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Abstract:

Numerical modelling of functional materials is developing rapidly to provide an accurate
interpretation of the experimental results, necessary to improve existing devices and to set up
innovative systems. The goal of this thesis work is the theoretical investigations and
magnetoelectric prediction in some functional thin films. The emphasis is placed on the study
of the mechanisms governing extrinsic and intrinsic magnetoelectric coupling, using density
functional theory (DFT) and Monte Carlo simulation in multiferroic compounds. Firstly, the
electronic origin of the strong magnetoelectric coupling of the NiFe204/PZT heterostructure
was analyzed by the density functional theory. In addition, the ferroelectric, magnetic and
magnetoelectric properties of NiFe204/PZT , CoFe204/PZT, NiFe204/PZT/CoFe204 and
NiFe204/PZT/NiFe204 heterostructures were investigated by Monte Carlo simulation. The
maximum magnetoelectric voltage coefficient of 1405 mV/(cm.Oe) was predicted in
NiFe204/PZT/NiFe204. The second part of this manuscript is dedicated to the simulation of
the intrinsic magnetoelectric coupling in BiFeO3. A large magnetoelectric voltage coefficient
of 104 mV/(cm.Oe) has been predicted in BiFeO3 thin films with 25% of the defects. Besides,
the multiferroic properties of BiFeO3 doped with rare earth and Mn were analyzed by the
DFT.

Keywords: magnetoelectric, DFT, Monte Carlo simulation, multiferroics, NiFe204/PZT ,
BiFeO3.



Résumé :

La modélisation numérique des matériaux fonctionnels se développe rapidement pour
satisfaire le besoin d'améliorer les dispositifs existants et de mettre en place des systemes
innovants. Le but de ce travail de these est I'analyse théorique et la prédiction de I’effet
magnétoélectrique dans certaines couches minces fonctionnelles. Dans le cadre de cette these,
nous avons éetudié les mécanismes gouvernant le couplage magnétoélectrique extrinseque et
intrinseque en utilisant la théorie de la fonctionnelle de la densité (DFT) et la simulation de
Monte Carlo dans les composés multiferroiques. L'origine électronique du fort couplage
magnétoélectrique de I'hétérostructure NiFe204/PZT a été analysé par la théorie de la
fonctionnelle de la densité. De plus, les propriétés ferroélectriques, magnétiques et
magnétoélectriques des hétérostructures NiFe204/PZT, CoFe204/PZT,
NiFe204/PZT/CoFe204 et NiFe204/PZT/NiFe204 ont été obtenu par la simulation Monte
Carlo etle coefficient maximum de voltage magnétoélectrique est de 1405 mV/(cm.Oe) a été
prédit dans NiFe204/PZT/NiFe204. La deuxiéme partie de ce manuscrit est consacrée a la
modélisation et la simulation du couplage magnétoélectrique intrinseque dans le BiFeOs. Un
coefficient important de voltage magnétoélectrique de 104 mV/(cm.Oe) a été prédit dans les
couches minces de BiFeO3 avec 25% des défauts. En addition, les propriétés multiferroiques
de BiFeOj3 dopé par terre rare et Mn sont été analysées par la DFT.

Mots-clés :  magnétoélectrique, DFT, simulation Monte Carlo, multiferroiques,
hétérostructure NiFe204/PZT, BiFeOs.



Résumé détailleé :

Chapitres 1& 2 :

Les matériaux multiferroiques, caractériseés par la présence de deux ou plusieurs ordres
ferroiques (ferromagnétique, ferroélectrique et ferroélastique) ont attiré une attention
particuliere en raison de leur potentiel application technologique[l]. Notamment, les
matériaux magneétoélectriques, dans lesquels les ordres ferromagnétiques et ferroélectriques
existent simultanément, présentent un potentiel élevé dans les domaines de l'ingénierie
électronique, spintronique et électrique[2], [3]. En fait, les matériaux magnétoélectriques sont
divisés en deux types (Figure.1l). Le premier est constitué de matériaux homogeénes dans
lesquels l'effet magnétoélectrique est intrinseque. La conversion d'énergie (l'effet
magnétoélectrique) obtenue en pratique par ce type de matériau est faible. La seconde
catégorie est constituée de matériaux composites; la combinaison de matériaux
piézoélectriques et magnétostrictifs produit un effet magnétoélectrique extrinseque. La
présence d'un champ magnétique crée une déformation magnétostrictive. Cette déformation
est transmise au matériau piézoélectrique et provogue une polarisation électrique.
Inversement, I'application d'un champ électrique génére une contrainte qui peut modifier I'état
magnétique des matériaux magnétostrictifs. La conversion d'énergie résultant des deux
couplages successifs est plus importante que I'effet intrinseque. L'intérét de I'utilisation des
matériaux composites est de combiner les avantages de chaque composant [4], [5].

L'effet magnétoélectrique direct, qui est lI'apparition d'une polarisation électrique (P)
lorsqu'un champ magnétique (H) est appliqué, peut étre exprimé par I'équation : AP = aAH,
ou, E est le champ électrique externe et a est le coefficient magnétoélectrique. En revanche,
I'effet magnétoélectrique inverse, c'est-a-dire la polarisation magnétique induite (M) par
l'application d'un champ électrique externe (E), s’écrit sous la forme : AM = a AE [6].

Magnetoelasticity
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Figure.l: Diagramme des interactions intrinséques et extrinséques entre les propriétés
ferroélectrique, élastique et ferromagnétique .

Malheureusement, l'effet magnétoélectrique intrinséque dans les matériaux
monophases est trées faible et ne se produit généralement qu'a basse température, ceci est dii au
fait que I'effet magnétoélectrique est trés faible dans les matériaux monophasés. La réalisation
de composites magnétoélectriques, basée sur le couplage extrinséque des matériaux
ferroélectriques et magnétostrictive, permet d'obtenir un effet magnéto-électrique "géant”, qui
est plus intéressant pour les applications technologiques. La figure.2 présente les différentes
connectivités adaptées aux composites multiferroiques. Parmi ces matériaux multiferroiques,
le BiFeO3 (BFO) est I'un des plus étudiés récemment en raison de I'existence simultanée a
température ambiante de la ferroélectricité et de I'antiferromagnétisme avec une température
de Curie tres élevée Tc = 1103 K et un ordre antiferromagnétique de type G avec une
température de Néel Ty =643 K [7].

(2-2) (0-3) (1-3)

Figure.2 : les connectivités adaptées aux composites multiferroiques. (a) des couches minces
ferroélectriques/ magnétiques, (2-2), (b) des nanoparticules dans une matrice (0-3) et (c) des
nanopilliers dans une matrice (1 -3).

Ce travail de thése porte sur la modélisation et la simulation des propriétés
multiferroiques telles que le couplage magnéto-électrique, magnétique, électronique,
ferroélectrique des nanocomposites de type (2-2) (CoFe;O4/PbZrosTiosO3 o NiFe,Oq4
/PbZry5Tigs503), du BFO monophasé et du BiFeO3 dopé au MnGdOs, en utilisant la théorie de
la fonctionnelle de la densité et la simulation Monte Carlo.

Chapitre 3 :

Nous avons utilisé la théorie de la fonctionnelle de densité avec GGA+U pour étudier
les propriétés électroniques, magnétiques et magnétoélectriques de [I'hétérostructure
NiFe;04/PbZrosTigs03(001). Nous avons considéré deux différents types d'atomes
interfaciaux NFO/ZTO et NFO/PbO (Figure.3).Le travail de séparation interfaciale est
respectivement : 0,733 et 0,469 J/m? pour NFO/PbO et NFO/ZTO, dans la bicouche
NiFe,O4/PZT. Ces résultats indiquent que le NFO/ZTO est énergétiqguement plus favorable
que le NFO/PbO a l'interface NiFe,O4/PZT.Il est intéressant de noter que le couplage
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magnétoélectrique dans cette hétérostructure est strictement dépendant des propriétés
électroniques des atomes de [linterface. L'origine électronique du fort couplage
magnétoélectrique a l'interface NFO/ZTO est due a I'hybridation des orbitales des atomes de
I'interface Ni, Fe, T, Zr, O (Figure.4). Les couplages magnétoélectriques calculés a I'interface
NiFe,O4/PZT pour NFO/ZTO et NFO/PbO sont respectivement: a, = 3.15 x 10710 et
0.52 x 1071 G.cm/V, qui sont du méme ordre de grandeur que le coefficient
magnétoélectrique calculé rapport dans la littérature. Les résultats théoriques présentes
peuvent fournir des indications adéquates pour les dispositifs magnétoélectriques.

Ore O N °Pb OZr Ot eo

Figure.3 : (a) la structure de NFO/PZT (001) avec NFO/ZTO a l'interface, (b)la structure de
NFO/PZT (001) avec NFO/PbO a l'interface.
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Figure.4 : Densité partielle d'états (PDOS) des atomes interfaciaux dans l'interface
NiFe204/PZT, (a) interface NFO/PbO, (b) interface NFO/ZTO.

Chapitre 4 :

Dans ce chapitre, nous avons étudié les propriétés ferroélectriques et de stockage
d'énergie du PZT par simulation Monte Carlo. Les constantes de couplage d'échange calculées
correspondant aux tempeératures de curie expérimentalessont :Jix = 6,915 meV, Jox =3,457
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meV, Jiz = 4,542 meV, Joz; =2,271 meV, Ji; = 5,947 meV et Jo; =2,973 meV. Le diagramme
de phase de PZT en fonction de la valeur de concentration de Ti ‘x’ dans le PZT a été prédit a
travers la simulation Monte Carlo (figure.5). A température ambiante, la structure cristalline
est tétragonale pour le PZT riche en Ti et rhomboédrique pour le PZT riche en Zr. Lorsque la
température augmente, le centre de symétrie apparait dans les deux structures, la structure se
transforme alors en une phase cubique, et le PZT perd sa polarisation spontanée. Les
diagrammes de phase calculés sont en bon accord avec les résultats expérimentaux rapportés
par Noheda et al [6]. La figure.6(a-b) présente les cycles d'hystérésis des couches minces de
PZT a 300K. Nous avons observé que les courbes de polarisation sont symétriques. De plus,
la surface des cycles d'hystérésis devient plus étroite lorsque la concentration de Zr dans le
PZT augmente. Pour x=0, les couches minces de PbZrO; étaient a I'état antiferroélectrique,
qui caractérisé par la présence d'une double boucle d'hystérésis avec une polarisation
rémanente nulle. En augmentant la valeur de X, une faible ferroélectricité est observée pour
PbZrooTip 103 et PbZrygTip203. Cependant, au-dela de x=0,3, on observe le cycle d'hystérésis
de ferroélectrique, indiquant que le film de PZT était dans son état ferroélectrique Figure.6 (a-
b). Lafigure.7 (a-b) montre la polarisation a saturation (Ps), la polarisation rémanente (Pr) et
le champ coercitif (Ec) (déterminé a partir des cycles d’hystérésis) en fonction de la valeur x.
Lorsque les valeurs x augmentent, le couplage d'échange entre les moments dipolaires aux
sites Zr-Ti etTi-Ti augmente dans PbZr;4TixO3. Par conséquence, la surface des cycles
d'hystérésis devient plus importante, ce qui augmente le champ coercitif Ec. Les valeurs
calculées du champ coercitif sont Ec=45, 95, 140 et 275 kV/cm pour x=0,3, 0,5, 0,6 et 1,
respectivement. Les valeurs obtenues sont en bon accord avec les résultats expérimentaux.

900 . . : . : , :

eXp  e—

MCS +-@-+

850

800

1 paraelectric
750

700 H

eso4 g

6004 =T
550 ..

Temperature (K)

500 |
450 4 antiferroelectric ferroelectric
400 |

350

300

T T N T T T T T T T T T N

0 01 02 03 04 05 06 07 08 09 1

PbZr, TiO,

Figure 5 : Diagramme de phase PbZr1-xTixO3 simulé par Monte Carlo simulation, et le
diagramme de phase expérimental de PbZr1-xTixO3 adapté de [32] (représenté en bleu).



Figure.6 : Cycles d'hystérésis P-E des couches minces de PbZr1-xTix03 (a) :x=0, 0,1, 0,2,

T T T T
20+ 3004 )
.
1.8
1.6 250 -~
1.4 MSC /
. 200+ ® exp[40,41] /
5 £ .
= 1.0+ o
-E S 150+ /
0.8+ X
§ S 100 ./
S L "
044 ./
50 -|
024 /
00 0 "
02

054

00+

polarization
%

S
w
1

N

-4;)0 -2‘00 6 2 (;O
E(kV/em’)

polarization
o

b)

—

T
-400

. .
-200 0
E(kV/cm)

T
200

0,3,0,4 et (b) : x=0,5, 0,6, 0,7,0,8, 0,9, 1. 2 300 K.

0 01 02 03 04 05 06 07 08 09 1
Pbzr, Ti O,

T
400 600

0

T T T T T T T T T T
01 02 03 04 05 06 07 08 09 1

Pbzr, Ti,0,

Figure.7 :(a) polarisation rémanente (Pr) et polarisation de saturation (Ps), (b) champ coercitif des
couches minces de PbZr1-xTixO3 en fonction de la valeur x a 300(K) en comparaison avec certains
résultats expérimentaux.

Chapitre 5 :

Nous avons étudié dans ce chapitre les propriétés ferroélectriques, magnétiques et
magnétoélectriques des hétérostructures NiFe204/PZT (NFO/PZT), CoFe204/PZT
(CFO/PZT), NiFe204/PZT/CoFe204 (NFO/PZT/CFO) et NiFe204/PZT/NiFe204
(NFO/PZT/NFQ) en utilisant la simulation Monte Carlo (figure.8). Les cycles d'hystérésis,
M-H et P-H, pour les interfaces NFO/PZT et CFO/PZT, calculés a 300K pour différentes
valeurs de couplage magnéto-électrique interfacial Jme, sont illustrés sur la Figure.9. Pour
Jme=0, uncycle d'hystérésis M-H typique a été obtenue pour les deux interfaces NFO/PZT et
CFO/PZT. Dans ce cas, la polarisation électrique est restée constante et n'est pas influencée
par le champ magnétique H. lorsque on augmente la valeur de Jye, On observe une influence
du champ magnétique sur la polarisation électrique. Ce comportement est di au fait que les
moments de spin et les dipbles électriques a l'interface interagissent via l'interaction du
couplage magnéto-électrique interfacial Jme. Dans cette section, nous choisissons les valeurs
calculées de Jme correspondant au coefficient de voltage magnétoélectrique expérimental
(Ime=4.202 meV pour l'interface NFO/PZT et Jme=0,625 meV pour l'interface CFO/PZT).
Une grande surface de cycle d'hystérésis P-H a été observée dans NFO/PZT par rapport a



CFO/PZT, en raison de la valeur élevée de Jne a l'interface NFO/PZT. La figure 6(c-d)
montre les boucles d'hystérésis M-H et P-H a 300K pour les hétérostructures. La figure.10
présente le coefficient de voltage magnétoélectrique en fonction du champ magnétique
appliqué (H) pour NFO/PZT, CFO/PZT, NFO/PZT/CFO et NFO/PZT/NFO a 300K. Les
coefficients de voltage magnétoélectrique maximum prévus sont respectivement : 460, 50,
650 et 1405 mV/(cm.Oe) pour NFO/PZT, CFO/PZT, NFO/PZT/CFO et NFO/PZT/NFO.
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Figure.9 : Les cycles d'hystérésis M-H et P-H pour :(a) NFO/PZT, (b) CFO/PZT, (¢) NFO/PZT/CFO
et (d) NFO/PZT/NFO a 300K.
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Figure.10 : coefficient de voltage magnétoélectrique en fonction du champ magnétique appliqué (H)
pour: (a) NFO/PZT, (b) CFO/PZT, (c) NFO/PZT/NFO et (d) NFO/PZT/CFO & 300K.

Chapitre 6 :

Dans le chapitre 6, nous avons étudié par simulation Monte Carlo les propriétés
ferroélectriques, magnétiques et magnétoélectriques de multiferroique BiFeO3 (BFO) avec les
défauts en couches minces (figure.10). Nous avons estimé les interactions de couplage
d'échange dans les sous-réseaux magnétiques et ferroélectriques qui correspondent a la
température critique expérimentale.
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Figure.10 : (a) la structure rhomboédrique de BiFeO3, la représentation schématique des
interactions magnétiques (b), les interactions électriques dipble-dipdle (c) et I’interaction
magnétoélectrique (d), BiFeO3 en couches mince (e).

Le coefficient de voltage magnétoélectrique en fonction de I'interaction de couplage
magnétoélectrique Jyne a température ambiante est représenté sur la figure.11. Lorsqu'en
augmentant Jme, la valeur du coefficient de voltage magnétoélectrique augmente Iégerement
jusqu'a Jme de 4.560 meV, suivi d’une augmentation rapidement de 15 a 200 mV/(cm.QOe).
L'effet du défaut de dipble électrique sur le coefficient de voltage magnétoélectrique a T=
300K et Jne=4.202 meV dans les couches minces de BFO est montré dans la figure.12, Nous
constatons que pour une concentration de défauts jusqu'a 25%, le coefficient de voltage
magnétoélectriqgue augmente rapidement et atteint son maximum a 25%, puis diminue avec
l'augmentation de la concentration de défauts. Le coefficient de voltage magnétoélectrique
maximale est 104 mV/(cm.Oe) obtenu pour 25% de déefauts dans les couches minces de BFO.
Cette grande valeur du coefficient magnétoélectrique peut étre attribuée a la réduction des
interactions de couplage d'échange (Je1 et Jeo) entre les dipdles électriques en raison des
défauts des dipdles électriques.

