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Résumé

La recherche en matiere de caractérisation de matériaux a effet magnétocalorique géant a
I’état massif et a une température proche de la température ambiante est d'un grand intérét
pour I’application de la réfrigération magnétique. Il est admis que la transition de premier
ordre dans ces matériaux présente une hystérésis thermique considérable, les rendant ainsi
difficiles a manipuler dans les applications pour les réfrigérateurs fonctionnant de maniere
cyclique. Beaucoup d'efforts ont été accomplis au cours de ces derniéres années pour réduire
cette hysterésis, mais les performances obtenues avec ces matériaux massifs ne répondent pas
aux exigences d’une réfrigération magnétique efficace. Si les matériaux magnétocaloriques a
I’état massif ont été largement étudiés; I'échelle nanométrique correspondante reste cependant
insuffisamment explorée. A cet effet, la nanostructuration, une approche largement bien
connue et utilisée pour la mise au point et I’optimisation des relations structure-propriété des
matériaux en questions, permet des nouvelles perspectives en matiére d’amélioration de leurs
caractéristiques magnétiques et magnétocaloriques en modifiant leur taille et leur forme.

Pour ce faire, 1’étude des propriétés magnétocaloriques des matériaux sous forme de couches
minces est centrale pour pouvoir réduire au maximum [’hystérésis thermique, sachant que
I’effet magnétocalorique dans les couches minces magnétiques est particulierement
intéressant pour la micro-réfrigération. Dans ce sens, peu d’études ont été menées pour
montrer le potentiel des matériaux sous forme de couches minces pour la réfrigération
magnétique. De méme, les propriétés magnétiques (aimantation de saturation, la variation de
I’entropie magnétique et du rapport de refroidissement relatif...) mesurées restent limitées.

C’est dans ce cadre que le pesent travail a ét€ mené en étudiant le gadolinium métallique, en
tant que matériau réfrigérant magnétique de référence pour la plupart des prototypes de
régénérateur magnétique actif (AMR) sous forme de couche mince. Les propriétés
magnétocaloriques (MCE) et électrocaloriques (ECE) des films de gadolinium fabriqués a
cette fin (Si/Ta/Gd(100nm)/Pt(3nm)) sont alors mesurées dans le but d'obtenir plus
d'informations sur la physique derriere ses intéressantes propriétés électroniques et
magnétique en démontrant notamment I'effet magnéto-calorique du film mince Gd par la
mesure du transport électrique de la résistance. Ainsi, au cours de cette these, les
comportements électriques et surtout magnétiques de LaCr.SiC et de multiferroiques
TbMn2Os sont décrits en utilisant la méthode ab-initio dans le but d'élargir notre
compréhension des caractéristiques électroniques, magneétiques et par conséquent
magnétocaloriques de ces composeés a base de terre rare.

L’¢laboration et la caractérisation des couches minces pour la réfrigération magnétique, le
traitement des données correspondantes ont été effectués conjointement au sein du
laboratoire de recherche en science des matériaux avec I’équipe nanomagnétisme et
¢lectronique de spin a D’institut Jean Lamour a Nancy et au laboratoire de matiere condensée
et sciences interdisciplinaires a la faculté des sciences de Rabat.

Mots clés : Couche mince, multiferroiques, terre rare, magnétisme, spintronique, effet
magnetocalorique.
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Abstract

The search for materials with a giant magnetocaloric effect in a massive state and at a
temperature close to ambient temperature is of great interest and is mainly obtained by
varying the composition of the materials. However, the first-order transition in these
materials exhibits considerable thermal hysteresis, making them difficult to handle in
applications for refrigerators operating cyclically. Much effort has been made in recent
years to reduce this hysteresis, but the performance obtained with these massive
materials does not meet the requirements of efficient magnetic refrigeration.
Magnetocaloric materials have been largely unexplored on the nanoscale. However,
nanostructuring is a well-known and used approach to disrupt the developed structure-
property relationships, hence the interest in manufacturing new nanoscale materials.
This will improve their magnetic and magnetocaloric characteristics by varying the size
and shape. On the other hand, the magnetocaloric effect in magnetic thin layers is
particularly interesting for micro-refrigeration. It is therefore important to study the
magnetocaloric properties of materials in the form of thin layers in order to eliminate
thermal hysteresis.

In this sense, few studies have been done to show the potential of thin film materials for
magnetic refrigeration and magnetic properties (saturation magnetization, variation of
magnetic entropy and relative cooling ratio ...) measured so far limited remains. In this
thesis project, we studied metallic gadolinium, which is the preferred choice as a
magnetic refrigerant for most prototypes of active magnetic regenerator (AMR) in the
form of a thin layer. The magnetocaloric (MCE) and electrocaloric (ECE) properties of
the manufactured gadolinium films (Si / Ta / Gd (100 nm) / Pt (3nm)) are measured, in
order to obtain more information on the physics behind the interesting electronic and
magnetic properties of this material we demonstrate the magneto-caloric effect of the
thin film Gd by measuring the electrical transport of the resistance. Thus, during this
thesis, the electrical and especially magnetic behaviors of LaCrzSi2C and multiferroics
TbMn20s are described using the ab-initio method, in order to broaden our
understanding of the electronic, magnetic and therefore magnetocaloric characteristics
of these compounds based on rare earth.

The development of thin layers for magnetic refrigeration was carried out in the
materials science research laboratory with the nanomagnetism and spin electronics
team at the Jean Lamour Institute in Nancy and the theoretical calculations are made in
the material laboratory condensed and interdisciplinary sciences at the Faculty of
Sciences of Rabat.

Keywords: Thin film, multiferroic, rare earth, magnetism, spintronics, magnetocaloric
effect.



Résumé étendu

La réfrigération magnétique est une technologie écologique contrairement aux systémes
de réfrigération conventionnels qui utilisent des gaz polluants. Elle utilise un matériau
solide comme liquide de refroidissement et un fluide caloporteur, généralement de 1'eau
ou de I'huile, pour transférer la chaleur entre les sources chaudes et froides. C'est une
technologie qui englobe plusieurs disciplines telles que le magnétisme, les matériaux, la
mécanique, la thermodynamique, la thermique, la mécanique des fluides, toutes ces
disciplines sont couplées entre elles pour faire fonctionner un systeme de réfrigération
magnétique. Aujourd'hui, les recherches sur le théme de la réfrigération magnétique
s'orientent vers 3 grands domaines de recherche, elles concernent le matériau
magnétocalorique (plus efficace, CEM géant et moins cher), la source de champ
magnétique (forme et géométrie) et le systéme de réfrigération magnétique (conception
et production). La réfrigération magnétique devient de plus en plus fiable, ce qui lui
permettra de remplacer les systémes de réfrigération conventionnels, un changement
qui est souhaitable en raison des avantages de l'utilisation de 1'effet magnétocalorique
(MCE) pour les applications de réfrigération magnétique, ce qui conduit a une efficacité
de réfrigération élevée, a un faible volume requis, a un faible cofit , respect de
I'environnement, pas de pollution sonore et de meilleures performances. La recherche
de matériaux a effet magnétocalorique géant a 1'état massif proche de la température
ambiante présente un grand intérét et s'obtient principalement en faisant varier la
composition des matériaux. Les recherches actuelles sur la réfrigération magnétique
sont orientées vers I'étude des matériaux nanométriques. Morelli et al sont le premier
groupe travaillant sur l'effet magnétocalorique dans des couches minces de films de
manganite de lanthane dopés fabriqués en utilisant la technique de décomposition
organométallique. Ils ont montré que la morphologie et la composition du film peuvent
fournir une augmentation supplémentaire de la magnétisation et de l'entropie totale.
Récemment, de nouveaux résultats ont été publiés dans ce domaine. Par exemple, Gd
nanostructuré a un comportement magnétocalorique différent par rapport aux

homologues en vrac.



Dans ce travail de recherche, nous avons étudié les propriétés structurales, magnétiques
et magnétocaloriques des matériaux a base d'éléments de terres rares, LaCrz2SizC, le
multiferoique TbMn20s, et la couche mince de Gadolinium afin de montrer les
principales caractéristiques recherchées pour la réfrigération magnétique, c'est a dire
un grand effet magnétocalorique et une grande capacité de refroidissement. Le
probleme clé que nous avons abordé apres la caractérisation et la simulation de ces
différents matériaux est le potentiel des matériaux en couches minces pour le
refroidissement des circuits électroniques. Chaque atome d'un matériau a un moment
magnétique qui est la somme du spin de ses électrons. La somme du moment
magnétique de tous les atomes contenus dans une unité de volume du matériau
magnétique représente la magnétisation. L'application d'un champ magnétique faible a
un matériau paramagnétique entraine une variation d'aimantation suffisante pour
générer une augmentation notable de la température. Sous le point de Curie, le matériau
adopte un comportement ferromagnétique et passé le point de Curie, il adopte un
comportement paramagnétique. Ce type de transition est souvent classé dans le second
ordre. Le comportement ferromagnétique s'explique par le concept d'énergie d'échange
qui représente l'interaction des charges électroniques d'atomes voisins. L'agitation
thermique s'oppose a l'effet d'alignement de l'énergie d'échange et l'ordre local qui
définit les domaines magnétiques s'estompe a température plus élevée. L'aimantation
subit donc une variation brutale a la température de Curie générant une valeur
maximale de l'effet magnétocalorique (EMC). L’effet magnétocalorique associé a une
transition de phase n'est suffisamment élevé qu'a des températures proches du point de
Curie ou se produit la variation d'aimantation. Le comportement magnétique de
LaCr2Si2C est étudié en utilisant les premieres méthodes de principe, la simulation de
Monte Carlo et l'approximation du champ moyen. Les propriétés structurelles,
électroniques et magnétiques sont décrites a l'aide de la méthode ab-initio dans le cadre
de l'approximation de gradient généralisée (GGA) et de la méthode d'onde plane
augmentée a potentiel complet linéarisé (FP-LAPW) implémentée dans les packages
WIEN2K. Nous avons également calculé les termes de couplage entre les atomes
magnétiques qui sont utilisés dans le modeéle Hamiltonien. Une étude théorique réalisée
par approximation du champ moyen et simulation de Monte Carlo dans le modele d'Ising
est utilisée pour mieux comprendre les propriétés magnétiques de ce composé. Ainsi,

nos résultats ont montré un ordre ferromagnétique des moments magnétiques Cr en



dessous de la température de Curie de 30 K dans LaCr2Si2C. D'autres parametres sont
également calculés comme: l'aimantation, l'énergie, la chaleur spécifique et la
susceptibilité. De plus, le calcul prédit que le composé LaCr2Si2C possede un caractéere
meétallique et l'analyse de 1'énergie de différence entre les états FM et AFM a confirmé
que le FM est plus stable avec la température de Curie inférieure a 30K. Les travaux
futurs sur ce matériau peuvent étre orientés vers l'amélioration de Tc pour les

applications spintroniques.

Le deuxiéme composé étudié est le TbMn20s, Récemment, un effet magnétocalorique
rotatif réversible et géant a été signalé dans le monocristal multiferroique TbhMn20s,
ouvrant la voie a de nouvelles conceptions de refroidissement magnétique a basse
température. Dans cette étude, nous rapportons un travail théorique préliminaire dans
le but d'élargir notre compréhension sur les caractéristiques électroniques, magnétiques
et donc magnétocaloriques du composé TbMn20s. En particulier, l'anisotropie
magnétique TbMn20s est analysée en termes de spectres de dichroisme circulaire
magnétique aux rayons X (XMCD) et de spectroscopie d'absorption des rayons X (XAS).

Le composé TbMn:0s a une structure orthorhombique constituée d'octaedres de
Mn*+0s et de bipyramides de Mn3+0s liés par leurs bords et leurs coins. Une parfaite
connaissance des ordres magnétiques des ions Mn3+ et Mn** est essentielle pour une
bonne compréhension du caractére multiferroique du composé TbMn20s. Ce matériau
posséde plusieurs transitions magnétiques. En dessous de 10K, I'ordre magnétique des
spins de l'ion Tb apparait et adopte un ordre antiferromagnétique. Compte tenu de la
complexité de ces ordres magnétiques, nous simplifierons le schéma de ces
configurations en regardant le plan ab, dans lequel les ions spins Mn sont presque
confinés. La vue de face du plan ab montre que la structure cristalline de TbMn20s est
formée par deux boucles d'ions manganese. Chaque boucle est constituée d'une chaine
d'ions manganese Mn#* - Mn3+ - Mn3+ - Mn#* - Mn3+ qui forme une boucle pentagonale.
Les deux boucles partagent deux pyramides Mn3+0s voisines. Cependant, si un couplage
antiferromagnétique entre deux spins voisins est établi, il doit favoriser une disposition
antiparallele sur toute la chaine. Cependant, ce n'est pas le cas. En effet,
géométriquement, on ne peut pas former un ordre antiferromagnétique le long d'une
boucle formée par cinq ions manganese. Cela crée une structure magnétique frustrée qui
donne lieu a des ordres magnétiques plus complexes. L'intérét de ce composé réside

dans le couplage entre les ordres magnétiques et électriques, avec la possibilité, d'un



point de vue statique, de manipuler l'aimantation en appliquant un champ électrique.
Dans le TbMn20s les excitations hybrides, appelées électromagnons, peuvent étre
comprises comme des magnons excités par la composante électrique d'une onde
électromagnétique. Comprendre les mécanismes derriere ces nouvelles excitations était
notre objectif, et la possibilité de moduler ces excitations via un champ électrique et / ou
magnétique est également une piste explorée pour des applications futures a définir
dans le domaine du transport d'informations, de la réfrigération magnétique et des
dispositifs spintroniques pour exemple, ainsi le magnétisme et la ferroélectricité dans
TbMn:20s sont couplés. D'autre part, le matériau multiferroique TbMn20s se caractérise
également par différentes interactions d'échange impliquant des sous-réseaux d'ions
Mn#+, Mn3+ et de terres rares R3*, conduisant a un caractére de magnétisme complexe.
En conséquence, TbMn:0s révele diverses transitions de phase magnétiques et
électriques. Récemment, un effet magnétocalorique rotatif réversible et géant a été mis
en évidence dans le monocristal multiferroique TbMn20s, ouvrant la voie a de nouvelles
conceptions de refroidissement magnétique a basse température. Nos calculs
préliminaires utilisant 1'étude de la théorie fonctionnelle de la densité de TbMn20s
révelent qu'il est possible de déterminer certains parametres clés tels que les moments
magnétiques, l'anisotropie magnétique et les structures électroniques qui sont d'un
grand intérét pour I'étude de son comportement entropique (MCE). En particulier, les
moments magnétiques obtenus ainsi que les énergies anisotropes sont en bon accord
avec les rapports expérimentaux. Cependant, le principal défi reste la simulation de
certains parametres magnétothermiques importants du TbMn20s tels que la chaleur

spécifique, I'entropie et les changements de température adiabatiques.

Les techniques de réfrigération développées et potentiellement commercialisables
nécessitent des matériaux de réfrigération efficaces qui répondent a de nombreux autres
criteres tels que la stabilité structurelle, la résistance a l'oxydation ou une bonne
conductivité électrique. L'effet magnétocalorique a été largement étudié au cours des
quarante dernieres années et de nombreuses données expérimentales ont été
rapportées dans la littérature. La majorité des études se sont concentrées sur les terres
rares et les composés a base de terres rares et de métaux de transition. Pour les
applications de réfrigération autour de la température ambiante, 1'élément de référence

est le gadolinium pur. A sa température de Curie d'environ 292K, ses propriétés



magnétocaloriques ASm et ATad sont d'environ -10 J.kg1.K-1 et 12 K, respectivement avec
une variation de champ magnétique de 0 a 5T.

Le troisieme composé de cette these est le film mince de gadolinium. Le gadolinium
meétallique est le choix préféré en tant que matériau réfrigérant magnétique pour la
plupart des prototypes de régénérateurs magnétiques actifs (AMR) qui ont été
développés jusqu'a présent, car il affiche un grand changement d'entropie magnétique
parmi les ferromagnets élémentaires avec une température de Curie élevée proche de la
température ambiante lorsqu'il subit une seconde ordre de transition de phase
magnétique. Dans ce manuscrit, les propriétés magnétocaloriques (MCE) et
électrocaloriques (ECE) des films de gadolinium fabriqués (Si / Ta / Gd (100nm) / Pt
(3nm)) sont mesurées, dans le but d'obtenir plus d'informations sur la physique
derriere l'intéressant électronique et propriétés magnétiques de ce matériau.

Notre film de gadolinium est cultivé a température ambiante sur un substrat de silicium
(Si) en utilisant une disposition de pulvérisation avec une pression de base inférieure a
107 Torr. Une couche tampon de 5 nm de tantale (Ta) a été utilisée ainsi que 3 nm de
couche de recouvrement de platine (Pt) pour éviter l'oxydation de la terre rare de
gadolinium. L'épaisseur magnétique totale des échantillons est maintenue constante et
égale a 100 nm. Les mesures électriques que nous avons effectuées sur cette couche de
gadolinium a l'aide d'un PPMS-7T montrent que l'augmentation de la température
provoque une légére augmentation de la résistivité électrique. Par conséquent, pour
chaque étape de température, la résistance électrique a été mesurée en faisant varier le
champ magnétique, et a partir de la variation d'entropie maximale, nous avons trouvé la

quantité de chaleur donnée ou retirée de notre couche mince.

Ce manuscrit est divisé en cinq chapitres. Le premier chapitre consiste en un état de I'art
de la réfrigération magnétique et des avancées récentes. Le deuxieme chapitre présente
les méthodes théoriques utilisées pour simuler les différents composés étudiés dans
cette thése basée sur les terres rares. Le troisieme chapitre s'intéresse aux outils
expérimentaux utilisés a 1'Institut Jean Lamour a Nancy pour effectuer les mesures
nécessaires de ces travaux. Le quatriéme chapitre présente les résultats théoriques
obtenus a l'aide de la théorie fonctionnelle de la densité DFT et des calculs ab-initio pour
étudier les propriétés électriques et magnétiques des terres rares. Enfin, le cinquiéme

chapitre est réservé aux résultats expérimentaux de notre couche mince de gadolinium.
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Introduction

Magnetic refrigeration is becoming more reliable which will enable it to replace
conventional refrigeration systems, a change which is desirable due to the advantages of
using the magnetocaloric effect (MCE) for magnetic refrigeration application which
leads to high refrigeration efficiency, small volume requirement, low cost,
environmental friendliness, no noise pollution and better performance. The search for
giant magnetocaloric effect materials in the bulk state close to room temperature are of
great interest and are primarily obtained by varying the composition of materials. The
current research on magnetic refrigeration is oriented towards the study of nanoscale
materials. Morelli et al are the first group working on the magnetocaloric effect in thin
layers of doped lanthanum manganite films fabricated using the metalorganic
decomposition technique. They showed that the film morphology and composition may
provide a further increase in the magnetization and total entropy. Recently, some new
results have been published in this area. For example, Gd nanostructured has different
magnetocaloric behavior when compared with the bulk counterparts.

In this thesis, three types of compounds have been studied. The First one is LaCr2Si2C.
The magnetic behavior of this compound is investigated, using first principle methods,
Monte Carlo simulation (MCS) and mean field approximation (MFA). The structural,
electronic and magnetic properties are described using ab initio method in the
framework of the Generalized Gradient Approximation (GGA), and the Full Potential-
Linearized Augmented Plane Wave (FP-LAPW) method implemented in the WIEN2K
packages. We have also computed the coupling terms between magnetic atoms which
are used in Hamiltonian model. A theoretical study realized by mean field approximation
and Monte Carlo Simulation within the Ising model is used to more understand the
magnetic properties of this compound. Thereby, our results showed a ferromagnetic
ordering of the Cr magnetic moments below the Curie temperature of 30 K (T < 30 K)
in LaCr2Siz2C. Other parameters are also computed as: the magnetization, the energy, the
specific heat and the susceptibility. This material shows the small sign of supra-
conductivity; and future researches could be focused to enhance the transport and
magnetic properties of this system. The second compound is TbMn20s, Recently, a
reversible and a giant rotating magnetocaloric effect has been pointed out in the
multiferroic TbMn20s single crystal, opening the way for new designs of low-
temperature magnetic cooling. In this study, we report a preliminary theoretical work
with the aim of enlarging our understanding on the electronic, magnetic and accordingly
magnetocaloric features of the TbMn20s compound. Particularly, the TbMn20s
magnetic anisotropy is analyzed in terms of X-ray magnetic circular dichroism (XMCD)
and X-ray absorption spectroscopy (XAS) spectra. The third compound in this thesis is
Gadolinium thin film. Metallic Gadolinium is the favorite choice as a magnetic refrigerant
material for most active magnetic regenerator (AMR) prototypes that have been
developed so far because it displays a large change in magnetic entropy among



elemental ferromagnets with high Curie temperature near room temperature when it
undergoes a second order magnetic phase transition. In this manuscript, the
Magnetocaloric (MCE) and electrocaloric (ECE) properties of fabricated Gadolinium
films (Si/Ta/Gd(100nm)/Pt(3nm)) are measured, aiming to get more insight about the
physics behind the interesting electronic and magnetic properties of this material.

