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Introduction

Nowadays, the interest in developing new materials has dramatically increased due to
promising properties that makes these new materials potentially useful for many future commercial
applications. The modern computer simulation methods have led to a development of these new
materials faster than ever before.

The permanent magnets represent a class of materials that are indispensable for a wide
range of application like electric motors, generators, loudspeakers, laptops, etc. Most of the
permanent magnets contain strategic rare-earth elements. Recently, the world's largest provider of
rare-earth elements (China) has restricted export. This has led to a global crisis and of course an
exaggerated increase in the prices of these RE elements. Therefore, the development of alternative
magnetic materials like RE-free permanent magnets became inevitable. An interesting candidate
with promising high magnetic properties studied in this work is Mn-Al alloy.

Another class of ferromagnetic materials which are intensively studied for spintronic
applications (magnetic field sensors, non-volatile data storage devices, magnetic random access
memories etc.) are Heusler alloys. In standard electronic devices, the information is carried by the
electron charge, while in spintronic devices the spin is in charge to carries the information. Most
of Heusler alloys are half-metallic ferromagnets.

The novelty of these half-metallic Heusler alloys is provided by the two spin bands which
shows simultaneously a totally distinct behavior: (i) the majority spin channel is metallic and (ii)
insulating/semiconducting characteristics due to the band gap around the Fermi level in the
minority channel. Consequently, at Fermi level, the material could be spin polarized to 100%,
making them ideal for spintronic applications.

The aim of the present work was to study two different classes of materials: Rare-Earth
Free Permanent Magnets (t-MnAl phase) and Heusler alloys. This study was focused on both
theoretical and experimental investigations in order to evidence their structural, magnetic and
electronic properties.

The thesis is divided into 5 main chapters. First chapter is planned as an overview of
magnetic materials. It describes the essential notions required to discuss the following chapters in
detail. This section of the thesis is presented to define the origin of magnetism in matter and also
how magnetic interactions establish material properties.

The second chapter describes in detail the theoretical and experimental techniques
including sample preparation, characterization methods, apparatus used for experiment as well as
its measurement principles.

Chapter three consists two main subchapters. The first part of the chapter summarizes the
actual context of RE-free permanent magnets and provides an overview of Mn-Al alloys as a
promising RE-free permanent magnet taking into account the different approaches from the
literature. The second part of the chapter presents in detail our original results on the structural,
electronic and magnetic properties of the Mnss—AlssTix (X = 2; 4) alloys. This subchapter ends
with the main conclusions following our research on Mn-Al alloys.

Chapter four is divided into five sections. First section provides a short background about
the structure and relevant properties of the Heusler alloys, while in the next three sections are
presented our findings on the structural, electronic and magnetic properties of the investigated



Heusler alloys. The last section presents the main conclusions about all three Heusler systems
investigated in this work.

In the last chapter the general conclusions are described based on the results of studies
contained in this thesis.

The experimental investigations included in the current thesis were conducted within
several research centers from Romania or abroad: loan Ursu Institute of Physics at the Faculty of
Physics, Babes-Bolyai University, Cluj-Napoca, Romania; CNRS, Institute Neel, Grenoble,
France; ILL Grenoble; INCDTIM, Cluj-Napoca, Romania and Technical University of Cluj-

Napoca, Romania.



Chapter 1.

Magnetism and Magnetic Materials

1.1 The origin of atomic moments

The magnetism of substances is controlled by the atomic magnetic moments and the
interaction between them. The magnetic moments of atoms arise from the total angular momentum
of the electrons. The nucleons (protons and neutrons) carry a small magnetic moment compared

to that of electrons, the nuclear part being about three orders of magnitude smaller. The values of

L and S of the total atomic orbital momentum and of the total atomic spin momentum respectively,

are coupled through the spin-orbit interactions and defines the value of total kinetic momentum of

atom J :

J=L+S§ (1.1)

At the total atomic momentum J, we can associate an atomic magnetic moment i :

i =—g,J (1.2)

where pp is the Bohr magneton and g is the Landé factor.

1.2 Classification of Magnetic Materials

Magnetic behavior of substances may be divided into three main classes which are
diamagnetism, paramagnetism and ordered magnetic behavior (the most known being

ferromagnetism, antiferromagnetism and ferrimagnetism).



1.2.1 Diamagnetism

Diamagnetism is a very weak contribution to the material's response to an applied magnetic
field exhibited by all substances. It arises from influence induced by an applied field in the electron
shells. There is a change of the orbital angular momentum of the electrons due to applied magnetic
field which will develop a negative magnetic moment relatively to the applied field. The magnetic

susceptibility of diamagnetic materials is negative and has no temperature dependence [1].

1.2.2 Paramagnetism

The paramagnetic substances are weakly attracted by the magnetic field. This behavior
occurs due to the atomic magnetic moments given by the unpaired electrons from the incomplete
electronic orbitals. The atomic magnetic moments of paramagnetic substances do not interact with
each other. In the presence of an externally applied magnetic field, in order to minimize the
Zeeman energy of a magnetic moment in the magnetic field, the magnetic moments will partially
align on the direction of the magnetic field. In this case, we have a positive magnetization and

positive susceptibility.