300 0 : : :
a) 20 1 ' ' [ b) ' T ' '
/.‘#—‘-.
250 15 ) o
/// i 1
exp 15
=~ 7 ® g
[+
Q 5 . 7 E’
E 150 _e—o" g 0 0
= ple—e 2 / \
E 1 2 3 4 5 3 . [0
E 1 o \ . i
o 100 s \
= 25
i - ' 1
i [
/ - P B
ol o—e—o—ao-of M“—M&
T v T v T r T v T v T Y T v T Y T Y T T T Y T ¥ T T
500 500

1 2 3 4 5 [ 7 B8

Jme (meV)

Figure.11: () coefficient de voltage magnétoélectrique en fonction des valeurs de Jme et (b)

coefficient de voltage magnétoélectrique en fonction du champ H appliqué pour le BFO.
120 T T T T

a) 110 T ' ! " 9% defect

100
904
804

—— o

70
GCI—-
50

40 4

MEVC (mV/cm,Qe)

—a— 00
—a— 80
—a— 70
—¥—60
—4+—50
—»—40 _

b)

MEWVC (mVicm,Oe)

3

3

=

% defect



xiii

Figure.12 : (a) le coefficient de voltage magnétoélectrique (MEVC) en fonction du champ magnétique
appliqué H pour différentes concentrations de défauts dans BFO a 300K et (b) effets des défauts sur le
coefficient de voltage magnétoélectrique.

Chapitre 7 :

Nous avons étudié les propriétés structurelles et multiferroiques de la solution solide
BiFeO3-REMNnO3 (RE = Er, Eu, Gd, Ho, La, Th) (Figure.13)en utilisant la théorie
fonctionnelle de la densité. Une substitution simultanée de RE et Mn dans le BiFeO3 de 12,5
% a éte effectuée. La figure.14a illustre la densité totale des états de BiFeO3-REMnO; (RE =
Er, Eu, Gd, Ho, La, Tb). La densité totale d'état de BiFeO3-LaMnO3 est symétrique ce qui
donne le minimum de moment magnétique de 1,5 uB pour le BiFeO3-LaMnOj3. Tandis que,
une densité totale asymétrique des états avec une caractéristique métallique est observée pour
BiFeO3-REMNO; avec RE = Er, Eu, Ho et Th. Pour le BiFeO3-GdMnO3 nous avons constaté
la présence d’une propriété semi-métallique et une augmentation du moment magnétique total
de 4.3ug par rapport a BiFeO3-LaMnO3. La figure.14b montre les moments magnétiques
totaux et partiels dans BiFeO3-REMnO3. Le moment magnétique total dans BiFeOs-
REMNO; pour RE= Er, Eu, Gd, Ho, La et Th, est respectivement: 3,58, 4,69, 5,8, 4,27, 1,5 et
6,31 pug. Nous avons observé que le moment magnétique total dans BiFeO3-REMnO3 est
gouverné par les moments magnétiques des éléments des terres rares. Les calculs de
polarisation spontanée dans BiFeO3-REMnO3 sont respectivement : 56,06, 60,84, 47,80,
62,02, 49,73 et 34.97uC/cm2, pour RE= Er, Eu, Gd, Ho, La et Tb, en utilisant la méthode de
phase Berry (figure.15).

L ¥ e P
e_"10© c
°
o e P
QO % o %
S ° fko
e s e S
% © A2 o
c o s
°
[ . °
{
L -l '}

\ (N
{ » MnO6 ¢ L Fe06 () Bi O Rre

Figure.13 : structure de BiFeO3-REMnO3 (RE=Er, Eu, Gd, Ho, La, Th)
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Conclusion:

Ce travail de these visait la modélisation et la simulation des propriétés magnéto-
électrique, magnétique, électronique et ferroélectrique des nanocomposites de type (2-2)
(CoFe;04/PbZry5Ti0.503 et NiFe,04/PbZrosTips03), du BFO monophasé et du BiFeOs dopé
par MnGdQOg, en utilisant la théorie fonctionnelle de la densité (DFT) et la simulation Monte
Carlo.

Ces résultats indiquent que le NFO/ZTO est énergetiquement plus favorable que le
NFO/PbO a l'interface de NiFe204/PZT. Ainsi que I’origine électronique du fort couplage
magnétoélectrique a l'interface NFO/ZTO est due a I'hybridation des orbitales des atomes de
linterface Ni, Fe, T, Zr, O. Les couplages magnétoélectriques calculés a l'interface
NiFe204/PZT pour NFO/ZTO et NFO/PbO sont respectivement : ag = 3.15 x 10710 et
0.52 x 107 G.cm/V, qui sont du méme ordre de grandeur que le coefficient
magnétoélectrique calculé indiqué dans la littérature.
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Un modéle de Monte Carlo a été développé pour étudier les propriétés ferroélectriques
du PbZrl-xTixO3 (PZT). Le modéle proposé vise a calculer les couplages d'échange dans le
PbZr,4TixO3. Ainsi, l'effet de la température sur les propriétés ferroélectriques des de PZT,
telles que les cycles d'hystérésis, la polarisation et le champ coercitif ont été étudiés. De plus,
le diagramme de phase en fonction des valeurs x du Ti dans PbZr1-xTixO3 a été déterminé.
D'autre part, les propriétés ferroélectriques, magneétiques et magneétoélectriques des
hétérostructures NiFe204/PZT (NFO/PZT), CoFe204/PZT (CFO/PZT),
NiFe204/PZT/CoFe204 (NFO/PZT/CFO) et NiFe204/PZT/NiFe204 (NFO/PZT/NFO) ont
été obtenus. L'effet de la température sur la polarisation magnétique, la polarisation électrique
et leurs susceptibilités ont été examinés. Ainsi que l'interaction de couplage magnéto-
électrique interfaciale calculée Jn dans les interfaces NFO/PZT et CFO/PZT. Le coefficient
de voltage magnétoélectrique de 650 et 1405 mV/(cm.Oe) a été prédit dans NFO/PZT/CFO et
NFO/PZT/NFO, respectivement.

La simulation des propriétés ferroélectriques, magnétiques et magnétoélectriques des
couches minces du multiferroique BiFeO3 (BFO) est obtenue dans le cadre de ces travaux.
Les interactions de couplage d'échange dans les sous-réseaux magnétiques et ferroélectriques
qui correspondent a la température critique expérimentale ont été estimées. De plus, les effets
de l'interaction de couplage magnétoélectrique Jme sur les cycles d'hystérésis M-H et P-H et le
coefficient de voltage magnétoélectrique ont été étudiés. Un coefficient important de voltage
magnétoélectrique de 104 mV/(cm.Oe) a été prédit dans les couches minces de BFO avec
25% de défauts.

Les propriétés structurelles et multiferroiques de la solution solide BiFeO3-REMnO3
(RE = Er, Eu, Gd, Ho, La, Th) ont été étudiées en utilisant la théorie fonctionnelle de la
densité. Une substitution simultanée de RE et Mn dans le BiFeO3 de 12,5 % a été effectuée.
Nous avons découvert que le moment magnétique total dans BiFeO3-REMnO3 est gouverné
par les moments magnétiques des éléments des terres rares. Les moments magnétiquesestimés
sont 3,58, 4,69, 5,8, 4,27, 1,5 et 6,31uB dans BiFeO3-REMnO3 pour RE= Er, Eu, Gd, Ho, La
et Th, respectivement. La polarisation spontanée dans BiFeO3-REMnO3 est respectivement :
56,06, 60,84, 47,80, 62,02, 49,73 et 34.97uC/cm2, pour RE= Er, Eu, Gd, Ho, La et Th. Les
résultats obtenus sont similaires aux résultats expérimentaux.
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General introduction:

The multiferroic materials, characterized by possessing two or more ferroic orders
(ferromagnetic, ferroelectric and ferroelastic) have attracted great attention due for their
possible use as multifunctional materials[1], [11]. Magnetoelectric materials, in which the
ferromagnetic and ferroelectric orders exist simultaneously, show a high potential in the fields
of electronic, spintronic and electrical engineering[12], [13]. In fact, Magnetoelectric
materials are divided into two types. The first consists of homogeneous materials in which the
magnetoelectric effect is intrinsic. The energy conversion obtained in practice by this type of
material is weak. The second category consists of composite materials. The combination of
piezoelectric and magnetostrictive materials arises an extrinsic magnetoelectric effect. The
presence of a magnetic field creates a magnetostrictive deformation. This deformation is
transmitted to the piezoelectric material and an electrical polarization is induced. Conversely,
the application of an electric field generates a stress that can modify the magnetic state of
magnetostrictive materials[4], [5].The energy conversion resulting from the two successive
couplings is more important than the intrinsic effect. The interest of using composite materials
is to combine the advantages of each component.

Artificial multiferroicis a matrix where the ferroelectric and ferromagnetic phases are
separated in the same material. This approach offers advantages for the choice of materials
and their properties, and makes it possible to achieve higher coupling values. Oxides are
particularly interesting for these applications because they exhibit many interface effects, also
for their stability under normal atmospheric conditions[14].For applications based on ME
materials, particularly, Pb(ZrxTii;x)O3 is one of the best materials, well referenced as
ferroelectric and piezoelectric at room temperature. It should be noted that the Pb(ZryTi;x)O3
(PZT) has received a more specific attention as its piezoelectric response relates to the
existence of competition between rhombohedral and tetragonal phases leading to one of the
highest piezoelectric response, around -170 pm/V and 374 pm/V for the piezoelectric
coefficient ds; and dss, respectively[15], [16]. It is important to provide insight into the
performance and polarization switching of this material in order to widen the range of
operating conditions of PZT based devices. Recall that this system can undergoes gradual
phase transition with different behavior: classical ferroelectrics (FE), antiferroelectrics (AFE)
and relaxor ferroelectrics (RFE). Especially, the AFE state attracts much attention for the
potential application in high energy storage capacitors [17]

For the magnetostrictive material, the CoFe,O,4 has retained a particular attention as a
suitable candidate for the magnetostrictive layer due to its high magnetostriction constant[18].
In addition, the NiFe,O, is ferrimagnetic at room temperature, and has high magnetoelectric
coefficients[19]. The choice to use oxides of this nature is also economical and
environmentally sustainable. The materials used in ferrite are available and are cheap in
contrast to rare earths. However, CoFe,O4/PZT and NiFe,O4/PZT have shown to exhibit a
high magnetoelectric coupling[19],but the mechanisms involved in the coupling are not well
understood.




Currently, thenumber of intrinsic multiferroics (which BiFeOs is the best known) is
very small, even extending the definition of magnetoelectric materials to antiferromagnetic
compounds, and their magnetoelectric coupling values are low. In the BiFeO3; compound, the
observed magnetoelectric effect is of the second order due to the symmetry constraints related
to the cycloidal structure[20]. Therefore, if we substitute bismuth by rare earth (REMnO3
(RE= rare earth), the magnetic order becomes antiferromagnetic and a first order linear
magnetoelectric effect can be observed [21].

In addition to the experimental measurement, the study of magneto-electric effect
required mostly the development of a computational technique to obtain the magneto-electric
couplings in a compound. In this objective, we have developed a methodology to calculate the
magneto-electric coupling. This methodology is based on the estimation of the evolution of
the magnetic polarization under the effect of an electric field. In this work, we propose the
First-principle calculations and Monte Carlo Simulation methods to understand the
mechanisms involved in magneto-electric effect. The available experimental data was an
important point for our work, which is giving the point of comparison. Furthermore, the
experimental results allow confirming and validatingthe used methods: First-principle
calculations and Monte Carlo simulation.

This thesis is composed of seven chapters. In the first chapter, we recall some useful
concepts for understanding the manuscript. We describe the essential characteristics of the
ferroelectricity, magnetism and magnetoelectric properties, which exist in multiferroic
compounds and we introduce the magnetoelectric voltage coefficient made up until now on
various multiferroic compounds. In addition, we present the different types of multiferroics
(intrinsic and artificial), different types of magneto-electrical couplings observed, as well as
the most applications of these materials.

In the second chapter, we describe the methodology used to determine the magneto-
electric coupling, as well as the electrical, magnetic and properties. We define the basic
concepts of the density functional theory (DFT) [22], [23], as well as its different
approximations, in particular, the LDA and GGA approximation. We indicate at the end of
this chapter the basic concepts of Monte Carlo simulation and we describe the Metropolis
algorithm that allows computing the configurations of the Ising model.

The third chapter represents the first part of our results in which we report a first-
principles investigation of interfacial magnetoelectric coupling in the NiFe,O4,/PZT (001)
heterostructure. Two termination surfaces are considered, namely the (ZrosTigs)O2-
terminated PZT surface and the PbO-terminated PZT surface at the NiFe,O4/PZT interface.
The magnetic, electronic, interfacial separation work and magnetoelectric coefficient were
investigated.

The chapter fourth concerns the investigation of the ferroelectric and energy
storage properties of PbZr;TixO3 using Monte Carlo simulation. We propose a new model to




calculate the exchange coupling constants to approach the phase diagram, dielectric,
ferroelectric and energy storage properties of PbZr;4TixO3 system.

In the chapter 5, we propose a Monte Carlo simulation for determining the
ferroelectric, magnetic and magnetoelectric properties of NFO/PZT, CFO/PZT,
NFO/PZT/CFO and NFO/PZT/NFO heterostructures. We focus on the direct
magnetoelectric effect where the electric polarization (P) in the ferroelectric thin film PZT is
modified by a magnetic field (H). Magnetoelectric voltage coefficient of NFO/PZT,
CFO/PZT,NFO/PZTICFO and NFO/PZT/NFO heterostructures was carried out using
Monte Carlo simulation. The emphasis was on the effect of the temperature on the
magnetization, electric polarization and their susceptibilities. The influence of interfacial
magnetoelectric coupling interaction J,,. on P-H hysteresis loops and magnetoelectric voltage
coefficient was also discussed.

In chapter 6, a Monte Carlo simulation investigation of ferroelectric, magnetic and
magnetoelectric properties of multiferroic BiFeO3; (BFO) thin films, has been carried out.
Exchange coupling interactions in magnetic and ferroelectric sublattices that corresponds to
the experimental critical temperature have been estimated. Temperature dependence of the
internal energy, specific heat, magnetization, electric polarization and their susceptibilities in
BFO thin films have been detailed. Moreover, the effect of magnetoelectric coupling
interaction Jme on M-H and P-H hysteresis loops and magnetoelectric voltage coefficient
were studied.

A complete and detailed study of structural and multiferroic properties of BiFeOs3-
REMnO3(RE = Er, Eu, Gd, Ho, La, Th) have been investigated using the first-
principle calculations within density functional theory in chapter 7. The spontaneous
polarization, magnetic and electronic properties of a simultaneous substitution of Gd and Mn
in BiFeO3; of 12.5 %were investigated. In addition, a pseudo Jahn—Teller distortion was
predicted for BiFeO3-GdMnOs.

Finally, we conclude this manuscript by summarizing the main results obtained during
this research work.




Chapter 1

Ferroelectrics, Magnetismand magnetoelectric
coupling

The goal of this chapter is to introduce the basics essential for understanding the
manuscript. It will be divide into four sections. Firstly, we recall the main properties of a
ferroelectric compound. Then, the magnetic properties and the different magnetic order that
could be exist within multiferroic materials, were detailed. We report the magnetoelectric
effect with a list of the main multiferroic compounds already studied and those currently
under investigations. Finally, we recall the most applications of the magneto-electric effect.

1.1. Fundamentals of Ferroelectrics:

In this part, we recall the useful notions on dielectrics, piezoelectrics, ferroelectrics
and the Landau theory of ferroelectric phase transitions.

1.1.1.Dielectrics

A dielectric material is a compound that does not have a free internal charge.
Therefore, the dielectric compound is an insulator. When an electric field is applied to a
dielectric material, positive charges are displaced in the direction of the electric field and
negative charges are shifted in the opposite direction simultaneously, thus generating a
polarization P.

Polarization F=E Pnlaﬂzaﬁnnl_)l:qi'
conductor =0 — + 4+ 4+ + +q,=-L(-q)

i P F + F

dielectric

conductor q=0 - = = = lg=14q

Figure.1.1:Schematic illustration of polarization of dielectric material.

In a dielectric material, the linear relation between the polarization Pand an applied electric
field E is given by the expression:

P = SOXeE (1.2)

where y, is the electrical susceptibility of the dielectric material and &, = 8.854 X
10712 F /mis the permittivity of the vacuum.




The permittivity or dielectric constant is also used to define the reaction of the material under
an applied electric field E. This permeability connects the induction D and E:

D = £E +P = goE + o).E = £g(1 + x.)E = go&,E = €E(1.2)
where &, is the relative dielectric constant and The permittivity gequals to gy&,..

There are several mechanisms for the origin of the polarization phenomenon. These
mechanisms divide into two categories: induced polarization and spontaneous polarization.

1.1.2. Piezoelectricity

a) Definition of piezoelectricity

Piezoelectricity is defined as a linear interaction between mechanical and electrical
properties. Piezoelectricity is a property of certain materials (crystals, ceramics, polymers or
composites) to be able to transform mechanical energy into electrical energy, or an electrical
polarization induced by mechanical deformation. This polarization depends on the mechanical
deformation. This effect is called the "direct piezoelectric effect”. The inverse effect of
piezoelectricity is: a mechanical deformation induced by an electric field. The Figure.1.2
shows a schematic representation of these effects of piezoelectricity.
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Figure.1.2: piezoelectric effect: (a) direct and (b) inverse

b) Classification of piezoelectric materials:

The structure of a piezoelectric material has not a center of symmetry (non-
centrosymmetric). The existence of an electric polarization is therefore possible only for
certain properties of symmetry of the crystalline structure of the material. Among the 32
crystallographic point groups, 20 are piezoelectric, 10 are polar without an external applied
electric field. In these piezoelectric classes, they possess a spontaneous electric polarization.
Their spontaneous polarization varies with temperature, so these crystals are pyroelectric.
Finally, among the pyroelectric crystals, only some are ferroelectric. The organization of these
classes is shown in Figure.1.3.
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Figure.1.3 :Classification of piezoelectric and subgroups based on symmetry[24]
1.1.3. Ferroelectric Materials
a) Definition

Ferroelectricity forms a subgroup of pyroelectricity. A ferroelectric material is
characterized by a structural transition temperature (T.) between a high temperature phase
exhibiting paraelectric (non-polar) behavior and a low temperature phase exhibiting
spontaneous polarization due to spontaneous distortion of the crystal mesh(Figure.1.4)[25],
[26].

This polarization can be reoriented or reversed (switching) according to equivalent
crystallographic directions under the effect of the external electric field, resulting in a
hysteretic behavior similar to that observed in ferromagnetic materials under the effect of a
magnetic field. The hysteresis cycle P = f(E) is thus considered as the signature of
ferroelectricity.