This manuscript is divided into five chapters. The first chapter consists in a state of the
art of magnetic refrigeration and recent advances. The second chapter presents the
theoretical Methods used to simulate the different compounds studied in this thesis
based on rare earth. The third chapter focuses on experimental tools used at the Jean
Lamour Institute in Nancy to make the necessary measurements of this work. The fourth
chapter, the fourth chapter presents the theoretical results obtained using the Density
Functional Theory DFT and ab-initio calculations to study the electrical and magnetic
properties of rare earth materials. Finally, the fifth chapter is reserved for the
experimental results of our thin layer of Gadolinium.






Chapter I

Magnetocaloric effect and magnetic
refrigeration: General and recent advances

[.1 Introduction

Magnetic refrigeration is an ecological technology unlike conventional refrigeration
systems which use polluting gases. It uses a solid material as a coolant and a heat
transfer fluid, usually water or oil, to transfer heat between the hot and cold sources. In
this first chapter we present the potential of magnetic refrigeration, it is a technology
which encompasses several disciplines such as magnetism, materials, mechanics,
thermodynamics, thermics, fluid mechanics, all these disciplines are coupled together to
operate a magnetic refrigeration system. Today, research on the theme of magnetic
refrigeration is oriented towards 3 main areas of research, it concerns the
magnetocaloric material (more efficient, giant EMC and less expensive), the source of
magnetic field (shape and geometry) and system magnetic refrigeration (design and
production).

[.2 Rare earth elements

The lanthanum and the lanthanides form a series of fifteen metallic elements of very
similar chemical properties, which are also more commonly known by the name,
moreover improper, “rare earths” (because they were first extracted as oxides
resembling alkaline earth, from uncommon minerals).

In the classification periodical of the elements, the lanthanides occupy, with the
lanthanum, one and the same box of the table; this peculiarity results from their
electronic structure, which is identical for the layers and differs from one element to the
next only by adding an electron in the layer deep 4f (hence the name 4f elements that
physicists sometimes give them).
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The rare earths have an electronic configuration of the form [Xe] 4fr5d16s2, with
1<n <13 (in some cases, it is possible to have [Xe] 4fn5d16s2 with:1<n<14). As a rule,
they lose three electrons to give triplicate ionized ions (with some exceptions, such as
europium which exists in the form Eu2*) and therefore empty electrons from layers 5d
and 5s making the outermost electrons. Given the small spatial extension of the 4f
orbitals, the rare earths will therefore have very close properties in terms of physical
bonding and reactivity, which explains why it is so difficult to separate them.

H

Li Be

K Ca Sc Ti
Rb Sr Y Zr
Cs Ba Hf

[ Ce [ Pr[Nd|[Pm][Sm][ Eu FG@TB Dy [ Ho | Er [ Tm | Yb | Lu |

FIGURE 1.1 Position of the lanthanides in the periodic table with their atomic number.

Lanthanides are still associated in minerals, although in fairly high proportions
variables. They are also associated with yttrium, their counterpart located above them in
the column III A of the periodic table, and scandium in the designation of rare earths.
Thorium, which is part of actinides, has properties similar to lanthanides and is often
obtained at the same time as them. The predominance in minerals of either light
lanthanides or yttrium and heavy lanthanides, led to subdivide the family into a “ceric
group” (from lanthanum to gadolinium) and an “yttrique group” (from gadolinium to
lutetium). Nevertheless, the similarity of the chemical properties of lanthanides has long
been the major obstacle to the development of their study and their industrial use. It's
only with the development of the nuclear industry and the development of new
separation techniques (ion exchange, solvent extraction) that the lanthanide compounds
are become more common chemicals. The lanthanides are then considered to be
important industrial materials by the specificity of their characteristics, all the more so
than their minerals have turned out to be much more abundant than previously
assumed. The “rare earths”, contrary to their name, are fairly widespread elements:
their overall concentration in the earth's crust is around 0.016%, that is to say as high
than that of zinc, ten times more than that of lead, a thousand times more than that of
silver; the most abundant element in the family, cerium, is between copper and tin, two
rarer, thulium and lutetium, between mercury and cadmium. But, because of their
widely dispersed on the surface of the globe, their relative abundance has only been
demonstrated gradually, as detection and analysis methods have developed and that the
search for their minerals has grown. The lanthanide minerals are very numerous, among
the main ones, we can mention carbonates and fluocarbonates, phosphates and silicates.
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The annual global production of lanthanides, expressed in oxides, in 2000, amounted to
around 50 000 tons, mainly from the United States and from China. The lanthanides
have become in a few years important elements by the originality of their properties and
the specific applications that one could draw from it in advanced techniques
(electronics, magnetism, catalysis...).

.3 From magnetocaloric material to refrigeration

Magnetic refrigeration at room temperature is an alternative solution to conventional
cooling technology that uses CFC and HCFC, allowing achieve more efficient and less
polluting systems. It relies on effect materials "EMC" magnetocaloric which can heat up
or cool down when magnetized or disarming them. This effect is maximal around the
Curie temperature of the material and can be exploited to make a thermomagnetic cycle
equivalent to the thermodynamic cycle classic compression and expansion of a gas. This
is a recent topic and multidisciplinary because even if the EMC has been known for more
than a century, research in this domain only really started about 15 years ago [1-2],
since then, advances important and multiple were carried out on the fundamental and
applicative scale in the material and magnetocaloric system (see statistics). This first
chapter first describes the history and the principle of EMC, considering an approach
thermodynamic. Then the application aspect is treated by explaining how to use the
EMC to make cold, describing the different refrigeration cycles as well the cycle
magnetothermic of active regenerative magnetic refrigeration. Then the main families of
materials at giant EMC are presented with an emphasis on their structural,
thermodynamic and magnetic properties by identifying the criteria allowing the
development of new, more efficient materials.

I.3.1 Historical

EMC is the change in temperature or entropy of a magnetic material subjected to a
variable magnetic field. This phenomenon was discovered by Emil Warburg, professor at
the Strasbourg University, in 1881 [3]. By placing iron in a magnetic field, he observed a
rise in temperature and a fall in temperature while removing it. In 1918, a theoretical
explanation by a thermodynamic approach was given to the Paris Academy of Sciences
by Pierre Weiss and Auguste Piccard [4]. It was not until 1926-1927 that the physicist
Peter Debye [5] and the chemist William Giauque [6] were able to explain this
phenomenon thermodynamically and suggested its use in processes allowing reaching
low temperatures by a process called adiabatic magnetization/demagnetization. Shortly
after this discovery, a first prototype produced by William Francis Giauque and P.D.
McDougall experimentally verified this mechanism. By using the paramagnetic salt of
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gadolinium Gd2(S04)3, 8H20, this device under a field of 0.8 Tesla made it possible to
reach a temperature of 0.25 K starting from an initial temperature of 1, 5 K [7-8]. Thanks
to this powerful and profound research, W. F. Giauque received the Nobel Prize in
chemistry in 1949 (68 years after the discovery of the magnetocaloric effect by Emil
Warburg). It was for his contributions in the field of thermodynamic chemistry, in
particular regarding the behavior of substances at extremely low temperatures.

“The adiabatic demagnetization method of producing low temperatures was an unexpected
by-product of our interest in the third law of thermodynamics. [...]. By means of appropriate
thermodynamic equations it was possible to calculate the change of entropy when a magnetic
field is applied. I was greatly surprised to find, that the application of a magnetic field
removes a large amount of entropy from this substance, at a temperature so low that it had

been thought that there was practically no entropy left to remove.”

Speech on reception of the Nobel Prize in Chemistry by William Giauque,
“Some consequences of low temperature research in chemical thermodynamics”,
Nobel Lecture,

December 12, 1949 [9].

1.3.2 Principle of the magnetocaloric effect

EMC is defined as the change in temperature of certain magnetic materials due to the
variation of an external magnetic field. He is the result of the variation of the magnetic
entropy of the solid from the coupling between magnetic moments and the external
magnetic field. From a thermodynamics point of view, the total entropy S of a
magnetocaloric compound is a combination of magnetic entropy Sm, network entropy Sg,
and electronic entropy Se. The total entropy S is a function of the temperature T and the
induction B in a magnetocaloric material, it is given by:

Sty =Sy +Sz +S¢ (11)

(1.8)
Magnetic entropy Sm derived from the distribution of spins in the material. Network
entropy Sk relates to the crystal lattice of atoms and electronic entropy Sk is associated
with the thermal contribution of electrons in the material. The latter can be considered
negligible in certain materials. Network entropy and electronics entropy are
independent of the applied magnetic field H while the magnetic entropy strongly
depends on the magnetic field. If the magnetization process is adiabatic, without heat

exchange with the outside, the total entropy remains constant(AS :O), then the
network entropy (SE—>O) must compensate for the loss of magnetic entropy

(ASM =-AS, ) Otherwise the loss of magnetic agitation of spins is compensated by the
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increase of the thermal agitation of the network. Thus, when a magnetic field is applied,
the magnetic moments are aligned (thus reducing their disorder, therefore magnetic
entropy), this having the consequence increased network entropy (increased disorder in
the atomic arrangement), so the temperature of the compound. Conversely, when
deleting the field, magnetic entropy increases (disorder of magnetic moments), thereby
reducing network entropy and the temperature of the system [9]. Adiabatic
magnetization results in a temperature variation called the variation of the adiabatic
temperature ATad (figure 1.2). If the process is isothermal, i.e. without temperature
variation, the application of a magnetic field on a compound generates a variation of
magnetic entropy.

ISOTHERMAL PROCESS
H=0, Sm1, T1 H=0, Sw2, T1

NANZL /7

FIGURE 1.2 Principle of the magnetocaloric effect.

Energy is instantly transferred as heat. Magnetic entropy variation isotherm following
the variation of a magnetic field is noted ASw (figure 1.2).

The two parameters ASw and AT a4 are characteristic values of the magnetocaloric effect,
as a function of the initial temperature T1 and the value of the strength variation of the
magnetic field.

Figure (1.3) presents the diagram of the two curves of total entropy as a function of the
temperature for two different magnetic fields (H1 and Hz with Hi <Hz). The curve
entropy with lower magnetic field has higher entropy values than at larger magnetic
field. The two previously mentioned processes are represented by blue and green lines.
The ASm represents the variation of entropy in the isothermal process (T = Cst, blue
line) of magnetic field variation and the ATad represents the temperature variation
during the adiabatic process (S=Cst, read line). These processes are all the more
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important as the difference between the two curves is big. To maximize this difference,
the field H1 is chosen null (H1=0) and the field Hz is high (Hz > 1T).

—@—5(H) J
—— HtH}} ...'.......;,G

Total entropy

Temperature

FIGURE 1.3 Diagram of total entropy as a function of temperature for two different
magnetic fields H1 and Hz (H1 <Hz)

Figure (1.4) shows the variation of magnetic entropy as a function of the temperature.
The variation of magnetic entropy passes through a maximum at the temperature of
magnetic transition (Tc). It rapidly decreases above (paramagnetic phase) and below
(ferromagnetic phase) of the magnetic transition.

The EMC is maximum near the magnetic transition temperature (Curie temperature in
the case of ferromagnetic materials) and depends on the nature of the transitions
(Figure 1.4 below). During a transition of the 1st order the magnetization evolves very
quickly with the temperature, the variation of entropy is therefore very large at the
transition temperature. On the other hand, the peak of variation of entropy is very
narrow. The range of use of a material having a first order transition, for magnetic
refrigeration, would therefore be very limited in temperature. In addition, there is often
a thermal hysteresis which interferes with the cooling cycle when applying these
materials for magnetic refrigeration [10-11]. For the 2nd order transitions, the magnetic

transition is much wider, the variation of the maximum magnetic entropy ASy™

remains high over a wider temperature range. In addition, thermal hysteresis is
nonexistent, unlike 1st order transitions.
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AS,

d
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;
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d
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FIGURE 1.4 Relationship between the magnetic transition (left) and the entropy variation (right)

To better understand the physical origin of the magnetocaloric effect, it is useful to recall
the thermodynamic properties of a magnetic material under an applied magnetic field,
as well as the various parameters which intervene in magnetic refrigeration.

1.3.3 Analysis and thermodynamic relationships

To analyze the magnetocaloric effect, it is useful to understand the thermodynamics of
the system. A thermodynamic system is characterized by extensive state variables
(depend on the size of the system considered) and intensive variables (do not depend
on it). For a magnetic material, the extensive variables are the volume V, the internal
energy U and the entropy S. The intensive variables are the pressure p, the temperature
T and the amplitude of the magnetic field H (or equivalently the amplitude of the
magnetization M). The internal energy U is a thermodynamic function which
characterizes the energy of a closed system and the entropy S characterizes its disorder.

The internal energy for a magnetic material can be written as follows:
U=U(S,V,.H) (1.3)

Its differential is described as follows:
dU =TdS - PdV — MdH (1.4)

The thermodynamic potential adapted to the description of such a system is the free
enthalpy G (Gibbs energy) which derives from internal energy. For a magnetic system, it
is defined at constant pressure by a function of temperature T, pressure P and field H. It
is given by:

(L5)
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G=U-TdS +PV -MH
Its derivative total is written:
dG =VdP - SdT — MdH (L6)

The entropy, the magnetization and the volume are given by the partial derivatives of
Gibbs free energy:

S(T,H,P)z—(?j (L7)
M(T,H,P):—(%) (18)
oG
V(T.H.P)= (G_PJT,H (19)
So:
dez(ﬁj dp{@j dn(@j aH (110)
P Jr v T Jem oH J7p

As the materials are generally in solid form, the effects due to pressure and volume are
therefore negligible (P = Cst, dP = 0). After simplification, the exact total differential of
G can be written:

dG = (ﬁj dT +(§] dH (111)
oT P.H oH TP )
Mathematically, the second crossed derivatives of the function are identical, then:
() o (. 112)
or\ oT oH \ OT
By simplifying the equation (1.12) we find the famous relation of “Maxwell”:
[ﬂj _ (ﬁj (1.13)
oT P.H oH PT

Thanks to equation (I.13), we can determine the variation of the entropy associated with
the EMC at constant temperature corresponding to the variation of the isothermal
entropy of figure (1.3).
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It can be determined as follows:

sz(ﬂj dH = HztﬁJ dH =AS (T, H, > H,)
oL OT M\ oH );

AS(T,H, > Hz)zj::@—'\” dH
H

(1.14)

The variation AS(T,H, - HZ) is often called the variation of magnetic entropy ASm.

Experimentally this variation is determined from the data Ms(T) or Mr(B). Digital data
processing is carried out in the form:

M, - M; .15
l i+1 i

S being a variable of P, H and T, its differential takes its form:

S=S(P,H,T)
is=(2) a2 oo 2] o (116)
P Jr u T Jen oH J7p

The heat capacity of a material is defined as the amount of energy to be provided by heat
exchange to raise its temperature by one degree. At constant pressure the specific heat
is given by:

_(9Q

According to the second principle of thermodynamics, the variation of entropy can be
written as:

qs = 9 (1.18)
=

In a constant magnetic field and at constant pressure, the expression of the specific heat
can be written as:

oS
Con :T'[G_TJP,H (1.19)
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Using the Maxwell relation (equation [.12) and the heat capacity thus defined, and
considering the system at constant pressure, the equation (1.14) is given as follows:

C
ds = —H.dT +(6M j dH (1.20)
T T Jon

From the equation (1.20), in the case of an isothermal environment (dT= 0), dS is the
variation of entropy corresponding to the infinitesimal variation dH. We find the
variation of the entropy defined in figure (I1.3) and the equation (I.14) with a variation of
magnetic field AH=H2 - H1.

The variation of the entropy does not only depend on the variation of the external
magnetic field, but also on the variation of the magnetization as a function of the
temperature. This effect is maximum when (dM/9T) is significant in the vicinity of the
magnetic phase transition.

For (dH = 0), thanks to equation (1.20) the entropy can be determined from the heat
capacity:

C
ds = —2H T (1.21)
T
C
S(TH)=[ ~2dT (122)

By considering a variation of magnetic field AH = Hz - Hi, the variation of the entropy
due to AH can also be written:

Cop —C
AS(T,HlaHz)zjg%dT (1.23)

Then we can determine the variation of entropy from calorific measurements. The
equation (1.23) shows that the variation of the entropy which depends on the inverse of
the temperature increases when approaching absolute zero. Considering an adiabatic
environment (dS=0), the expression of the temperature variation at constant pressure
corresponding to the adibatic temperature variation ATqq is determined from equation
(1.19):

T (oM
daT=———| = | dH
(GT LH (1.24)
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AT(T.H, > H,)=-]

M Co

H, T (OM
— dM .25
(7). 29
Specific heat measurements are longer and more difficult to implement than the field-
based magnetization measurements. For these reasons, measurements of ATqq are less
frequent in the literature and are generally carried out after the determination of ASm
and Cp at a given field H using the equation below derives from equation (I.25):

o TxAS,, (H)

ad(H):_ CP(H)

(1.26)

The magnetocaloric effect is maximal around the Curie temperature Tc¢ of magnetic
materials, which corresponds to the transition from the ferromagnetic or ferrimagnetic
phase (ordered state) to the paramagnetic phase (disordered state). We therefore seek
to use magnetocaloric materials at a temperature close to T¢ (in general close to ambient
temperature for ambient applications) having a maximum magnetocaloric effect.

1.3.4 Magnetocaloric effect and Magnetic refrigeration

Magnetic refrigeration around room temperature is a promising new technology for
manufacturing cold because it makes it possible to produce refrigeration or air
conditioning systems with high energy efficiency and not using gas to greenhouse effect
or destroyers of the ozone layer. It is based on materials with a giant magnetocaloric
effect. EMC is an intrinsic property of magnetic materials which results in an increase or
a decrease in their temperature during their adiabatic magnetization or
demagnetization. It is maximum around the order / disorder temperature (Curie
temperature for ferromagnetics). We therefore have the possibility of carrying out,
using a magnetic cycle, the equivalent cycle of a conventional thermal machine, all the
more so since certain materials have a giant magnetocaloric effect around room
temperature.

In compression refrigeration, the refrigerant gas is compressed and its temperature
increases. The induced heat is then dissipated towards the hot source. During its
expansion, the refrigerant gas cools allowing to absorb the heat from the cold source or
the space to be cooled. This is the operating cycle of conventional compression
refrigeration. This cycle is repeated n times during the operating time. In the case of
magnetic refrigeration, it is the material which undergoes the cycle, and not the gas. The
magnetization of the material ensures its heating and vice versa with its
demagnetization. The energy contained in the material is extracted by a heat transfer
fluid, generally water. In order to understand the thermodynamics of magnetic
refrigeration, it is important to define the different existing magnetic cycles.
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[.4 Thermodynamic cycles

To produce cold, conventional refrigeration systems are based on compression-
decompression (expansion) cycles of a refrigerating gas mechanism which is
comparable to that used in magnetic refrigeration systems (Magnetization-
demagnetization of magnetocaloric materials). The magnetic refrigeration cycle is made
possible by coupling the solid magnetic material, seat of the EMC, to a fluid ensuring
thermal transfer. To reach higher temperature differences the system must operate on a
magnetic refrigeration cycle. Many magnetic refrigeration cycles exist, with their
equivalents in conventional thermodynamics. These are the Carnot, Brayton, Ericsson
cycles. Among which, the Ericsson and Brayton cycles are the only ones applicable at
room temperature, they use a regenerator to obtain a large temperature range and they
are easy to handle [12].

To increase the temperature variation, regenerative cycles AMRR (Active Magnetic
Regenerative Refrigeration) can be used [2]. The magnetocaloric material is then
subjected to a series of magnetization and demagnetization cycles. The different
magnetic cycles will be briefly explained in the following section.

1.4.1 Carnot's magnetic cycle

The Carnot cycle is composed of two isentropic processes and two isothermal processes.
It has a potentially ideal efficiency because the heat transfer is done there during
isothermal steps, but the implementation of this cycle is complex and difficult because it
requires the use of four different amplitudes of magnetic field. The T-S diagram of the
magnetic Carnot cycle is illustrated in Figure (1.6). It is made up of four steps:

= Adiabatic magnetization (A— B): the material is magnetized and its temperature
increases, it heats up instantly without exchanging heat with the outside.

= [sothermal magnetization (B — C): the applied magnetic field is increased. The
magnetization is isothermal (T = Cst), that is to say that all the heat previously
produced is transferred to the hot source (QHot).

= Adiabatic demagnetization (C — D): the applied magnetic field is reduced. The
material cools instantly without exchanging heat with the outside.
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* [sothermal demagnetization (D — A): the material is demagnetized and the
temperature is kept constant. The material absorbs heat from the cold source

(Q cold) .

An important criterion for evaluating systems is the coefficient of performance COP
(Coefficient Of Performance). In the application of refrigeration, it represents the ratio of
the energy taken from the cold source (Qco1d) and the work provided to the system W:

COP = Qcom _ Tcold '(SA - SD) (1_27)

w THot'(SB_SC)_TCO|d'(SA_SD)

From figure (I.5), we notice that Sa- Sp = (Ss - Sc), then the relation of the COP becomes:

COP — Qcold — Tcold

W o, T (1.28)

cold

This COP value constitutes the theoretical limit of the refrigeration system that it will be

impossible to overtake. However, in practice, magnetization and demagnetization
areothermal are very difficult to achieve.

The EMC has a very fast kinetics, it would therefore be necessary dissipate energy
extremely quickly or magnetize extremely slowly to keep the temperature constant.