1.3. Ordered magnetic materials

1.3.1 Ferromagnetism

Ferromagnetic materials exhibit a spontaneous magnetization even in the absence of a
magnetic field due to the strong interactions, exchange interactions between atomic magnetic
moments, which imposes a positive coupling of magnetic dipoles and consequently to the parallel

alignment of magnetic moments.

1.3.2 Antiferromagnetism



In antiferromagnetic materials, the exchange interaction between neighboring atoms are
negative and leads to an anti-parallel alignment of the atomic magnetic moments, thus having a

spontaneous magnetization equal to zero.

1.3.3 Ferrimagnetism

The exchange interactions in ferrimagnet materials are negative, as for the
antiferromagnets, but the different sublattice magnetizations are unequal, which leads to a non-
zero spontaneous magnetization similar to the ferromagnetic materials. Analogous to
ferromagnets, the spontaneous magnetization of ferrimagnets vanishes for temperature higher than

Curie temperature.



Chapter 2.

Preparation and Characterization techniques

This chapter presents all the experimental and theoretical details concerning the samples
preparation and structural, magnetic and electronic investigations. The temperature is given in two
units: (i) Celsius degree for aspects concerning sample preparation and heat treatments and (ii)

Kelvin temperature scale were used to discuss magnetic behavior.

2.1. Sample preparation

Polycrystalline samples were prepared by induction melting in a cold copper crucible under
argon atmosphere in order to avoid contamination. High purity starting materials (> 99.99%) were
weighted in exact stoichiometric proportions and melted together. In order to ensure a good
homogeneity, the samples were melted several times in the same atmosphere. The weight loss of
the final samples was found to be less than 1%. After melting, the samples were wrapped in
tantalum foil, sealed in quartz tubes and annealed at different temperature and time in an inert Ar

atmosphere followed by quenching in water.

2.2 X-Ray Diffraction

X-ray diffraction (XRD) is a nondestructive technique for characterizing crystalline
materials and provides information on crystal structure, crystallographic phases, preferred crystal
orientation (texture) and other structural and microstructural parameters, such as grain size, strain

and crystal defects.



2.2.1 Takamura’s order model

The Takamura’s model was employed [2]to investigate the substitutional disorder in our
X2YZ Heusler alloys. In this model, two types of ordering parameters (X-YZ and Y-Z) have been
defined to describe the intermixing between the atomic positions.

2.3 Neutron diffraction

Neutron diffraction is a method to investigate the crystal and magnetic structure. This
technique may offer many advantages than X-ray diffraction, due to the complementary
information that can be obtained, considering the scattering properties of neutrons versus X-rays
[2-3]. In particular, an important advantage of this method is the possibility of determining the
ordering of magnetic structures of the investigated sample.

2.4 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was employed to study the structural
transformations and phase transitions in the 50 — 1000 °C temperature range under Ar atmosphere

with a temperature ramp rate of 20 °C/min.

2.5 Energy Dispersive X-ray Spectroscopy

In order to check the stoichiometry of our samples, we employed Energy Dispersive X-ray
Spectroscopy (EDS or EDX) measurements. EDX is an X-ray microanalytically technigue that is
used to provide information about chemical composition of a sample for elements with atomic

number Z >3.



2.65 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy is known as XPS or ESCA ((Electron Spectroscopy for
Chemical Analysis) was used to investigate the electronic structure of materials studied in this
work. X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect. When an X-
ray beam is directed to the sample surface, the incident photons are absorbed into the sample. The
energy of photons (/v) is transferred to the core electrons, which will be excited and emitted on
the sample surface if v is large enough. The emitted electron with the kinetic energy of Ex is called

photoelectron.
2.7 Magnetic measurements

Magnetic measurements were made with three magnetometers: Faraday balance, extraction
magnetometer and vibrating sample magnetometer. The spontaneous magnetization values Ms
were determined from the linear extrapolation of magnetization according to the following

equation:
M =M+ y H (2.2)

where y, is the magnetic susceptibility independent of the magnetic field.

In molecular field approximation, at temperatures close to the Curie temperatures, the

spontaneous magnetization can be described by the relation:

_ 1o J+1? _r
T3 J24(J+1)2 (1 TC)

(M/M;s)? (2.3)

where J is total kinetic momentum of atom. According to the equation 2.9, M?(T) plot is linear and
will intersect the temperature axis at T = T¢ [5]. Therefore, the Curie temperatures Tc were

determined in the molecular field approximation from the M? vs. T plot.



2.7.1 Extraction and vibrating sample magnetometer

The magnetic properties (such as coercive field, remanence or spontaneous magnetization)
of the investigated samples were measured by using the extraction magnetometer [6] placed at
Institute Néel, Grenoble, France and the vibrating sample magnetometer (VSM) from loan Ursu
Institute of Physics, Babes-Bolyai University, Cluj-Napoca, Romania. The measuring principle of

magnetometers is based on the electromagnetic induction phenomenon.