OPL** @O eTi* Zré+ W~ W
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Figure.1.4 : Schematization of spontaneous polarization in PZT.
b) Ferroelectric domains

By analogy with ferromagnetic domains, a ferroelectric crystal is formed by
homogeneous regions called "domains” which are separated by domain walls. Each domain
has a direction of polarization vector that is different from that of its neighbor. The total




polarization in the crystal represents the geometric sum of the polarization vectors of different
domains.

When a ferroelectric material is synthesized, it does not possess initially no remanent
polarization. Indeed, all dipole moments are randomly oriented in all crystallographic
directions, resulting in a zero moment. On the other hand, if an electric field is applied, a
process of redirection of the polarization directions is initiated. This allows the material to
keep part of its aligned moments, even in the absence of a field. As shown in Figure.1.5, the
ferroelectric materials characterized by a hysteresis loop. By analogy with magnetic materials,
Pg presents the saturation polarization when all dipole moments are aligned; P, is the
remanent polarization corresponding to the polarization when the applied electric field is zero;
and E. is the coercive field corresponds to the applied field for removing the polarization in
the material.

The main characteristics of this cycle are:

e at zero electric field, the macroscopic polarization is zero

e when the applied field is low, there is a displacement of the domain walls because
the volume of domains oriented along the easy axis increases, at the expense of
domains that are unfavorably oriented.

e when the applied field is strong, the polarization of the domains turns in the
direction of the field until saturation polarization is reached.

e when the applied field is cancelled, the loop intersects the ordinate axis in a point
Pr corresponding to the remanent polarization.

e when the applied negative field is high enough, the loop intersects the x-axis at a

point E., corresponding to the coercive field.

Figure.1.5: Schematic illustration of a typical ferroelectric hysteresis loop
1.1.4. Different types of polarization:

There are different types of polarization depending on the nature of the atoms and
their arrangement in the crystal structure:

e Electronic polarization: All materials have this characteristic. It results from an
oscillation of the charges relative to the nucleus under the influence of an electric field.
These oscillations occur at very high frequencies from 10** to 10 Hz.




¢ lonic Polarization: Only materials with ionic bonds can exhibit this characteristic, which
is due to the movement of the cation in one direction and the anion in another, which
results the formation of dipoles. The frequencies where this polarization occurs are of the
order of 10'? to 10* Hz.

e Dipolar polarization: Only compounds with spontaneous polarization have this type of
polarization. It is described as the rotation of dipoles when an electric field is applied. It
is observed in the radio wave range (10° to 10*! Hz).

e Polarization at interfaces: It is due to the accumulation of charges at the interfaces of
systems and is found at low frequencies (< 10% Hz).
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Figure.1.6 : mechanism of different types of polarization.

1.1.5. Phase transitions
a)Landau-Ginzburg-Devonshire Theory

Landau's thermodynamic theory is used to describe the equilibrium of a system that
has a phase transition[27]. In Landau's hypothesis, free energy is an analytical function of the
order parameter deduced from the symmetry properties of the high temperature phase. For a
ferroelectric compound, the order parameter is the polarization P. In the case where the
paraelectric phase has a centre of symmetry (as is often the case in so-called displacive
transition ferroelectrics) this series does not contain any odd terms. The development of free
energy in this hypothesis is as follows:

F(P; T.E) = —EP + go +592P? + £ g4P* + < g°P® +.--  (13)

where the coefficients g,, are temperature dependent, T is temperature in K and E is external
electric field. Odd powers are not included due to the symmetry reason.




The calculation of the electrical polarization P in thermal equilibrium condition is
given by the minimum of F. At an applied electric field E, the equilibrium polarization

satisfies the condition :

2 = —E + g,P + g4P* + geP® +- - (1.4)

The coefficient g, depends on the temperature as follows:
gz = ¥(T — Typ) (1.5)

where y is a positive constant, which equals to 1/&€¢Ccw. €ois permittivity of free space (
8.85419 x 10712 F/m ) andCyyis Curie-Weiss constant.

Spontaneous polarization Py is obtained by minimizing the free energy F, such as z—i =0,
2

while the susceptibility yis calculated from the relations :% = g—i = Zz_i

Being y positive, we neglect the 5™ order term in the expression (2.5) and we obtain

the following results:
Po= + /l(ro - T) (1.6)
9a

_ [y(T-Ty)]™* , if T>T,
a {—2)’ [(T-TYI™Y, if T<T, (1.7)

e g4 > 0andgg = 0, corresponding to a second-order phase transition. Polarization
varies continuously around the transition temperature (figure.1.7.)

e g4 < 0andgg > 0, resulting in a first-order phase transition. The polarization varies
discontinuously in this case (figure.1.7.).
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Figure.1.7: Free energy as a function of polarization for; the paraelectric phase (a), ferroelectric material in a
second-order phase transition (b) and ferroelectric material in a first-order phase transition(c) atT > Ty, T =
Toand T < T,.(d) and (f) are respectively the spontaneous polarization P and the dielectric susceptibility x as a
function of temperature for a second-order phase transition. () and (g) are respectively the spontaneous
polarization P and the susceptibility y as a function of temperature for a first-order phase transition. Adapted
from Refs [28], [29].




b)Structural aspects of phase transitions

Two types of ferroelectric transitions should be identified:

e order-disorder transition: dipole moments exist in the ferroelectric phase as well as in
the paraelectric phase, but macroscopic polarization in the paraelectric phase is zero
because the dipole moments are randomly oriented. The transition to an ordered phase
reveals a non-zero polarization in the crystal. This transition is often of the second order,
i.e. the polarization decreases continuously to zero at the temperature of transition. This

type of transition is found in hydrogen-bonded compounds such as Rochelle salts
NaKC4H406, 4H20 [30] (see Figure 1.8).
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Figure 1.8: Alignment of dipoles in an order-disorder transition: (a) Ferroelectric phase (T < Tc) and
(b) Paraelectric phase (T > Tc).

e displacive transition: dipole moments are not exist in the paraelectric phase (of high
symmetry), but in the ferroelectric phase with lower symmetry, the dipole moments
appear following the displacement of atoms in the cell. The first compound, in which this
type of transition was discovered, is BaTiO3; oxide with a perovskite structure (see
Figure.1.9).

This type of transition exists in other perovskites and other structures such as
pyrochlores. Such transition is often of the first order, it is manifested by a divergence of
the dielectric constant and an abrupt decrease in the polarization as the transition
approaches.
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Figure.1.9: Displacif-type phase transition in the perovskite structure of BaTiOs. The relative

displacement of the T#* and 0%~ ions in opposite directions is at the origin of the appearance of
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spontaneous polarization.
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1.2. Magnetic properties:

For atoms with an asymmetry in their electron shell such as an incomplete shell are
effective to produce a magnetic moment, which is the case for some transition metal ions.
Exchange interactions between neighboring elementary moments give rise to a molecular
field called the Weiss field, which can reach up to 103 tesla. The magnetic order is therefore
the result of competition between two energies: exchange energy and thermal agitation
energy. The critical temperature below which the magnetic order is established is called Curie
temperature ( T, ) in the ferromagnetic case and Neel temperature ( Ty ) in the
antiferromagnetic case. Above T, (or Ty ), the disordered phase appears, called the
paramagnetic phase.

1.2.1. Paramagnetic phase:

In magnetostatics, Magnetic moments are considered to be magnetic dipoles with
fictitious magnetic charges (comparable to electrical charges) and currents from these
charges. Thus, according to local Maxwell's equations, a relationship can be defined between
the applied magnetic field H, magnetization M and induction magnetic B:

B =0,(H+ M) (1.8)
Where [, is the permittivity of the vacuum.

In reality, in the total magnetic field H, a distinction must be made between the applied field
H and the demagnetizing field H; :

H = Hy + Hy where H; = —NM (1.9)

where N is the tensor of the demagnetizing field which depends on the shape of the sample.
Above the transition temperature and for weak fields, the magnetization (or total magnetic
moment per unit volume) in the phase obeys Langevin's law, which is linear under the
application of a weak magnetic field:

where y, IS paramagnetic susceptibility. In fact, susceptibility is divided into two
contributions: a negative diamagnetic susceptibility present in all compounds (low and always
of the same order of magnitude) and a positive paramagnetic susceptibility (higher)present
only in certain compounds.

Magnetic permeability @ is also used to define the reaction of the material to an
applied magnetic field. This permeability connects the induction B to the excitation H :

B=0(1+yyH = B8, H (1.11)

B = OH (1.12)

As the permeability increases, As the capacity of the material to concentrate the magnetic
flux rises.

——
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In the paramagnetic, low-field phase, it is the thermal agitation energy that outweighs
the energy exchange. We can therefore observe a starting alignment of the moments under
field effect and a population of Boltzmann-type energy levels under the effect of the
temperature.

In this hypothesis, the paramagnetic susceptibility obeys a Curie law:

c
X =7 (1.13)
where C is the Curie constant.

In the presence of exchange interaction, the paramagnetic susceptibility is modified,

becoming Curie-Weiss's law:
C

Xv = s,

(1.14)

where 6, is the paramagnetic Curie temperature.

In a simple model of exchange with the first neighboring ions, 8, is equal to +T¢in
the case of a ferromagnetic interaction and to —T in the case of a antiferromagnetic. Note
that at high field strength(> 1T), we can account for the variation in magnetization according
to the applied field, using an expression of magnetisation involving the Brillouin function (in
@H /kT).

1.2.2. Exchange Interaction and Anisotropy

In a magnetically ordered compound, the exchange interaction between neighboring
ions that tends to align the magnetic moments between them. As a first approximation and in
the case of an isotropic interaction, the exchange interaction between two spins §; ands;, of
quantum origin, can be described by the Hamiltonian of Heisenberg:

H = -2J;S;S; (1.15)

Where J;; is the exchange coupling between the §; and §; spins. If];;is positive, the
interaction will be ferromagnetic, if J;; is negative, the interaction will be antiferromagnetic.

However, more often the interaction will be anisotropic. There are two types
anisotropy: crystalline anisotropy linked to a deformation of the symmetry of the lattice
crystalline and magnetic anisotropy linked to different exchange couplings according to the
directions in space. The two main origins of magnetic anisotropy are the dipole (spin)
coupling and spin-orbit coupling. It is therefore the contribution of these two anisotropies,
which leads to a preferential orientation of the magnetic moments; it is why, it is called
magnetocrystalline anisotropy. The direction of anisotropy in which the magnetization will
saturate quickly is called "easy axis".

1.2.3. Ferromagnetism

In a ferromagnetic compound, the exchange integral is positive (8,, is positive), which
leads to a parallel coupling of the magnetic moments (Figure.1.10). This results in an
alignment of the magnetic moments at the microscopic scale and the appearance of
microscopic spontaneous magnetization without an applied magnetic field.
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Figure.1.10: Parallel coupling of magnetic moments in a ferromagnetic domain. There is spontaneous
microscopic magnetization without an applied magnetic field.

However, on a macroscopic scale, the application of a magnetic field is necessary to
saturate completely the sample. This is due to the presence of ferromagnetic domains, in
which the locally saturated magnetization is not directed in the same direction as the way for
all areas. Landau and Lifshitz [31] have shown that this domain structure is the most
favorable energy configuration when exchange energy is in competition with
magnetocrystalline anisotropy energy.

A Bloch wall is the transition layer separating two magnetic domains in which the
transition from one direction of magnetization to the other occurs gradually. This domain
structure is also observed in the compounds antiferromagnetic, ferrimagnetic and
ferroelectric.

The representation of the magnetization of a ferromagnetic material as a function of
the applied magnetic field produces a hysteresis cycle (Figure.1.11).

Figure.1.11: Ferromagnetic hysteresis cycle showing the evolution of magnetization as a function of
the applied magnetic field.

1.2.4. Antiferromagnetism:

In an antiferromagnetic compound, the exchange integral is negative (8, is negative),
leading to an antiparallel coupling of the magnetic moments of two sublattices (Figurel.12).
The alternating direction of the sublattice moments results in a zero resulting moment and
there is no spontaneous magnetization in the absence of an applied field.
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Figurel.12: Anti-parallel coupling of the magnetic moments of two sub-arrays in an antiferromagnetic
domain. Microscopic magnetization is zero without an applied magnetic field.

1.2.5. Superexchange mechanism

It is the super-exchange mechanism [32], [33] that is responsible for the
antiferromagnetism in oxides. To promote this mechanism, it is necessary to optimize the
overlap between the orbitals ey (tog) of the metal ion M of electronic configuration d™ in an
octahedral environment and the orbitals 2p of large spatial extension of oxygen (Figurel.13).
For maximum overlap, two parameters must therefore be considered:

- short M-O distance.
- M-O-M angle close to 180°.

Figure.1.13: Overlap of the orbitals e, of the metal ion M with the orbitals 2p of the oxygen at the
origin of the superexchange.

These two types of overlapping allow the transfer of electrons between the 2p oxygen
orbitals and the metallic d orbitals, leading to an antiferromagnetic coupling: this is the
Goodenough superexchange.

1.2.6. Paramagnetic and antiferromagnetic susceptibilities

By plotting the inverse of the paramagnetic susceptibility as a function of temperature
for an antiferromagnetic compound (Figure.1.14), two characteristic temperatures appear: (i)
the Neel temperature Ty that separates the disordered phase from the ordered phase; (ii) the
paramagnetic Curie temperature @p. The main characteristics of this curve are:
- when T increases from 0 K, we progressively decouple the moments of the two sublattices
in antiferromagnetic interaction, resulting in the appearance of increasing magnetization (1
is decreasing)
- when T = T ythe decoupling of the spins is complete, we move into the paramagnetic phase.
- when T increases aboveT y, susceptibility follows a Curie-Weiss law.

——

]
14 |



DESORDRE
(Paramagnétisme)

>
L

M=0

=
L

Op 0 Ty T(K)

Figure.1.14: Inverse of paramagnetic susceptibility as a function of temperature in an
antiferromagnetic compound.

BelowTy, in the antiferromagnetic phase, the magnetization curve as a function of the
magnetic field follows a linear variation:

M = x,r H(1.16)
where y4r is called antiferromagnetic susceptibility. The response of the material under the
action of the applied magnetic field leads to a slight folding of the two sublattices in
antiparallel interaction and to the appearance of a weak ferromagnetic moment. At zero field
strength, the ferromagnetic resultant is zero. When the field is applied, the folding enhanced.
the applied magnetic field increases as the ferromagnetic moment is greater.

1.2.7. Magnetic structures in perovskites

In the case of perovskite structures, it is possible to classify magnetic structures into
four classes according to the stacking of planes, in which the magnetic moments are parallel
(Figure.1.15).

FM AFM AFM AFM
type A type C type G

Figure.1.15: The different types of magnetic structures in perovskites.

1.2.8. Ferrimagnetism

A ferrimagnetic compound has two magnetic sub-lattices of different nature in
antiferromagnetic interaction with each other leading to the occurrence of an uncompensated
moment (Figurel.16).
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Figure.1.16: Anti-parallel coupling of the magnetic moments of two sublattices of different nature in a
ferrimagnetic domain leading to the appearance of spontaneous magnetization.

For example, in cubic ferrites (which gave the name ferrimagnetism), it exists a
sublattice of Fe3* in antiparallel interaction with a sublattice of Fe**. The ferrimagnetic
compounds are mostly ABO, spinel structures with sublattice A (the tetrahedral sites)
interacting with a sublattice B (the octahedral sites). In such systems, the three exchange
integralsf 44, J g, and J 45 are negative, thus, favour antiparallel interaction in all three cases,
but theJ 4pinteraction being the The strongest is a parallel alignment of moments in sites A
and B and an anti-parallel alignment of the two sites with each other. The behavior of a
ferrimagnetic as a function of the applied magnetic field is similar to that of an
antiferromagnetic compound with a weaker ferromagnetic component. However, the
magnetization and coercivity field values in a ferrimagnetic are much higher.

1.3. Magnetoelectric effect

1.3.1. Multiferroics:

Multiferroic materials, which are materials with multiple order parameters (either
ferroelectric, (anti-)ferromagnetic or ferro-elastic etc.) (Figurel.17) have attracted the interest
of many researchers so far. The coexistence of ferroelectricity and ferromagnetism in the
same material, resulting in the appearance of the magnetoelectric effect, is one of the most
desirable properties currently being researched. The extensive use of magnetic and
ferroelectric materials in various and varied applications logically supposes the combination
of ferromagnetism and ferroelectricity in the same material.

Magnetoelasticity

Figurel.17: Magnetoelectric effect described with the interaction between piezoelectric and
ferromagnetic properties
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1.3.2. brief history of Magnetoelectricity

since 1894, the magnetoelectricity is discovered by Pierre Curie's researchers, which
observed that it is possible for an asymmetrical molecule to polarize electrically under the
influence of a magnetic field [34]. Less than a century later, in 1960, Dzyaloshinskii predicts
the existence of magneto-electricity in the antiferromagnetic Cr,O3 based on the work of
Landau and Lifshitz in the same year [31], [35]. Magnetoelectricity in this material was
confirmed experimentally by Astrov which measured a magnetization induced by an
alternating electric field [36]. moreover , Rado and Folen affect the effect inverse, i.e. an
electric polarization induced by a magnetic field [37]. Ten years more later, Van
Suchetelenele - a researcher at Philips - proposes the conception which allows to produce the
ME effect by using an intermediate coupling between the ferroelectric and ferromagnetic
phase [38].

1.3.3. Definition of the magnetoelectric effect

The magnetoelectric effect is characterized by the magnetoelectric coefficient. An
applied magnetic field H on magnetoelectric compounds of thickness e produces an electric
polarization inside the sample and therefore an electric potential Vue(seeFigure.1.18). There
are two type of magnetoelectric effect:

- Direct effect: modification of the electrical state induced by a magnetic field
- Inverse effect: modification of the magnetic state induced by an electric field.