SJ\ H= H 0
=
S,.=Sg A . B
Sl) = SC Qcol;) L A Ql-lot
TCl:cld THut

FIGURE L5 Carnot magnetic cycle
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1.4.2 Ericsson magnetic cycle

The Ericsson magnetic cycle (Figure 1.6) consists of two isothermal processes and two
isofield processes [13]. In practice, it is advantageous to have a temperature difference
between the sources which is independent of the adiabatic temperature difference. This
cycle provides this temperature difference between the heat sources. It requires a
thermal regenerator for its operation (accumulating the heat of the hot fluid and heating
the cold fluid). It is composed of four stages:

» [sofield process 1 (A — B): the material absorbs the heat stored in the heat
transfer fluid during the isofield process (H = Cst).

» [sothermal process 1 (B — (C): the material is magnetized and gives up heat to
the hot source (Quot) while keeping the same temperature (THot).

» I[sofield process 2 (C — D): the material loses heat (isofield cooling) to the
benefit of (A — B). The heat is discharged to the heat transfer fluid.

» [sothermal process 2 (D — A): the material is demagnetized, it will reabsorb the
heat from the cold source (Qcold) to keep the isothermal process (T cold).

The coefficient of performance is given by the following relation:

Tcold'(SA _SD)
THot'(SB _SC)_THot'(SA _SD)

COP = Quoa _ (1.29)
w

TCold Tl-lot T

v

FIGURE L.6 Ericsson magnetic cycle
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1.4.3 Brayton magnetic cycle

The Brayton cycle is one of the most basic cycles of magnetic refrigeration. Figure (1.7)
shows the mechanism of the Brayton cycle. The latter is based on two processes: isofield
(constant magnetic field) and adiabatic (constant total entropy) [14]. The four cycle
stages are described as follows:

Adiabatic magnetization (A — B): the material is magnetized (H> 0) and its
temperature increases by AT = (Ts - Ta).

= [sofield cooling (B — C): The already magnetized cooling material is cooled under
constant field. The heat transfer fluid circulates through the refrigerant, it

absorbs part of this thermal charge and discharges it to the hot source (Quot).

= Adiabatic demagnetization (C — D): the magnetic field is suppressed and the
temperature of the material decreases by AT = (Tp- Tc).

= Isofield heating (D — A): this process is at zero magnetic field. The refrigerant can
then absorb a thermal load from the cold source (Qcold).

SJ\

v

FIGURE L.7 Brayton magnetic cycle

The coefficient of performance (COP) is given by the general formula described below:

cop = S (130)
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1.4.4 AMRR cycle (Active Magnetic Regenerative Refrigeration)

The AMRR cycle is the most promising and effective for applications near ambient
temperature. The first AMRR cycle was described in 1983 by ]. A. Barclay [15-16]. The
latter has shown that it is possible to reach temperature differences much greater than
the adiabatic temperature variation of the refrigerant material by using it
simultaneously as a regenerator and as the active magnetic component. The magnetic
material is both the seat of the magnetocaloric effect and the thermal regenerator. Each
slice of regenerator produces its own magnetic Brayton refrigeration cycle and
transports the thermal load over a few degrees, from one slice to another, in the
direction of fluid flow, from the cold source to the source hot. It is therefore not a single
cycle, but an infinity of simultaneous cycles.

The AMRR cycle is used in most prototypes of magnetic refrigeration at neighborhood of
the room. Regeneration in magnetic refrigeration systems allows the heat rejected by
the network in a stage of the cycle to be restored and returned to the network in another
stage of the same cycle [12]. So the capacity used for cooling the network load can be
used effectively to increase the effective variation of entropy and the resulting
temperature difference [17]. Indeed, this cycle makes the best use of the magnetocaloric
effect in order to obtain differences in high temperatures between the hot and cold
source of a heat production system cold.

Sl\

Sp=S¢

FIGURE 1.8 AMRR magnetic cycle

The figure (1.8) represents the thermodynamic cycles of the AMRR cycle. The AMRR
cycle consists of four steps, two adiabatic (magnetization / demagnetization) and two
isofield (cooling and heating: flow of heat transfer fluid ensuring heat exchange between
the cold zone and the hot zone).
AMRR has four steps which are:
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= Magnetization of the material, the temperature then increases all along the bed
regenerative by magnetocaloric effect. The temperature of the material, hot side,
becomes greater than that of the hot tank.

*  Fluid flow from the cold tank to the hot tank. This leads to bed temperature to
drop in contact with the initially cold fluid (coming from the tank cold). As for the
fluid, its temperature will increase. During this step, the bed rejects its heat to the
fluid and if this phase is long enough, the material returns to its initial
temperature.

* Demagnetization of the material resulting in a drop in its temperature.

= Fluid flow in the opposite direction from the hot tank to the cold tank. This fluid,
initially warm, will exchange with the bed, which will allow it to return to its
initial temperature.

Moreover, the regenerating bed can be produced by superimposing several composition
materials different in order to widen the range of temperature variation and therefore to
widen the range system usage. The coefficient of performance (COP) is given by the
general formula described below:

COP — Qcold (131)
W
The amount of heat absorbed at the cold source between T4 and T is given by:

Qoo = I: T.dS (132)

.5 Magnetocaloric materials: reference material

The magnetocaloric effect appears in all magnetic materials. As we have seen previously,
the variation in entropy is greater the greater the variation in magnetization (dM / dT).
Its value is a maximum at the Curie temperature, temperature at which a material
changes magnetic order (ferromagnetic-paramagnetic transition). The so-called “first
order” phase transition implies a large variation in magnetic entropy (increases the
EMC) but to the detriment of a low temperature range over which the effect is
significant (Figure [.4). Co¢nversely, the so-called “second order” transitions imply a
small variation in magnetic entropy but over a large temperature range T. There are a
very large number of magnetocaloric materials which have been studied since the
discovery of the giant EMC. Many experimental data concerning different
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magnetocaloric materials have been reported in the literature. The majority of studies
have focused on rare earths and compounds based on rare earths and transition metals.
For applications of magnetic refrigeration around room temperature, the material must
have a giant magnetocaloric effect well extended around room temperature. By giant
EMC, we mean high temperature variations (a few degrees to a few tens of degrees) for
magnetic inductions accessible by permanent magnets (1 to 2T) or superconductive
electromagnets. In the following section, examples of magnetocaloric materials already
studied in the literature will be cited.

[.5.1 Gadolinium "Gd"

Gadolinium (Gd) is the reference material used in most prototypes of magnetic
refrigeration at room temperature (see the section: review on prototypes of magnetic
refrigeration). It was the first material which made it possible to validate the principle of
magnetic refrigeration [2, 18]. It belongs to the Lanthanide family with a second order
magnetic transition (ferromagnetic-paramagnetic) at 292 K with an absence of magnetic
hysteresis (spin-orbit coupling is zero (L = 0)) [19]. Given its high magnetic moment
(7uB/Gd atom from the valence layer 4f7 ), it can generate a relatively high
magnetocaloric effect (= 2 K/T) with a variation of magnetic entropy AS!™ around

4] /Kg.K to a magnetic field of 2 Tesla [20].

Gadolinium (Gd) also has the advantage of being an easy to obtain compound (pure
element) and easy to use due to its great ductility and malleability. However, in despite
its intrinsic properties and its magnetocaloric performance at room temperature, this
rare earth presents multiple disadvantages including its oxidation like other earths rare,
its prohibitive price (up to 5000€/Kg), and its limited reserves, something which
discards its use in refrigeration systems for the general public. It is therefore important
to find other magnetocaloric materials with interesting properties. This problem has
pushed scientists to look for other alternative materials with interesting and motivating
properties (low cost and significant magnetocaloric effect). Among the most commonly
cited materials at present are the families Gds(SixGe1-x)s, MnFeP1.x Asx, MnAs and its
derivatives, Ni-Mn-Ga, LaFe13-x Six and manganite perovskites.

1.5.2 Selection criteria for magnetocaloric materials

As already described in the analysis and thermodynamic relationships section, the two
important criteria describing the magnetocaloric properties of a material are the
maximum variation of magnetic entropy ASm and the variation of adiabatic temperature
ATad. However, these two criteria do not make it possible to obtain a complete estimate
of the magnetocaloric performances of materials. Two other characteristic values, which
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include a combination of ASu and AT, make it possible to more precisely assess and
compare the magnetocaloric refrigerant materials: the refrigeration capacity (RC) and
the relative cooling power (RCP, Relative Cooling Power) [28, 29].

The figure (1.9) represents a graphic diagram of the refrigeration capacity RC(a) and the
relative cooling power RCP(b). The refrigeration capacity RC is the quantity of heat
which can be transmitted during a thermodynamic cycle, taking into account the shape
and the width of the peak of ASu(T). It is a better criterion for the evaluation of the
technological interest of a material. By integrating the curve of variation of entropy
between two temperatures framing the maximum of the variation of magnetic entropy
ASm(T) (generally at temperatures within + 30K of the transition temperature), we
obtain the refrigeration capacity RC:

T2
RC =~["AS,, (T)dT (133)

The relative cooling power (RCP) can be evaluated either from the variation of magnetic
entropy and the width at half height of the variation of entropy ATLmu (Equation 1.34), or
from the variation of the adiabatic temperature and the width at half-height of the
variation of the temperature ATimu (Equation 1.35).

It is given by RCP(S) or RCP(T):

RCP (S) = ATaZAAX X ATLMH (134)
RCP(T)=-ASy™ x AT, (1.35)

The refrigeration capacity RC and the relative cooling power RCP represent the

refrigeration capacity in the broad sense, in general RC:%RCP for conventional

magnetocaloric responses (Figure 1.9). The higher the values of RC and RCP, the more
magnetic cooling is effective and important.

1 () 1 (b)
=11] =]
= <
E 3 ATy
= =
% RC “é]" RCP

T + 30K 'i‘t_ T,+ 30K T(f() T T(f()
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FIGURE L9: Graphical representations of the RC refrigeration capacity (a) and the
relative cooling power RCP (b).

In summary, a magnetocaloric material to be considered efficient for magnetic
refrigeration must have several properties such as:

e A Curie temperature Tc close to the operating temperature, depending on the
intended application (Tc is close to ambient temperature for applications
ambient).

e Alarge variation in magnetic entropy AS» and in the adiabatic temperature AT a4
for low values of the intensity of the magnetic field.

e A wide temperature range T (second order transition). This allows to work on a
wider temperature range, and therefore to target more variable applications.

The material must also have other interesting physical properties:
e Very low or zero values of thermal and magnetic hysteresis.
e High electrical resistivity (to limit joule losses).
e Good thermal conductivity (to improve heat transfers with the heat transfer

fluid and ensure a thermal gradient within the regenerator).

In addition, the material must meet the manufacturing and operating constraints:

Ease of processing (ore purity)

Ease of shaping (malleable and ductile)

Resistant (corrosion, oxidation, mechanical durability)
Non-toxic

Finally, the material must have good technical and economic characteristics:

e Low manufacturing cost
e Abundance






Chapter II

Theoretical Physics: Concepts and Methods

[I.1 Introduction

Among first-principles approaches, density-functional theory (DFT) is most often
employed, as it currently represents the best compromise between accuracy and
computational effort. Despite the inherent demands of DFT calculations,
contemporary advances both in methods and hardware are continuously extending the
range of systems to which these approaches can be successfully applied using
available computational resources, and nowadays electronic structure simulations
are routinely conducted using one of the several black-box packages available. These
efforts have brought about a wealth of basic knowledge on metal nanoclusters and
nanoalloys, furnishing a deeper - sometimes novel - interpretation of experiments and
significantly increasing our understanding of these systems. Many specific features of
the metallic bond at the nanoscale have been highlighted, especially in the range of sub-
nanometer to few-nanometer particles. Exotic morphologies and unusual structural
arrangements have been rationalized and their link to peculiar properties of metal
particles have been proposed. In this chapter, after a brief introduction to the
basics of DFT (and other wave function approaches for comparison), examples of
first-principles predictive computational science in the field of the structure of metal
nanoclusters and nanoalloys will be reviewed with the aim of providing some
understanding of basic concepts and of present capabilities and limitations.[30]

The last two decades have witnessed tremendous progress in the development of
methods for ab-initio calculations of materials properties and for simulations of
processes in materials [31]. The cornerstone of this development was laid by density-
functional theory (DFT), which casts the intractable complexity of the electron-electron
inter- actions in many-electron systems into an effective one-electron potential, which is
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a functional of the electron density only[32, 33]. Although the form of this functional
which would make the reformulation of the many-electron Schrédinger equation (the
Kohn-Sham equations) exact is not known, starting with the pioneering work of Perdew,
Becke, and coworkers a hierarchy of approximate functionals has been developed, which
allow to predict many properties of solids with increasing accuracy [34,35].

[1.2 Ab-initio methods

[1.2.1 Hamiltonian Molecular

At the beginning of the 20th century, physicists discovered that the laws of classical
mechanics did not allow the behavior of small particles such as electrons [36], nuclei or
molecules to be described. These are in fact governed by the laws of quantum mechanics
which will make it possible to calculate and predict the physical properties of atomic
and molecular systems. These properties have their origin in the behavior of electrons
present in such systems and can be assessed using molecular dynamics calculations,
statistical mechanical calculations and electronic structure calculations. The latter use
various mathematical formalisms in order to solve the fundamental equations of
quantum mechanics described in the following part. During this first chapter, we will
first present generalities regarding the non-relativistic quantum processing of several
systems composed of several particles, then we will approach the two main families of
quantum calculations: the Hartree-Fock approximation and the processing of electronic
correlation on the one hand, and densit theory on the other hand theory on the other
hand y functional theory on the other hand.

The state of a system with M nuclei and N electrons is described in quantum mechanics
by a wave function @ satisfying Schrodinger's equation [37]:

Ho = in o (I.1)
ot
In a large number of cases, the Hamiltonian H has no explicit time dependence and the

wave function can then be written as the product of two functions: one depends on R of

the nuclei and T of electrons and the other depends only on time:
@:‘P(ﬁA,ﬁs,...,ﬁM,Fl,Fz,...,FN)G)(t) (11.2)
In this case, we are led to solve a stationary equation:
H|¥)=E|¥) (I1.3)

The temporal evolution of the wave function of the system only introduces a phase:
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o(t)= e[%j (I1.4)

The transition from a classical to a quantum approach leads to define a Hamiltonian
(here not relativistic). In the case of an isolated aggregate, it is written in units atomic

(h =e’= m, =1) , as follows:

M 2 N2 M M M N N
H=_ Va _ZLJFZZ Z,Zs _Zzﬂ_z l (1L.5)
A=l 2MA i 2 A= AB i i i B

i=1 18<A T it AL ha i I

=

Where A, B, ..., denote the nuclei and j, j, ..., denote the electrons.

The first two terms of the equation are the kinetic energy operators of the nuclei Tn and
electrons Te; the other terms are Coulomb interaction terms for each pair of charged
particles: nucleus-nucleus repulsion term Vn-n, term electron-nucleus attraction Ve-n and
electron-electron repulsion term Ve-e. An exact solution to equation II.3 is impossible for
systems polyelectronic. It is therefore necessary to implement simplifying procedures
associated with some mathematical tips in order to make it possible to obtain a solution
approached.

The Born-Oppenheimer Approach

This approach is today the basis of many calculations in matter physics [38]. Starting
from the simple observation that the electrons are much lighter than the nuclei, we can
classically say that their movement is much faster. Therefore, we consider that the
electrons evolve in a potential created by fixed atoms. Function electronic wave
¥, (r.R) . | - | ~
then explicitly depends on the coordinates I and parametrically ofR
Schrodinger's equation is solved in two stages: first, we solve the electronic equation by
setting the fixed nuclei and then we solve the equation nuclear in the potential created
by electrons. The Born-Oppenheimer approximation is only valid when the couplings of

electronic and nuclear movements are negligible, i.e. when the function wave \Pedoes
not undergo abrupt variations when the nuclei vary. She reaches her limits when dealing
for example with collision problems or potential energy surface crossings. However, a
large part of the studies of aggregates are done within the framework of this
approximation.

The Hartree-Fock Approximation

This approximation is very important because it is the basis of almost all methods ab
initio (based on the wave function). There are no exact solutions to equation II.3 that for
trivial systems such as the hydrogen atom. This is related to the complexity intrinsic to
polyelectronic systems and in particular to the presence of repulsion terms coulombian -
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terms of the form (1/rij) - which couple the movement of electrons between them. In
order to get around this difficulty, a first approximation consists in bringing the problem
with a single particle moving within an average potential caused by the presence of its
other partners. The electron-electron repulsion is therefore included as a medium effect.
This approximation is called the mean field method. The Hartree-Fock approximation
(HF) takes advantage of this simplification by applying it to the electrons of a molecule.

In order to take into account the principle of antisymmetry imposing on the wave
function W to change of sign during the permutation of two electrons, a good
approximation of this one is obtained in the form of a Slater determinant [39]. This
determinant is made up of monoelectronic functions called spin-orbital and applies to
"closed" layer systems - corresponding to the case where all electrons are paired. Each
spin-orbital is the product of a space function ¢ (orbital) dependent on the spatial

coordinates of the electron and a spin function can take two opposite values: a(S) =1/2

and S(S)=(-1/2). Spin density being zero for a closed layer system, the system is thus

symmetrical with respect to these two values which makes it possible to describe a pair
of electrons as a function of same orbital g . In this way, the polyelectronic determinant

associated with the N electron system is consisting of N/2 orbital {¢ ¢, .., ¢y}

knowing that two spin-orbitals of the determinant with the same spatial function have
different spin functions. This thus makes it possible to verify the principle of Pauli [40]
which postulates that two electrons of the same state spin cannot be in the same region
of space.

The polyelectronic wave function is therefore written:

pa (1) 0 (1) o P (1) Y4 (1)
ha(2) 65(2) - b4 (2) $yB(2)
¥(1..N)=

1
N

ga(n) ¢B(n) .. dya(n) é,.8(n) (1L.6)

The formalism based on such a wave function ¥ is called Hartree-Fock Restricted
[41,42]. The HF model provides a starting point for making additional approximations as
in the case of semi-empirical methods, either to add additional determinants generating
solutions that converge to a solution as close as possible of the exact solution of the
electronic Schrédinger equation.

Hartree-Fock theory uses the variational principle [43] to assert that, for the ground
state, the value of the energy associated with any wave function standardized and

asymmetrical ¥ will always be greater than or equal to the energy associated with the

exact wave function ¥, hence <‘P| H |‘I’> > E,, Eo, representing the lowest eigenvalue
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associated with the exact Eigen function. For a non-degenerate system, equality is only

achieved when Y is identical to ¥,. The energy of the exact wave function can thus

serve as a lower limit of energy calculated for any other standard asymmetric wave
function. So the determinant of optimal Slater is obtained by seeking the minimum

energy and by minimizing the term (W|H|¥).

From the wave function defined in I1.6, we arrive at equations for the orbitals
monoelectronics of the form:

F(1)4 (1) =244 (1)
N2 (IL.7)
f(1)=h(1)+vg =h(1)+> 23, (1)-K, (1)

The 1 Index refers to the position of an electron and emphasizes the monoelectronic
nature of different operators. The term v, represents the average potential in which the

electrons move. It is consisting of a sum of Coulomb operators J, and of exchange K

defined as follows:

3,(1)= [deg’, (2)2-4,(2)
12 (11.8)

@AW= [ernd ) L4 |

12

The Coulomb operator Ja(i) represents the potential linked to the average load

distribution electrons. The exchange operator K, (i)has no physical interpretation in

the classical sense of the term but it is present because elementary particles, such as
electrons, are not discernible. In addition, a significant part of the exchange operator will
be a correction to the auto-interaction error present in Coulomb's term.

It will therefore be possible to write the expression of electronic energy as a function of
h, ] and K:

N/2 N/2
ERF :<\PHF|H|\PHF>:22hiJ’+Z(2JU_K”) (1.9)
i=1 ij=1

Hartree-Fock equations I1.9 are too complex to solve direct by numerical analysis
techniques. It is therefore necessary to carry out an additional transformation which will
be more suitable. To do this, a new approximation is to express molecular orbitals (MO)

as combinations linear of predefined sets of monoelectronic functions(;(H ): this is the
LCAO approximation (Linear Combination of Atomic Orbitals). These basic functions are

generally centered on the nuclei of the different atoms of the molecule. Thus, orbitals
can be written in the form:
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K
¢ :Z;C#i;(ﬂ i=1,2,..K (11.10)
p=

The calculation of MO therefore boils down to the determination ofC ; coefficients. The
determinant of Slater, solution of the equation with N electrons, is constructed from N/2

more orbital low energies.

From the previous equation, it is possible to rewrite the equality I1.7 in the form:
>C,fdnz, () f (1) @) =62.Cifdnz, (1) (1) (IL11)

We thus end up with the equations of Roothaan and Hall [44, 45] which are written as
follows:

K
Z(Fuv_gisﬂV)CVi =0 w712, K (1112)

v=1

With as definition of F,, and S , :

Fo=[2,@)f ()2 @dx

S, = [ 7, (1) 2, (1)dr, (IL13)
The matrix form of expression I1.13 therefore becomes:

Fc=SC¢ (1114)

Where each element is a matrix:

e ¢ is a diagonal matrix of orbital energies: each of these ¢, elements represents
the orbital energy of a MO electron ¢ .

e F is the Fock matrix representing the average effect of the field created by all
electrons on each orbital.

e Sis the overlap matrix representing the overlap between each orbital.

e ( is the matrix made up of the coefficients of the molecular orbitals on the
functions basic.