2.7.2 Faraday Balance

This method was used in order to measure the thermal changes (transitions) of the sample
magnetization while the temperature is varying. Therefore, it can be determined the Curie
temperature of ferromagnetic or ferrimagnetic materials, compensation temperatures or to detect

different magnetic phases of the investigated sample.

2.8 Band structure calculations

Theoretical investigations of the electronic and magnetic properties of our compounds have
been performed using the Munich SPR-KKR package [7]. The electronic structure of the
investigated samples in the ferromagnetic or ferrimagnetic state was calculated by means of the
spin-polarized relativistic Korringa-Kohn-Rostocker (KKR) method [7-9].

SPRKKR method provides a very flexible framework to deal with a wide range of systems

and properties in electronic structure theory.



Chapter 3.

MnAI alloys-A promising RE-free permanent

magnetic material

3.1 General aspects of Mn-Al alloys

As potential rare-earth-free permanent magnets, the Mn-Al alloys have been intensively
investigated both experimentally and theoretically in order to improve their intrinsic magnetic
properties [10-14]. In Al-Mn phase diagram, Figure 3. 1, in the composition range of 50-60 atomic
percent manganese, a metastable ferromagnetic t-phase with remarkable magnetic properties can
be observed [16]. Therefore, the ferromagnetic t-phase of Mn-Al alloy became an interesting
candidate for the permanent magnet applications with important potential due to its appreciable
intrinsic properties. Also, this system has a huge economic advantage due to the availability of
component elements. The previous studies reported a value of 0.75 T for spontaneous
magnetization, an anisotropy constant K; of 1.7 MJ/m?, a Curie temperature of 650 K and an
estimated maximum energy product at room temperature of 112 kJ/m? [13, 16-17], being higher
than those of conventional RE-free permanent magnets like ferrites or alnico. The aim of our work
was to improve the magnetic properties (through the addition of the third element) by reducing the
antiferromagnetic coupling between the neighboring Mn-Mn atoms from the adjacent layers.

3.2 Structural, electronic and magnetic properties of the
Mnsa—AlssTix (X = 2; 4) alloys [19]

The structural, electronic and magnetic behavior of the as-cast and annealed Mns2AlssTi2
and MnsopAlssTis alloys have been studied through electronic band structure calculations, X-ray
diffraction and magnetic measurements in the temperature range 4-850 K and magnetic field up
to7T.
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3.2.1 Structural investigations of Mnss—AlssTix (X = 2; 4) alloys

Because the highest T phase content was obtained for the parent MnssAlss alloy annealed
at 470°C for 6h [20], the Mns2AlsTiz and MnsoAlssTis alloys were annealed under the same
conditions. The XRD patterns of the as-cast and annealed Mns2AlsTi2 and MnsoAlssTis alloys are

shown in 3.4 a) and b), respectively.
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Figure 3.1 XRD patterns of the as-cast and annealed Mns2Als4sTiz and MnsoAlssTis samples. The peaks
corresponding to the T and y2 phases are indicated. For clarity the diffraction patterns have been shifted
vertically.
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It can be seen that both as-cast and annealed alloys are phase mixtures. All the analyzed samples
contain T and y2 phases, however the MnsoAlssTis alloys contain an additional k phase (CsCl-

structure type).

3.2.2 Electronic Structure Calculations in Mnss—AlssTix (X = 2; 4) alloys

The SPRKKR calculations have been performed for MnssAlss, MnsaAlsTiz and
MnsoAlssTis using the experimental determined lattice parameters. The crystal structure
considered in the electronic structure calculations is P4/mmm (space group no. 123), with the 1a,
1c and 2e sites occupied [21-22]. In agreement with the previous reports [21, 23], we considered
that the Mn magnetic moments in the Mn plane (Mn? and Mn'€ sites ) are coupled antiparallel
with the Mn magnetic moments in the Al plane (Mn? site). Total energy calculations have been
performed in order to check the preferential occupation of Ti for the 1a, 1c or 2e crystal sites. The
antiferromagnetic coupling between Mn moments on 1a and 1c sites and the magnetic moments
on 2e site is the stable configuration (Figure. 3.6). The smallest total energy of Mns>AlssTi2 and

MnsoAlssTis alloys was obtained for Ti atoms sitting on the 2e sites.
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Figure 3.2 Total energy calculations for the (MnsoxTix)**1(AlssMnyTis-x)?® system.
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3.2.3. Magnetic experimental investigations of Mnss—AlssTix (X = 2; 4) alloys

The temperature dependences of magnetization measured in low magnetic field oH =
0.1 T for the as-cast and annealed Mns>Alss Ti2 and MnspAlssTis Samples are shown in Figure. 3.7
and Figure.3.8 respectively. The Curie temperature, obtained in molecular field approximations

are given in Table 3.5.
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Figure 3.7 The temperature dependence of magnetizations for Mns2AlssTi2 alloys measured in 0.1 T
magnetic field. In the inset is shown the temperature dependence of the differential magnetization for the
sample annealed at 470°C for 6h.