Ve
:

e TP TH TM TE

J

P: Electric polarization  E : Electric field M: Magnetization H : magnetic field

Figure.1.18: Direct and inverse magnetoelectric effect

a) Intrinsic magnetoelectric effect

Figure.1.19 illustrates the intrinsic magnetoelectric effect. In a single-phase material,
the intrinsic coupling between the electrical state and the magnetic state is defined as the
magneto-electric effect.

single-phase material

[ Electric Magnetic
| | <

P ’ > H
U Intrinsic effect

Figure.1.19:Intrinsic magnetoelectric effect.
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b) Extrinsic magnetoelectric effect

Extrinsic magnetoelectric effect had appeared before the experimental discovery of
the intrinsic effect[39], [40]. The combination of piezoelectric and magnetostrictive materials
makes it possible to obtain a large extrinsic magnetoelectric coefficient than that of single-
phase materials[41]. This magnetoelectric effect is illustrated in Figure.1.20: the application
of a magnetic field generates a mechanical deformation on the magnetostrictive phases. This
deformation is transmitted to the piezoelectric layers in which an electric polarization appears.
The magneto-electric coefficient is therefore a property from the product of the coupling
coefficients of piezoelectric and magnetostrictive materials[42]. In Figure.1.20, the
constraints are noted T.

Electric < Magnetic
P > \ H
< 7 >~
T— \ '.\ /’ ;1 i
N >
SN /’N &
> 2
A/ Mechanic
T

Figure.1.20:Extrinsic magnetoelectric effect

Van Suchetelen et al.[38] were the first to observe the extrinsic magnetoelectric effect in
composite materials. The sample considered is a piezoelectric material containing
magnetostrictive inclusions (Figure.1.21). Despite efforts to combine piezoelectric and
magnetostrictive materials with high magnetoelectric coupling coefficient, the
magnetoelectric coefficient remains low at ambient temperature (0.13 V.cm -1.0e -1).
Figure.1.21 also shows another possible configuration in the form of multilayer.

a (2-2) b (0-3) ¢ (1-3)

il

Figure.1.21:Schematic of the three types of multiferroic composites. (a) multilayers, which is (2-2)
connectivity system, (b) particulate composites with (0-3) connectivity system, and (c) fibrous
composite with 1-3 connectivity.

In order to improve the ME coefficient, different combinations of piezoelectric and
magnetostrictive materials have been considered with different methods. The first multilayers
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PZT/Terfenol-D allowed to reach a coefficient ME of 0.1 V/(cm.Oe) in static mode. The
PZT/NiFe204 multilayers have an ME coefficient of up to 1.5 V/( cm.Oe)[19].The coefficient
ME of multilayers depends on different parameters:

-The coupling coefficients of each constituent,
- The geometry of the layers and their number,
- The method of sticking.

1.3.4. Artificial Magnetoelectric Nanostructured Composites:

Since 1978, Newnham proposed different connectivity schemes for piezoelectric
composites that account for the coupling between two phases[43]. In the case of
magnetoelectric materials, the three interested connectivities are: 0-3, 2-2 and 1-3 types.
These connectivities are shown in Figure.1.22.

5
0.0.9 0

-
e

(a)

Figure.1.22: Schematic illustration of three bulk composites with the three common connectivity
schemes: (a) 0-3 particulate composite, (b) 2-2 laminate composite, and (c) 1-3 vertically aligned
composite.

a) Particulate composites (type 0-3)

Particulate composites are also referred, as a type 0-3. They consist on a connectivity
used primarily with magnetic (electrical insulator) and piezoelectric (where green particles
represent the magnetic phase in a white piezoelectric matrix). They require a homogeneous
mixture with relatively insulating magnetic particles to properly polarize the piezoelectric
material [44]. This therefore limits the magnetic phase to ferrites and excludes metal alloys.
Particulate composites have exhibited a lower magnetoelectric effects than laminate
composites [41]. This is notably due to the difficulty of obtaining a mixture of the two
perfectly homogeneous phases.

The experimental results of magnetoelectric coupling coefficient in the particulate
multiferroic system are presented in Table.1.1. It shows the magnetoelectric coefficient
ranging from 16 to 3070 mV/(cm.Oe). Wan et al. analyzed the CoFe,O, nanoparticles
embedded in the PbZrys,Tig4s03 matrix as shown in Figure.1.23. The maximum saturation
and remanent polarizations are 28 pC/cm? and 11.0 uC/cm?, respectively, with a maximum
value of magnetoelectric coefficient of 317 mV/(cm.Oe) was achieved [45].
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Figure.1.23 : (a) CoFe,04-PZT thin film, and their P-E hysteresis loops (b)[45]
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Figure.1.24: (a) P-E hysteresis loops of CoFe,04-PZT and (b) The transverse (top) and longitudinal
magnetoelectric coefficients in CoFe,0,-PZT [46]. P-E hysteresis behavior of PZT-CFO and (d)
Transverse magnetoelectric coefficient[47].

Table.1.1:magnetoelectric coefficients in some particulate composites (type 0-3).

Component phases Hac (KOe) Fac (Hz) mviemOe
0.9PbZro.52Ti0.4803-0.1NiFe1.9Mno.104
T 0.1 1000 140 [48]
PbZro.52Ti0.4803 (matrix)-CoFez04
o teteo 0.25 1000 3070 [47]
PbZro.52Ti0.4803-CoFe204 0.45 1000 549 [46]
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BiFe03-CoFe204 2.9 - 338 [33]
0.69PbZro.52Ti0.4803-0.31CoFez04 2 1000 220 [45]
NCZF/0.8PZT-0.2PZN 2.6 1000 150 [49]

0.4 CoFe204- 0.6 BaTiOs 20 60 000 62 [50]
0.2 CoFe204- 0.8 BaTiO3 5 160 000 3.175 [51]
0.2 CoFe204- 0.8 PZT 2 80 000 38 [52]
0.5 CoFe204- 0.5 PMN-PT 16 100 18 [16]
0.5 CoFe204- 0.5 BaTiO3 - - 225 [53]
0.4 NiFe19804- 0.6 BaTiO3 10 100 315 [54]
0.2 NiFe204- 0.8 PZT 10 1000 244 [55]
0.4 Nio.sZno.2Fe204- 0.6 PZT 1 300 000 16250 [56]

0.5Ni0.83C00.15CU0.02Fe1.904-5—

0.5 Nao.5Bio.5TiO3 10 ) 829 [57]
CoFe:0:~BiFeOs 1 50 000 285 [58]
Terfenol-D/-PVDF - - 1430 [59]
CoFe204- BaTiOs 1.5 - 200 [60]

i ; _ [61],

CuFe204- BaTiOs3 425 [62]

b) Vertically Aligned (1-3) type nanocomposites:

(1-3)-type nanocomposites is a connectivity used especially in nanocomposite fibers,
where a fiber-like phase is surrounded by the second phase of matrix. Multiferroic
nanocomposites with (1-3) type structure have attracted much interest due to the large
vertical interfacial area between ferromagnetic and ferroelectric constituents, reduced
substrate imposed clamping effect [41], [63].The magnetoelectric coupling in vertically
aligned (1-3) type nanocomposites is strongly affected by the strain and the volume fraction
of ferromagnetic pillars [64]. The magnetoelectric coefficient of (1-3) type BaTiOs-
CoFe,04nanocomposite can be reached up to 2 V/(cm. Oe) by using the volume fraction of
CoFe,04 pillars ~60%.

Up to now, several thin film nanocomposites of (1-3) type are based on spinel and
perovskite structures, such as  BaTiO3-CoFe,04[65], BiFeO3-CoFe,04[66], PbTiO3-
CoFe204[67], BisTisFeO;5-CoFe,04[68], PbMg:.xNb,O3-PbTiO3-CoFe;04[69], BiFeOs-
NiFe,04[70], and BiFeO3-CoxNiixFe,04[71], have been shown a magnetoelectric effect.
Recently, Amrillah et al. investigated the magnetoelectric coupling the (1 -3) type BiFeOs-
CoFe,04 nanocomposite, the ferroelectric BiFeO3; nanopillars embedded in the ferrimagnetic
CoFe,04 matrix [72]. In this work, a magnetoelectric coupling of 74 mV/(cm.Oe) was
obtained, which is larger than the magnetoelectric coefficient reported earlier on flexible
substrates. The recent results obtained on magnetoelectric coupling in the (1 -3) type
nanocomposites are summarized in Table.1.2.

Wan et al. have successfully achieved to control phase connectivity in CoFe204-PZT
(2-3) type using the PLD technique [73], Figure.1.25 displays ferroelectric hysteresis loops
and magnetization hysteresis loops (1-x)PbZrys,Tip.4803-XCoFe,O4composite thin films for
x=0.25,0.5 and 0.75. It is established that all composite thin films with various x have clear
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ferroelectric and ferromagnetic characteristics. The saturation magnetization and Hc
coercivity of the composite films increase with increasing x. It is noted that the coercivity of a
1-3 type composite is Hc ~ 90 Oe. For x = 0.25, the composite thin film exhibits a very high
initial og value of ~390 mV/ cm.Oe near Hgi,s = 0 as shown in figure.1.25c.
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Figure.1.25: (a) SEM image of CoFe204-PZT (1-3) type, (b) M-H hysteresis loop, (c) Ferroelectric
P-E hysteresis loop and (d) magnetoelectric effect in CoFe204-PZT (1-3).

Table.1.2:magnetoelectric coefficients in vertically Aligned (1-3) type nanocomposites.

Component phases Hac (Oe) fac (Hz) (mvch:,_Oe) Ref
BiFeO3(pillars)- CoFe204 (matrix) 2000 - 11000 [72]
25%CoFe204:PZT/Pt/Ti/Si0z/Si 0 10000 390 [73]

BiFe03 (matrix)/ CoFe204
(pillars) 6000 1000 60 [74]
PZT- Terfenol-D/Epoxy 1500 100 500 [75]

BiFe03 (pillars)- CoFe204
(matrix) = = 74 [72]

on mica
35% CoFe204:

BiFe03/SrRu03/SrTi03(001) 100 ) 20 [76]
35% CoFe204: BiFe03/ SrRu03/ 100 _ 16 [77]

SrTi03 (001)

c) Laminate composites(2-2) Type :

Epitaxial grown of ferromagnetic and ferroelectric laminated composite thin films
produced a magnetoelectric coupling at the interface ferromagnetic/ferroelectric. (2-2) type
laminate magnetoelectric composites show a high magnetoelectric coupling.The leakage
problem due to high concentration of the ferrite phase with low resistivity in the particulate
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composite ceramics can be eliminated in the laminate 2-2 composite ceramics. Generally,
laminate composite ceramics are fabricated, at high temperature, by cofiring ferrite and
piezoelectric ceramic layers. ME behavior in laminate composites has been reported for
various material couples. Some examples are gathered in Table.1.3 [55], [78], [79]. Materials
with a high piezoelectric and high piezomagnetic coefficient allow obtaining a large
magnetoelectric effect. This is why the researchers have used magnetostrictive materials
NiFe,0,4, CoFe,04 and Terfenol-D, while the piezoelectric phases used are PZT and PMN-PT.
For example, Ryu et al. reported a magneto-electric coefficient of 7.38 V/A in Terfenol-
D/PZT/Terfenol-D[80] and 12.88 V/A in trilayer Terfenol-D/PMN-PT/Terfenol-D
Moreover, Srinivasan et al.reported a coefficient Magnetoelectric of 1.88 V/A for a multilayer
composed of nickel ferrite and PZT[19]. On the other hand, for Zn-substituted cobalt ferrite
coupled with PZT, the reported magneto-electric coefficient is small (about 0.312 V/A) [81].

In addition, a transverse magnetoelectric coupling coeficient of 30 V/(cm. Oe) and 7
V/(cm. Oe) were achieved in Pb(Mg,Nb)O3-PbTiO3 laminated with Metglas (FeBSiC) [82].
Moreover, Iry3Mng7/FeCoSiB/AIN and FeCoSiB/AIN thin films showed a magnetoelectric
coefficients value of 430 mV/(cm. Oe) and 3.1 mV/(cm. Oe), respectively, [83], [84]. It is
worth mentioning that the mechanism behind the magnetoelectric coupling inmultiferroic thin
films is the epitaxial strain. A tensile and compressive strain can be obtained by using
substrate with specific lattice constant. The strain can be used to couple ferroelectric and
ferromagnetic domains through strain-stress mediated interfacial magnetoelectric
coupling[85], [86] .
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Figure.1.26 : (a) Cross-sectional images of the PZT film on LNO/HfO2/Ni, (b) ferroelectric hysteresis
loops, (c) magnetization hysteresis loops and (d) magnetoelectric effect of the PZT/Ni[87].
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As an example of bilayer anocomposite, PZT film on LNO/HfO2/Ni was investigated
by Palneedi et al [87]. A magnetoelectric coefficient of the PZT/Ni nanocomposite of 3200
mV/(cm.Oe), under a dc magnetic field, has been carried out. Figure.1.26(a,c) shows the
ferroelectric and ferromagnetic hysteresis loops of the PZT/Ni films. Therefore, this type of
multiferroic nanocomposites is promising for several applications such as field sensors,
actuators, transducers, filters, phase shifters, and gyrators.

Table.1.3:magnetoelectric coefficients in some laminate composites with (2-2) Type.

Component phases Hac (kOe) fac (Hz) ame (MV/cm.Og)
(ber), Metglas (bullg 8 1000 52000 (6]
(BaTi03-BiFeOs)x15 0 1000 55000 [89]
Pb(Zr,Ti)03/Metglas 22 1000 7000 [90]
Pb(Zro.;zE/l;:a)03/LaN103/Hf 10 1000 3200 [87]
Pb(Zro.52Tio.48) 03 /Pt/Ni 86 1000 772 [91]
Lao.7Sro3MnO3/PZT 35 100 60 [18]
PZT/NiFe:Os (bilayer) 1 - 460 [56]
PZT/NiFe.Os(multilayer) 1 - 1500 [56]
PZT-CFO - - 55 [56], [92]
PZT/LaosSresMnOs - 100 160 [18]
PZT/Lao7Cas:MnO: - 100 60 [18]
PZT/ Terfenol-D discs 4 4000 4680 [80]
Terfenol-D/PZT - - 7380 [80]
Co006Zn0.4Fe204/PZT - 100 280 [81]
NiCoZnFe204/PZT (disk) 037 - 550(mV/A) [78]
NiCoZnFe204/PZT (tore) 0.37 - 2000(mV/A) [78]
NiCuznFe204/PZT 0.5 - 195(mV/A) [55]
MnZnFe204/PZT (tore) - - 3250(mV/A) [78]
Metglas/PVDF 0.38 20 21460 [93]
Galfenol/PZT - 1-100 8750 [79]

1.3.5. The choice of materials:
a) BiFeO3

In single-phase multiferroic materials, the coexistence of the ferroelectric and
ferromagnetic orders. BiFeO3 is one of the most studied multiferroic materials since 2003. It
is one of the only magnetoelectric multiferroics compound at room temperature. BFO was
synthesized for the first time in massive form in 1957 by Royen and Swars [94]. Currently
BFO is synthesized in different forms: bulk, thin layers, nano-columns and nano-cubes, etc.

At room temperature, BFO has a rhombohedral crystal structure with R3c as space
group [95], [96]. As illustrates in Figure.1.27a, the iron atom is located in the center of the
octahedra and it is surrounded by 6 atoms of oxygen. The magnetic order of BFO is G-type
[95] which means that the ferromagnetic planes are perpendicular to [111] and are arranged in
an antiferromagnetic order along this axis. Its Neel temperature is around 640K. Ramesh et al.
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asserted in 2003 that epitaxial stress increases ferroelectric properties and changes the
magnetic order from antiferromagnetic to weakly ferromagnetic [97].

BFO is the only monolithic material that exhibits magnetoelectric coupling at room
temperature. This bismuth ferrite belongs to the perovskite family and has a very high
electrical polarization of 90uC.cm™. ( particularly strong polarization in thin films [97]).
Nowadays, the BFO is considered as a promising multiferroic compound for spintronic
application. Recall that the magnetoelectric effect is still weak for this family of multiferroics
as shown in Figure.1.27b
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Figure.1.27: Crystal structure of BiFeO3 in the ferroelectric R3c structure (a), The magnetolectric
coefficient versus dc bias magnetic field (b) [98].

b)The ferrimagnetic ferrite CoFe204 and NiFe204:

Iron or cobalt have good magnetic properties as individual metals, but they have the
disadvantage of oxidizing in the air. Despite the modest magnetizations, this problem does not
exist for CoFe,O4 and NiFe,;O4. These compounds have some considerable properties.

Noting that the ferrite CoFe,O4 and NiFe O, adopt a spinel structure of the form
AB,0y,, in a face-centred cubic structure of the oxygen anions O%, with Fe** and Co?*/Ni®*
occupying a number of tetrahedral A and octahedral B sites. CoFe,O4 and NiFe,O4crystallize
in the inverted spinel structure in contrast to another MnFe204 ferrite that adopts a normal
spinel structure.The difference lies in the distribution of cations within the different sites
(Figure.1.28). The distribution of cations in the tetrahedral A and octahedral B sites can be
characterized by the parameter inversion of the spinel structure XFe204 (X is a metal atom),
in the formula [FeyX1.y]JA[Fe,.,X,]BO4, where 0 <y< 1. The case of direct spinel is obtained
on considering y=0 and that of the inverse spinel by taking y=1.