Since the Fock matrix F depends on the coefficients of the matrix C, the equation 11.14 is
not linear and must be resolved iteratively using the procedure called Self-Consistent
Field or SCF Method (Self-Consistent Field). When this procedure converges, the energy
is at its minimum and the orbitals generate a field producing the same orbitals hence the
name of the technique. The solutions produce a set of orbital spaces that are either
occupied or empty and the total number of orbital spaces is equal to the number of basic
functions used.
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The HF method has two variants: the restricted Hartree-Fock approach (RHF) and the
unrestricted Hartree-Fock approach (UHF) [46-47]. This approach is more costly in
calculation time because it doubles the number of integrals to be calculated, the orbitals
no longer being doubly occupied. It should also be noted that, in the context of the HF
method, the electrons are considered independent of each other and each move into a
potential means created by all of the nuclei and other electrons. So there is no instant
electron-electron interaction hence the development of certain methods to try to
remedy this problem of lack of correlation.

[1.2.2 Basic functions

The ab-initio methods make it possible to obtain information from the resolution of the
Schrodinger equation without smoothing experimental data. However, one of the
inherent approximations to these methods is the introduction of a set of basic functions.
Hartree-Fock molecular orbitals are defined from Equation I1.8 as linear combinations of
predefined monoelectronic functions. The choice of these functions is the result of a
compromise between the quality of the results and the speed of the calculations.

There are four basic types of functions also called atomic orbitals, commonly used for
the calculation of electronic structure:

e Slater Type Orbitals STO [48]

e Gaussian Type Orbitals GTO [49]
e Basic digital functions

e The plane waves.

The STO, in spherical coordinates, are of the form:
Henim(1,0,0)=NY,  (0,0)r" e ™" (IL15)

Where N is a normalization factor

S is the orbital exponent

n, ], m are the numbers quantum

Yo . . .
Imis an usual spherical harmonic function.

It should be noted that an STO does not have radial nodes as might be expected for the
description of an atomic orbital. These nodes will therefore be introduced through linear
combinations of STO. These functions have a correct decay, of the type exponential with
r and have good behavior near the nucleus.

Gaussian type orbitals can be formulated as follows:

(11.16)
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Zﬂ(r_RA): P(r_RA)zdpﬂgp(apﬂ’|r_RA|)
b
Where g, and P(r) are defined by:

g, (e 1) =€ (IL17)

P(r)=cx"y"z'

Each function is centered on an atom defined by its position RA. She has some
resemblance to atomic orbitals (AO) corresponding to the solutions of the equations HF
for isolated atoms. The angular part P(r) of the function consists of a polynomial of
varying degree. Depending on the degree of this polynomial (0, 1, 2, ...), it will be
possible to define Gaussian type s, p, d, e ... The radial part of the function is defined, for
its part, as a linear combination of primitive Gaussians, gp. The different parameters
necessary for the expression of GTO (the coefficients and exponents of the polynomial,

. d a : ,
the coefficients ~P# exponents ~P“ and contraction) are fixed.

A7) RO

>i"

Slater type STO Gaussian type GTO
I(T.)Oce—m' ;{(?")OC e—m-.

Figure II.1 Comparison between STO and GTO

Generally speaking, small exponent primitives (which are diffused) are not contracted
while the others are distributed in contractions, grouped initially to reproduce the STOs
[50].

Formulation of Electronic Correlation

A wave function represented by a single Slater determinant will never be equal to the
exact wave function. So this means that the EHF quantity is necessarily higher to the
exact energy of the ground state. Indeed, the Hartree-Fock theory does not take into
account of all the correlation effects between the movements of electrons within a
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system molecular. The correlation between two electrons of parallel spins (called
Fermi) is in part described in Hartree-Fock methods. In addition to this Fermi
correlation, there exist, by elsewhere, the Coulomb correlation due to the electrostatic
repulsion between the electrons. The difference between the results obtained in HF and
that resulting from the exact solution of Schrédinger’s equation is called correlation
energy, defined by:

Ecorr is @ measure of the error introduced by the HF approximation and it is mainly due
to the almost instantaneous repulsion of electrons which does not take into account the
effective potential HF, Vet In a diagram of this type, we can consider that the electrons
are often close to each other because the electrostatic interaction is only treated by
terms averaged. The term of interelectronic repulsion is therefore too large and the
energy Enr is greater than the exact energy Eo. This difference can be of great
importance, it is necessary to take it into account account for the calculation of the
properties of a molecular system (containing, in particular, metal ions) and to be able to
integrate it into an electronic structure calculation.

The term dynamic correlation is used to refer to the repulsion between two electrons
during their respective displacements. The term static correlation is related to the
existence of Slater determinants degenerate (or almost) into energy. This effect is
present when the ground state of an electronic system cannot be described by a single
Slater determinant, a case encountered by example when separating a pair of electrons
in space, especially when dissociative processes between two atoms.

I1.3 The Post-Hartree-Fock Methods

These methods deal with correlation effects that are not taken into account in an HF
type approach. They fall into two categories: the disruptive methods and the multi-
configurational methods. These methods call a function of correlated wave, solution of
the problem with N electrons, which is described in the form of a linear combination of
Slater determinants.

The most economical Post-HF method is the Mgller-Plesset perturbative theory at
second order. This method can also be used at higher orders, which require more IT
resources. It is, moreover, not possible to say that results are improved with increasing
order disturbance. Among the multi-configurational methods, we can cite the
Configuration Interaction method or CI and the Multi-Configuration Self-Consistent Field
MCSCF.
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[1.3.1 The Mgller-Plesset Perturbative Method

The Mgller-Plesset perturbations theory [51] is expressed in the context of the
development of Raleigh-Schrodinger type, often called Many-body perturbation theory.
This theory applies when the Hamiltonian H of the system can be decomposed into two

terms: a Hamiltonian of zero order Ho whose proper functions ¥ are known and
whose proper values Ei0 are not too far from the desired proper values of H and a

disruptive term A.V assumed small before Ho.

In quantum mechanics, perturbative methods can be used for the purpose add
corrections to solutions using particle independent approximation.

{H =H,+ AV

So we have: HO“{I‘O>:E?‘\P?> 1=12,..,0 (11.18)

Ei0 Energies are the solutions, chosen orthogonal or not, of the non-Hamiltonian

disturbed for a full basis. A is a parameter determining the size of the disturbance.

The total energy corrected to order two is given by:

E, = ZNZ/zhii +NZ/2(23U - K; )+§ 2(irs)(risi)~(ir ) o) (11.19)

ij,rs & +‘9j —& —&

The three terms constituting the equation 1.A.19 are respectively the corrections order
0, order one and order two. The i and j indices relate to the occupied orbitals and the r

and s indices correspond to the virtual orbitals in ‘¥,z . According to the definition of

correction to second order, the total energy thus calculated will always be less than the
HF energy. It should also be noted that these methods only take into account dynamic
correlation and that you have to use multi-configurational methods to include
correlation static.

I1.3.2 Multi-Configuration Methods

The Hartree-Fock method determines, for a given base, a mono-determinantal wave
function. To improve the HF result, it is possible to use a wave function containing
several determinants. Multi-configurational methods therefore use the HF wave function
as a starting point. The general form of the multi-configurational wave function is:

¥=a,¥,+.aY (11.20)

i=0

Where a, is generally close to 1.
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These methods differ in the way they calculate the coefficients @, who weight¥;, a,

being determined by the normalization conditions.

The Interaction of Configuration

The most comprehensive method for describing the electronic correlation is the
interaction of configuration [52, 53]. It is based on the variational principle. In this
approach, the wave function is described as a linear combination of several
determinants and the coefficients of this combination are obtained by minimizing
energy.

Yo =W + D a7V + D al’ vy

ia ab (11.21)
Yo =a,We +zas\Ps +ZaDl{lD

S D

Or ¥, is the Hartree-Fock configuration, ¥ and ¥, are, respectively, the excitations

single and double.

The electrons of the occupied orbitals i and j are excited in the vacant orbitals a and b.
The MO used to construct the excited Slater determinants come from an HF calculation
and are kept afterwards. It is possible to consider only the Double excitations (CID
calculations (Configuration Interaction Doubles)) - or Single and Double Excitations
(CISD calculations (Configuration Interaction Simples and Doubles)).

However, if this multi-configurational method is complete and efficient for the
description of electronic systems, it requires IT resources substantial. It is therefore
little used and limited to small molecules because of the significant number of
determinants that it generates regardless of the size of the database used.

[I.4 The Density Functional Theory (DFT)

The detailed study of the electronic and the magnetic properties of a molecular system
requires taking into account for electronic correlation effects, especially if it contains
metals. We have seen that Post Hartree-Fock methods make it possible to integrate
these effects but are often heavy and limiting as to the size of the systems studied. This is
why, over the past thirty years, the Density Functional Theory has been considerably
developed for the study of physical systems and has become an effective alternative to
Post HF methods. Initially designed and applied to solid state problems, several reasons
have contributed to its popularity for physical applications:
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e This theory includes in its formalism a large part of electronic correlation.
e The method can be applied to any type of system: covalent, ionic or metallic.

Whereas Hartree-Fock methods lead to expressing the energy of the system as a
functional of its wave function¥, for DFT methods, the energy is a functional of

electronic density ( p) of the system. One of the great attractions of the methods DFT is

to solve Schrédinger's equation by only involving the observable p defined in physical

space R3 which therefore replaces the 3N configuration space variables in which the
wave function (Hartree-Fock) is defined. However, this possibility of avoiding the N-
particle problem by using electronic density collapses when it is necessary to give an
analytical expression of energy as density functional.

Before tackling the foundations of the Density Functional Theory, it seems essential to

define the central quantity of this theory: the electronic density(p) .

I.4.1 Electronic density

In the previous part, we defined electrons as particles inseparable and indistinguishable.
Indeed, an electron cannot be located as individual particle [25], on the other hand its
probability of presence in an element of volume can be estimated and corresponds to

the electronic density(p) . The electrons must therefore be considered in their collective
aspect (electron cloud) and the electronic density allows know the regions of space
where electrons are most often found.

The electronic density p(r) is a positive function depending only on the 3 coordinates

of space (%, y, z). This quantity is infinitely canceled and is worth N (Total number of
electrons) when integrated all over space.

p(r—>w)=0
Ip(r)dr =N (11.22)

p(r) Therefore represents, by definition, the probability of finding an electron in a

volume unitary dt defined by r.

Thus, we can notice that p(l’)seems to contain enough information to describe the

system while Y has a lot more information, some of which is not necessary for the
description of the physical interaction. All of these arguments seem to indicate that the
electronic density is sufficient for the complete determination of the properties of an
atomic system and it is for this reason that several attempts to set up a quantum
formalism based on this quantity have been offered. But it is to Hohenberg and Kohn
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that we owe the proposal for an exact formalism (free from any approximation) stated
in the form of two theorems.

First Hohenberg-Kohn theorem

Recall that for an electronic system described by the Hamiltonian Hel (Equation I1.17),
the energy and the wave function of the ground state are determined by the

minimization of the functional E[‘I’] For a system with N electron, the external
potential Vv, (r) fixed completely the Hamiltonian Hel. This means that if we know the

number of electrons N of the system as well as the external potential v, (r), we can

uniquely determine the Hamiltonian and thus access the energy and the wave function
of the ground state. The external potential therefore perfectly reflects the different
characteristics of a compound. There are two ways of looking at an atomic system, either
with through the nuclei via the potential outside, or through its electron cloud via
electronic density. It appears very clearly a relationship between these two quantities,
one appearing to be the image of the other.

The first theorem of Hohenberg and Kohn [55] consists in giving a theoretical
justification to the idea that a given electronic density corresponds to an unique external

potential. The potential Vv, (r) is, in fact, determined, to within a constant, by the
electronic density p ( r) . Since p fixes the number of electrons, it follows that the electron

density p(r) also uniquely determines the wave function and all electronic properties

of the system. So for a system defined by a number of electrons (N), positions (R«) and

nuclear charges (Z«), by adding electronic density(p) , we can build the corresponding

Hamiltonian and thereby access the wave function (‘I’fond) and fundamental energy of

this system ( E tond ) :

p={N,Z, R}=>H=>Y ,=E., (11.23)

al a

The total energy of the system is therefore a density Functional p(r), E=E [‘P] , that we

can rewrite by distinctly separating the parts which depend on the system (N v ) of

! Text

those who are not.

)
()] +Vy o £(r) (1.24)
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The terms independent of the system are then grouped within functional Hohenberg-

Kohn (FHK). This new functional contains the kinetic energy electronicT, [,0] and
Ve a [p], the potential energy due to the interaction between electrons. The explicit
expressions of these two functional are not known. However, we can extract from V,

el—el

the classic part, Hartree energy V%, [ p].

el—el

el—el —

Vo _EJP(V)P(r')drdr. (11.25)
29 r-r

Second Hohenberg-Kohn theorem

We have just established that the density of the ground state is sufficient to obtain all the
interesting properties of an electronic system. Only how can we be sure that a given
density is that of the desired fundamental state?

Hohenberg and Kohn answer this question through a second theorem [55] that we can

state in the following way: the energyE[ptest], associated with any test density,
satisfying the necessary boundary conditions p,,(r)>0 and Iptest(r)der and
associated with an external potentialV,,, is greater or equal to the energy associated

with the electronic density of the fundamental state E [ Piond ] .

This theorem is nothing other than the variational principal expressed for energies of a
density, E[p] and not of a wave function E[¥] [56, 57]. However, according to first

theorem, a density of test defines its own Hamiltonian and similarly its own test wave
function.

From there, we can have a correspondence between the variational principle in its wave
function version and in its electronic density version such as:

<\Ptest | H |\Ptest> = E [ptest] 2 Efond = <\P fond

H[¥ ) (11.26)

In summary: all the properties of a system defined by an external potential v,, can be
determined from the electronic density of the ground state. The energy of system E ( p)

reaches its minimum value if the electronic density is that of the basic state. The use of
this variational approach is limited to the search for the energy of the ground state and,
to be more precise, this reasoning is limited to the state fundamental for a given
symmetry.
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I1.4.2 Kohn-Sham equations: Orbital approach

The two theorems of Hohenberg and Kohn therefore offer a theoretical framework
allowing to consider solving the Schrodinger equation via electronic density as main
variable. The energy of a system of N electrons interacting is therefore a density
functional and ground state energy research can be performed iteratively based on a
variational law. During these various treatments of the total energy of the system, we
therefore have introduces a new functional, called universal because it does not depend
on the electronic system, FHK, the Hohenberg and Kohn functional. As we have seen
previously, this functional includes two terms (Tel and Vel-el). Only, their analytical
expression for the system of N interacting electrons is unknown.

Kohn and Sham [58] approached this problem from another angle. The same way as the
exact expression of classical potential energy is known (Hartree Energy), they
introduced the notion of a fictitious electron system without interaction with same

density p(r)as the interacting electron system. Based on this reference system, it is

then possible to give an exact expression to the energy kinetics of a non-interacting N
electron system as a density functionalp(r). This correspondence between electron

systems in interaction and without interaction, actually, has many consequences:

e Passage of a description based on the wave function with N electrons(‘P) at N

wave functions to an electron(¢) ;
o : , . 2
e Determination of the electronic density through the summation of|¢,| on all

. . L . 2 .
occupied states instead of considering the integral of |\¥|* on all the variables of

space except one, defined by r;

e The kinetic energy (T, ) and potential energy (V,_, ) of N electrons in interaction

el—el

are both split into two parts which we can call classic and no-classic.

e The classical kinetic energy (Teilnd) comes from the electron reference system

e|,e|) is none other than Hartree

independent and classic Coulomb energy(VCla

energy. The rest (kinetic energy and no-classical potential) were grouped in a
quantity called exchange-correlation energy, Exc [59-61]. One way to define this
new functional is to say that it contains everything which is not exactly known:

el—el el el—el

Exc = (Tel _Teilnd ) + (V -V i ) = Te(liep +V, i (H.Z 7)
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This exchange-correlation term is found in the expression of the functional model
of (Hohenberg and Kohn (FHK). So we go from one expression for which we do

not know the mathematical form of the two functional T, [p] and V,_, [p] to an

expression where the functional T, [p] and V" [p] are known and where the

term Exc represents what is not known, that means, exchange-correlation energy.
AT through this approach, Kohn and Sham therefore transferred what is not
known in the smallest term, Exc. Therefore, the error committed will be made on a
small contribution to the total energy of the system.

The total energy of the system then passes from independent contributions

(FHK) and dependent on potential (V,, ), to the sum of the kinetic energy of the
independent particles (Teilnd ) with a term depending on the effective potential.

This effective potential (Veﬁ)contains the external potential (V,,), the

contribution classical to the potential energy of particles without interaction and
the exchange-correlation potential (V,, ) defined as:

= %5 (11.28)

Kohn and Sham's choice to refer to a fictitious system of N electrons without interaction
involves solving N "monoelectronic" Schrodinger equations. This brings us to rewrite
the problem in the form of three independent equations, the Kohn- Sham equations:

The first gives the definition of the effective potential:

p(r)— vy [p(r)} =V, (r)+J'|fErr'?| dr+v,, I:p(r)] (11.29)

The second uses this effective potential in the N monoelectronics Schrodinger

equations in order to obtain the ¢ :
veﬁ(r)—{—%vﬁveﬁ (r)jﬂ(r):gﬂﬁi(r) (11.30)

The third shows how to access the density from the N monoelectronics wave
functions:

ﬂ(r)%/?(r)=g\<4(r)\2 (I131)
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IL5 Processing of the exchange and correlation

The density functional theory applied in the context of the Kohn and Sham orbital
approach remains exact in its formalism. Gradually, the unknown part in the functional

E[p] has been reduced to a universal functional Ry [p] and finally to an exchange

energy and correlation E [p] It is necessary to approach the expression of this

functional exchange and correlation, to offers a description as precise as possible of the
system.

The energy of exchange-correlation gathers the kinetic and no-classics electrostatic

terms(Te‘I’ep and Ve”f_'z‘l) Indeed, the electrons as fermions (half-integer spin) have a

collective behavior governed by two large principles. On the one hand, two electrons of
the same spin state cannot be in a same region of space: this is the Pauli Exclusion
Principle (electrons of the same spin repelling each other). On the other hand, two
electrons with opposite spin moments can occupy the same region of space. These inter-
electronic interactions with purely order quantum.

The choice of Kohn and Sham is more judicious because the approximation is made on
the most small contribution to total energy [62, 63].

I.5.1 Local density approximation (LDA)

Now we need to give an algebraic form to Exc which allows to take into account
satisfactorily the correlations between the movements of the different electrons. The
first approximation which was considered goes in the continuity of the Kohn and Sham
approach and consists of defining a reference for which we also have an expression
specifies as possible to the functional in question. The idea of local density
approximation is to consider the exchange-correlation potential as a local quantity
defined at r point, weakly dependent on the variations of the density around this same r
point. The local density approximation or LDA must therefore reproduce as well as
possible the physical characteristics of the spherical mean of the hole exchange-
correlation.

This approximation is the basis of all modern exchange-correlation functionalities and
can be defined as follows:

E[p]=]p(r)e.(p(r))dr
[ punps ]= [ P(N) e (£ (1) 2y (1)) (1132)
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It is the functional for which an exact form is almost known. The approximation of

E,.[p] is based on the uniform electron gas model where the terme,, (p(r))is the

XC

exchange-correlation energy by particle of uniform electron gas of densityp(r).

Moreover, ch(p(l’)) can be considered as the sum of an exchange contribution and

correlation:

5a(p(r)=2(p(r))+2(p(r) (11.33)

The exchange term, commonly called "Dirac exchange" [64] (symbolized by S because
that this expression was taken up by Slater) is known exactly:

& (p(r))= _§(3p_(r)j/3 (11.34)

4 T

The correlation parte, (p(r)) cannot be expressed exactly. The approximation of this

term established by Vosko, Wilk and Nussair (VWN) [65] has been most successful. She
is based on an interpolation of the results of very precise quantum Monte-Carlo
calculations on the uniform electron gas made by Ceperley and Alder [66].

The basic idea of the LDA is that it is possible to estimate the exchange-correlation
energy of an inhomogeneous system using on infinitesimal portions the results of an
homogeneous electron gas density equal to the local density of the inhomogeneous
system. This approximation is reasonable for a system where the density varies slowly
but this condition is not met in practice. However, LDA is surprisingly effective and its
application to atoms and molecules is justified by the success of its digital applications.