The virgin magnetization curve and the demagnetization curves in magnetic field of £
7T at 4 K for Mns2AlssTi2 and MnsoAlssTis alloys are shown in Figure.3.11. and Figure.3.12
respectively. Similar dependences were obtained for these alloys at 300 K. The spontaneous
magnetizations values were obtained using the law of approaching to saturation, equation 2.8,
coercive field and remanent magnetization are given in the Table 3.5.
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Figure 3.8 The temperature dependence of the magnetizations for the MnsoAlssTis alloys measured in 0.1 T
magnetic field. In the inset is shown the temperature dependence of the differential magnetization for the
as-cast sample.

Table 3.1 Spontaneous magnetizations, Curie temperatures, coercive fields and remanent magnetizations of
Mns2AlsTiz and MnsoAlssTia alloys.

Sample Ms (4K) | Ms(4K) | Ms(300K) | TE | T | Hc* | H3K M4 M 300K
(AMZIKg) | (ue/fu) | (AmZKg) | (K) | (K) | (kOe) | (kOe) | (AmZ/Kg) | (Am?Kg)

MnszAlss 112 0.84 109 645 - - 0.95 - 21
[20]TT

470°C 6h
Mns2AlgTi 91.20 0.68 93.50 654 - 1.64 0.88 27.48 21.05
as-cast
Mns2AlssTiz 116.00 0.87 87.60 668 | 534 | 0.82 0.69 19.51 14.60
TT 470°C 6h
Mns2AlgeTi 102.31 0.77 98.54 651 - 0.77 0.54 19.51 17.45
TT 1050°C

1h
MnsoAlssTia 80.50 0.60 81.21 664 | 531 | 1.13 0.43 15.84 11.02
as-cast
MnspAlssTig 99.70 0.75 75.54 668 | 530 - 0.34 - 11.02
TT 470°C 6h
MnspAlssTig 90.70 0.68 83.10 664 | 501 | 0.76 0.34 16.16 8.52
TT 1050°C

1h
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Figure 3. 3 The virgin magnetization curve and the demagnetization curves for the as-cast and annealed
Mns2Al4Tiz2 samples at 4 K. In the inset is shown the region around the origin of the plot.
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Figure 3. 4 The virgin magnetization curve and the demagnetization curves for the as-cast and annealed
MnsoAlssTia samples at 4 K. In the inset is shown the region around the origin of the plot.
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3.3 Conclusions

All the analyzed samples contain t and y. phases. Moreover, Mns,AlsTiz alloy annealed
at 470 °C for 6 h and MnspAlssTi4 alloys include a supplementary k phase (CsCl- type structure).
Band structure calculations show a preference for Ti atoms to occupy the Mn sites in the plane of
Al atoms. The increase of the Ti content from X = 2 to x = 4 in MnssxAlssTix leads to the decrease
of the t phase content and consequently to the increase of the soft ferromagnetic k phase. The best
magnetic characteristics were obtained for Mns2AlsTi2 alloy annealed at 470 °C for 6 h, which are
superior to those found in the MnssAlss parent alloy. The values of the Curie temperatures and of
the spontaneous magnetizations of the as-cast and annealed Mns2AlsTiz and MnsoAlssTis alloys

suggest that the solubility limit of Ti in t-phase of MnssxAlssTix is closed to x=2 Ti concentration.
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Chapter 4.

Structural, Magnetic and Electronic
Properties of some Mn-Based Heusler
Alloys

4.1 General aspects regarding Heusler alloys

The Full Heusler compounds are ternary intermetallic alloys, which crystallize in the cubic
face centered structure with CuzMnAl prototype (L2 structure, space group F m3m (225)), Figure
4.1 [24]. The chemical stoichiometric composition is X2YZ type, where X and Y are usually two
different transition metals and Z is a nonmagnetic element [24]. In these compounds the X, Y and
Z atoms occupy the Wyckoff positions 8c (1/4 1/4 1/4), 4a (0 0 0) and 4b (1/2 1/2 1/2) [25]. Full
Heusler type structure consists four interpenetrating fcc sublattices, two of which are equally

occupied by X element.

Similar to Full Heusler alloys, the Inverse Heusler compounds have also the chemical
stoichiometry X>YZ, but the sequence of the atoms in this structure is X-X-Y-Z. The structure is
described by four interpenetrating fcc sublattices, while the prototype structure of Inverse Heusler
compounds is CuHg2Ti with space group F43m (no. 216) (Figure 4.1) [24]. The occupied sites
correspond to the Wyckoff positions 4a (0, 0, 0) and 4d (3/4, 3/4, 3/4) for X, while the Y and the
Z atoms are located at 4b (1/2, 1/2, 1/2) and 4c (1/4, 1/4, 1/4), respectively.