The reported magnetoelectric coupling of 104 mV/(cm.Oe) in the (2-2)
BaTiO3/CoFe,O4 nanocomposite is larger than the one reported for the BaTiO3s/NiFe,O4
bilayer [99], [100], which was explained by the larger magnetostriction of CoFe,0, than that
of NiFe,O4[101]. In Table.1.4, we present room-temperature magnetostriction of some
magnetic ferrite compounds. Notice that the ferroelectric constituent should be chosen
carefully.
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a) b)

tetrahedral site octahedral site

Figure.1.28: Structure representation of: (a) spinel NiFe204, (b) tetrahedral site (A site) and
octahedral site (B site)

Table.1.4: magnetic and electromechanical properties of same magnetic ferrites [102].
Te P € A100 A1 As
Compound (K) x 103 | 1kHz | x107° x 107° x 107°
kg/m3

Fe304 858 5.23 - -20 80 40
C00.8Fe2.204 - - - -590 120 -210
CoFe204 793 4.82 - - - -110
Co00.9Fe2.104 - - - - - -250
NiFe204 858 5.38 21 -46 -22 -26

T : Curie temperature, p : density , € : permittivity, A : magnetostriction coefficient.
c) Lead Zirconate Titanate (PZT)

Lead Zirconate Titanate (PZT) of the general formula PbZr,4TixO3 (PZT) is a solid
solutions formed from the soluble binary mixture of lead titanate PbTiO3 and lead zirconate
PbZrO; (see Figure.1.29). PbTiOg is cubic paraelectrically at high temperature and transits at
490 °C to a quadratic phase ferroelectric, whereas PbZrOs is antiferroelectric at room
temperature (symmetrical orthorhombic) and changes at 230 °C to a paraelectric cubic phase.
The crystallographic structure of PZT is strictly dependent on the PbTiO3 mole fraction X' and
temperature.
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W Pb?* PO eTi% Zr4t
(A-site) (B-site)
Figure.1.29: Perovskite structure of PZT: (@) T>Tc and (b) T<T¢

At high temperature The PZT phase is cubic for all compositions. Below Tc, the
diagram is marked by the existence of a morphotropic phase boundary (MPB) dividing the
ferroelectric region into two parts: a titanium-rich region of quadratic symmetry (P4mm) and
a zirconium-rich region of rhombohedral symmetry, which is divided into R3c and R3m
symmetry at low-temperature and high-temperature, respectively. The morphotropic phase
boundary (MPB) is located near x=0.48 where the dielectric and piezoelectric properties are
maximum [103]-[105] . Figure.1.30 shows the phase diagram of the PbZrOs- PbTiO3
system proposed by Woodward et al.[106].

The PZT has very interesting dielectric, piezoelectric, pyroelectric and ferroelectric
properties. In addition to PZT, there are others piezoelectric materials with the perovskite
structure type such as lead-magnesium niobate-titanate PMN-PT (Pb(Mg1/3Nb2/3)03 -
PbTiO3), lead-zinc niobate-titanate PZN-PT (Pb(Zn1/3Nb2/3)03-PbTiO3), barium titanate
BTO (BaTiO3), barium strontium titanate BSTO (BaySr1xTi03).

A strong magnetoelectric coupling of 772 mV/cm. Oe was achieved in PZT-Ni
nanocomposite [91], which is possibly due to the large piezoelectric coefficient of PZT. Also
a large magnetoelectric coupling of 300 mV/cm.Oe was obtained in BaSrTiO3/LaSrMnO3
[107]. Room temperature permittivity and piezoelectric coefficient of some bulk ferroelectric
materials are summarized in Table.1.5.
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Figure.1.30: Phase diagram of PZT. Strokes denote the MPB.(adapted from Waser et al.[108] )

Table.1.5:dielectric and electromechanical properties of same oxide ferroelectric[109]

P P E
Tc & - >, ¢, | dis ds1 dss
compound |y | 144z XC}&Z XC}&Z le/‘:n pC/N | pC/N | pCIN
BaTiO; 396 | 1350 25 25 3 270 -79 190
PbTiO3 743 230 12 75 - 53 -20 51
PZT 601 800 - 36 13.6 494 | -935 | 223
Ba7oSr3gTiO3 298 | 20000 - 8 11 - - -

1.4. Applications of magnetoelectricity

Magneto-electric composites make it possible, in particular, to convert magnetic
energy into electrical energy, which makes them very good candidates for electrical

engineering applications[40], [41], [110]. In this section, we present the different available
applications for magneto-electric composites.

1.4.1. Magnetic field sensors:

The first applications of magnetoelectric composites was a sensor of magnetic field.
Immediate is to use them as an alternating field sensor, which corresponds to the excitation
field of the sensor. In the literature, a large number of papers reports this type of application
for sensors capable of measuring magnetic fields between 1 pT <Hac<1 mT depending on the
operating frequency [111], [112]. Thedetection curve of the magnetoelectric sensor developed
by Dong et al. is reproduced inFigure.1.31. The laminate magnetoelectric composite needs to
be magnetically polarized at a certain DC field. Further, the magnetoelectric composite can be
used as a static magnetic field sensor. This has also developed by Dong et al., yielding a
composite capable of detecting DC fields of the order of 0.1 (mOe)[113] Also Fang et

al.,[114]Burdin et al., [115] Reis et al., [116] and Chu et al. [117] have been worked ed on
magnetic field sensors (AC)and DC).

——
N
0o

—




=

~m—H_ =70 Oe
e H__=400 Oe

<

Induced ME voltage, V, _ (Volts)

10 . :/
4 W ‘-'.:l--l-
10 .;‘_’:;
10" =4
1ﬂ1¢ 1 1 ]
10" 107 10° 10° 10 102

H__(Tesla)

Figure.1.31: Induced magnetoelectric voltage as a function of magnetic fiel from 10 <H,<10° T
1.4.2. Current sensors:

The second application of the magnetoelectric composites is the AC and DC current
sensor. It exists in the literature two main architectures for AC current sensors. The first one,
proposed by Dong, consists of a ring-shaped ME composite (seeFigure.1.32a)[118].This
structure has the advantage of being very sensitive to the magnetic field because the magnetic
field is zero, which makes it a very sensitive sensor for a wide range frequency. This was
particularly highlighted in the case of a sensor composed of Terfenol-D and PZN-PT, where
the measured current could reach 10”7 A, which is represented Figure.1.32b.

(3) (h) ac magnetic fieild H__(T)
0% 10" 10" 10 10*

Electrode A B 10 _ : _ :: ;OH:HZ .

10®

=)
= 10°
-
./
D 107 <
10°

10° 107 10° 10° 10" 10°
ac current | (A)

Figure.1.32 : (a) Ring-type Current Sensor and (b) ME Response (Terfenol-D / PZN-PT) obtained for 10%? <
Hac <10°® Tesla which equivalents current of 10-8 <lac <10-4 A for a frequency of 1 Hz and 30 kHz [118].

Later, Zhang et al. proposed a ring-type sensor, but using a rectangular ME (Terfenol-
D/PZT) composite placed in the interstice of FeCuNbSiB alloy in high permeability (ur ~
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100000) (see Figure.1.33a) [119]. This structure makes it possible, in particular, to omit the
magnets necessary to polarize the magnetostrictive material and to achieve good linearity for
high currents (I1>100 A) (see Figure.1.33b). On the other hand, one of the disadvantages of
this structure is the probable perturbation of the current measured by effect Inductive Faraday
that induced flux concentrator with a high permeability.

(a) Nanocryslallinealloy\ (b) 102 o~

Theoretical
0 o Experimental

ME composite

Output voltage(V)
=)

1 2

10 10
1(A)
Figure.1.33 :(a) Ring type current sensor using a flux concentrator and (b) ME response (Terfenol-D

/ PZT) obtained for currents of 10%<lac <10%A at 50 Hz [119]

10

The second sensor architecture uses a monolithic laminar ME composite, the Current
is induced by a coil wound around the composite. In this case, the current measured is
directly connected to the sensor via the coil. Yu et al. have reported this sensor type for a
Terfenol-D/PZT composite [120] as shown in Figure.1.34a. This type of sensor has the

advantage of being very sensitive (1V/A) (see Figure.1.34b) but the disadvantage to be limited
in amplitude of the current measured.
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Figure.1.34: (a) Laminate-type current sensor and (b) ME response (Terfenol-D/PZT)
obtained for currents of 10%<lac <10A at 50 Hz , reported by Yu [120] )

In addition, DC current sensors have been studied. The principle is the sameonly for
magnetic field sensors. the DC current is measured from the linear part of the ME curve




Figure.1.35, [121]. These sensors can therefore be excited at their resonance frequency, which
allows in particular improving their sensitivity. Bichurin et al.[121] have been reported a
current sensor up to 5 A and having a high sensitivity of 0.53 V/A.
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Figure.1.34: Principle of the magneto-electric DC current sensor ( Bichurin [121])

1.4.3. Position sensors

Another type of sensor has recently been developed. Indeed, Wu et al. have proposed a
position sensor based on the magnetoelectric effect (see Figure.1.36) [122] . The magnets have
been positioned on the rotating body. Thus, depending on the position of these magnets with
respect to the magnetoelectrics, the ME sensor informs about the angle of rotation (see
Figure.1.36b ). This also allows to go up to the speed of rotation.
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Figure.1.36: (a) magnetoelectric Position Sensor and (b) ME Position-Based Voltage (from
Wul122])

1.4.4. Energy recovery and transmission:

Energy recovery is one of the most popular applications in the field of electrical
engineering. Magnetoelectric composites are good candidates for these applications because
they convert magnetic or mechanical energy into electrical energy. Indeed, Qiu et al. proposed
to integrate the Terfenol-D/PZT ME composite into a "wireless sensor network", and
combined vibration energy recovery to power the sensor network. Lafont et al. have proposed
to recover the magnetic energy induced by rotating magnets (see Figure.1.37) [123]. Although
the recovered voltages can reach a few volts, these structures suffer for the moment from the




low power recovered at the terminals of the piezoelectric material (about 200 pJ ), which
limits their applications.
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Figure.1.37: (a) Electric output of device with a permanent magnet rotating and (b) Voltage amplitude
as a function of speed of rotation of the magnet. (reported by Lafont [123])

Another application in electrical engineering is the transmission of electromagnetic
energy without wires. Today, wireless transmission is usually with two coils. However, this
system remains very inefficient at low frequency. In 2004, Dong et al. have highlighted the
advantage of ME composites compared to a single coil for an induced voltage at low
frequency (see Figure.1.38a). In 2009, Bian et al. emphasized the improvement of the power
recovered when the composite ME is excited at its electro-mechanical resonance frequency
[124], and a power density close to 1 mW/cm3 was obtained (Figure.1.38b).
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Figure.1.38: (a) ME-induced Tensions in a Terfenol-D/PZT Composite (Dong [7]) and (b) generated
ME Power as a Function of load resistance in FeNi/PZT Composite at resonance frequency ( Bian
[124]).

1.4.5. Transformers and gyrators

Applications using electro-mechanical composite resonances are also studied because
the voltages involved in these conditions are higher. Which lows to use this electro-
mechanical composite in converter type applications in particular via transformer [125] or
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gyrator [126] (seeFigure.1.39). These applications make particular use of ferrites because they
are conductors.
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Figure.1.39: (A) Magnetoelectric Transformer (Zhou [125]) and (B) Magnetoelectric Gyrator
(Leung [126]).

1.4.6. Variable inductance

The inverse magnetoelectric effect makes it possible to modify the magnetic properties
of a composite when an electric voltage is applied to its terminals. This is a search path to
develop variable inductances that use this reverse effect [127]. The factor for characterizing
the inductance change for a given electric field is y = (Ly - Lg) / Lge where Lg and Ly are the
inductances with electric field and without electric field respectively. As the anisotropy of the
material is weak (and therefore its permeability is high), the coefficient y is high (see
Figure.1.40a)[128]. This coefficient has been able to reach more than 1150% at 1 kHz for an
electric field of 8 kV / cm in the case of ME ring composed of Metglas and PMN-PZT (see
Figure.1.40b)[128].
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Figure.1.40: (a) Coefficient of "tunability” of inductance versus magnetic anisotropy and (b)
Inductance as a function of frequency and electric field applied to a torus of Metglas / PMN-
PT (from Yan [128])
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1.4.7. Microwave technology

At the electromechanical resonance, a phase difference appears between the excitation
field and the induced voltage ME. This phase shift allows ME composites to position

themselves as potential phase shifter / oscillator,
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[129] or filter [130] (see Figure.1.41).
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Figure.1.41: (a) Experimental setup for the stopband microwave filter with magnetoelectric
resonator.(b) Measured transmission coefficient for the magnetically tunable microwave bandstop
filter at different magnetic fields [130].

1.4.8. data processing

The magnetic random access memory (MRAM), the paradigm of spintronics, is based
on the discovery of the giant magneto-resistance (GMR) by Fert and Grtinberg (Nobel prize
2007[131]) but suffers from a fundamental drawback: the magnetic switching of bits produces
by far too large Joule heat as to remain compatible with future miniaturized electronic
devices. A spontaneous question comes into mind: why not use pure voltage switching for this
elementary job? Being aware of the ME effect in chromia since more than 50 years [36] a

functional device should be feasible after all.

A prototype had already been proposed by

Zvezdin [132], who designed a hypothetical ME data write head (Figure.1.42). It avoids Joule
heating by using an interesting simple manner which is applied to future MRAMs by
implementing voltage writing and magnetic reading of the computer hard disk.




Figure.1.42:Capacitor-like write head with insulating ME filling controlled by electric field E and
guiding the emerging magnetic flux density B to a hard disk via yoke and air gap.

Conclusion

Piezoelectric and ferroelectric materials are dielectric materials, which can polarized
and deformed by electrostriction under an electric field. Further, the piezoelectric property
gives the material the ability to polarize under mechanical stress and also to deform under an
electric field. Furthermore, ferroelectric materials are polar piezoelectric materials and their
polarization can be oriented by an electric field or an external mechanical stress.

Nowadays, the BFO is considered as a single-phase multiferroic being considered for
spintronic devices. Remember that the magnetoelectric effect is still weak for this family of
multiferroics. The realization of magnetoelectric composites, based on the extrinsic coupling
of the ferroelectric and magnetostrictive phases, has allowed obtaining a "giant"
magnetoelectric effect, which is promising for various industrial applications.
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Chapter 2 :

Computational Methods:

2.1.Density Functional Theory (DFT)

2.1.1. Introduction

Density functional theory (DFT) is one of the most commonly used quantum methods
in the fields of solid-state physics and quantum chemistry for the determination of physical
and quantum quantities of a system, especially systems containing a large number of
electrons, such as its electronic structure, ionization energy, etc. It is a so-called first-
principle method. Indeed, it is based on the foundations of quantum mechanics and involves
only a limited number of input data. For a given multi-body system, it allows the Schrdédinger
equation to be solved without the introduction of experimentally adjusted parameters.

Besides, Ab initio methods based on DFT allow reliable and quantitative material modeling
and the processing of large systems. They therefore allow comparison with experimental
results.

In this section, we will explain the basis of DFT and discuss the different levels of
approximations necessary to solve the Schrddinger equation. In the following, the
approximations used for the calculation of energy and exchange-correlation potential will be
presented.

In contrast to the Hartree-Fock method [133] where the system energy is a function of
the wave function ¥, the DFT expresses the energy as a function of the electron density p.
This method allows a simplification of the solution of the Schrédinger equation. Here, the N
electrons (3N spatial coordinates) are replaced by the total electron density, which depends on
only 3 spatial variables. The principle of the DFT consists in reformulating a quantum N-
body problem into a single-body problem (spin function) with the electron density as a
variable.

2.1.2.The quantum many-body problem
a) The Schrodinger equation

Understanding the structural, electronic, optical and magnetic properties of materials
consists of studying the system of electrons and the highly interacting nuclei that make it up.
Unfortunately, solving the Schrédinger equation (2.1) for such a system is extremely difficult,
as Dirac reported [134].

HY = E¥ (2.1)

Where His the Hamiltonian operator, y is the wave function, which depends on the
position of each electron and each nucleus in the system. and E is the total energy of the
system.

The related Hamiltonian H for a system with many interacting particles (N nucleus +
NZ electrons), is given by the sum of the operator of the total kinetic energy Ty and the sum
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of the operator of Coulomb interactions (V). For such a system of interacting electrons and
nucleus, the total Hamiltonian H decomposes as:

H=T, + T + Vyu + Vpe + Vee (2.2)
Where,
T, = 21 VR‘ the kinetic energies of nucleus.
- h . VA . .
Te = — ?Zim_rel the kinetic energies of electrons.
o e Z . . .
Von = 471802,,” oy the potential energy of nucleus-nucleus interaction.
P 1 eZZl-Zj

Vie = 8reg Li*i [ R—R the potential energy of electron-nucleus interaction.

- 1 e?
Vee - BHSOZi?‘:j‘ ri—r]-|

the potential energy of electron-electron interaction.

The total Hamiltonian (2.2) can be rewritten as :

e ZiZ]

VR,__2 _v_rzi_ 1« €z
Zl Zl 4meg Zl,] ‘ Zl;t] ‘ Ri—R|

me Ri—T]‘ 811'8()

:>

S (29)

811'8()

where My, is the mass of a nucleus with coordinates R; , and m, is the mass of an
electron with coordinates r;.

The eigenvalues of equation (2.1) can only be calculated accurately in the case of
hydrogen systems. Analytical resolution of the total Hamiltonian for a multi-particle system
still impossible due to the interactions in the system: N nucleus and NZ electrons are
interacting and moving in an electromagnetic field, creating a multi-body problem.

For example, the Schrodinger equation on a 10 X 10 x 10 grid for each spatial
coordinate represents 10°N independent variables. In the case of a system containing 10
particles, and accounting for the spin (2" times more variables), the evaluation of the ground
state would require almost 10*° operations, which would be performed at most within 15000
years. A set of approximations is therefore needed to solve numerically the quantum many-
body problem. To overcome this problem, there are many approximations such as Born-
Oppenheimer approximation; Hartree, Hartree-Fock and DFT have been developed to solve
the Schrodinger equation.

b) Born-Oppenheimer approximation

The first accepted approximation which introduced by Born-Oppenheimer in 1927
[135] consists in decoupling the electrons and the nuclei degrees of freedom. Considering
the nuclei as being fixed with respect to the electrons because the mass of electron is less than
the nuclei mass and the nuclei move much slower than the electrons. We rewrite equation
(2.2) as follows:

Hy =V, + Tee + Vo (2.4)
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Where Vne = Vext: operator of Coulomb potential energy of electrons in the potential
of nuclei.

The electronic Schrodinger equation to be solved writes:
h2 o V3 2z;

Ar=-Tyli- Ly efg Ly —©
r— 2 “lm, 4ng l']|Ri—r]-| 8mey &V | r

e

(2.5)

i~}

In order to solve this many-body problem of electrons, that involves such a large
number of particles and the difficult electron-electron interaction, further approximations
must be applied.

c) Hartree Approximation:
The Hartree Approximation Based on the independence between electrons (each electron is
independent of the other). Each electron can move in a mean field generated by nuclei and
other electrons. The total wave function { is the product of the single electron wave
functionsy;[136] :

‘P(rl I & R TTIRTI rn) = l|11(r1 )ll]z(rz) [ lIJN(rN) (26)

Schrédinger equation corresponds to each wave function y;is:

N %A‘/’i(?) + Verpthi(7) = £p,(7) (2.7)

The equation (2.7) is called the Hartree equations, &; represents the electronic level
corresponding to P, (7).
2

h L
—2—A - kinetic energy of electron.
m

V ., : Effective potential that the electron undergoes under the influence of the nucleus as

well as that of other electrons.