I.5.2 Generalized gradient approximation (GGA)

The biggest source of LDA error comes from the exchange energy which is often
underestimated while the correlation energy is often overestimated even if, in value
absolute, its contribution to the total energy is smaller. These two errors tend to cancel.
To improve the accuracy of DFT calculations, we need better approximations for the
exchange-correlation functional. Some authors have had the idea of define a density
functional that they have associated with its own derivatives in order to take into
account the inconsistency of the system. At first, LDA was treated as the first term in a
Taylor series development:

ES*[p] =[5 (p(r))o(r)dr+[C,, (p(r))\zﬁ((rr))\ dr+... (11.35)
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This functional form is the gradient approximation (GEA or Gradient Expansion
Approximation). Unfortunately, this gives worse results than the LDA. Indeed, the
exchange-correlation hole does not satisfy the conditions which ensured LDA some
physical sense. In order to correct these problems, the above functional has been
modified to force it to comply with the main boundary conditions. We then get the
generalized gradient approximation (GGA) behind the success of the DFT:

ES[p:Vp] =[5 (p(r), Vo (r))dr (11.36)
Often the contributions for exchange and correlation are developed separately:

Ec" (2 VP)=ES (p,VP)+EZ* (p,VP) (11.37)

The major problem of the LDA coming from the exchange, a very particular attention
was focus on the development of this part:

F oo (p.Vp)= EXLDA_J'F(S(r))pm(r)dr (11.38)

Where F is a function of the reduced gradient density (dimensionless):

“(r |Ve(n) (1L39)
()_ 4/3(r)

P

We can thus cite the functions of Becke (B88) [67], that of Perdew (PW86) [68] and that
of Handy and Cohen (OPTX) [69].

e B88

The B88 exchange functional is based on a dimensional analysis and on a correct
asymptotic behavior of the exchange energy density:

2
FB%(g)= ps avec 4=0.0042 u.a 11.40
(5) 1+6Bsxsinh™(s) / (40

B is an empirical parameter determined by a least squares analysis of the exchange
energies of the six gas rare atoms (from He to Rn). The functional of Perdew and Wang
(PW91) [70] comes from a modification of this functional to meet certain scaling
conditions.

e PW86

This functional is based on an analysis of the expansion of the hole correlation exchange
gradient around its LSDA form.
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1/15

FPWBG(S){1+1.296(EJ +14(3) +o.2(3) } avec p=(247)  (11.41)

P P P

The functional of Perdew, Burke and Ernzerhof (PBE) [71] is a modification of this
functional. It is interesting to note that neither PW86 nor PBE contain empirical
parameters.

e OPTX

This functional is an improvement of the exchange functional of Becke [72] in which the
authors have not only optimized the enhancement factor F but also the Dirac exchange
coefficient in the LDA part obtaining so:

E)iGA (p,Vp) =1.051x EXLDA —j [ OPTX (S(r))p4’3 (r)dr (11.42)
2 2
With: Fo™(s) =1.43169{ 7o 2} with »=0.006 (11.43)
1+ys

The three coefficients were obtained by reproducing the Hartree-Fock energy of the
fundamental state of the first 18 atoms (H-Ar).

e The correlation functionals

Corrections to the correlation term are much more complex to formulate than those
regarding the term of exchange. In addition, even if their influence on the structural and
electronic properties of the systems studied is much less significant than that of the
exchange, the fact remains that their taking into account turns out to be absolutely
essential for obtaining quantitatively satisfactory results.

So the analytical expression of these corrections, particularly complicated, does nothing
to help a better understanding of the physical principles on which they are based and
cannot be understood using simple physical reasoning. These are mostly expressions
satisfying known mathematical properties. We can cite, among others, the functional of
Lee, Wang and Parr (LYP) [73], of Perdew (P86, counterpart of the functional exchange
of PW86) [68] and that of Perdew and Wang (PW91) [70]. The exchange-correlation
functional GGA represents a very significant improvement LDA, the main reason being
the modification of the exchange part.

e The functional meta-GGA

In order to further improve the performance of GGAs, the exchange correlation
functional meta-GGA (mGGA) take into account the kinetic energy density of Kohn-Sham
orbitals:

0ocC

1
r=22 VY, i (1L44)
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In addition to the dependence on the density gradient already included in the GGAs.

The term of exchange E]"*** can be written:

noea _ 3(3Y)° s

The dependence of the exchange term on the Laplacian density greatly improves the
accuracy of these functional. However, the dependence on the kinetic energy density
poses implementation problems of these functionalities in a self-consistent scheme for
the exchange-correlation potential, making the SCF procedure more time-consuming.

On the other hand, physical precision has not yet been achieved and the main part to
improving is the exchange. The question is therefore: why use an exchange functional
approximate when we know how to calculate the exchange exactly?

I.5.3 The hybrids Functional

When they proposed their approach in 1965, Kohn and Sham had already mentioned the
interest of an exact processing of the exchange. They had already established an
expression formal of the exchange-correlation energy based on the Hartree-Fock
approximation for the exchange, the correlation term remaining unchanged from the
LDA. They had also noted that the effective potential would have, through the use of this
hybrid functional, a correct asymptotic behavior (in 1/r) far from the atom.

In the overwhelming majority of cases, the GGAs achieved better accuracy. The reason
for this failure is the artificiality of the separation of exchange correlation terms: by
combining a non-local exchange hole (Hartree-Fock) with a local correlation (LDA).
Becke therefore chose to use the exact exchange differently by including only a part of it
in the energy of exchange-correlation [74]. He proposed an expression to three
parameters which will be designated by [75]:

E, =B+, (EX™ —E/™)+a,AE® +a, AET"™ (11.46)

Where the ao, ax and ac coefficients are determined semi-empirically by fitting to

experimental data. ES*" here represents the exact exchange energy obtained from

Hartree-Fock calculation. In the first corrective term, the value of the ao coefficient can
be linked to the "independent particles" character of the system. The following two
terms allow to optimize gradient corrections, for the exchange and for the correlation.
As such, the above equation represents the simplest way to take into account the exact
exchange and find the limit of uniform electron gas. Because of this approximation, the
accuracy of the energies is even better than when we use generalized gradient
corrections.
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A variation of this approach, calling the Lee’s approximation, Yang and Parr (LYP) and
Perdew and Wang [76], known as B3LYP, which is the most popular.

E)i3LYP _ aOE)I(_DA + (1_ ao) E:xact n aiAEfgg n ECLDA +a, (ECLYP + ECLDA) (11.47)

Where ao= 0.80, ai= 0.72 and a2= 0.81. The ao, a1 and a2 parameters are semi-empirical
quantities. This functional gives remarkably precise results for a large number of
systems [77]. It has also been shown that she permits, unlike GGA, to correctly describe
the magnetic properties of molecular compounds of transition metals and ligands.
However, it is far from putting an end to the exchange and correlation problems in DFT
[78, 79]. A number of avenues are currently being explored in order to get the most out
of benefits of the exact exchange. On the one hand, Becke has built new functionalities
taking into account both the exchange and the correlation. According to him, the
functional based on GGAs and incorporating a fixed proportion of exact exchange has
reached a limit.






Chapter III

Experimental tools and samples

I11.1 Introduction

In this third chapter, we introduce the main experimental techniques used in this thesis
for the sample elaboration and the study of different properties of thin film materials.
First, we report in section III.2 on the Physical vapor deposition technique (PVD) used to
elaborate the studied thin metallic film. Second, we introduce in section IIL.3 technique
used for the Magnetic characterization of our thin layer of gadolinium and in section I11.4
we have detailed the Measuring principles of Thermoelectric characterizations of Gd
Thin film using Physical Properties Measurement System (PPMS).

[I1.2 Thin film deposition techniques
II1.2.1 Liquid phase deposits - sol-gel deposits

Thin film deposits can be carried out in reaction chambers, either in liquid or vapor
phase.

The TiO:z particle fixation tests according to conventional methods are generally made
from solutions of titanium precursors or particles of TiOz in suspension.

The fixation of TiO2 particles in liquid phase on the substrate (glass plates, metal sheets,
fabrics, ...) can be produced according to two possibilities[80-82]:

= PMTP (Previously Made Titanium Powder)

The TiO2 particles previously prepared are put in colloidal solution to then be deposited
on the substrate.
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= [n-situ preparation

The liquid phase deposition is carried out according to the so-called sol-gel method
which is the most used in this fixing mode. The metal precursor salts (Ti) used are
generally alkoxides[83-86]. The TiO2 particle deposition process according to the sol-gel
method is described as follows:

e Dissolution of the precursor salt of Ti in an organic solvent.
e Hydrolysis of the Ti precursor salt solution leading to the formation of the gel.
¢ Quenching of the substrate in the gel formed.

Fixing can be done either by quenching (dip-coating) or by spinning (spin-coating). [89]

e Drawing of the substrate plate.
e Evaporation of the organic solvent.
e C(alcination of the layer deposited on the substrate.

The fixing of the catalyst carried out from titanium precursor solutions according to
the aforementioned methods leads to deposits, the fixing and thickness of the layer
particles of the catalyst (TiOz) are difficult to produce according to the specifications
desired (thickness and adhesion of the catalyst layer).

III.2.2 Vapor phase deposits

Physical vapor deposition (PVD), Chemical vapor deposition (CVD) and especially
Atomic Layer Deposition (ALD) vapor phase fixation techniques are currently in
development given the best adhesion and catalyst layer thickness control, compared to
the methods carried out in liquid phase or the sol-gel method. A deposit produced by
PVD or CVD is a thin coating (= 10 pum thick) performed at low pressure in an enclosure
under partial vacuum (< 10-! mbar).

In general, this technology uses three components:

® asource

This is where the material to be deposited (metal plate, gas bottle, ... ) is concentrated. It
is the seat of the dispersion of the element (Ti) in the form of atoms, ions, and more
generally steam.

e asubstrate

This is the part to be coated according to the phenomenon of condensation of the
material from the source to form germs that will grow to lead to the formation of layer.

e amedium
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It is the seat between the source and the substrate where the transfer of the matter. It is
also the site of chemical reactions taking place between the atoms of material to be
deposited and a gas (reactive deposits). We differentiate between chemical deposits in
the vapor phase (CVD) and physical deposits in the Steam phase (PVD) by the means
used to produce the steam.

- CVD: it results from a chemical reaction or from the decomposition of the molecule.

- PVD: it is produced by a purely physical phenomenon (vaporization by Joule effect,
spraying, etc.).

The vapor deposition processes are described below.

II1.2.2.1 CVD techniques

The chemical vapor deposition process consists in bringing a volatile compound of the
material to be deposited in contact, either with another gas near the surface of the
substrate, or with the surface itself. One or more chemical reactions are caused to give a
solid product. The other reaction products must be gaseous in order to be removed from
the reactor. The deposits are made at variable pressure and require an energy supply to
promote these reactions. CVD techniques are differentiated by the type of energy used to
activate the chemical reaction.

=  Thermal CVD

In this case, it is the temperature of the substrate which supplies the energy necessary
for the activation of the reaction as well as the diffusion in the substrate of the atoms
brought to the surface.

This temperature can be obtained by:

e Direct heating by passing an electric current through the substrate.
® Heating by high frequency induction: limits the choice of substrate since it
must be electric and thermal conductor.

® Heating by thermal radiation: can be applied to bad substrates electrical
conductors.

= LCVD (Laser CVD)

This technique consists in irradiating, thanks to a continuous or pulsed laser beam,
either very locally the surface of the substrate (in which case the chemical reaction takes
place by simple thermal activation), i.e. the vapor phase so as to excite the molecules
and thus increase the reactivity of gaseous species.
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This technique is also used to obtain deposits in very localized, especially in
microelectronics, but very limited industrially due to its cost.

= PECVD (Plasma-Enhanced CVD)

In this process, the plasma, generally induced by a high-frequen cy field (microwave or
radio frequency), interacts with the gas phase to form species chemically active, such as
ions and free radicals. This process allows the lowest deposition temperatures (25-
400°C) allowing then the use of any type of substrate. In addition, the deposition rates
reached are superior to those of a conventional CVD process. However, due to the
temperatures very low, elimination of parasitic reaction products is difficult, and we
observe sometimes incorporating them into growing films. In addition, the bombing of
the substrate by energetic particles can cause microstructural defects and significant
residual stresses.

I11.2.2.2 PVD techniques

There are different PVD techniques, depending on the nature of the following three
components:

1) The mode of steam production
2) The electrical state of the substrate
3) The nature of the gas constituting the medium.
Influence of the mode of production of the vapor
e Evaporation under vacuum

The evaporation of the source material can be obtained, either by Joule effect, by
induction of heat, by ionic or electronic bombardment or by laser beam. The deposits
are made under high vacuum so as to give the layers great purity. The lower the
pressure, the more the trajectories of the vaporized particles will be rectilinear. In this
case, only the parts of the substrate directly opposite the source will be covered. This
technique requires the use of sufficient power to vaporize the most refractory
compounds. In addition, the energy of particles torn from the source is relatively low,
which results in poor adhesion. Industrially, the evaporation technique is widely used in
optics (filters, lighthouse dishes, etc.), in decoration, for the coating of sheet substrates
(packaging, capacitors, etc.);

e C(Cathode sputtering

A sufficient electrical voltage is applied between the two electrodes causing the
ionization of the atmosphere (usually composed of argon) and the creation of a glow
discharge plasma. The ions present are then accelerated to the cathode (the target or
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source of the material to be deposited). The vapor phase is done according to a purely
mechanical process, by transferring the kinetic energy of the ions to the atoms of the
target which will be ejected.

I— Substrate and film growth

Sputtering P |

Gas > , >

_-|.__ Sputtering Target

FIGURE IIL.1: Scheme of a magnetron sputtering system.

e Arcprocesses Metal

Vapor is obtained by the erosion of one or more cathodes by means of very high
intensity electric arcs. The ejected atoms are mostly ionized, then accelerated towards
the substrate. There are several variants of this process: multiple arcs, ion deposition by
arcs, evaporation by arcs, evaporation by thermionic arcs, etc. These techniques, which
have many advantages, in particular high deposition rates and good homogeneity of the
coatings, are increasingly no longer used industrially, among other things for coating
high-speed steel tools or for friction parts.

e Spray by ion beam

As before, the vapor results from the interaction between the target (source) and ions
with high kinetic energy. The ions are not generated around the source, but come from
an ion gun. This slightly more flexible technique than the previous one, allows the use of
more energetic ions than in sputtering.

Influence of the electrical state of the substrate

The polarization of the substrate will allow, whatever the vapor phase technique used,
to increase the relative density of the deposit by means of a sputtering phenomenon of
the atoms least attached to the surface of the deposit, then redeposition. The
crystallization of deposits will also be greatly improved. In addition, if this discharge is
created before the vaporization of the material to be deposited, the Argon ions will
directly spray the substrate, which makes it possible to rid it of its surface impurities
(oxides, water vapor, etc.) and improve the adhesion of the deposit. When we couple



65 Chapter III Experimental tools and samples

the polarization of the substrate with the evaporation under vacuum, we speak of ion
plating.

Influence of the nature of the medium

The deposition of layers of oxide, carbide, or nitride is obtained by introduction into the
enclosure of reactive gas (Oxygen, nitrogen, methane, etc.) capable of combining with
the metal vapors to form the compound. This spraying or reactive evaporation
technique offers a very wide choice of different compounds, but results in a significant
drop in the deposition rate.

FIGURE II1.2: The Physical Vapor Deposition - IJL. Nancy.

The deposition of thin layers by PVD method [Physical Vapor Deposition] uses the
energy of a plasma source under low pressure conditions of a neutral gas (10-2 to 104
mbar) to tear off the atoms [...] a physical target in order to deposit them on the surface
of the material located in the enclosure.

This technique makes it possible to produce thin and dense layers on the sample
(substrate) and thus to modify certain surface properties. The thickness of the deposited
layers generally varies from a few nanometers to several micrometers depending on the
uses among which one can cite the properties of resistance to wear, in tribology, optics,
electrical, wettability...

The vapor phase deposits are exploited industrially for their properties:
- Mechanical - resistance to erosion, abrasion and friction

- Optics-: reflection, transmission, radiation detection
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- Electrical-conduction, insulation
- Physico-chemical - diffusion barrier, corrosion resistance, catalysis

Vapor deposition techniques are generally carried out at very high temperatures thus
limiting the choice of substrate to be used and the field of application. To this end, the
ALD (Atomic Layer Deposition) technique is used to overcome the severe temperature
and pressure conditions for vapor deposition.

I11.2.2.3 The ALD technique

The ALD process, developed in the 1970s, is a special technique vapor deposition or
CVD. In CVD processes, the precursors gaseous elements to be deposited are mixed,
transported together and so constant during the deposition of a thin layer. However, in
the processes ALD, they are each introduced in turn in contact with the surface of the
substrate.

In the ALD process, the growth of the monolayer is ensured by the succession of pulses
of the metal precursor to be deposited on the surface of the substrate. The reactor is
purged after each deposition to eliminate all the species which have not reacted and are
physiologically sorbed, as well as any by-products of the chemisorption reaction. The
cycle is repeated as many times as necessary to produce the desired thickness.

II1.2.3 Advantages and disadvantages different processes

PVD techniques, mainly ionic and collimated sprays, are successfully used to deposit
layers of sizes above 70 nm [90]. For smaller sizes, compliance and thickness control are
no longer satisfactory by PVD.

CVD methods have several strong points compared to PVD:

e Better conformity of films due to the active participation of the surface of the
substrate in the deposition process.

e Better control of the composition.

e Deposits can be selective under certain conditions.

e Annealing is not always necessary.

e Significant  processing capacity @ which lowers  production costs.
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Table II1.1: Characteristics of CVD and ALD processes

CVvD ALD
The precursors react at the same time | The precursors react separately on the
on the substrate. substrate (elimination of phase reactions

nitrogen purge).

Preferred less reactive precursors (high | Preferred highly reactive precursors (low
temperature). temperature).

Uniformity = of  deposit  requires | Uniformity is ensured by the saturation
uniformity of flow reactant and | (self-limited growth).

temperature control.

Thickness controlled by time. Thickness controlled by the number of
cycles of reaction.
Controlled growth speed. Low growth speed.

Very good uniformity of thicknesses (excellent compliance), elimination of uncontrolled
deposits and parasitic reactions in the gas phase are the advantages of ALD compared to
CVD. Thin film deposits on substrates depend on the type of application longed for. Soft
magnetic materials deposited by PVD. The increase in operating frequencies in the GHz
range requires the use of soft magnetic materials combining a strong magnetization at
saturation, a weak coercive field and magnetic permeability levels high. We can identify
three main families of alloy meeting these requirements:

- Polycrystalline metal alloys: Iron-based Permalloys and of nickel present a null
magnetocrystalline anisotropy for the composition Fezs Nizs and a coefficient of null
magnetostriction for rei7nig3. So, he is possible to control the intensity of magnetic
anisotropy via the composition. Their low resistivity is a negative point for applications
micro-layer thin film microwaves.

- Amorphous metal alloys: These alloys do not exhibit magnetocrystalline anisotropy and
have a low coercive field due to absence of defects (the defects serve as anchor points
for the walls of magnetic field). The amorphous state is formed from a certain threshold
concentration by the addition of an amorphizing element which has the e ff and of
inducing disorder.

111.3 Magnetic characterization of samples

[I1.3.1 Magnetization measurements:

Several techniques which allowed us the magnetic characterization of samples will be
described later. These techniques can be divided into two main categories:
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a) Techniques which allowed us to determine the behavior of the magnetization
function of the applied magnetic field. In this category there are: VSM, SQUID,
MOKE. For each technique, the mode of operation, its sensitivity, its advantages
or disadvantages.

b) Techniques which allowed us to determine the magnetic configuration of the
samples. This part contains a detailed description of the magnetic force
microscope (MFM).

II1.3.2 Vibrating Sample Magnetometer - VSM

The operating principle of a vibrating sample magnetometer is based on the Faraday's
law, which says that the variation over time of the induction flow passing through a coil
induces a potential difference across the coil. In a VSM the variation flux is created by

the variation of the magnetization of a magnetic sample which vibrates near detection
coils [91].

Sample Holder
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FIGURE IIL.3: Schematic image of a vibrating sample magnetometer (VSM).

The sample is connected by a sample holder to a vibration source and it is placed in the
middle of the detection coils. An electromagnet surrounds the sample and detection coils
[92]. It is used to vary the field applied to the sample in order to measure the variation
of the magnetization as a function of the field. The sample holder in our case allows

rotation of the sample with an amplitude of 360° relative to the direction of the applied
field.
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II1.3.3 Superconducting Quantum Interferometer Device - SQUID

The magnetic properties of thin films have been studied using the vibrating sample
magnetometer (VSM) and SQUID (Superconducting Quantum Interferometer Device).
The magnetization curves were measured by different methods on a Vibrating Sample
Magnetometer (VSM), and SQUID magnetometer (Superconducting Quantum
Interference Device). We offer a brief description of the devices used to identify the
advantages and disadvantages of the different devices as well as the specific information
given by each of the methods. The SQUID also allows us to determine the magnetic
moment of the sample based on the external field. Compared to VSM it presents some
advantages like for example a greater measurement sensitivity or the possibility of
making low temperature measurements. Another advantage of SQUID is the possibility
of making measurements at larger fields, up to 7T. The main parts that make up a SQUID
are shown in the following figure.

]‘_ Amplifier-Integrator
L —— U
C

Sample Nb

Coil

FIGURE II1.4: SQUID magnetometer diagram.

The sample to be measured is installed on a rod which performs a movement similar to
a unidirectional extraction along the axis of 4 turns in series mounted in opposition and
looped on a reel. The flux variations in the coil are proportional to those obtained in the
4 turns and therefore to the magnetization of the sample. The coil will in turn induce a
flux variation in a superconductive SQUID ring of Nb, interrupted by a Josephson
junction (Nb / insulator / Nb). This allows you to measure the very precise variation in
the amount of material flow [93]. In principle, by injecting into the ring a current slightly
higher than the critical metal transition current normal superconductor / metal, the
output voltage VS is periodic with the flux intensity which crosses the ring: the period of
the oscillations corresponds to the "passage” of a quantum of elementary flux (®o = 2.07
*10 -15 Wb).
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The SQUID ring used in this study is coupled inductively to an RF oscillating circuit
which, using synchronous detection, gives a voltage proportional to the integrated
number of oscillations observed by Vs during the extraction time. The precision on the
variation of the flux is a few percent of ®¢ and the sensitivity of 5 * 10 -7 emu [Jenks_97].
The sample and the detection coils are placed in a liquid He cryostat this which allows
measurements at low temperatures up to 4K. The SQUID measurements were carried
out at the Jean Lamour in Nancy on a device MPMS Quantum Design. The SQUID allows
us to make measurements of hysteresis cycles at several temperatures and zero field
cooled -field cooled (ZFC-FC) cycles which will be detailed later. The Magnetism and
Cryogenesis competence center in Institut Jean Lamour, currently groups together 7
devices enabling various physical measurements to be made according to a magnetic
field and temperature, as well as a complete chain of helium reliquefaction.