Gsg %09 %09 V|CrMn Fe Co Ni Go0 %0
:‘ o0 ¢ : : o9 O
e SRt v [ v | froe & TS ey
: %e * structure ‘ structure @
%oq %0 %00 - Ogg %eg %ey
(a) (b)

Figure 4.1 X2YZ L2:-type crystal structure of Heusler alloys (a) and inverse Heusler (b).
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4.2 Influence of the Cu doping on the electronic structure and

magnetic properties of the Mn2VAI Heusler compound [26]

Detailed investigations on the structural, electronic and magnetic properties of the
Mn,—CuxVAI (x = 0, 0.1, 0.2 and 0.5) Heusler compounds prepared by induction melting have
been performed by combined theoretical and experimental approach [26]. The findings of our
research provide insight into the evolution of the half-metallic ferrimagnetic material character
with disorder and doping. Also, this study demonstrates the restrictions of the Slater — Pauling rule

for predicting the half-metallicity of Heusler compounds.

4.2.1. Structural studies of Mn,—CuxVAl alloys (x =0, 0.1, 0.2 and 0.5)

The XRD patterns recorded at room temperature for the as-cast Mn,—xCuxVAIl alloys (x =
0, 0.1, 0.2 and 0.5) are shown in Figure 4.3. In the range of 20 = 20-35 degree, the XRD patterns
of as-cast and annealed samples are zoomed 6 times on Y scale, in order to evidence the 111 and
200 superstructure peaks. All the XRD peaks correspond to the cubic space group Fm3m structure

(spatial group no. 225) without other detectable impurity phases.

Scale 6x (220) Mn, Cu VAl as-cast Scale 1x
(111) (200) A (400) on X =0.5
MMM A L .
3
o
; WWM JL A B G
7]
3
b= x=0.1
E FRPTSTIET—— — gy Som— L s A
J x =0
M"* — s —— et A
20 25 30 35 40 50 60 70 80 90
20 (deg)

Figure 4.2 X-ray diffraction patterns of the Mn2-xCuxVAI as-cast samples. The data are normalized to the
intensity of the (220) reflection. XRD patterns are zoomed 6 times on Y scale for 20 from 20 to 35 deg, left
figure.
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4.2.2 Band structure calculations in Mn;—xCuxVAl alloys (x =0, 0.1, 0.2
and 0.5)

Band structure calculations have been performed using the experimental lattice constants,
considering an ideal L2, structure, without substitutional disorder. The preferential occupation of
Cu atoms by doping has been checked by total energy calculations, revealing the preference of Cu
atoms for the 8¢ sites in the crystal structure with cubic space group Fm3m.The spin resolved
densities of states for an ’ideal” and disordered Mn,.xCuxV Al system with L2; structure are shown
in Figure. 4.6 aand 4.6 b. As can be seen in this figure, the DOS shows the half-metallic character

of the Mn2VAI, with a gap of ~ 0.2 eV in the spin-up channel at the Fermi level Er.
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Figure 4.3 The spin-resolved DOS for the ’ideal’ (a) and ‘disordered’ (b) Mn2VAI. The origin of the energy
scale is the Fermi level.

4.2.3 Experimental study of magnetic properties in Mn;—xCuxVAI intermetallic
compound.

The temperature dependences of the magnetization measured in the low magnetic field for
the as-cast and annealed Mn,—xCuxVVAI samples are shown in Fig. 4.8.
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Figure 4.4 The temperature dependence of the magnetization for Mnz-xCuxVAI as-cast (a) and annealed
alloys (b) measured in low magnetic field.

It was found that the Curie temperatures decrease with the increase of Cu content, ranging
between 771 K (x = 0) to 580 K (x = 0.5) for as-cast samples and 771 K (x = 0) to 610 K (x = 0.5)

for the annealed samples (see Table 4.5).

Table 4.1 The Curie temperatures for Mn:—xCuxVAI as-cast and annealed alloys.

Sample As-cast T (K) Annealed T¢ (K)
Mn2VAI 771 771
Mnz1.9Cuo1VAI 763
Mn1gCuo2VAI 692
Mn15CuosVAI 580 610

The magnetization curves at 2K, in applied magnetic field up to 10 T, for Mn,—CuxVAI

as-cast and annealed samples are presented in Fig.4.9. The spontaneous magnetization values are

given in Table 4.6.

Table 4.2 Spontaneous magnetization for Mn2—xCuxVAl as-cast and annealed alloys.

Sample Experiment Theory
As-cast Ms Annealed Ms | ‘disord.” Ms | ‘ideal’ Ms
(ns/f.u.) (us/f.u.) (ue/f.0) (ue/f.0)
Mn2VAI 1.78 1.78 2.09 2.08
Mny9Cuo.1VAI 1.72 1.90
Mnz1gCuo2VAI 1.44 1.74
Mnys5CuosVAI 1.29 1.33 1.14 1.28
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Figure 4.5 Magnetization curves for Mn;—~xCuxVAI as-cast (a) and annealed (b) alloys measured at 2K.

The obtained values are not in good agreement with Slater-Pauling rule (because the Cu

doping leads to the disappearing of the half-metallic character).

4.3. Study of the ferrimagnetism and disorder in the half-metallic
Mn..Co.VAI Heusler alloy [28 - 29]

Detailed theoretical and experimental investigations on the structural, electronic and
magnetic properties of the MnzxCoxVAI Heusler compounds (x=0, 0.2, 0.6, 1) with L2; structure

are presented.