The potential of electron-nucleus interaction defined by:

V (1) =-ze2>"

(2.8)

r—-R

—>—>‘

For electron-electron interaction, we assume that the electron is moving in a potential \/ H(?)

such that:

V H(?) =] —9' Elp(i') (2.9)

r—r'
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This potential describes the interaction of an electron undergoes the interaction of other

electrons which represented by a density ,0(?) :

Thus, The applied effective potential on an electron becomes:

V (r=V ,(r)+V (1) (2.10)
The new electronic density can be calculated using the eigenfunctions of the solution:
p(r)=2y (N (1) (2.11)

Introducing the Poisson's equation that relates Hartree's potential to electron density:

V. (r) = —47p(r) (2.12)

Hartree introduced a self-Consistent Field method (SCF) as a qualitative method to
solve the equation of Schrodinger (Equation 2.1). The wave function, electron density and
potential are interdependent. This process is also used in other approaches.

Hartree's approximation overestimates the Coulomb repulsion because the correlations

are not included in the calculation. Moreover, the electrons being considered without spin,
therefore the solutions are not antisymmetric and do not verify the principle of Pauli.

d) Hartree-Fock approximation

The Hartree-Fock approximation (1930) is the extension of the Hartree
approximation[137], including the permutation symmetry of the wave functions leading to the
exchange interaction. The exchange is due to Pauli's exclusion principle, which is derived
from the Heisenberg principle, which states that any wave function for a given system must
be antisymmetric with respect to the exchange of two particles. Fock has therefore proposed
to express the wave function of an n-electron system, using a linear combination of the wave
functions of the independent electrons, in the general form of a Slater determinant [136],The
principle of Pauli-Heisenberg is thus satisfied since the wave functions of the two electrons
occupying the same spin-orbit state cannot exist. The wave function of the quantum
electronics is given by:

W(Hy,..Ly . By, o By) = —P(Fy, ... Ty, .. Ty, o Ty) (2.13)
Yrepresents the wave function of a system of n electrons.

~ G BV Vi) - 3 {% 1/!2-‘(?')1/!,-(?')} = g, (7) (2.14)

The hypothesis of antisymmetry of wave function y is included in an exchange term
between the electron located in r and the electron located in r'. Therefore, the difference
between the Hartree method and the Hartree-Fock method lies in this exchange term. In the
Hartree-Fock method, each orbital is undergoes to an average electrostatic field, and the
exchange operator expresses the change in energy because two electrons of the same spin
cannot occupy the same position.
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The difference between the exact non-relativistic energy and the Hartree-Fock energy
is the correlation energy. Its estimation is one of the major issues in Ab initio calculations.
The correlation energy that appears in complex systems, especially crystals, can be taken into
account using Khon-Sham's approach in the framework of the Density Functional Theory.

2.1.3. Density Functional Theory (DFT)

The main idea of DFT is to describe a system of interacting electrons through their
density and not through the wave function of each electron. In DFT, the states of the n
electrons in the system are determined by applying the variational principle to a functional,
i.e. a function of another function, the first being the total energy and the second the electron
density p(7).

Historically, it was Thomas [138] and Fermi [139] who expressed energy in terms of
density (1928). But the DFT theory was formally established in 1964 by two theorems that
were stated and demonstrated by Hohenberg and Kohn[22]. The principle of these two
theorems is well explained in more recent books on DFT such as Eschrig's [140] and Parr and
Yang's[141].

a) Theorems of Hohenberg-Kohn (1964)

The two theorems Hohenberg and Kohn [22]are applicable for any interacting particle
system operating in an external potential. We present their statements in the following:

First Theorem:

Statement: “For any system of interacting particles in an external potential V.. (7),
the potential V., (7¥) is determined uniquely, except for a constant, by the ground state
density po (7).”

Second Theorem:

Statement: “A universal function for the energy E(p) in terms of the density p(7) can
be defined, and valid for any external potential V(7). The exact ground state energy of the
system is the global minimum of this functional, and the density that minimizes the functional
is the exact ground state density po(7).”

The approach of Hohenberg and Kohn have demonstrated that for such a system the
ground state wave function is a unique function of the electron density, E = E[p(7)] so any

observable O depends on the density function [142]. The total energy of the system is written
as follows:

E(p) = Fyk(p) + Vexe(p) (2.15)

With  Fug(p) =T(p) +Vee(p)  and  Veye = [Vere (Mp(r)dr (2.16)

Where, Fyx(p) is the universal function of Hohenberg and Kohn, V., is the external
potential, T(p) inter-electronic repulsions and V..(p)is the external potential due to the
nuclei.

The term E(p) is minimal when the density p(r)corresponds to the electron density of
the ground state.
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The Hohenberg-Kohn theorems ascertain that the Hamiltonian of a system of N
interacting electrons in an external potential can be derived from the ground state density, and
that the ground state energy can be found by minimizing the energy functional E(p), instead
of determining the many-electron wave function from the electronic Schrddinger equation.
However, they do not provide an explicit formulation of Fyg(p).

b) The Kohn and Sham equations (1965):

In 1965, Kohn and Sham [143] formulated an approximation scheme to use
Hohenberg Kohn's theorem by integrating the effects of exchange and correlation. They
proposed to replace the many-body electron problem by an alternative fictitious independent-
particles problem. The concept is to map the system of interacting particles into a set of
fictitious particles moving in an effective potential, with the same ground-state electronic
density.

In the framework of a fictitious system of non-interacting electrons with replacing the
repulsion by an effective potential and using the wave function to determine the density and
equation (2.15) can be rewritten in the following form [144]:

E(p) = Tgs(p) + Vexe(p) + Vu(p) + Exc(p) (2.17)

Where, Tgs(p)is the kinetic energy of non-interacting electrons, Vy(p) is Coulombian
electron-electron interaction energy and Exc(p) : Exchange correlation energy
The kinetic energy of non-interacting electrons Tgs(p) is given by:

Tks(p) = Z?’:1 <‘pi —V; |‘1’i> (2.18)

Using the atomic units of Hartree (m, =h =e = 1)
withp(r) = L4 |¥;(r) |?

For a given set of atomic positions, the ground-state is determined via the
minimization of E (p) with respect to ¥; taking second theorem of H.K and introducing the
Lagrange parameters €; , Kohn-Sham equations are given by:

[_V?Z tVe f(r)] Y(r)= € ¥ (2.19)

Where,Ves (1) = Ve (r) + Vg (r) + Vyc(randVy (r) = f%dr: is the
dExc¢
ap(r)
density, which itself is calculated from the wave functions of the independent electrons, the
wave functions depends on the potential calculated from the density, ...
This approach leads to a self-consistent field: starting from an arbitrary value, the density,
potential and function values are calculated through the convergence of the calculation cycles.
The properties of a system can be calculated using the Khon-Sham approach. This has
become possible through the independent electron model. However, the function of the
exchange-correlation energy E,..[p(7)]is still unknown and cannot be expressed exactly. It is

Hartree potential. The Exchange-correlation potential Vyq(r) = depends on the electron
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therefore necessary to derive approximations such as the local density approximation (LZDA)
and the generalized gradient approximation (GGA) to evaluate this term.

c) Local Density Approximation (LDA)

In first, Khon and Sham (1965) proposed Local Density Approximation (LDA),they
assumed that the exchange-correlation potential is a function of the local electron density. The
system is considered to behave locally as a homogeneous gas of electron density p(7) (see
Figure 2.3).Their approximation called local density approximation, known as LDA, which is
particularly appropriate for systems with relatively slow spatial density variation p (7). Thus,
the exchange-correlation energy functional is the simple integral of a function of density at
any point in space:

Ext'lp(] = [ p(exc’ [p(P)] dF (2.20)

Where, ek24[p(#)] is the exchange-correlation energy.

The exchange-correlation potential V”’A(r) can be expressed by the following equation:

LDA ApMex2 @D
¢ ) ap(@ ( )

Figure.2.1: Schéma représentatif de l'approximation LDA en 2D.[145]

A local approximation such as the LDA gives good results especially in the case of
covalent systems and simple metals in which the electron density varies slowly. The
fundamental properties predicted by the LDA, including the total energy of the system under
study, are in good agreement with the experimental results [146].

The LDA has been extended to handle polarized spin systems; it is Local Spin
polarized Density Approximation, (LSDA) [147], [148]:

Exc"[p1(@), pi(@)] = [[p1(F), p.(¥)] €x¢" [p1 (), p. ()] dF (2.22)

Typical disadvantages of LDA/LSDA are the underestimation of lattice parameters,
gap energy and spin orbital moments. Therefore, other terms must be added into the
exchange-correlation expression. This is the purpose of the GGA method presented in the
following section.

——

]
42 |



d) Generalized Gradient Approximation (GGA):

The electronic density of a real system is obviously not homogeneous. To generate
more precise exchange-correlation functions, the Generalized Gradient Approximation

(GGA) consists in considering the electronic density E,.[(p(7 )] and its gradient [Vp ()] (its
first derivative at a given point). Using the density gradient as an additional variable, the
GGA can provide improved results. In general, the exchange-correlation function is defined
in the GGA as:

EX¢lpM] = [ pMexe [p@), IVp(P)]]d7 (2.23)

Where, €$¢4[p(¥), [Vp(#)| is exchange-correlation energy of an electron in a system with
non-uniform electronic density.

GGA functionals are also expressed in the general form for a spin-polarized system by the
following equation :

ESSApr (@), pP)] = [[p1(P), pu(P)] €564 [p1(P), p.(F), Vo1 (7)., Vp, (Pl dF  (2.24)

Although the GGA approximation and its different versions have widely demonstrated
their efficiency (molecular bonds, magnetism in metals, cohesion, electronic surface
properties of metals and semiconductors, etc.), it does not always give satisfactory results.
They fail to determine the widths of the band gaps. The gap is underestimated by up to 50%
compared to experimental data [149]-[151]. This is due to the fact that DFT does not treat
excited states. In other words, the LDA/GGA functionals do not take into account the
discontinuity of the exchange-correlation potential: Generally, for an orbital-independent
potential (i.e. the same potential for all orbitals), the band gap energy calculated from of the
eigenvalues is different from the real gap energy. Thus, many approximations and methods
have been developed such as GGA + U,LDA + U, Green’s function and screened Coulomb
interaction (GW), Full-Potential Linearized Augmented Plane Wave + Local Orbitals and
(FP — L/APW + lo), Augmented Plane Wave (APW).

e) ABINIT code

The ABINIT code [152], [153] decomposes the periodic parts of the Kohn and Sham wave
functions on a plane wave basis. This specificity involves the use of a cutoff energy that
allows to take into account a certain number of plane waves per K points of the first Brillouin
zone. It is also necessary to mesh the first Brillouin zone with a grid of K points, which is
done using Monkhorst-Pack type grids[154]. In order to determine the best possible
parameters, these two points have been studied: the evolution of the energy as a function of
the K-point grid and the cut-off energy. We have therefore used these parameters for the
calculations.
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f) Quantum Espresso code

The calculations performed in this thesis are based on the Density Functional Theory (DFT),
implemented in the Quantum Espresso code [155]. The PBE functional [156], [157] in the
GGA approximation is used to process the exchange and correlation potential. The wave
functions are developed on a plane wave basis using ultrasoft pseudopotentials established by
Vanderbilt [158]. The occupancy of the electronic levels is treated with the Marzari-
Vanderbilt method [159] with the smearing width ¢ = 0, 001 Ry. The optimization of the
structure is performed by including all atoms, with the condition that all residual forces are
less than 0.003 eV/A and that the change in the total energy between two consecutive steps is
less than 0.001 eV.

2.2. Monte Carlo Simulation:
2.2.1. Introduction:

The Monte Carlo method gives approximate solutions to various problems in several
domains by generating statistical draws. The method is useful for obtaining numerical
solutions to problems that are too complicated to solve analytically. It was invented by
Nicholas Metropolis in 1947, and first published in an article by Stanislaw Ulam in 1949
[160]. The name Monte Carlo refers to the city of Monaco famous for its casinos and slot
machines which are games of chance with random behavior [161].

The Monte Carlo method is based on the idea of random sampling and the
application of statistics to calculate the desired quantity [162]. The method tends to be used
when it is impossible to calculate an exact result with a deterministic algorithm. The first
Monte Carlo algorithm dates back to the middle of the 19th century. Nowadays, Monte Carlo
techniques are used in many fields: biology, statistics, material sciences, finance, chemistry
and physics, etc.

Several models have been developed to study magnetic behavior and properties in
complex ordered and disordered systems. These modeling tools may exceed experimental
capability and the mathematical limit. These tools can be used to predict new materials that
are difficult to test experimentally, and to calculate their basic physical and chemical
properties under extreme conditions that are difficult to achieve experimentally. The Monte
Carlo method allows to calculate the properties in some cases easily and quickly, to test the
theories compared to the experimental observations and to suggest experiments to validate the
theories.

In this section, we present the Monte Carlo method. We have described the Ising
model and the theoretical basis of the used methods and approximations. The Metropolis
algorithm is also presented.

2.2.2. Concepts of Monte Carlo Simulation:

a) Estimation:

——

)|
44 |



The estimation of any observable quantity (@), such as magnetization or internal energy, is
typically calculated by averaging the quantity in phase space over all spin states of the system,
which is generally canonical:

ZaQae_BEa
<Q>= e PEa (2.25)
where B is the inverse of temperature and E is the internal energy that usually includes the

interactions that govern the behavior of the system.

In large systems, the best method is averaging over a sub-group of states. Monte Carlo
techniques work by randomly choosing a subset of states {a; ...ay} from a probability
distribution p, that we specify. The best estimate of the quantity Q will then be given by :

t1Qq,Pate Pra
Qu == (2.26)

M -1
i—1Pq; e
Z]—1 aj

Quis called the estimate of Q. If the number M of sample states increases, @, becomes more
accurate estimate of < Q >, and when M — oo, we have Q, = < Q >. The simplest choice is
to choose all states with equal probability, the Q,, is as follows:

Zivi Qaie_ﬁEai
Qu = 1—_““1 (2.27)

Zjﬂi1e
b) Importance Sampling:

The average values of the quantities recovered by the Monte Carlo simulation are
calculated on the basis of the system states. The system does not necessarily assume all
possible states during measurements. Real systems behave as a kind of Monte Carlo
simulation during their evolution to define their properties. The sample states are not
equiprobable, but are distributed according to the Boltzmann distribution. This distribution is
mainly used to improve the estimation of the average value. Therefore, the concept of a large
sample is to create an appropriate Markov chain in which the configurations are chosen
according to their weight, according to Boltzmann's probability [163].

Typically, the Monte Carlo simulation uses the Markov chain to generate a random
configurations system. The transition to a configuration denoted (b) depends only on the
previous configuration denoted (a) , but not on the whole configuration set in state space.
This means that the transition is following the probability W(a — b), in a Markov chain .

A Markov chain is constructed by a succession of states that satisfy the Boltzmann
probability. This process of succession construction, also known as the Markov process,
leading to the Boltzmann distribution, is called equilibrium. Ergodicity and detailed balance
are additional ideas that are needed to carry out the Markov process.

c) Markov Process
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The sensitive part of running a Monte Carlo simulation is to generate an appropriate
random state according to Boltzmann's probability distribution. The states are selected
randomly, thus they can be accepted or rejected according to a probabilitye#Ea.

A Markov process is a mechanism that, for a given system in a single state a, generates a
new statebof the system. This mechanism is randomly; it does not generate the same new
state each time when it receives the initial state a. The probability of generating the given
state b from state a is called the transition probability P(a — b) from a to b, and for a true
Markov procedure, all transition probabilities must satisfy two conditions:

e it must not vary over time.
e it should depend only on the properties of the current states a and b, and not on other
system states.

A Markov process has been used in Monte Carlo simulation to generate a chain of Markov
states. Starting with a state a, we use the process to generate a new state b, then we feed this
state into the process to generate another c, ...

We consider P (a, k) the probability of the system in a configuration a at iteration k. The
evolution of this probability is given by the equation:

P(a,k +1) =,W(b - a)P (b,k) — P(ak) (2.28)
Where, W (b — a is the transition probability from state b to a.

The Markov process is specially chosen because, when it runs from any state in the system
and for enough times, it will eventually produce a succession of states that appear with
probabilities given by the Boltzmann distribution. To do this, we put two other conditions on
Markov process: the ergodicity conditions and the detailed balance.

d) Ergodicity

The condition for ergodicity is that the system can, from a given state, pass during
the Markov process through any initial state for a new state [164]. The condition of ergodicity
is not satisfied if all the transition probabilities of a given state are zero.

This is necessary to generate states with their Boltzmann probabilities. Each state aappears
with a non-zero probability P, in the Boltzmann distribution. Transition rates, which are
conditional probabilities, must be positive and normative:

Vv, @), 3N, {Viy1,Vigz. .. Vien} /

WW; > vig))W (Vi = Vi) .. W (Vigp > a) >0 (2.29)
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Where, p(v) = e PEw
e) Detailed balance

The detailed balance condition ensures that the Boltzmann probability distribution
generated an equilibrium state to the system under consideration [165]. If the system is in
equilibrium, the transition rate from one state to the same state are equal:

YaP(@W (a - b) = Xy p(b)W (a > b) (2.30)
With, Y., W (a —» b) = 1, we can obtain :
p(a) = Xpp(b)W (b - a) (2.31)

For any set of transition probabilities, that satisfies equation 2.7 the partition will be the
equilibrium distribution implied by the dynamics of Markov processes. This equation does not
provide a guaranteed distribution of the state of the system. To overcome this difficulty, the
required detail balance given by:

p(@W(a-b)= pb)W (- a) (232)

This condition eliminates the cycle limit. When the time approaches infinity, the
probabilities converge exponentially towards the eigenvector corresponding to the largest
eigenvalue. The real systems satisfy the detail balance requirement.