Table2: Devices allowing various magnetic measurements to be made at the Jean
Lamour Institute

Vibrating S 1
Squid magnetometer Modular cryostats {brating »ampre
Magnetometer
. SQUID- VSM
Devices -
MPMS VSM PPMS LakeShore VSM-DMS
Magnetic Superconducting coil Electromagnet
field 7T 7T 9T 2T 3T
Temperature | 2-400K 2-1000K 2-350K 300 K 77 -300 K
Magnetic M M+ M
M R | M C
measurements | (108emu) | (10-8emu) Xt X (10-%emu)
Benefits Quick Resistanc.e,. Hall effect, Ro'Fating
specific heat field
Experimental protocol

Two quantum design brand SQUID magnetometers (MPMS and SQUID-VSM) are used to
measure weak magnetic signals with a resolution of less than 108 emu. They are
equipped with a 7 T superconductive coil. The temperature of the sample is controlled
from 5K to 400K for one and from 2K to 1000K for the other. These devices are typically
dedicated to the study of magnetic materials of which at least one of the dimensions is
nanometric or for bulk materials / powders of very weak magnetization.
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FIGURE IIL.5: The VSM Squid at the Jean Lamour Institute-Nancy.
Sample Mounting

If our film of Gadolinium is oriented according to the plan we use the quartz sample rod
then we mount the sample to 66 mm from the bottom end of the rod and we used the
Kapton tape to secure the sample to the rod.

FIGURE III.6 The quartz sample rod.

Sample Centering

The most important step in sample installation procedure is to center the sample
correctly. A sample that is incorrectly centered would yield inaccurate measurement
data. For “difficult” samples (weak sample signal, inhomogeneous sample,
inhomogeneous background such as Holmium (Ho), Dysprosium (Dy)), this step can be
tricky. Furthermore, the MPMS system is susceptible to errors in the centering step. It is
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almost like an art to know when something is right, and when something has gone
wrong and require troubleshooting.

Using an appropriate magnetic field to center the sample

The appropriate field to apply for sample centering depends on the sample. An ideal
sample would have a homogeneous diamagnetic background, and the sample itself has
strong signal. For most samples of unknown magnetic properties, start with 1000 Oe
field for centering. For weakly magnetic samples, it is possible for the sample signal to
get cancelled out by the background diamagnetism at a particular value of field. When
centering, one wishes to avoid this region where the sample signal is nulled by the
diamagnetism of the sample holder. One way is to apply a very large field, at least 1 T,
and then center with the diamagnetic signal. Alternatively, if the sample is ferromagnetic
and known to have remanence at zero field, then one can center with the remanence
signal. First, saturate the sample with a high field (1T is sufficient for most samples), and
then set the field back to a small field of 30 Oe. At this field, the diamagnetism is
minimized.

Good sample centering profile (Ex Gadolinium)

MPMS3 Install/Remove Sample Wizard @
Sample Holder Coordinates for Center Position n
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L
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FIGURE II1.7: Sample Holder Coordinates for Centre Position

The black cross points are measured signal as a function of position in the detection coil.
The green curve is the fitting function, assuming a point dipole source. The red vertical
line is the mathematical fit of the sample position from the green curve.
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[11.4 Thermoelectric characterizations of Gd Thin film

II1.4.1 Measuring principles

Electrical resistivity

In order to measure the electrical resistivity of our Gadolinium sample at different
temperatures, we opted for a four-contact method. This measurement method is
perfectly suitable for our sample which has a low electrical resistance. In addition, this
measurement technique makes it possible to overcome parasitic resistances related to
electrical contacts and measurement wires and to measure electrical resistivity between
10-> and 10-® W.m. In this method, two wires are used for the passage of an electric
current of intensity I connected to the ends of the cut sample in the form of a
parallelepiped bar. The two other metal contacts, distant by a distance 1, used to
measure the voltage resulting AV (Figure IV.1).

The electrical resistivity p is then simply given by Ohm's law:

_AVs

P

(11L.1)

With “s” The section of the sample.

In order to minimize the experimental error associated with this geometric factor, it is
necessary that the sample has a constant section on its entire length and perfectly
parallel faces two by two[94].

Copper contact

l/—t e
/. /AV
my ——

FIGURE II1.8: Schematic diagram of the measurement of electrical resistivity by the four-
contact method.
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Thermal conductivity and thermoelectric power

Thermoelectric power and thermal conductivity were measured simultaneously using a
four-contact method derived from the stationary method that we describe here. To carry
out stationary measurements, one end of the sample at a fixed temperature through a
heat sink. Ideally, the temperature is invariant whatever the energy exchanges with the
external environment. Experimentally, this means that its thermal capacity must be high
enough to that its temperature variations are negligible [95]. The other end of the
sample should be in good thermal contact with a resistive oven. The passage of an
electric current in this furnace (of electrical power P) generates a one-dimensional heat
flow (if the sample is long in one direction) which flows through the material, creating a
gradient thermal. Two temperature sensors connected to the central part of the sample
and distant by a length 1 make it possible to note the drop in temperature AT (Figure III.
9). The thermal conductivity K is then given by:

k-cl_P1! (111.2)
s AT s
With: C [W/K] is the thermal conductance of the sample.

AT

Heat sink W )( Resistor
£

T
SIS

FIGURE IIL.9: Schematic representation of the principle of measurement of thermal
conductivity and thermoelectric power.

The appearance of the temperature gradient also generates tension thermoelectric AV
due to the Seebeck effect. If the positive terminal of the voltmeter is connected to the hot
side of the sample, the thermoelectric power S of the sample is then given by:

AV
S=8;— (111.3)
AT
Where Ssil is the thermoelectric power of the tension measurement wires (on figure I11.9
wires a) or b). Since the measurement leads are not isothermal, it is necessary to take
into account this contribution. The measurement of thermal conductivity by this method
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is however very delicate and many experimental precautions are necessary for the heat
flux generated by the oven passes completely through the sample. Different heat losses
are thus to be avoided such as gas conduction and convection losses, conduction losses
in furnace supply thermocouples and the thermocouples connected to the sample for
temperature and potential measurements or radiation losses from the furnace and the
sample to the coldest parts of the measurement system [96]. Gas conduction and
convection losses become negligible if the measurement is carried out under secondary
vacuum (<10-> mbar). Losses through measuring thermocouples can be minimized by
using metal alloys (such as chromel, constantan or manganin) rather than pure metals.
Similarly, thermocouples of low diameter and great length are used so as to make their
conductance negligible before that of the sample[97]. Radiation losses, which are mainly
significant at temperatures above 150 K, can be reduced by protecting the measuring
cell from radiation screen maintained at the temperature of the heat sink.

II1.4.2 Physical Properties Measurement System (PPMS)

Experimental protocol

The resistivity measurements were carried out using the PPMS-7T. The cryostat is
equipped with a superconductive coil allowing to generate a magnetic field ranging from
-7 to 7 Tesla (Figure II1.10). The measurements were carried out with alternating
current.

FIGURE II1.10: The Physical Properties Measurement System 7T at the Jean Lamour
Institute-Nancy
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The PPMS-7T consists of a low temperature system (340mK to 400K) and an intense
magnetic field (0 to 7T) which allows measurements of electrical and thermal transport,
specific heat, magnetic susceptibility and dielectric constant. The system includes the
cryostat containing the superconducting magnet and operating with liquid helium (4.2K
or -269°C). The control module allows to stabilize the temperature, change the magnetic
field and make the required measurements dictated by the computer. It is possible to
adapt the system to use it with external devices such as very sensitive nanovoltmeters
and current sources as small as 1 pA.

The rotator makes it possible to make electrical transport measurements while varying
the angle that the sample makes with respect to the magnetic field. This option can be
used from 2 to 400K. Measuring the Hall constant is often tricky. Indeed, it requires that
two contacts used to measure the Hall Vu voltage are perfectly aligned along a straight
perpendicular to the electric field lines. With a 4-contact method, this condition is
difficult to achieve, and the measured voltage Vmes is in fact the sum of the Hall voltage
Vi and a magnetoresistive longitudinal voltage Vres (Figure I1I.11a). For overcome these
difficulties, a 5-contact method for accurately measuring the Hall tension was favored
(Figure I11.11b).

=)
n

® =

- t\/\J

(a) Vines = Vi + V. (b)

Vmes

FIGURE III.11. Hall effect measurement with 4 contacts and 5 contacts (b).

Two wires (1 and 4) are used to pass the current and the other three wires (2, 3 and 6)
allow measure Hall voltage using a potentiometric method. Under magnetic field zero, a
potentiometer between wires 2 and 3 is used to remove the voltage between wires 2
and 5 which corresponds only to the Hall voltage when a non-zero magnetic field is
applied (Figure 111.12). Consequently, the Hall coefficient corresponds to the slope of the
Hall resistivity depending on the magnetic field applied.
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FIGURE II1.12. Photo and diagram of the sample holder used for electrical
measurements.

Figure II1.12 shows the sample holder which was used for the Hall effect measurement
from the two available measurement channels. Small diameter tinned copper wires (200
um) were welded to the bar with a low melting point BiSn solder in order to produce
ohmic contacts. Beforehand, gold deposits were made by masking to ensure good
wettability of the BiSn solder. The sample is electrically isolated by a film of Kapton®
and is then anchored to the support with a thin layer of varnish (GE 7031).






Chapter IV

Theoretical calculations of rare earth
materials

IV.1 Introduction

In the fourth chapter of this thesis, we present a theoretical investigation of electronic
and magnetic properties of LaCr2Si2C and TbMn20s, First, we report in section IV.2 an
interesting result about the magnetic properties of LaCr2Si2C, the electric structure and
magnetic behavior to improve the experimental work about temperature transition and
magnetic ordering, also to show how we can enhance the ferromagnetic behavior of this
system. Second, we introduce in section IV.4 the first principles calculations (DFT) of
TbMn20s to investigate the electronic and magnetic properties of TbMn20s, aim to
opening the way for the understanding of the physics behind the RMCE in TbMn20s
single crystals and the promising RMn20s family of multiferroics

IV.2 Study of LaCr.Si>C compound

IV.2.1 Introduction

Recently, it becomes possible to compute with a great accuracy an important number of
structural, electronic and magnetic properties of solids using first-principles
calculations. This kind of development in computer simulations has opened up many of
interesting and existing possibilities in condensed matter studies. For example, it is now
possible to explain and to predict the properties of solids which were previously
inaccessible to experiments [98]. Using different methods of approximation which could
be used to describe the magnetic, optical and electronic properties of semiconductor
[99-100], insulators [101] or metals. The RCr2Si2C compounds have been extensively
studied in recent years because of their interesting technology; they can be used in
various applications of superconducting materials, the ability of superconductivity to
conduct electricity with zero resistance can be exploited in the use of electrical
transmission lines.
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The experimental results of the X-ray diffraction, magnetic measurements, and neutron
powder diffraction show that RCrzSi2C compounds crystallize in the tetragonal
CeMg2Siz-type structure (space group P4/mmm). The compounds with R=Pr, Nd, Gd-Dy
have a ferromagnetic order at low temperature (Tc < 35 K), whereas those with R=Y, La,
Ce, and Sm do not exhibit any magnetic ordering below 2 K [102] on the contrary, the
parent ThCrzSi2-type RCrzSiz compounds (R= Y, Sm, Tb-Lu) exhibit strong
antiferromagnetic properties (Tn > 600K) linked to a large magnetic moment (1.9uB)
on the Cr sublattice. The ferromagnetic behavior, is a result of magnetic atoms in
connection with nonmagnetic ones, thus to better understand the role played by carbon
on structural and magnetic properties in these systems, ab initio electronic structure
calculations of RCr2Siz and RCr2Si2C compounds with R=Y and La have been performed,
using the Korringa Kohn-Rostoker KKR method, in the ThCr2Siz2- and CeMg2Siz-types as
well as their corresponding C-“filled” types, with C atoms located in 001 planes. The
results of these studies have allowed elucidating the particular role of carbon in the
breakdown of the local magnetic moment on the Cr sublattice [103]. According to these
results, and based on our knowledge, there is no theoretical study about the effect of
temperature on the magnetic properties, like the magnetization change as function of
temperature, magnetic transition ...

IV.2.2 Study of the magnetic stability: Ab-initio calculations

We performed first-principles calculations within the Generalized Gradient
approximation (GGA) [104] Based on the full potential linearized augmented plane wave
(FP-LAPW) method as implemented in the Wien2k code [105]. The Brillion zone
integrations have been carried out using 400 k-points. Well-converged solutions were
obtained for Rvr*Kmax=7; Rwmr is the atomic sphere radii and Kmax is the maximum
value of the wave vector K=k+G). The self-consistent calculations are considered to
converge when the total energy of the system is stable within 10-5Ry.

Structural and Electronic properties

LaCr2Si2C [106] has a tetragonal structure (a=b # c and a=f =y = 90°) with space
group P4/mmm settings, standardized atom coordinates are: La (5d! 6s2): 0, 0, 0; Cr (3d5
4s1):0,1/2,1/2; Si (3s23p2):1/2,1/2,0.2311; C (2s22p2): 0, 0, 1/2 (Figure IV.1) and has
a unit cell with lattice parameters a=b= 4.0646 A, c = 5.4196 A and c/a = 1.333 [107].

C ZQ@
@é%‘%ea@
@
@Q o

FIGURE IV.1: Tetragonal structure of the LaCr.Si>C compound
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To determine the nature of LaCr2Si2C system and the nature of the distribution of
electrons in the valence and conduction band, we calculated the partial and total density
of states (DOS) of LaCr2SizC system as displayed in Figure IV.2.
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FIGURE IV.2: Density of states total (DOS) by the GGA approximation the LaCr,Si>C

The valence band consists essentially of Cr -3d orbital, between -5 and 0 eV, the 3d
states of Cr are partially filled, whereas the La-5p is located at -15 eV. Figure 1V.2 shows
the absence of band gap (orbital cross the Fermi level). Accordingly, LaCr2Si2C structure
has a metallic character. The states in the valence band are dispersive because the bands
are very close and thus electrons are easily moved from one band to another. As against
the conduction bands are not close, and an electron must have a kinetic energy value for
" jump ' from one band to another and so the states are more localized. The magnetic
moment value of Cr is to 0.48 pB, this value is comparable with the magnetic moment
given by Ref. [108]: m = 0.5 uB. Cr is the only atom responsible for magnetism in the
compound; to interpret the properties of this element we present the following partial
DOS in figure IV.3.
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FIGURE IV.3: The density of states of t2g and e2g layers.

Under the effect of the crystal field, 3d band splits into two sub-orbital t2g and e2g, d
orbitals have now different energy levels. The normal type is a strong crystal field, and
the second type, a weak crystal field in our case, the filling of electrons begins with up-
electrons then down-electrons as explained in Figure IV.4, we say in this case that the
system has low spin, which explain the value of 0.5 for the effective moment.
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FIGURE IV.4: Simplified diagram of t2g and e2g layers
Stoner criterion: How to stabilize the ferromagnetic order?

The electrons responsible for magnetism become homeless that is highly delocalized,
without being totally free. To explain the band of transition metal, a so-called tight-
binding approach may be used. In this approach, we consider that the wave function of
itinerant electrons is a linear combination of atomic orbitals, this is in perfect agreement
with the Stoner criterion which stipulates the existence of ferromagnetism for:

In(E)>1

Where: N (Er) is the density of states at the Fermi level and I is the exchange integral
characterizing the exchange interaction between electrons of the same atomic site.
Under the effect of exchange interactions, An electrons are transferred from the spin-
down band (1) to the band spin-up (T) [109].

The bands are shifted in energy with respect to each other by a U-value, resulting in
kinetic energy increase for the system (Figure IV.5) Thus, the magnetism results from
competition between the energy gain ' exchange interaction I (favoring the movement of
gangs and parallel spins) and the increase of kinetic energy (promoting coupling
antiparallel spins). According to the Stoner criterion, ferromagnetism is stable only in
systems with strong exchange integral and high density of states at the Fermi level.

We want to apply this test to study the stability of ferromagnetism in our system and
how it is stabilized by different methods.

44 ) .
LaCrZSIZC

w—Cr: d
Integrated Cr

L) L) L) L)
25 20 -15 -10 5 0 5
Energy

FIGURE IV. 5: The change in the density of states at the Fermi level of Cr and I the integral of
exchange which characterizes the exchange interaction between electrons of the same atomic
site
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o  Defects study (vacancy site) :

Many lanthanides carbides are reported in the literature, indicating the possibility of
chemical bonds between the R and Carbon elements. We can identify the role of carbon
in our system by removing carbon atoms and then a comparison is made as shown in
Figures IV.6, IV.7 and Table 1.

Total DOS
1 —d: Cr

LaCr,Si,C
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FIGURE IV.6: Total and partial DOS of Cr, LaCr2Si2C
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FIGURE IV.7: Total and partial DOS of Cr, LaCr2Siz
A part of the charge has been moved to the chromium after removal of a Carbon atom,

which favored the increase of total and partial magnetic moment of Cr. (Table 1)

Table 1: The Total and partial moments of LaCr2SizC and LaCr2Si2

LaCr2Siz LaCr2SizC
Total moment 4.66 0.85
Partial moment Cr 2.36 0.5
Spin Polarization 31% 13%
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x(lOO), the spin polarization is

According to the following relation p(%) =

n, (E;)-n, (E)
E,)+n,(E/)

increased also with Carbon defect.

IV.2.3 Mean field theory

Using ab-initio methods we have compute the value of magnetic coupling Ji and then we
can implemented these value in our Hamiltonian of the system is given by:

(IV.1)

Based on the crystal structure of this system (Figure IV.8), we consider 3 types of
magnetic coupling in this theoretical study, namely:

J1: The interaction between the first nearest neighbors of Cr atoms.
J2: The interaction between second nearest neighbors of Cr atoms.

Js: The interaction between Cr atoms Cr in different plan.

FIGURE IV.8: schematic presentation of magnetic coupling between Cr-atoms

The values of magnetic coupling are computed using the following relation:

1

J=——_
2252

AEey_arm (1v.2)

The main idea of the mean field theory is to focus on one particle and assume that the
most important contribution to the interactions of such particle with its neighboring
particles is determined by the mean field due to the neighboring particles, the
Hamiltonian of our system can be written as:
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hl:leSj+JZZSk+J3ZS, (IV.3)
i k |

The Gibbs-Bogoliubov inequality, for the free energy per site of an N atom structure,
describes the variational principle by Refs. [110, 111, 112]:

T 1
F<F, =Wln(ZO)+N<H —Hy), (IV.4)

With: Z, :tr(e‘ﬂ”O) (IV.5)

H: the Hamiltonian of the structure.

Ho: An effective Hamiltonian in which the interactions of each spin with its neighbors are
assimilated to an effective field h.

Zo: the associated partition function.

with: F,=-TNIn {ZCh(hl—ﬂﬂ (1V.6)

4
N N N V.7
(Ho =32y 5 My = 0,2, - m, =32y - .
<H0>0 —_hNm, (IV.8)

So: F=-TN |n{2ch(¥)}—\llzlgmf—Jzzzgmf—Jsz3%m§+mNms (1V.9)

The free energy Helmotz becomes:

2
F=-TNIn |:2Ch(hl4ﬂj:|_ N;ns (J121+\]222 +J323>+ thms (IvV.10)

Z1; 72 and Z3 are the first, second and third neibohrs taking the values 4; 4 and 2
respectively.

And by minimizing the energy we found:

_Lin( AR
ms_zth( > j (1V.11)

The variation of the magnetization and the susceptibility as a function of temperature
with the mean field approximation are shown in figures IV.9 a and b.