4.3.1. Structural studies of Mn2xCoxVAI Heusler compounds

The Mn,xCoxVAl alloys crystallize in a full Heusler (L21) structure, were the Mn/Co atoms
occupy the 8c positions at (1/4 1/4 1/4) and (3/4 3/4 3/4), V occupy the 4a positions at (0 0 0) and
Al occupy the 4b positions at (1/2 1/2 1/2) [25] .
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Figure 4.6 Room temperature X-ray diffraction pattern of the as-cast Mn2xCoxVAI samples. The data
are normalized to the intensity of the (220) reflection. The superstructure peaks are zoomed 6 times
on Y scale for 20 from 25 to 32 deg., left figure.

The XRD patterns at room temperature of the as-cast Mn,—xCoxVAI (x =0, 0.2, 0.6 and 1)
alloys are shown in Figure.4.11. The XRD patterns prove that the as-cast alloys crystallize in a
single phase, corresponding to X2YZ Heusler type structure, cubic space group Fm3m (spatial
group no. 225), where the Mn and Co atoms occupy the 8c Wyckoff sites (X), while V and Al

atoms are placed on the 4a () and 4b (Z) crystal site, respectively.

4.3.2. X-ray photoelectron spectra of Mn,xCoxVAlI alloys (x =0, 0.2, 0.6 and
1.0)

The Mn 3s and V 3s core level spectra of the MnVVAI alloy show an exchange splitting
arising from the exchange interactions between the core hole and the open 3d shells. This is a direct
evidence of the local magnetic moments on Mn and V sites. The exchange interaction Jqc between
the core hole spin s and the 3d electron spin S gives rise to a satellite on the high binding energies
of the main lines of the Mn 3s and V 3s spectra, respectively. In Figures. 4.16 and 4.17 are shown
the curve fitting results of the Mn 3s and V 3s spectra respectively for Mn2VVAI alloy, after the
background subtraction of Shirley type [29].

22



1.25 : : : 1.25

T O MS Peak (eV)
Mn,VAI _C1es57 v 3s Mn,VAI
o MS Peak (eV) Mn 3s _ -
100f——c1 821 100 CRET A =28V
——C2 8504, =296V — ¢ by
@ —— C3 88.6 Al plasmon 2
§o07F—sc 5075 Q
Qo o
s s
2 050 2 050
%] [2]
o e
i) 8
£ £
0.25 0.25
0.00 (e f % 0.00 &z ! h L s
100 95 90 85 80 72 70 68 66 64 62 60
Binding energy (eV) Binding energy (eV)
Figure 4.7 XPS spectra of Mn 3s in Mn2VAI alloy Figure 4.8 XPS spectra of V 3s in Mnz2VAI alloy

4.3.3. Band structure calculations in Mn2xCoxVAl alloys (x =0, 0.2, 0.6 and
1.0)

The calculated magnetic moments of the constituent elements in the Mnz.xCoxVAI (x =0,
0.2, 0.6 and 1.0) alloys are given in Table 4.9.

Table 4.3 The calculated magnetic moments of the Mn2xCoxVAI alloys.

Mn2—xCoxVAI Spin Orbital | Slater-
moment moment | Pauling

x=0 Ms (ps) mi (us) | [m(ps)|
alat = 5.89 A

Mn 8c 1.58 0.03

V 4a -1.09 0.01

Al 4b -0.04 0.00

Total 2.04 0.07 2.0
x=0.2 Mn 8c 1.45 0.03
i = 5.88 A Co 8c -0.22 0.00

V 4a -0.92 0.01

Al 4b -0.03 0.00

Total 1.63 0.05 1.6
x=0.6 Mn 8c 1.07 0.01
i = 5.83 A Co 8c -0.14 0.00

V da -0.59 0.01

Al 4b -0.01 0.00

Total 0.81 0.03 0.8
x=1.0 Mn 8¢ 0.20 0.00
aat = 5.80 A Co 8¢ -0.08 0.00

V da -0.10 0.00

Al 4b 0.00 0.00

Total 0.03 0.00 0.0
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The experimental determined lattice constants have been used. An antiferromagnetic

coupling between Mn 8c and V 4a spins was found, in agreement with other calculations [31 —34].

4.3.4. Magnetic behavior of Mn2xCoxVAI Heusler alloys

The isothermal magnetization curves recorded at 2 K and thermo-magnetization curves for
Mn,xCoxVVAI alloys are shown in Figure. 4.21 and Figure.4.22, respectively. The values of
spontaneous magnetizations, Ms, determined from magnetization isotherms and the Curie
temperatures Tc determined in the molecular field approximation from the M?(T) plot are given in
Table 4.10.The spontaneous magnetization decreases upon increasing the Co content, in good
agreement with the expectation from the Slater-Pauling rule, due to the increase of the electron
numbers through the Co for Mn substitution.
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Figure 4.9 Magnetization curves of Mn2xCoxVAl alloysat ~ Figure 4.10 Temperature dependences of the
2K in magnetic field up to 10 T, annealed at 700 °C (x=0) magnetization for Mn2.xCoxVAI alloys
and 800 °C (x=0.2, 0.6 and 1). annealed at 700 °C (x=0) and 800 °C (x=0.2,
0.6 and 1) measured in low magnetic fields.
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Table 4.4 The spontaneous magnetizations and the Curie temperatures of Mn2.xCoxVAI alloys determined in
this work and from literature data.