In order for the Boltzmann distribution to be balanced, an additional condition is
given by:
xgz:;‘g — e BE—Ed) (2.33)
The main objective is to create a program that builds the Markov chain based on transition
probabilities. The program must run long enough time to ensure that P,(t)tends to the
Boltzmann P, distribution at equilibrium.

f) Acceptance probability

Standard methods do not apply to new problems. New algorithms are developed for
specific needs and several Markov processes can be proposed. A given algorithm does not
necessarily define the exact set of transition probabilities. Therefore, the probability
acceptance allows you to find the right transition probabilities of any Markov process [166].
In this case, conditionW (a — a) # 0is allowed and always responds to the detail balance.

Thus, the transition probability can be given by:
W(a - b) = g(a - b)A(a - b) (2.34)

where g(a — b)is the probability of selection. It is the probability of obtaining a new state b
from the old state a by the algorithm. A(a — b)is the acceptance probability, it is the
probability of accepting the transition from the old state a to the new state b. The value of the
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probability of acceptance is random between O and 1. If A(a - b) = 0,thenW (a > a) =1
for any transition.

W(a—-b) _g(a—b)A(a—b)
Wh-a) gb-oa)Ab-a)

(2.35)

In order to avoid the slowness of the algorithm, we generally admit acceptance close to 1. The
best algorithm is therefore the one that adds the selection probability g(a = b) and
takesA(a - b) = 1.

2.2.3. Ising model:

The study of magnetic properties is based on the reduction of the studied systems in
simple models consisting of discrete variables. The magnetic moments of atoms can only
take two directions, spin up (1) spin down (). Therefore, the most appropriate models that
can describe the magnetic properties under consideration are those based on discrete spins
such as the Ising model [167].

This model, named by the physicist Ernst Ising [168]. The difference between the
Ising model and the Heisenberg model, is that the first describes the spins as dipoles that can
only have two possible directions, up or down, while the second allows the spin vectors to
spot all directions. The Ising model has been used efficiently to study the phase transitions of
the two-dimensional square lattice, which is the simplest model to show the magnetic
transition.

The magnetization in the case of a compound is writtenas: m =< § >

For a two-dimensional spin lattice, Ising's Hamiltonian is given by :

H = —¥ij>]ijSiSj — Hext 2 Si (2.36)

The Hamiltonian consists of two sums. The first concerns the interactions between adjacent
spins denoted < i,j >, which means that sites i and j are the nearest neighbors . The second
sum refers to the energy resulting from a magnetic field external. The Hamiltonian function
contains only signs (-) on its terms. This convention has allowed the classification of the Ising
model according to the sign of the exchange coupling.

-Jij > 0, the interaction between the spins §; and S; is of the ferromagnetic type.
- Jij < 0, the interaction between the §; and S; spins is of the antiferromagnetic type.
- Jij = 0, there is no interaction between the §; and §; spins.

As a result, the Ising model is ferromagnetic when all spins are oriented in same direction. In
contrast, the model is antiferromagnetic if the majority of the nearest neighboring spins are in
an antiparallel configuration.
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In the absence of an external magnetic field and assuming that all the nearest neighbors
< ij > have the same exchange coupling strength, the Ising model can be simplified:

H = —]Yij>S:S; (2.37)

This model indicates that the spins are ordered and the magnetization value is not
equal to zero at low temperature. Whereas at high temperature, the spins are disordered and
the magnetization disappears. During the phase transition, we can identify either the Curie
temperature (T) for the ferromagnetic system or the Néel temperature (Ty) if the
antiferromagnetic system. Therefore, this model is the most appropriate basic model to study
all disorder transitions in magnetic compounds.

2.2.4. Metropolis Algorithm

The Metropolis algorithm is known for its ability to be applied in practically all
cases. However, this algorithm is closely related to the choice of acceptanceA(a — b). It
should be noted that two types of dynamics of Monte Carlo simulations exist. In the first one,
only one spin has an attempt to flip at each Monte Carlo step. However, in the second one all
spins in the system show an attempt to flip at each Monte Carlo step. Nevertheless, the second
dynamic is still limited due to the large size of the system and the computing time, which
could be long in this case. The dynamic adopted, in the case of the application of this
algorithm on the Ising model, consists in making a single reversal attempt at each Monte
Carlo step [169]. In this case, all the selection probabilities are equal.

The selection probabilities are given by:

gla- b=+ (2.38)

Where N is the number of spins in the system.

The detailed balance equation can be written as follows:

W(@—-b) g(a-b)A(a—»b) A(a—-b) _ _B(Ep—E,)
Wh-a) gb-oa)Alb-a) Ab-a) e (2.39)

-1
A(a - b) = Aygez PErEd) (2.40)

A, determined randomly. The algorithm is more efficient for large values ofacceptance
A(a - b).

The Metropolis algorithm with a single flip dynamics is defined by the following acceptance:

—B(Ep—Eq) -

A(a—>b)={e vra)forE, —Eq > 0 (2.41)
1 otherwise

Therefore, the transition probability W(a — b ) assumes the same form as acceptance. With

this choice of transition probabilities the system tends towards a stable state in which the

configuration probability is given by e PEa  when the Markov state chain approaches

infinity.
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At each Mote Carlo step, a spin-flip is always accepted if it causes a loss of energy.
On the other hand, when the flip is performed, therefore, the system assumes a new
configuration that has a higher energy level, the update still has to be accepted with a certain
probability[170]. According to a random number (r)uniformly distributed: 0 < r < 1, and if
W < r, the new configuration is accepted, otherwise the flip attempt is rejected. The system
retains its old configuration and a new flip attempt is made for the next flip.

For the Ising model, the new state b is generated from the old state a. Some practical
details should be respected during the practical implementation of the Metropolis algorithm:

1) Select an initial configuration, for example:
- all spins aligned,
- or randomly distributed spins
2) Select a random spin.
3) Flipping of this spin.
4) We calculate the difference in energy AE of interaction of the spins between the
new configuration with a flipped spin and the initial configuration.
5) If AE < 0 i.e. the spin flip decreases the energy, then we accept the new
configuration.
6) IfFAE > 0:

We draw a random number 7, following a uniform law on the segment [0,1].
—AE.

o Ifr < e("TT), we accept the configuration with flipped spin as the new
configuration.
e If not, we reject the flip and the configuration at the next step is identical to the
previous configuration.
7) The following quantities are calculated: magnetization, susceptibility, internal
energy, specific heat, ...

8) We repeat.

The calculation steps with Metropolis algorithm are presented in Figure.2.2:
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Configuration 3D model of spin

lattice, set Ji, T,H ...

Write

Enough MC steps » results
to file

Select a spin at random lattice

4

Calculate spin energy in initial
configuration (Ei)

Flip spin to a new configuration

Calculate spin energy in new
configuration (Ef)

Metropolis
algorithm

Or Random number R

Figure.2.2: diagram of a Monte Carlo simulation with Metropolis algorithm

2.3 Conclusion

In this chapter, we have presented the basic concepts of the DFT theory, namely the
Hohenberg and Khon theorems, the Khon Sham approach, as well as the LDA and GGA
approximations and their different versions, which they can be used for the determination of
the exchange-correlation energy. Since it includes local electron density, gradient and second-
order gradient, the PBE-GGA version is frequently used to address the structural properties of
oxides. For this reason, we plan to use it in our calculations of structural, electronic, magnetic
and electrical properties. In fact, solving Schroédinger's equation is equivalent to solving the n
Khon Sham equations corresponding to n independent electrons at an effective potential using
the self-consistent field (SCF) method.

Furthermore, we have presented the essential on the concept and the steps of the
Monte Carlo method, the Ising model and the Metropolis algorithms. The Monte Carlo
method, which will be used in the following chapters, is an efficient computational method
for the understanding of complex physical phenomena such as those found in the case of
magnetic, ferroelectric and multiferroic materials.
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Chapter 3

Magnetoelectric coupling at the
NiFe,O4/PZT (001) interface: A density
functional theory investigation.

3.1 Introduction:

Multiferroic heterostructures with ferroelectric and ferro-ferri-magnetic properties
have attracted considerable interest due to their potential applications [1], [171]. These
materials allow the possibility to control magnetic polarization via an electric field or vice
versa through the magnetoelectric coupling. Such property could yield novel technological
devices, such as sensors, magnetoelectric random access memories and capacitor[2], [3]. It
should be noted that the magnetic-electric coupling of single-phase multiferroics materials
was observed often at low temperature[172], [173]. However, a strong ME coupling at room
temperature can be obtained in multiferroic heterostructures exhibiting both high ferroelectric
and ferromagnetic Curie temperature transition. Noting that such coupling is induced through
interfacial strain between magnetostrictive and piezoelectric layers[4], [14].

In recent years, many theoretical studied on interfacial magnetoelectricity have been
carried out using first-principles. As an example, G. Zhong et al. [174] investigated
FesGa/BaTiO3s/FesGa heterostructure. In addition, M. K. Niranjan et al.[175], [176] obtained a
magnetoelectric coefficients of a = 2.1 x 1071 G.em/V and a = 2.3 x 1071° G.cm/V
for Fe304/ BaTiO3; (001) and SrRuO3/BaTiO3 (001) interfaces, respectively. Also, J. Lee et
al.[177] predicted a magnetoelectric coupling of @ = 4 x 107!% G.cm/V in Fe/PbTiOs/Fe
superlattices. Moreover, M/BaTiO3; (M = Ni, Fe) superlattices [178], Co/BaTiO3/Co[179],
Lage6Sro3sMnOs /PbZry,TipgO3 heterostructure[180], M/BiFeO; (M = Co,Fe) superlattice
[181] and Co/PZT (001) interface [182] was investigated by first-principles theory.
Interestingly, it is found that magnetoelectric coupling in these systems is strictly dependent
on the structural and electronic properties, surface termination, and interfacial exchange
coupling. Experimentally, many researchers are successively realized an interfacial
magnetoelectric coupling based on heterostructre system. G. Srinivasan et al. [19] achieved a
high value magnetoelectric voltage coefficient of 460 mV/cm.Oe and 1500 mV/cm.Oe in
bilayer and multilayer of NiFe,O4/PZT. For K. Bi et al. [183], they obtained a magnetoelectric
voltage coefficient of 0.40 V/cm.Oe in Ni/Pb(Zr, Ti)O3/Ni trilayers. Tahmasebi et al. [184]
reported that the SrRuOs/Pb(ZrgsTig05)O3/CoFe,04 heteroepitaxial thin film exhibits a
magnetoelectric coefficient of 287 mV/cm.Oe. Moreover, Cherifi et al. [185] observed that
the electric field can produce a giant magnetization variation in FeRh/BaTiO3 with an
antiferromagnetic- to-the ferromagnetic phase transition in FeRh.

In the presented chapter, we report a first-principles investigation of interfacial
magnetoelectric coupling in the NiFe,O4/PZT (001) heterostructure. Two termination surfaces
are considered, namely the (Zro5Tips)O-terminated PZT surfaces and the PbO-terminated
PZT surfaces at the NiFe,O4/PZT interface. The magnetic, electronic, interfacial separation
work and magnetoelectric coefficient were investigated.
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3.2 Computational details and interface model:

Calculations in this chapter have been done using the Quantum-ESPRESSO package
[155], which is based on the density functional theory(DFT) [22], [23] in the plane wave
pseudo-potential formalism. Our calculations are performed using the Hubbard corrected
GGA+U exchange-correlation functional [186], [187]. We include an effective Hubbard
parameter Ug=U-J of 4.5 eV, which is sufficient to describe related bulk properties and is a
better description of localized Fe(3d) and Ni(3d) orbitals [188]. While for Ti(3d), the U is
fixed to8 eV[189], [190]. A kinetic energy cutoff of 40 Ry was employed with 8x8x8 and
8x8x4 Monkhorst-Pack k-point mesh, for ferrimagnetic NiFe,O, and tetragonal PZT
supercells, respectively. The NiFe,O4/PZT heterostructure was modeled using an 8x8x1 k-
point mesh. Marzari-Vanderbilt cold smearing technique with the convergence threshold of
forces on ions was set to be 10 Ry/Bohr are selected.

Recall that the ferromagnetic NiFe,O4 crystallizes in the inverse cubic spinel structure
(space group Fd3m) at room temperature with chemical formula [Fe(|)]a[Ni(1)Fe(1)]sO4 and
lattice parameters of a = 8.337 A [188]as shown in Figure.3.1a. The tetrahedron A sites are
occupied by Fe** cations and octahedron B sites are occupied by an equal number of
randomly distributed Ni?* and Fe**cations. The ferrimagnetic ordering arises due to the strong
antiferromagnetic coupling between Fe®* cations on A and B sites. The Fe cations in B sites
are coupled ferromagnetically [191]. Concerning the PZT, the structure is tetragonal with the
lattice parameters of a = 4.030 A and ¢ = 4.145 A[6] (see Figure.3.1b). The NiFe,04/PZT
heterostructre is simulated by constructing four unit cells of PZT (001) on top of one unit cell
of NiFe;O4 (001), as shown in Figure.3.2. We use periodic boundary conditions along X- and
Y-axes and open boundaries along Z-axis with a vacuum layer of over 10 A [192]. We have
considered both the (Zr0.5Ti0.5)02 and PbO terminations of the PZT layer, as shown in
Figure.2(a,b) . These are the (Zr0.5Ti0.5)O02-terminated interface with Zr, Ti and O atoms on
top of NFO layer ( labeled NFO/ZTO) and PbO-terminated interface with Pb and O on top of
NFO layer. Thus, the interface atoms at NFO/ZTO interface are Ni, Fe, O, Zr, Ti and those of
NFO/PbO interface are Ni, Fe, O, Pb.

b)

Figure.3.1: structure of: bulk NiFe204 (a) and tetragonal supercells of bulk PZT (b).

——

]
53 |



B, ==

1@

=4
o
N

D= *;'-"‘—'-‘ — =
— R
|

=

=28 — =

SN e S
) ' [
R ',,' \‘I. LA N S
— = 7 =

Figure.3.2: The atomic structure of NFO/PZT (001): (a) structure with NFO/ZTO interface,
(b) structure with NFO/PbO interface

3.3 Results and discussion:
3.3.1 Structural, magnetic and electronic properties:

The optimized structures of tetragonal supercells PbZrysTips03 and NiFe,Og4in bulk
form, are shown in Figure.3.1(a,b). For the NiFe,O,4, our calculations predicted a cubic
structure with a lattice parameters of a =8.236 A. This value is in line with the experimental
one (aexp = 8.337A) reported in reference [188]. While the computed lattice parameters of the
bulk PZT are: a = 4.017 A and ¢ = 4.251A in the case of the tetragonal symmetry. The
obtained values are closer to the experimental ones reported for PZT films (a = 4.030 A and ¢
= 4.145 A) [6]. In the other hand, the heterostructure of NiFe,O,/PZT are built by stacking
PZT on the top of NFO. Two different interface terminations of PZT are considered,
(ZrosTips)O2- termineted and PbO-terminated PZT surfaces at NiFe,O4/PZT interface,
denoted as NFO/ZTO and NFO/PbO stacking, respectively (see Figure.3.2(a,b)). The
mismatch between NiFe,O4 and PZT is found to be around 2.18 %, which is reasonably low.
The computed lattice parameters for NFO/ZTO and NFO/PbO interface are a =8.084 and
8.162 A, respectively.

The magnetic moment of the ferrimagnetic NiFe,O4(bulk) was found to be -
3.98/4.01ug per Fe(B)/Fe(A) atoms and 1.55 uB per Ni atoms. This value is found to be
changed at the NFO/PZT and NFO/PbO interfaces, as listed in the table.1. Our theoretical
magnetic moment values is in good agreement with the experimental magnetic moment of
4.73ug/Fe [193] and in accordance with some other first principle studies[194], [195]. It is
worth mentioning that the induced magnetic moments on the interface O, Zr and Ti atoms at
the NFO/ZTO interface are: 0.064, 0.05 and 0.21 pg, respectively. These values are larger
than those calculated in NFO/PbO. The Zr, Ti, and O atoms are in the nearest layers for
NFO/ZTO. While for NFO/PbO, the Zr, Ti and O atoms are the next nearest layers. The
calculated bond lengths between NFO and ZTO layers are 2.57 (A) and 4.23 (A) for
NFO/ZTO and NFO/PbO interfaces, respectively. In fact, the large bond lengths between
NFO and ZTO layers in NFO/PbO interface leads to the reduction of the induced magnetic
moments on O, Zr and Ti atoms in NFO/PbO interface (see table.3.1). Notice that the
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spontaneous polarization of bulk PZT was found to be 68.5 uC/cm? This value agree well
with the polarization of PZT obtained in previous experimental and theoretical studies [196],
[197].

Table.3.1: magnetic moments in (pg)for the bulk NiFe204 and NiFe204/PZT interface.

Ni Fe(A) Fe(B) O Ti Zr
Bulk this work 1.55 -3.98 4,01 - - -
Exp[192] 2.2 -4.86 4,73 - - -

Ref[193] 154  -3.99 4.09 ; ; .
Ref[194] 171  -4.13 4.22 - - -
NFO/ZTO thiswork  1.08  -3.52 373 0064 021  0.05

NFO/PbO this work 1.12 -3.55 3.78 0.03 0.009 0.0001
FesGa/BaTiOs/Fe;Ga  Ref [174] - 2.59 - 0.042 -0.25 -

Co/PZT Ref [182] - - - - -0.292 -0.14
Fe;04/BaTiO; Ref [175] - -3.53 3.70 -0.11 0.35 -

The calculated total and partial electronic density of states (TDOS and PDOS), for
NiFe,O,4 and PZT, are shown in Figure.3.3 (a,b). For PZT, it is found that the density of
states of the Ti, Zr and O are strongly hybridized between 0 and -5 eV, also a weak
overlapping of Pb-6s and O-2p states between -2 eV and 0 eV was observed. The
hybridization between the Ti and Zr with O leads to the short-range repulsions and enhance
the stability of the ferroelectric phase of PZT, which means that the ferroelectricity is manly
originated from the interaction between the Ti, Zr and O ions [197]. The predicted band gap
for PZT is 2.87 eV, which is in good agreement with the experimental optical gap (3.4 eV),
measured in PZT films[198]. A band gap of 3.3 eV and 1.4 eV were obtained for spin-up and
spin-down states in the NiFe,O, using GGA+U calculations, indicating that NiFe,Oy is
insulating. Moreover, the PDOS of NiFe,0O, indicates that the 3d states of cations (Fe and Ni)
hybridize strongly with the O-2p states for both spin up and down states in the top of the
valence band. In addition, Ni-3d states shows a sharp peak at -6 eV below the fermi level,
between -8 to -6 eV is dominated by spin up of Fe3-d states with an addmixture of O-2p. The
conduction band is occupied by the hybridation of spin down of Fe-3d and O-2p states
between 1 to 3 eV, while the top of the conduction band is principally among the contribution
of the hybridizations of the spin up of Ni-3d and O-2p states.

density of states
density of states

T T T T T T . .
25 20 15 10 5 [ 5 5 0 5
E-Ef (eV) E-Ef (eV)

Figure.3.3: Total and partial density of states of PZT (a)and NiFe,O4(b).