(@ (b)
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FIGURE IV.9: (a)The variation of the magnetization as a function of T, (b) The variation
of the susceptibility as a function of T

We are Using the exchange coupling values obtained by ab-initio calculations (J1 = 0.95
meV, ]2=0.81 meV and ]J3=0.67 meV). The critical temperature as function of the
exchange couplings as cited in [113, 114]:

T 2 2JS(S+1)
3 K
2(2,3,+2,3,+17,J,)

T =%
3

(IV.12)

=31.34K

The approximation of the mean field is known, that it overestimates the value of T.
because, it does not take into account the effects of correlations, so we will apply
another approximation to take account of this effect

IV.2.4 Monte Carlo simulation of LaCr2Si.C

The magnetic properties of LaCrz2Si2C have been investigated using Monte Carlo
simulations. The thermal total magnetization and magnetic susceptibility are found by:
[115,116,117,118,119]

1 N
m :NZ‘Si‘ (IV.13)

x :KLBT(<m2>—<m>2) (v.14)

The critical behavior and the magnetic properties of the LaCrzSi2C are analyzed, using
Monte Carlo Simulation in combination with the Metropolis algorithm, for systems with
linear size L which is varied from 4 to 10.
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z(L)= L f, {tLVj (1V.15)

d(m o,z
_am 5 £ [tLV] (IV.16)

d(In{m 1 1
anm)_ ¢ fy
’ 1 (Iv.17)
KT
1
1 (IV.18)
KeTo(L)  KgT,
The critical behavior of the Ising model is given by ref [120]
ma(T-T,Y ; zalT-T|” ; Cva|T-T[" (1V.19)

The changes in physical function of T values are presented in the following figures:

a
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FIGURE 1V.10: (a) The magnetization, (b) the energy, (c) the specific heat and (d) the

susceptibility as a function of the temperature for L=4 to L=10.
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The critical behavior and the magnetic properties of the LaCrzSi2C are investigated for
systems varying from L = 4 to L = 10. We are Using the exchange coupling values
obtained by ab initio calculations (J1 = 0.95 meV, ]2=0.81 meV and J3=0.67 meV). In Fig.
IV.10 (a)-(d), the variation of the susceptibility and the magnetization for different
system sizes is plotted as a function of the temperature, with Tcmc=18,5K.
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Figure IV.12: Log-log variation of the maxima of the susceptibility as a function of the
system size L
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For the linear size L, we used the finite size scaling method; this method is used to
extracting values for critical exponents by observing how measured quantities vary as
the size L of the system studied changes. Indeed for our system, we saw an alignment for
L=10.
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FIGURE IV.13: The transition temperatures of the maxima of —<1 as a function of
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From figures (IV.11 and IV.12) the value of different critical exponents are v=0.44,
=0.15 and y=1.012. Now, in order to calculate the critical exponents v, 3 and y and the
critical temperature T, firstly we take the logarithm of Equation (IV.17) and calculate
the critical exponent v from the slope ( 1 /v) of the linear fit as shown in Figure IV. 10.
After that, by using the value of the critical exponent v and taking the logarithm of
Equations (15) and (16) we calculate the critical exponents 3 and y from the slopes
(1—B/v) and (y/v) of the linear fits as seen clearly in Figures IV.11 and IV.12. Finally,
from Equation (IV.18), we determine the critical temperature Tc, using the value of the
critical exponent v, which corresponds to the intersection of the linear fit with the axis
Tc(L) as shown in Figure V.13 (Tcmc=18,5K), this value is small than the transition
temperature found by the mean field approximation, generally Tcmra=2*Tcumc.
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IV.3 Study of TbMn,0s compound

IV.3.1 Introduction

The discovery of new multiferroic compounds exhibiting a strong magneto-electric
coupling has aroused great interest since the beginning of the century, justified both by
the fundamental issues involved and the prospects for technological applications [121].
The interest of these compounds lies in the coupling between orders, magnetic and
electrical, with the possibility, from a static point of view, to manipulate the
magnetization by applying an electric field [122]. The more recent discovery of
magneto-electric excitations has opened up a new field investigation [123]. In
multiferroics, these hybrid excitations, called electromagnons can be understood as
magnons excited by the electrical component of a wave electromagnetic and are the
signature in the dynamic regime of magneto-electric coupling [124, 125]. Understanding
the mechanisms behind these new excitations is one of the recent challenges of
condensed matter physics, and the possibility of modulating these excitations via a field
electric and / or magnetic is also an avenue explored for future applications to be
defined in the field of information transport, magnetic refrigeration and spintronic
devices for example. These materials in which the magnetism and the ferroelectricity
are coupled have been widely studied [126, 127, 128]. Studies on RMn20s oxides have
shown an important magneto-caloric effect (MEE) that is associated with a unique
commensurate-incommensurate magnetic transition [121-129]. In this way, by using
relatively low magnetic fields a highly reversible switching of electrical polarization was
reported in TbMn20s [130]. On the other hand, it was recently shown that the same
compound unveils a giant and reversible rotating magnetocaloric effect (RMCE).
Habitually, this compound exhibits an insulating behavior. Its crystalline structure
consists of edge-shared Mn*+0s octahedra arranged along the c-axis and linked by pairs
of Mn3+0s pyramids [131-134]. The multiferroic TbMn20s material is characterized also
by different exchange interactions involving Mn#+, Mn3* and rare earth R3* ions
sublattices, leading to a complex magnetism character. As a result, TbMn20s reveals
various magnetic and electric phase transitions [135, 136]. At Tn = 43 K, it shows an
incommensurate antiferromagnetic (ICM) state with a propagation vector k (0.50, O,
0.30) that transforms into a commensurate antiferromagnetic (CM) phase at Tcm = 33 K
with k = (0.5, 0, 0.25), while a ferroelectric order takes place at Tre = 38 K [135].
Recently, it has been demonstrated that a large thermal effect can be simply produced
by rotating the TbMn20s single crystal within the ac-plane in relatively low constant
magnetic fields rather than using the conventional magnetization-demagnetization
method [121]. Under a constant magnetic field of 2T, the resulting maximum entropy
change from the rotation motion is more than 6 J/kg K, while the associated adiabatic
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temperature change is found to exceed 8K. Such a large RMCE was attributed to different
factors such as strong magnetocrystalline anisotropy, low specific heat as well as the
enhancement of the magnetization under magnetic fields lower than 3T.

IV.3.2 Computational method

The TbMn20s compound crystallizes in an orthorhombic symmetry with Pbam space
group (number 55). Its lattice parameters are given by: a = 7.2643 A, b = 8.4768 A and,
c = 5.6700 A [137]. The electronic and magnetic properties of TbMnz0s have been
studied using ab-initio calculations with full-potential linearized augmented plane-wave
(FP-LAPW) [138] involving the gradient generalized approximation GGA [139], GGA+U
and spin-orbit coupling.

Conventional approaches such as the local density approximation (LDA) [140], or that of
generalized gradients (GGA) [141], used in density functional theory (DFT), are
standards and widely used as an approach to describe the ground state of a large
number of insulating, semiconductor and metallic systems. However, it seems to us that
they are insufficient to obtain a satisfactory qualitative description of the structure
electronics and magnetic properties of correlated systems, so it is necessary to go
beyond the DFT to properly treat strong electronic correlations. Several corrections
have been developed to provide solutions to this DFT deficiency.

Among those which have been applied, we find the GGA+U method [142, 143], where
"U" is the Hubbard parameter which designates the intra-atomic Coulomb interaction
applying to localized orbitals (In general d or f) to correct errors in the DFT.

In TbMn20s, U is equal to 8eV for Tb and 4eV for Mn while ] is assumed to be zero for
both atoms [139]. The total and partial electron densities are calculated at equilibrium
state. The self-consistent calculations are considered to converge with a convergence
criterion fixed by a variation of the sixth decimal place in the electronic charge density
and with 7x6x9 Monkhorst-Pack mesh implemented in the code WIEN2k [144]. In this
work, calculations are performed on the Pbam orthorhombic structure of TbMn20s
reported in Figure 1 using the reported crystallographic parameters in ref [137].

To determine the magnetic anisotropy, we have utilized DIPAN program implemented in
WIEN2K code [138] that calculates the magnetic dipolar hyperfine field and the dipolar
magneto-crystalline anisotropy. It is theoretically possible to measure the XMCD signal
of any compound having at least one paramagnetic moment and for which the spin-orbit
coupling is not zero. The analysis of XMCD spectra allows, with the "sum rules", to go
back to the moment of spin and orbit of the studied element TbMn20s. It is necessary for
that, firstly, to have the absorption field in zero field and calculate it’s integral, secondly,
to make the difference of the two absorptions obtained for the two polarizations, it is the
signal XMCD [144]. This signal is employed to estimate the value of the spin and orbital
moments in TbMn20s compound. Also, the XMCD spin moment sum rule to the Mags
edges of Tb is used for the calculation of orbital and spin moments. Considering the
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transition 3d (c = 2) into 4f final states (1=3) with the number of holes n = 414+2-n4s, the
following equations are obtained [48]:

m = 1){L2) =2, dolw —u N[
ms = (u, [ 1)(Sz) =
(7], oo =) =6[ | dao(u” = ) ]

do(u’ +p7))*(14-n,,) (IV.20)

doo(u’ +p))*(14-n,, ) (1+10(T2)/ (S2)) " (v.21)

M4+M5

Where the $zand Lzare the spin and orbital moment of Tb atoms, respectively.

IV.3.3 Electronic properties results

The compound TbMn20s has an orthorhombic structure consisting of octahedra of
Mn#+0s and bipyramids of Mn3+0s linked by their edges and their corners. This
structure is illustrated in FIG. 1. Perfect knowledge of the magnetic orders of the Mn3+
and Mn#* ions is essential for a good understanding of the multiferroic character of the
compound TbMn20s. This material has several magnetic transitions. Below 10 K, the
magnetic order of the Tb ion spins appears and adopts an antiferromagnetic order.
Given the complexity of these magnetic orders, we will simplify the diagram of these
configurations by looking at the ab plane, in which the ion spins Mn are almost confined.

The front view of the ab plane shows that the crystal structure of TbMn20s is formed by
two loops of manganese ions. Each loop consists of a chain of manganese ions Mn#+ --
Mn3+ -- Mn3+ -- Mn#* -- Mn3+ which forms a pentagonal loop. The two loops share two
neighboring Mn3+0s pyramids. However, if an antiferromagnetic coupling between two
neighboring spins is established, it should favor an antiparallel arrangement along the
entire chain. However, this is not the case. Indeed, geometrically, one cannot form an
antiferromagnetic order along a loop formed by five manganese ions. This creates a
frustrated magnetic structure which gives rise to more complex magnetic orders.

FIGURE 1V.14: Orthorhombic structure of TbMnz0s, the blue arrows indicate the
magnetic structure of manganese ions.
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Figure 1V.14 shows the magnetic configuration of TbMn20s in the commensurable
antiferromagnetic phase, the spins of which are ordered antiparallelically along the
zigzag chain along the b axis. The neighboring pairs Mn3+ — Mn**+ are alternately
coupled in a quasi-ferromagnetic and quasi-antiferromagnetic manner along the axis a
(ellipses in red and blue dotted lines). As we had discussed previously, TbMn20s
crystallizes in an orthorhombic structure of space group Pbam, The manganese in this
structure have two valences, Mn3+ and Mn**, corresponding to two crystallographic
sites, The cations Mn**+ have an octahedral environment of six oxygen (Fig IV.15). The
octahedra are joined together by a ridge and form continuous chains along the c axis.
The Mn3+ environment has pyramids with a square base of five oxygen. They are
organized in dimers in which the two pyramids share an edge. Octahedra and
bipyramids constitute the elementary building bricks. Along the c axis, there is an
alternation of planes of pyramids Mn3+0s, octahedra Mn#4+0¢ and rare earth Th3+.

The crystallographic sites and the coordinates of the ions in the mesh are given in the
following table:

Table 1: Atoms positions in TbMn20s

Ion Name Position
Th3+ Tb (xy,0)
Mn3+ Mn1l (0,0.5,2)
Mn#+ Mn2 (x,y,0.5)

0 01 (0,0,2)
0 02 (x,y,0)
0 03 (x,y,0.5)
0 04 X,vy,2)

FIGURE 1V.15: Basic structural units of distorted Mn10s octahedra and Mn20s square
pyramid

In order to explain the impact of electronic structure on the magnetic properties, we
have calculated the total and partial densities of states (PDOS) of TbMn20s with GGA and
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GGA+U approximations as they are displayed in Fig.IV.16(a) and Fig.IV.16(b). The lower
valence bands situated in the range (-7.0 eV) to (-5.0 eV) is due to the Tb-f states. The
main contribution to the magnetism comes from 4f states of Tb atoms.
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FIGURE IV.16: (a) Total density of states for TbMn20s with the GGA approximation. (b)
Total and partial density of states for TbMn20s with the GGA+U approximation.

The detail of the structure strongly depends on the nature of Terbium. It is not only the
order of moments of Tbh3+ which differs from one compound to another of the same
family, but also the order of moments of Mn can also be influenced [146, 147]. This
indicates the role of Tb in the magnetic ordering of manganese ions. Indeed, with its
strong spin-orbit coupling, the Tb3+ ion has a strong anisotropy. Since that of manganese
ions is much weaker, it is expected that the magnetic order in TbMn20s will depend on
the anisotropy of Terbium. The filling of the d orbitals in a pyramidal environment with
a square base and in an octahedral environment is done by respecting Hund's rule (the
energy of repulsion is minimized by adopting a maximum spin state). The environment
of the terbium, having 8 first neighbors, and the nature of the 4f orbitals being more
complex, the estimation of the degeneration and the filling of these orbitals requires
more detailed calculations based on a precise crystallographic structure. The nature of
the occupied 3d and 4f orbitals and the fine crystallographic structure are essential
parameters for the calculation of the exchange integrals.
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FIGURE 1V.17: Energy levels and filling of 3d manganese orbitals in a pyramidal (left) and
octahedral (right) environment.
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The Pbam symmetry of TbMn20s allows a position freedom of Mn3+* ions along the
pyramid axis. Such motion alters the Mn-O bonds, and thus the hybridization between
the manganese 3d and oxygen 2p states. It is worth noting that the U value is taken from

ref [148].

The density of states for Mn1 show that the tzg level gives rise to two levels: a level
which remains stable with a pure metallic character dxy and a level formed by the two
hybrid molecular orbitals with a metallic character dxz and dyz, this level is a little
destabilized because of the decrease in the binding character metal ligand. The level eg
generates an undisturbed level formed predominantly of dx2-y2, and a dz2 level which is
stabilized (see Fig [V.17 and 1V.18).
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FIGURE 1V.18: The density of state as a function of energy (eV), of Mn1 (number 2) and
Mn2 (number 3) atoms, (a) dxy, dxz and dyz states, (b) dz2 and dx2y? states for Mn1
atoms, and (c) dxy, dxz and dyz states, (d) dz? and dx?y? states for Mn2 atoms.
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IV.3.4 Magnetic properties results

In order to well understand the magnetic interactions in the TbMn20s5 compound, we
have calculated the values of Tb and Mn spins and their orbital magnetic moments [149].
The sign of the XMCD signal and that of its integral give the relative orientation of the
magnetic moments between them and with respect to the applied external field. For the
total magnetic moment given in The Self-Consistent Field (SCF) calculation, it is difficult
to distinguish between the contributions from the spins and orbitals since it is
equivalent to the difference between up and down spin densities of state.

For these reasons XMCD can gives more details about the value of spin-orbit coupling
and calculate separately the spin and orbital moments. The absorption and dichroic
spectra XAS and XMCD of TbMn20s are shown in Fig IV.19(a) and Fig IV.19(b). At the M
edge, the absorption spectrum presents a peak situated at 1208.0 eV. At the L2 edge, the
spectrum presents one contribution at 1244.5 eV. The integral of XMCD and XAS allows
the calculation of orbital morb and spin ms moments.
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FIGURE 1V.19: (a) X-ray magnetic circular dichroism (XMCD) spectra of TbMn20s. (b) X-
ray absorption spectroscopy (XAS) spectra of TbMn20s.

The number of 4f-electrons (3d) is calculated by integrating the 4f projected (3d)
density of states inside each atomic sphere. According to the relations (IV.20) and
(IV.21) and using GGA approximation, the values of morb and ms are given in Table 2 for
both Tb and Mn atoms. These values indicate on the strong contribution of Tb ions to the
total magnetic moment [150]. On other hand, the obtained moment for Tb compares
well with that experimentally reported in Refs. [121] and [151].
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Table 2: The orbital and spin moments of Tb, Mn1 and Mn2 atoms for TbMn0s.

XMCD Experimental
Tb Mn1l | Mn2 b
Spin moment (uB) 6.9 -2.01 | 1.44 -
Orbital moment 1.69 |[-0.15| 0.06 -
(1B)
Total moment (uB) 8.59 - - 9.34[152]

In TbMn20s compound, giant magnetocrystalline anisotropy is remarked where the
magnetization tends to orient preferentially along the a-axis [121, 151] (along the b-axis
for HoMn20s [153]).As mentioned before, the DFT calculations using xdipan program
enabled us to determine the minimal energy corresponding to the easy-axis of
magnetization. Thus, the magnetic anisotropy is defined as:

AE = E(easy axis)-E(hard axis).

The spin-orbit term is included to observe the change in density of states. For 4f states
and 3d states, it is known that there is a competition between the spin-orbit effect and
the crystal field. The latter is usually strong in the case of 3d states (transition metals).
Also, the rare earth elements require a spin-orbit calculation. So, it is highly important to
see the charge distribution in 3d and 4f states in the case of spin orbit coupling (SOC). To
understand the anisotropy shown by TbMn20s, we calculated the energy of the
compound following each axis using DIPAN package implemented in WIEN2k program.
The calculation consists to compute the total energy for different axes to find the
minimal one. For TbMn20s, the lower value corresponds to the a-axis, confirming early
reported experimental works [121, 154]. The Hubbard U potential makes it possible to
localized f and d states or the electrons which are delocalized. The localization of these
bands which are responsible for the magnetisms makes it possible to better calculate the
magnetic moment and the most stable magnetic phase, as well as the spin orientation of
each electron which gives access to the orientation of the magnetization in the

compound. In fact we obtain the most probable value of magnetic anisotropy energy
(MAE).

Table 3: Magnetic anisotropy of TbMn;0s using GGA and GGA+U

Direction Eanj(J/m?)
GGA GGA+U
[001] -0,8625.103 -0,7853.104
[100] -0,2985.104 0,1474.105
[010] -0,7825.103 -0,6890.104
[110] -0,1311.104 0.2292.104
[101] 20,4524.10° 0,6133.10°
[011] -0,6167.103 -0,7190.104
[111] -0,2786.103 0.19058.103
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It seems from the table 3 that the calculations without applying the potential U give the
easy magnetization axis on the a axis while the correction U gave a minimum energy on
the [011] axis or the (001) plane.

It should be noted that the magnetic anisotropy is given by the Wien2k code using the
Dipan package, which just gives an anisotropy contribution, in particular it is the
anisotropy created by the network. For the correction U, the easy magnetization axis is
located between the z axis and the yz plane, which confirms the non-collinearity of the
spins of magnetic atoms [155].






Chapter V

Gadolinium thin films: Theoretical and
experimental results

V.1 Introduction

Metallic Gadolinium is the favorite choice as a magnetic refrigerant material for most
active magnetic regenerator (AMR) prototypes that have been developed so far because
it displays a large change in magnetic entropy among elemental ferromagnets with high
Curie temperature near room temperature when it undergoes a second order magnetic
phase transition. In this chapter, the Magnetocaloric (MCE) and electrocaloric (ECE)
properties of fabricated Gadolinium films (Si/Ta/Gd(100nm)/Pt(3nm)) are measured,
aiming to get more insight about the physics behind the interesting electronic and
magnetic properties of this material. The physical properties of magnetocaloric
materials are decisive for obtaining an important magnetocaloric effect [156]. The
refrigeration techniques developed and potentially marketable require efficient
refrigeration materials which meet many other criteria such as structural stability,
resistance to oxidation or good electrical conductivity [157]. The magnetocaloric effect
has been extensively studied in the past forty years, and much experimental data has
been reported in the literature [158]. The majority of studies have focused on rare
earths and compounds based on rare earths and transition metals [159]. For
refrigeration applications around room temperature, the reference element discovered
experimentally is pure gadolinium [160, 161]. At its Curie temperature of around 294 K,
its magnetocaloric properties ASm and ATad are approximately -10 J.kg-1.K-1 and 12 K,
respectively with a field variation magnetic from 0 to 5T [162-165]. This important
magnetocaloric effect is linked to the high value of its magnetic moment (7 uB / atom)
coming from its 4{7 electrons and we will take it apart in this chapter. In addition, the
absence of spin-orbit coupling (L=0) in gadolinium implies the absence of hysteresis in
the magnetization / demagnetization cycles [166, 167]. These excellent properties make
gadolinium often the rare earth of choice for the development of materials based on rare
earths [168]. More generally, current research focuses on materials in which the
magnetic element is a rare earth or a 3d transition metal.
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In 1997, Pecharsky and Gschneidner [169, 170] discovered a very important
magnetocaloric effect in the compound GdsSiz2Gez, which undergoes a 1st order transition
near room temperature. They also showed that with a variation of the applied magnetic
field from 0 to 5 T, the peak of ASm, reached almost 273 K, is around -20 J.kg-1.K-1[171].
The fact that this variation in magnetic entropy is so great compared to the gadolinium
bulk, earned it the name of giant magnetocaloric effect. Since the discovery of this giant
effect, the search for new magnetic materials with high EMC values has seen renewed
interest from many scientists around the world [172]. In general, the materials currently
available have values of ATad between a few Kelvin and a few tens of Kelvin. Similarly,
they reach values of -ASm between a few ].kg'1.K-1 and a few tens of ].kg-1.K-1 (or between
a few tens and a few hundred mJ.cm-3.K-1).

On the other hand, the MCE on magnetic thin films is of particular interest for micro-
refrigeration devices [173]. In this particular aspect of the MCE, the intrinsic
characteristics of thin films like the strong demagnetization effect becomes of specific
research interest. Usually, the characterization of the MCE of a material consists in
determining the isothermal entropy change, ATs, as well as the adiabatic temperature
change, ATs, which appear as a response of the material to the application of a magnetic
field [174]. In a magnetic medium with crystalline or shape anisotropy, as is the case of
the Gd films, the work done by the applied magnetics field depends on its orientation
relative to the film [175]. This comes from the fact that the magnetization tends to be
aligned in the plane of the film, mainly due to the demagnetizing field energy [176].
Therefore, the direction of the resulting magnetization will depend on the applied field
strength and orientation. As a consequence, the MCE, expressed through both ATs and
ATa, can be obtained by just rotating the film with respect to the field direction.
However, the small amount of material is a challenge for the experimental
determination of the MCE.