Co content Ms(pe/f.u) Ms(us/f.u) Te(K)
) (Calculated,
Table 4.9)
0 1.78 1.88[34] 2.04 771 750[34]
1.94[35] 760[35]
0.2 1.35 1.63 690
0.6 0.68 0.81 445
10 0.05 0.07 [34] 0.03 289 105[34]

4.4 Half-metallic compensated ferrimagnetism in the Mn-Co-V-Al
Heusler alloys [36]

In these subchapters are detailed theoretical and experimental investigations on the

electronic and magnetic properties of the Mn2Co1.xVxAl Heusler compounds (x = 0, 0.1, 0.3 and

0.5).

4.4.1 Structural characterization of the Mn2Co.«V Al samples

The XRD data analysis indicates that Mn2Co1xVxAl (x = 0, 0.1, 0.3 and 0.5) Heusler
alloys are single phases. All the XRD patters (see figure 4.23) display the superlattice peaks

(111) and (200), which is an indication for a highly ordered structure in our as-cast samples,

more pronounced for the samples with x = 0.1 and 0.5.
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Figure 4.11 The XRD patterns for Mn2CoixVxAl (x =0, 0.1, 0.3 and 0.5) Heusler alloys.
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4.4.2 Band structure calculations in Mn,Co:<V,Al

In the Hg2CuTi structure type (space group F-43m, no. 216) of the Mn.CoAl Heusler alloy the
site occupation with the Co 4a (0 0 0), Mn 4b (1/4 1/4 1/4), Mn 4c (1/2 1/2 1/2) and Al 4d (3/4
3/4 3/4) atoms has been considered, in agreement with the empirical rule [37]. According to this
rule, the atoms with more valence electrons (Co) occupy the 4a or 4c sites, whilst the Mn atoms
occupy neighbor 4b and 4c sites [36 — 38]. By V for Co substitution on the 4a site, due to the V/Co

average valence electrons number the Hg>CuTi structure type is expected to be preserved.

4.4.3 Magnetic behavior of Mn.Co..V:Al Heusler alloys.

The magnetic isothermal curves recorded at 2K and thermo-magnetic curves measured in
low magnetic field for the Mn2Co1xVxAl Heusler alloys are shown in Figure. 4.26 and Figure.
4.27, respectively. The Curie temperatures were determined using the molecular field
approximation, equation 2.8, from thermomagnetic measurements, Figure 4.27. The values of

the spontaneous magnetization and Curie temperatures are summarized in Table 4.13.
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Figure 4.12 Magnetization isotherms at 2 K in a Figure 4.13 Temperature dependence of
magnetic field up to 10 T for Mn2Co1-xVxAl alloys magnetization for Mn2Col-xVxAl alloys

measured in low magnetic fields.
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Table 4.5 The spontaneous magnetization and the Curie temperatures of the Mn2Co1.xVxAl Heusler alloys
determined by magnetic measurements and from literature data.

V content (X) Ms Tc(K)
(uB/f.u.)
0 1.93 2.06 [39] 745 741 [41]
720 [42]
0.1 1.58 712
0.3 0.86 699
0.5 0.29 0.06 [39] 671 659 [41]

4.5 Conclusions

The investigations of the electronic and magnetic properties of the Mn2—xCuxVAI alloys
(x=0, 0.1, 0.2 and 0.5) reveal the effect of Cu for Mn substitution in these compounds. The Cu
doping has an important influence on the magnetic properties of the Mn,-CuxVAI compounds.
The reduction of the concentration of the magnetic atoms leads to the decrease of the exchange
interactions and subsequently to the overall decrease of the magnetic moments and Curie
temperatures. It has been shown that the magnitude of the magnetic moment in the doped X>YZ
type Heusler compounds is strongly influenced by the Y-Z disorder.

The spin-up gap is determined by the crystal field splitting, the local symmetry and
coordination of the Mn atoms, which is influenced by the hybridization with Cu atoms. The Cu 3d
states are situated at about -3eV under the Fermi level, but their 4s states are situated at Fermi
level, hybridizing with the Mn 3d states. As a consequence, the spin-up band gap closes and the
half-metallic character of the Mn2VAI is lost for the Cu (x = 0.5) doped compound. The Y-Z
disorder effects on the electronic structure shows a broadening of the DOS, which extends under
-8 eV. On the other hand, the disappearance of the half-metallic character is shown to be not related

to the L2; type of disorder evidenced in the XRD patterns for the investigated samples.

Bulk Mn2xCoxVAI (x = 0, 0.2, 0.6 and 1) alloys have been prepared by induction melting.

