk material shows good properties as the 

theory predicted. Experimental techniques, such as neutron TOF (time of flight) diffraction 

patterns and Mössbauer spectroscopy (at room temperature), failed to reveal any sublttice 
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moments [1]. The way to obtain the information of the atomic sites is to make a single crystal. 

Now I am collaborating with Ross Smith in our group to grow MVFA thin films to   

investigate the sublattice behaviours at 4b and 4c/4d sites. We expect MVFA thin films will 

show similar properties to MRG, such as Hall effect, Kerr effect etc. 

The other fully compensated ferrimagnetic half metal Mn2Fe1-xVxAl is obtained in x = 

0.25 not in the expected alloy with x = 0.33 because of the imperfect atomic ordering. 

Annealing is not suitable for Fe-rich alloys due to the A13 structure. The higher difference 

of electronegativity between Co to Mn than that between Fe to Mn indicates that Co doping 

might be efficient to stabilize the XA structure and improves compensation as well as Curie 

temperatures. I'm going to prepare Mn2Fe1-xVxAl with Co doping to improve the 

compensation temperature to room temperature. Once the ideal alloy is obtained, then we 

will transfer it to thin films for spintronics. 

7.2.3 Search for full-Heusler half metals without Mn 

There were so many theoretically predicted Heusler compounds that seemed promising 

half metals with zero moment, but very few have been found to really exist. The limitation 

of Mn-based alloys is Mn diffusion into the MgO barrier that restricts the spintronic 

applications. Therefore, I will search harder for a Heusler compound without Mn to obtain 

a half metal with a low moment, compensation, high Curie temperature and high spin 

polarization, which would be an ideal Heusler half metal. To obtain a half metallic 

compound with compensation behaviour is also our expectation. The potential candidates 

include ternary alloy V2FeAl, V2FeGe, CoFe-based quaternary alloy, and VCrFeAl or 

VCrFeGe ones.  

7.2.4 Verify the topological character of CoS2 in the first-order 

transition 

Since CoS2 has been recently identified as a topological ferromagnet [2], the 

topological characteristics related to its physical properties attract our attention. Further, we 

would like to test the idea that the first-order transition has a topological character. Here, we 
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would look at the critical behaviour of truly half-metallic CoS2 produced by a small amount 

of iron substitution [3,4]. Fe substitution behaves like the holes doping and moves the Ef 

down, which is close to the Weyl points and leads to loss of topological protection. Therefore, 

Fe doped compound should not be first-order. That is to say the influence of the Weyl points 

found in CoS2 [2] is on the surface states, which should not have any measurable influence 

on the bulk specific-heat.
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