V.2 Study of Gadolinium Bulk and thin film: DFT
calculation

V.2.1 Crystal structure and density of state

Gadolinium [Gd] 4d1° 4f7 5s2 5p® 5d1! 6s2, has a Hexagonal structure with space group
P63 /mmoc settings, standardized atom coordinates are: Gdi: 1/3, 2/3, 1/4 and Gd2: 2/3,
1/3, % (See Figure V.1) and has a unit cell with lattice parameters a = b = 3.639 A and
c= 5.812A. To determine the nature of Gadolinium system and the nature of the
distribution of electrons in the valence and conduction band, we calculated the partial
and total density of states (DOS) of Gadolinium system as displayed in Figure V.2.

We performed first-principles calculations within the Generalized Gradient
approximation (GGA) Based on the full potential linearized augmented plane wave (FP-
LAPW) method as implemented in the Wien2k code. The Brillion zone integrations have
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been carried out using 400 k-points. Well-converged solutions were obtained for
Rmr*Kmax =8; Rmr is the atomic sphere radii and Kmax is the maximum value of the
wave vector K=k+G). The self-consistent calculations are considered to converge when
the total energy of the system is stable within 10-5Ry.
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FIGURE V.1: Hexagonal structure of the Gadolinium (Bulk) and b) Simplified diagram of
the layer simulated by the Wien2K code.

In order to explain the impact of electronic structure on the magnetic properties, we
have calculated the total and partial densities of states (PDOS) of Gadolinium Bulk and
Thin film(2nm) with GGA approximation as they are displayed in Figure V.2 (a)and
figure V.2(b). The lower valence bands situated in the range (—5.0 eV) to (—4.0 eV) are
due to the Gd-f states. The main contribution to the magnetism comes from 4f states of
Gd atoms. The density of the states shows the distribution of the electrons in the
conduction band and the valence band of gadolinium. We can see that the electrons of
the valence band are in localized states. They cannot participate in the phenomena of
electrical conduction. Conversely, the electrons in the conduction band are delocalized
(free electron of 4f). It is these electrons that participate in electronic conduction. From
the figure V.2 The magnetic moment value of Gd Bulk and Gd thin film is to 6,863 uB and
7,17641 uB, respectively.
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FIGURE V.2: Total and partial density of states for Gadolinium with the GGA
approximation, a) Gd Bulk and b) Gd thin film (2nm).
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The conduction band is partially occupied, which allows the electrons of this band to
pass to higher energy levels, without violating the Pauli Exclusion Principle, and thus
participate in the conduction.

V.2.2 Magnetic anisotropy calculation: Easy and difficult axis

magnetization

To understand the anisotropy shown by Gadolinium compound, we calculated the
energy of the system following each axis using DIPAN package implemented in WIEN2k
program. The calculation consists to compute the total energy for different axes to find
the minimal one. For Gadolinium Bulk, the lower value corresponds to the z-axis, and

Table V.1: Magnetic anisotropy of Gadolinium using GGA approximation.

Gd(bulk) Gd thin film (0.5 nm) | Gd thin film (Znm)

Axes Ean(]/m3) Ean(]/m3) Ean(]/m3)

001 -0,72999 0,16585 0.8578417.10°
100 0,364998 -0,82925 -0.4289209 .105
010 0,364998 -0,82925 -0.4289209.10°
110 0,364998 -0,82925 -0.4289209.10°
101 -0,63384 0,15502 0.8475449.10°
011 -0,63384 0,15502 0.8475449.105

We see from the table V.1 that for gadolinium Bulk the easy magnetization axis is the z-
axis. On the other hand, the thin layer of Gadolinium the energy is minimal along axes
[100], [010] and [110], so the a-axes and b-axes are easy axes magnetization from our
thin film Gadolinium. We conclude that the electrons for our thin layer of Gadolinium
can be moved easily along the plane (ab). This result served us to choose the orientation
of our thin layer of Gd100nm in our experimental study.

V.3 Study of Gadolinium thin film: Experimental results

Gadolinium and some Gd based alloys have been considered as reference materials for
applications of the magnetocaloric effect (MCE) mainly because their magnetic phase
transition occur near room temperature. The production of an efficient magnetic cooling
system is a challenge of all scientific researchers. We find it in very diverse applications such
as air conditioning of buildings and vehicles, preserving food, gas liquefaction (hydrogen,
nitrogen, helium) and the cooling of electronic devices. The most used technology at the
moment is the compression refrigerator. It is based on the phase change (liquid / gas) of a
refrigerant fluid. These fluids have been used for almost 60 years until their responsibility for
the destruction of the ozone is established. In addition to environmental constraints,
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compression refrigeration has reached it’s the limit of efficiency, this is why research is
moving towards other technologies for the production of cold such as thermoelectric,
thermoacoustics and magnetic refrigeration. We are interested in magnetic refrigeration. This
technology is based on the magnetocaloric effect, an intrinsic property of some magnetic
materials, which results in a temperature change of these materials when subjected to a
magnetic field variation. Several prototypes of magnetic refrigeration have been made around
the world but there is still progress to be made both fundamentally and practically to make
this technology industrially viable and competitive. A study of the literature shows that
gadolinium (Gd) metal and its alloys have been considered as reference materials in
magnetocaloric refrigeration systems. As indicated, currently gadolinium (Gd), a rare earth
with an important EMC in the vicinity of the room temperature, is the material used in most
demonstrators and magnetic refrigeration prototypes. However, despite its magnetocaloric
power, Gadolinium is not suitable for market applications because of its very high price. To
replace gadolinium in refrigeration systems magnetic, new magnetocaloric materials have
been developed. The giant magnetocaloric effect in the Gds(Gei-x Six)a compounds was
discovered. The compound GdsGeSi, has a maximum entropy variation of 18 J/kg.K at 276K
under a field of 5T, more than one and a half times greater than the gadolinium. The
maximum entropy temperature can be adjusted by changing the proportion of Ge and Si of the
compound.

Rare earth elements have recently aroused great interest in applications of magnetic
refrigeration. Their magnetocaloric properties have been studied in a way intensive.
This interest in rare earth metals is mainly due to their properties structural and the
diversity of magnetic transitions presented by these elements, with broad values of the
magnetic moment, and finally the localized nature of the magnetic moments 4f. This
latest property makes rare earth alloys a practical model for theoretical and
experimental investigations. Studied by neutron diffraction [177], the gadolinium
reveals a ferromagnetic structure which is ordered in the vicinity of 293 K. The axis of
easy magnetization is parallel to the axis c of the hexagonal structure between the
temperature of Curie and the spin reorientation temperature Tsr, below which the
magnetization is deviated from the easy axis giving rise to a conical magnetic structure
[177].

Table V.2: Heavy rare earth magnetic structure. These data are taken from reference
[178].

Metal | Tn(K) Magnetic structure Tc (K) strull/lt?ﬁzzttiil. 2K
Gd 292.2 Ferromagnetic 293.2 | Ferromagnetic
Tb 229 Helical 221 Ferromagnetic
Dy 179 Helical 87 Ferromagnetic
Ho 133 Helical 20 Conical
Tm 56 Amplitude modulated 38 Ferromagnetic
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The elements Tb, Dy, and Ho have a helical antiferromagnetic structure (AFH) in the
temperature range between the Curie temperature and the temperature Néel Tn. In an
AFH structure, the magnetic moments which are in the same plane are ordered in a
ferromagnetic structure and rotate by the same angle with respect to the magnetic
moments which are in the neighboring plane. This magnetic structure can be
transformed into a ferromagnetic structure if the applied field exceeds a certain value
critical. Erbium has an even more complex structure, between 53 and Tn = 80 K with a
longitudinal spin wave along axis c. Below 53 K the magnetic structure becomes
cycloidal. Finally for temperatures below 18 K, it is arranged in a structure
ferromagnetic. Thulium is antiferromagnetic below 56 K. It has a phase ferromagnetic
for temperatures below 32K. Neodymium has a double hexagonal and cubic
crystallographic structure. Magnetic moments are ordered in the hexagonal site at 19.2
K and in the cubic site at 7.8 K. For more details, see the reference [178]. The magnetic
structure of heavy rare earths is presented in Table V.2.

V.3.1 Magnetic measurements of Gd1ioonm

Because of its importance in the concept of refrigeration applications magnetic we
started by studying the different magnetic properties and magnetocaloric of a
gadolinium sample. The Curie temperature of 292 K and the high magnetic moment (7 p
B) of gadolinium makes it a benchmark for refrigerants magnetic. This metal has been
the subject of several investigations [179-183]. In this paragraph, we let us report some
of the main results relating to its magnetocaloric properties to compare with our results.
This will be used in particular to check the quality of the thin layer that will be used
subsequently to develop magnetic refrigerators.

There are several ways to calculate the magnetocaloric effect. However the measures
direct consist in determining the initial temperature Ti and the final temperature Tr
corresponding to the variation of the magnetic field from Bi to Br under adiabatic
conditions. Consequently, ATaa (Ti, Bi = Br) is given as the difference Tr -Ti. In addition,
the EMC can be determined from specific heat measurements at constant pressure. This
technique allows a complete characterization of the magnetocaloric effect such that one
can determine both the variation of the temperature and the isothermal variation of the
entropy.

Both techniques are difficult to apply implemented. Indeed, the accuracy of the
measurement depends a lot on the quality of the thermometer, thermal insulation and
also the magnetization process. For our part, we will use magnetic measurements to
calculate the variation of the magnetic entropy (Figure V.4). This technique is easy to
implement and it is faster than calorimetric measurements. The Figure V.4 shows the
magnetization isotherms for different temperatures of gadolinium thin film. The
variation of the entropy is calculated by Maxwell's relation. For a field varying from 0 to
2T, SA is given by:
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H
AS(T,O—)H):I(@j dH V.1)
Lot )

However, the magnetization measurements are carried out at discrete temperatures and
fields. The Maxwell's relation can be compared by the numerical integration of the
equation (V.1), which becomes:

M. . —M.
AS = ZﬁAHi (V.2)
1 i+1 i

With Mi+1 and Mi represent the magnetizations at temperatures Ti+1 and Ti respectively
under a field Hi. We notice that the variation of the entropy is equivalent to the area
between two isotherms divided by the temperature difference between these curves as
illustrated in the figure V.4.
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FIGURE V.4: Magnetic isotherms of the studied Gdioonm thin film as a function of the applied
magnetic field from 0 to 20 kOe with a sweeping rate of 250 Oe/s.

Figure V.5 shows the evolution of the variation of the entropy as a function of the
temperature under different magnetic fields. For a field varying from 0 to 4 T, the change
in entropy is equal to 4.5 ] / kg.K for a magnetic field equal to 4T.

The width of the peak AS(T) as seen in Figure V.5 gives a large value of the refrigerating
capacity of Gdioonm. On the other hand, the variation of the entropy evolves almost
linearly with the field applied. In addition, its remarkable magnetocaloric performance,
the gadolinium is the only magnetocaloric material commercially available. This is how
the most prototypes of magnetic refrigeration use it.
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FIGURE V.5: Magnetic isotherms of the studied Gdioonm thin film as a function of the applied
magnetic field from 0 to 20 kOe with a sweeping rate of 250 Oe/s.

For the calculation theoretical of the variation of the entropy, we proceed as follows: In
the molecular field model where the valence electrons are located, this is the case for
example of alloys based on rare earth metals (4f), the magnetization of the material
magnetic can be described using the Brillouin function given by [179,185]:

2J +1 2J +1 1 1
=B = coth ——coth| —
o=8(y)=7; [ 23 yj 1 [2J yj (V:3)
with:
yzg T, J |, St g (V.4)
T (3+1) k

o: relative magnetization M/Mo (Mo: magnetization at saturation), Bj: Brillouin function,
g): Landé factor, Bu: bohr magneton, J: total angular momentum and k is the Boltzmann
constant.

The magnetocaloric effect represented by the variation of the magnetic entropy can be
calculated from the values of the function y obtained by solving equation V.3. Over there
next, AS is evaluated by injecting the values of y into the Smart relation [179] given by:

sinh(z‘] +1y)
V.5
s =R|In 2J V-5)

" sinh(;\/]j B0

Sm represents the magnetic entropy and R the universal constant of ideal gases. So at
using this relationship we can determine the variation of the magnetic entropy as a
function of the temperature and magnetic field.
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Indeed, for materials where the valence electrons are located, the Weiss model gives a
simple estimate of the magnetic entropy and the variation of the adiabatic temperature.
ATad can also be calculated using the Weiss model. ATad is given by:

AT, =——AS (V.6)
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FIGURE V.6: (a) Temperature dependence of the magnetization under a magnetic field of
5000e for the studied Gd thin film. (b) The evolution of dM/dT as a function of
temperature.

The temperature dependent magnetization is measured using a Quantum Design©
Squid Vibrating Sample Magnetometer with an external field applied in in-plane
direction. Figure V.6 (a) shows the temperature dependence of magnetization M under
an applied magnetic field of 500 Oe for the studied Si/Ta/Gd(100nm)/Pt(3nm) sample.
A typical paramagnetic to ferromagnetic phase transition can be observed at Tc. In order
to estimate the Tc, we have used the inflection point method as described by Moreno-
Ramirez et al. [172]. Following this, a value of Tc = 275 K can be determined from the
minimum of the derivative of the magnetization dM/dT as shown in Figure V.6 (b).

Concerning the M(T) curve of the Gdioonm film (Figure V.6(a)), a transition from
ferromagnetism to paramagnetism at 275 K can be noted. Thus, considering that bulk Gd
metal has its Curie temperature (Tcher ) at about 292 K, and that the dimensionality
effect may reduce the Tc values of Gd thin films, the observed magnetization behavior
275 Kin Fig. V.5 can be attributed to the order-disordered magnetic transition of the hcp
fraction in the Gd thin film.

V.3.2 Electrical measurements of Gd1o0onm

Our Gadolinium film is grown at room temperature on silicon substrate (Si) using
sputtering disposition with a base pressure lower than 107 Torr. A 5 nm of Tantalum
(Ta) buffer layer was used as well as 3 nm of platine (Pt) capping layer to avoid
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oxidation of the Gadolinium rare-earth. The total magnetic thickness of the samples is
kept constant and equal to 100 nm. For electrical transport measurement rectangular
Hall cross structure were prepared with optical lithography. A constant DC current of 2
mA is applied along the x direction, and the voltage is measured along the x direction.
Furthermore a magnetic field is applied along the plane.
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FIGURE V.1 Variation of the electrical resistivity as a function of T for [=2mA.

According to Figure V.1 and for a thin layer of Gadolinium (Si/Ta/Gd(100nm)/Pt(3nm)
directed along the plane (ab) with an application of a magnetic field from 0 to 2T, we see
very well that the increase in temperature causes a slight increase in electrical
resistivity. Therefore for each temperature step, the resistance-field R(H) were measured for
increasing and decreasing magnetic field. The resistance dependent magnetic field is shown in
figure V.2. The slopes clearly decrease with increasing the magnetic field.
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FIGURE V.2: Variation of the electrical resistivity as a function of the magnetic field, for
[=2mA.
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In order to check the magnetocaloric effect of the present thin film used in this study, the
variation of resistance can be obtained in a cooling process. Thus, the reliabily of the
thermograms can be examined with an equation:

AR =Ry 1 (heating) — Ru.1 (cooling)

Where Ry, T(heating) and Ru 1 (cooling) are resistance obtained
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FIGURE V.3: Variation of the AR as a function of the magnetic field.

To explain why we have this variation in resistance at 275K, we have studied the
behavior of the resistance change AR at 275K as a function of the magnetic field and
temperature, and by comparing this variation with the magnetic entropy change as a
function of temperature we notice that this peak is due to a magnetic transition between
275 and 280K. We can therefore find the amount of heat given or removed to the thin
layer of gadolinium from the entropy change. We can conclude from these
measurements that the fact of making a change on the resistance value we can cool our
system.
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Conclusion

In this thesis, we studied the structural, magnetic and magnetocaloric properties of
materials based on rare earth elements, LaCr2Siz2C, the multiferoique TbMn20s, and the
Gadolinium thin layer in order to show the main characteristics sought for magnetic
refrigeration. ie a great magnetocaloric effect and a great cooling capacity. The key
problem that we have addressed after the characterization and simulation of these
different materials is the potential of thin film materials for cooling electronic circuits.
Each atom of a material has a net magnetic moment which is the sum of the spin of its
electrons. The sum of the net magnetic moment of all the atoms contained in a unit of
volume of the magnetic material represents magnetization. Of TbMn20s and the thin
layer of Gadolinium, atoms in a similar spin state tend to join together to form distinct
zones for which the magnetization is saturated. At low temperature, the magnetic
energy necessary to modify the orientation of the atomic spins is less since the thermal
excitation is minimum. The application of a weak magnetic field to a paramagnetic
material causes a variation in magnetization sufficient to generate a notable increase in
temperature. Under the Curie point, the material adopts a ferromagnetic behavior and
past the Curie point, it adopts paramagnetic behavior. This type of transition is often
classified as second order. The ferromagnetic behavior is explained by the concept of
exchange energy which represents the interaction of the electronic charges of
neighboring atoms. The exchange energy tends to align the magnetic moments of the
neighboring atoms creating the saturated magnetic domains as described in the
previous section. The thermal agitation opposes the alignment effect of the exchange
energy and the local order which defines the magnetic domains fades at higher
temperature. The magnetization therefore undergoes an abrupt variation at the Curie
temperature generating a maximum value of the MCE. The MCE associated with a phase
transition is high enough only at temperatures near the Curie point where the variation
in magnetization occurs. The magnetic behavior LaCrz2Si2C of this compound is
investigated, using first principle methods, Monte Carlo simulation and mean field
approximation. The structural, electronic and magnetic properties are described using
ab-initio method in the framework of the Generalized Gradient Approximation (GGA),
and the Full Potential-Linearized Augmented Plane Wave (FP-LAPW) method
implemented in the WIEN2K packages. We have also computed the coupling terms
between magnetic atoms which are used in Hamiltonian model. A theoretical study
realized by mean field approximation and Monte Carlo Simulation within the Ising
model is used to more understand the magnetic properties of this compound. Thereby,
our results showed a ferromagnetic ordering of the Cr magnetic moments below the
Curie temperature of 30 K in LaCr2Si2C. Other parameters are also computed as: the
magnetization, the energy, the specific heat and the susceptibility. Also, the calculation
predicts that the compound LaCr2Si2C owns a metal character and the analysis of the
difference energy between FM and AFM states confirmed that the FM is more stable with
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the Curie temperature below 30K. Future work on this material can be oriented towards
the improvement of Tc for spintronic applications.

For TbMn20s, The interest of this compound lies in the coupling between orders,
magnetic and electrical, with the possibility, from a static point of view, to manipulate
the magnetization by applying an electric field. In TbMn20s the hybrid excitations, called
electromagnons can be understood as magnons excited by the electrical component of a
wave electromagnetic and are the signature in the dynamic regime of magneto-electric
coupling. Understanding the mechanisms behind these new excitations was our
objective, and the possibility of modulating these excitations via a field electric and / or
magnetic is also an avenue explored for future applications to be defined in the field of
information transport, magnetic refrigeration and spintronic devices for example, so the
magnetism and the ferroelectricity in TbMn20s are coupled. On the other hand, the
multiferroic TbMn20s material is characterized also by different exchange interactions
involving Mn#*, Mn3* and rare earth R3+ ions sublattices, leading to a complex
magnetism character. As a result, TbMn20s reveals various magnetic and electric phase
transitions. Recently, a reversible and a giant rotating magnetocaloric effect has been
pointed out in the multiferroic TbMn20s single crystal, opening the way for new
designs of low-temperature magnetic cooling. Our preliminary calculations using the
density functional theory study of TbMn20s unveil that it is possible to determine some
key parameters such as magnetic moments, magnetic anisotropy and electronic
structures that are of great interest for the investigation of its entropic behavior (MCE).
Particularly, the obtained magnetic moments as well as the anisotropic energies are in
fair agreement with experimental reports. However, the main challenge remains the
simulation of some important magnetothermal parameters of TbMn20s such as specific
heat, entropy and adiabatic temperature changes.

The refrigeration techniques developed and potentially marketable require efficient
refrigeration materials which meet many other criteria such as structural stability,
resistance to oxidation or good electrical conductivity. The magnetocaloric effect has
been extensively studied in the past forty years, and much experimental data has been
reported in the literature. The majority of studies have focused on rare earths and
compounds based on rare earths and transition metals. For refrigeration applications
around room temperature, the reference element is pure gadolinium. At its Curie
temperature of around 292K, its magnetocaloric properties ASm and ATad are
approximately -10 ].kg-1.K-1 and 12 K, respectively with a field variation magnetic from 0
to 5T. Our Gadolinium film is grown at room temperature on silicon substrate (Si) using
sputtering disposition with a base pressure lower than 10-7 Torr. A 5nm of Tantalum
(Ta) buffer layer was used as well as 3 nm of platine (Pt) capping layer to avoid
oxidation of the Gadolinium rare-earth. The total magnetic thickness of the samples is
kept constant and equal to 100 nm. The electrical measurements we made on this layer
of Gadolinium using a PPMS-7T shows that the increase in temperature causes a slight
increase in electrical resistivity. Therefore, for each temperature step, the electrical
resistance was measured by varying the magnetic field, and from the maximum entropy
variation we found the amount of heat given or removed from our thin layer.
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