The crystal structure investigated by XRD and neutron diffraction shows that all the analyzed
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samples are single phases belonging to the stable L2; (spatial group no. 225) structural order. The
degrees of L2; and B2 order parameter have been calculated from the peaks ratios of the XRD
patterns using the Takamura’s extended order model for Heusler compounds. The annealing of the
as-cast samples leads to an improvement of the order parameters, which could be observed also
from the reduction of the lattice parameters. The 3s core levels of Mn and V determined by XPS
show the decrease of the individual spin moments of Mn and V by increasing the Co content in
these Heusler alloys. Also, the 3d band filling by increasing the Co content was evidenced by XPS.

The band structure calculations show that MnzVAI is a half-metal with the total spin
moment of 2.04 pg, having the spin moments of Mn (1.58 ug) and V (-1.09 ug) ferrimagnetically
coupled. By Co doping, the total magnetic moments in the Mn,xCoxVAI decrease, being close to
zero (0.03 pB) in the MnCoVAI Heusler compound, in agreement with the prediction of Galanakis
et al. [43] and the weakness of the Co magnetic moment expected from the here reported XPS
spectra .The electronic band structure calculations show also that the half-metallic character is
preserved for the Mn2.xCoxVAI with x =0, 0.2 and 0.6. For x = 1, the MnCoVAI compound loses
its half-metallic character for the experimental lattice constant (5.80 A), but for a narrow range
between 5.86 and 5.88 A this character can be acquired according to our calculations.

The magnetic behavior show the agreement of the magnetization with the Slater-Pauling
rule and a decrease of the Curie temperature with Co content, as was previously reported [34]. A
considerably higher value of T¢ (289 K) for MnCoVAI (x = 1) has been obtained compared with
others values reported in literature data those obtained by Deka et al. (105 K) [34]. Low individual
spin magnetic moments obtained by band structure calculations and confirmed by photoemission
measurements is the main hindrance for the spintronic application of this alloy.

We found significant influence of the preferential site occupation of V on the magnetization

of the Mn2Co1.xVxAl Heusler alloys (x = 0, 0.1, 0.3 and 0.5). Theoretical studies show that a
fully compensated HMFi behavior can be obtained for Mn1.92C005Vo.5sAl and Mn2.07C00.43Vo 5Al
alloys. The Curie temperature of the stoichiometric Mn2CoosVosAl alloy is 671 K and one expects
to be less affected by the off- stoichiometry. As consequence, our theoretical and experimental
investigations showevidence for a new Heusler alloy as possible component of a promising class

of materials with low power-consumption for spintronic applications.
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5. General conclusions

The main objective of this thesis was to study the influence of compositional changes
performed by doping in several Mn-based intermetallic alloys on the crystallographic structure,
electronic structure, magnetic properties as well as the sign of the interactions between the local
magnetic moments. We investigated materials from two different classes: Rare-Earth Free
Permanent Magnets (t-MnAl phase) and Mn-based Full Heusler alloys (Mn2XY). The detailed
conclusions for each studied system have been described in Chapters 3 and 4. Some general
outcomes of the presented study are summarized below.

All the analyzed samples were synthesized through induction melting, followed by
different annealing procedures. The heat treatments of the as-cast samples lead to several structural
changes evidenced in lattice parameter changes, defects and stresses reduction, atomic ordering
degree etc. Consequently, magnetic properties of the investigated samples are highly susceptible
to annealing parameters. These aspects are well connected with the high sensitivity of the magnetic
behavior of the 3d transition elements to the local atomic environment. We observed that these
changes are reflected on improved spontaneous magnetization and Curie temperature values in

annealed samples compared with the corresponding values for the as-cast samples.

Our investigations in Mnss—~AlssTix alloys followed two main objectives: (i) to promote
the formation of the z magnetic phase and (ii) to decrease the effect of the negative exchange
interactions on the total magnetization. Our studies conclude that these goals were partially

achieved through controlled Ti for Mn substitution and by appropriate heat treatments.

The magnetic vicinity of Mn magnetic ions and the atomic ordering degree in Mn2XY
Heusler alloys were modified in three modes: (i) by partial substitution of Mn by Cu in
Mn,—xCuxVAI; (ii) by partial substitution of Mn by Co in Mn,—xCoxVAI and (iii) by balancing the
content of Co and V in Mn;Co.,V,Al alloys. The experimental data and the theoretical
calculations showed agreement concerning the influence of Mn magnetic atoms concentration
reduction which leads to the decrease of the exchange interactions and subsequently to the overall
decrease of the magnetic moments and Curie temperatures. The half metallic behavior in the
studied Heusler alloys estimated by band structure calculation is preserved in most of the studied
alloys, being in good agreement with experimental findings. The atomic ordering was improved
by annealing, being related to the lattice parameters reduction. Increasing the atomic ordering

degree has significant influence on the magnetic moments of the studied alloys. Also, by
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controlling the Co vs. V ratio in Mn,Co1«V,Al it was shown that a compensated ferrimagnetic

alloy can be obtained.
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