The PDOS of the interface atoms for NFO/ZTO and NFO/PbO interfaces are
illustrated in Figure.3.4 (a,b). In the case of NFO/ZTO interface, the conduction band
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minimum is principally among the contribution of the strong hybridizations of Fe-3d (spin
down), Ni-3d, Zr-3d and O-2p states between 0 to 5 eV above the Fermi level. Moreover, the
valence band maximum is composed of the O-2p, Ni-3d and Zr-3d states with small
admixture of Fe-3d and Ti-3d states between -5 to 0 eV. We note that these hybridizations
are not presented in NFO/PbO interface because its interfacial atoms Pb and O show weaker
hybridizations. Both of NFO/ZTO and NFO/PbO interfaces, spin up of Fe-3d are located at -9
eV, which is hybridized with the O-2p state. In addition, the main Pb-3d valence band is
found at around
-16.5eV.

From the obtained results, we can see that both spin up and spin down states of Fe-3d,
Ni-3d, Zr-3d and O-2p shift toward the Fermi level in comparison to the bulk behavior. As a
result, the NFO/PZT interface becomes conducting. Thus, indicating that the conductivity of
NiFe,04/PZT interface influenced by the interfacial atoms. In addition, the partial DOS of the
interface Fe, Ni, Ti, Zr and O atoms in the NFO/PbO and NFO/ZTO interfaces, show a
remarkable differences with their corresponding states of the bulk ( see Figure.3.4a and
Figure.3.4b), indicating the strong overlapping between states of interfacial atoms (see
Figure.3.5(a,b). As a result, formation of exchange-split bonding and antibonding states
between 3d-3d and 3d-p orbitals, leading to an induced magnetic moments on the interfacial
O, Zr and Ti atoms at the interfacial NFO/ZTO. The induced magnetic moment on the O, Zr
and Ti atoms are 0.064, 0.05 and 0.21 g, respectively (see table.3.1). This is consistent with
the previous calculations reported by C.G. Duan et al [85] in Fe/BaTiOs, using the first-
principles and other theoretical results.
a) NFO/PbO
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b) NFO/ZTO
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Figure.3.4: Partial density of states (PDOS) of the interface atoms in NiFe,O4/PZT interface, (a) PbO-
terminated PZT(001), (b) (ZrosTios)O,-terminated PZT(001). The Fermi level is set to zero energy.

3.3.2 Cohesive energy:

In order to understand the mechanism of the high magnetoelectricity of NiFe,04/PZT
reported in [19], we calculated the work of separation that quantifies the energetics of
adhesion between NiFe,O, and PZT [199]. We have considered both of PbO and
(ZrosTigs)O.terminations of the PZT layer. The interfacial separation work is defined as [85]:

Wsep = (Enire20a+ Epzt- Enire2oapzr )IA (1)

Where EnirezospzT IS the total energy of the heterostructure, Enire204 and Epzt are the
energies of the same structure containing relaxed single slab of either NiFe,O4 and PZT, and
A is the surface area of the interface.

The calculated interfacial separation work in the NFO/PbO and NFO/ZTO interfaces
are 0.733 and 0.469 J/m?, respectively (see table.3.2). We show that the separation work of
NFO/ZTO interface is greater than its value found in NFO/PbO interface, indicating that the
NFO/ZTO interface is energetically more favorable than NFO/PbO interface. Hence, the
formation of the heterostructures are exothermic from the thermodynamic point of view. We
note that in a previous study of Fe/BaTiO3 heterostructure, it is found that the TiO2-
terminated surface of BaTiO3 is more energetically favorable over BaO-terminated surface at
the Fe/BaTiO3 interface[85]. The calculated values are closer to the work of separation (0.8
J/im2) reported by 1. I. Oleinik et al.[199] in Co/SrTiO3/Co structure with SrO on top of
Cobalt.

Table.3.2: Cohesive energies in Jim? (ZrosTip5)O,-termineted and PbO-termineted PZT surfaces at
NiFe,0,/PZT interface.
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Interface Cohesive energies in J/m?
NiFezo4-(Zr0,5Tio_5)Oz 0.733
NiF9204-PbO 0.469

3.3.3 Magnetoelectric effects :

For both interface terminations, the magnetic moments of the atoms at the interface
NFO/PZT undergo a change by reversing the polarization of PZT. We quantify the
magnetoelectric effect using the definition of interface magnetoelectric coefficient [175]:

a; =2 (3.2)

where Ec is the coercive field of the ferroelectrics and o is the vacuum permittivity.
For not too large electric fields, the relationship between the electric field and the induced
magnetization is linear [200]. we consider that the polarization of PZT can be switched at the
coercive field of Ec=100kV/cm [201] which resulting in the change of magnetic moment at
the NiFe,O4/PZT interface. The change of magnetic moment AM for the NFO/PbO and
NFO/ZTO interfaces are 0.15 and 0.9 pg, respectively. Our calculations predict that the
interface magnetoelectric coefficient for both of NFO/ZTO and NFO/PbO interfaces are
a, = 3,15 x 107%nd 0.52 x 107°G.cm/V respectively. These values are of the same
order in magnitude with the calculated magnetoelectric coefficient (6.7 x 1071° G.cm/V) in
Ni/PbTiO3 heterointerface [202], and with 2.3 x 1071% G.cm/V in Ni/BaTiOjz system [178].

As demonstrated in M/BaTiO3 (M = Ni, Fe) system [178], the electronic origin of the
magnetoelectric effect in Ni/BaTiO3 interface is due to the hybridization of orbitals of
interface atoms. Therefore, the magnetoelectric coupling arises from the interface in
NFO/PZT heterostructure and it induces by the interface bonding. In addition, the stronger
bonding in the NFO/ZTO interfacial layers will inevitably increase the cohesive energy
between the NFO and PZT layers, which is already evident from the results of work of
separation (shown in Table 2). Obviously, the magnetoelectric coupling for the NFO/ZTO and
NFO/PbO interfaces demonstrate that the magnetoelectric coupling depends strongly on the
bonding mechanisms at the interface.

In order to understand the difference between the calculated magnetoelectric
coefficient in NFO/ZTO and NFO/PbO interfaces, we display a partial density of states of
interface atoms as shown in Figure.3.5(a,b). The valence band maximum of NFO/ZTO
interface is composed by the hybridation of Fe-3d, Ni-3d,Zr-3d, Ti-3d and O-2p states. As a
result, the formation of exchange-split bonding and antibonding states between 3d-3d and 3d-
p orbitals, which is responsible and leads to an induced magnetic moments on the interfacial
Ti, Zr and O atoms. Thus, the hybridation of Fe-3d, Ni-3d,Zr-3d, Ti-3d and O-2p orbitals
increase the cohesive energy and magnetoelectric coefficient at NFO/ZTO. While, in
NFO/PbO interface, we show that the main Pb-3d valence band is found at around -16.5 eV.
This value is a deeper energy, indicating that the Pb-3d is not linked with the interfacial
atoms. Probably, by an intermediate bonding via O, which leads to decrease of the cohesive
energy and the change magnetic moment, as a result, magnetoelectric coefficient reduced.
Thus, we conclude that the electronic origin of the large magnetoelectric coupling at
NFO/ZTO interface is due to the hybridizations of orbitals of interface Ni, Fe, T, Zr, O atoms.
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Figure.3.5 :Partial density of states (PDOS) of interfacial atoms in NiFe,O,/PZT interface,
(@)NFO/PbO interface , (b) NFO/ZTO interface, the Fermi level is setto 0 eV.

3.4 Conclusion:

In summary, density-functional theory in framework of GGA+U was used to
investigate the electronic, magnetic and magnetoelectric properties of NiFe,04/PbZry5Tip503
(001) heterostructure. Two different interfacial atoms NFO/ZTO and NFO/PbO are
considered with the interfacial separation work of 0.733 and 0.469 J/m? for NFO/PbO and
NFO/ZTO interfaces in NiFe204/PZT bilayer, respectively. These results indicating that the
NFO/ZTO is energetically more favorable than NFO/PbO at the NiFe204/PZT interface.
Interestingly, we found that magnetoelectric coupling in this heterostructure is strictly
dependent on electronic properties and surface termination at the interface. The electronic
origin of the large magnetoelectric coupling at NFO/ZTO interface is due to the hybridization
of orbitals of interface Ni, Fe, T, Zr, O atoms. The calculated magnetoelectric coupling in
NiFe,04/PZT interface for NFO/ZTO and NFO/PbO are a, = 3.15 x 10~ %and 0.52 X
10719 G.cm/V respectively, which are of the same order in magnitude with the calculated
magnetoelectric coefficient reported in the literature. The presented theoretical results can
provide proper guidance for magnetoelectric devices.
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Chapter 4

Modelling of the ferroelectric and energy
storage properties of PbZr,,T1,03 thin
films using Monte Carlo simulation

4.1 Introduction:

Perovskite with formula A(B'B")O3 has been extensively studied and widely used in
industry because of their excellent piezoelectric properties [203]. The most common
perovskite in A(B'B")O3 family is the lead zirconate titanate PbZr;.4TixO3 (PZT), due to its
interesting properties compatible with various device applications, such as sensors,
nonvolatile random access memories, electro-optic modulators, capacitors, detectors and
micro-electro-mechanical systems[204]. It worth noting that PZT was, and still, a focal point
of research due to its large remanant polarization, piezoelectric constant, high dielectric
constant and low operation voltage [198]. It is important to provide insight into the
performance and polarization switching of this material in order to widen the range of
operating conditions of PZT based devices. Recall that this system can undergoes gradual
phase transition with different behavior: classical ferroelectrics (FE), antiferroelectrics (AFE)
and relaxor ferroelectrics (RFE). Especially, the AFE state attracts much attention for the
potential application in high-energy storage capacitors [4], PbZrOs-based antiferroelectric
materials with high-saturated polarization and low remanent polarization leading to good
energy storage properties [5]. For examples, TiO2/PZT nanowire exhibits an energy storage
density of 7 J/cm®[6], Zhang et al. reported an energy storage density of 63.7 Jicm® in
PZT/AIl,O3/PZT heterojunction [7]. Further, X. Hao et al.[8] showed that Sr doped PbZrOs
promoted the recoverable energy density to 14.5J/cm®. Furthermore, the energy storage
densities values of undoped and Eu-doped PbZrOjs thin films are reported to be 14.5J/cm?® and
18.8 J/cm®, respectively [9].

In the other hand, many theoretical methods are used to investigate ferroelectric
properties, such as, atomistic models methods [205], Ginzburg-Landau [206], constitute
models [207], effective Hamiltonians fit to the first-principles [208], and Monte Carlo

simulation [15]. Numerous research efforts have been employed to simulate ferroelectric
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behavior using Monte Carlo simulation based on the DIFFOUR Hamiltonian [209], [210]. In
this context, Y. Laosiritaworn et al. [211] investigated the effect of uniaxial stress on of the
hysteresis behavior of ferroelectric films. Recently, Y. Benhouria et al. studied the dielectric
properties of Ising ferrielectric nanowires with spin-3/2 core and spin-5/2 shell structure under
an external longitudinal electric field by Monte Carlo simulation[212]. Further, S. Bin-Omran
et al. applied the Wang-Landau Monte Carlo algorithm within an effective Hamiltonian
approach to study the various properties of ferroelectric BaTiO3[213].

The present study concerns the investigation of the ferroelectric properties of PbZr;.
xT1xO3 using Monte Carlo simulation. We propose a new model to calculate the exchange
coupling constants to approach the phase diagram, dielectric, ferroelectric and energy storage
properties of PbZry4TixO3 system.

4.2 Model and formalism:

Monte Carlo simulation within metropolis algorithm in the framework of Ising model
has been used to study the ferroelectric properties of PZT [212]. PZT thin films with Zr-rich
compositions crystallized under rhombohedral phase and changed to tetragonal phase for the
Ti- rich compositions (see Figure.4.1(a,b,c)) [214]. The unit cells of PZT were assigned to an
electrical dipoles in interaction between them, the results are carried out for a lattice contain N
dipoles [215]. In the calculation, the cations Ti and Zr are randomly distributed in B-sites and
dipole flips are accepted or rejected according to the Metropolis algorithm [216]. The size L
of the system has been taken equal to 32, which is larger than the thermodynamic limit
defined at 28 in such a system [217]. Periodic boundary conditions are applied in the x and y-
directions and free boundary conditions are applied in the z-direction. typically running over
10° steps were used to reach the equilibrium in the system.

For PZT, the system is governed by the following Hamiltonian:

H==Ycij>haPilj — Z<ij>)2eeDiDj — X<ij>J1220107 — Xicij>J222010; — Xicij>J162 0105 —
Yi<ij>J2e2Pi0) — 2UE ¥ (0; + py) (4.1)

In case of PbTiOs3, the Hamiltonian (1) becomes:

Hy = =Y cijs J1aeDilj — Xi<ij>J2eePilj — 21E X ;i (4.2)

For a pure PbZrO3, we found from the Hamiltonian (1) the following expression:

Hy = = ¥cij> 122010, — Xicij>J222010; — 2UE ¥, 0; (4.3)
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Where, p = £2,+1,0 and o = +1,0 denote dipole moments of PbTiO3; and PbZrOs,
respectively. Jix and Jiz; are the coupling constants between two first nearest neighbors
dipoles pi-p; and oi—cj of PbTiOs; and PbZrOs, respectively. Jox and Jo,, are the coupling
constants between two second nearest neighbors dipoles pi-pj and oi—o; for PbTiOs; and
PbZrOg, respectively. Ji; and Jo; are the coupling constants between two first neighbors and
two second nearest neighbors dipoles pi-o; of PbTiO3 and PbZrOs, respectively (see
Figure.4.1 (d.f.h)). The effective dipole moment is p and E represents external electric field.
The parameters; Polarizations (P), dielectric susceptibility (x), Internal energy of the system

(E) and Specific heat (C,) computed from Monte carlo simulation [216] are given by:

1
- P=13ipi4)

> X =1 (D)~ ) (4.5)
> E=Ye(p) (4.6)
- Co= 7 (B —(E)) (4.7)

Where N = L3 represents the total number of dipole moments in lattice, K5 is the Boltzmann

constant chosen to be equals 1 and ¢; is the internal energy per site.

Figure.4.1 : layered structure of (a) PbTiO3, (b) PZT and (c) PbZrOs, (d,f,h) ferroelectric and (e,g,i)
antiferroelectric configurations for PbTiO3z , PZT and PbZrOs respectively.
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The Hamiltonians (1), (2) and (3) are applied on ferroelectric and antiferroelectric
configurations to calculate the exchange coupling constants (Jix, Jatt, J1zz, J222, J1ez @nd Jarz) in
ferroelectric PbZr,4TixO3 (see Figure.4.1(d-i)).

The energy of the dipole-dipole interaction in ferroelectric structure calculated using the

atomistic approach reported in [218], the expression of energy per site is given by:
E = 2mP? (4.8)

An adjustable parameter a should be introduced (Jltt:a]itt, Jgttza]étt, leZ:a]iZZ, ngzza]ézz,

Jiz=0 Ji;,and Jaz=af,., ) to find the exchange coupling constants corresponding to the

exp

experimental Curie temperature T,.°".

4.3 Results and discussion :

4.3.1 Ferroelectric properties:

The values of the exchange coupling constants and the corresponding Tc for PZT, at
different values of the parameter a, are presented in Table.4.1. At a=83, the simulated Curie
temperature was close to experimental Curie temperature reported in [32-34], and the
exchange coupling constants corresponding to the experimental Curie temperature were found
equal to Ji¢= 6.915 (MeV), Jot =3.457 (MeV), Ji; = 4.542 (MmeV), Joz; =2.271 (MeV), Ji; =
5.947 (meV) and Jy; =2.973 (meV). Yaxuan Cai et al [219] predicted by first-principles
calculations the exchange coupling constants (J= 0.1 eV) in ferroelectric Trichloroacetamide.
The finding value is bigger than that found in the present work, may be due to large energy
barrier between the centric structure of paraelectric phase and the polar structure of
ferroelectric phase.

Table.4.1: values of exchange coupling constant and Tc calculated by Monte Carlo simulation
for different values of parameter a.

Exchange coupling constants (meV) Curie temperature (K)
A Jie | Joe |12z | Jezz | Jwe | Jaz | POTiOs | PDZOs PbZrysTips03
0.75 6.248 | 3.121 | 4701 | 2.050 | 5.370 | 2.684 | 719 473 612
0.83 6.915 | 3.457 | 4.542 | 2.271 | 5.947 | 2.973 | 790=T. | 533=T°? | 660=T5"
0.90 7.497 | 3.748 | 4.924 | 2.462 | 6.448 | 3.223 | 872 569 714
Ref 100 (meV)
[219]

Figure.4.2a shows the polarization as a function of the temperature of PbZr;.4TixO3 (

x=0, 0.5, 1) thin films. At low temperatures, The results show that the polarization starts
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from a maximum and decreases and then vanishes when the temperature is bigger than the
critical temperature (Tc), which indicates that the PbZriTixO3; ( x=0, 0.5, 1) thin films
undergo a phase transition from the ferro/antiferro-electric phase to the paraelectric phase
[220]. This transition is showed in the dielectric susceptibility [213], which exhibits a peak at
critical temperature (see Figure.4.2b). In addition, Critical temperature (Tc) presented a value
close to 530 K, 690K and 790K for x=0, 0.5, and 1, respectively, which is in good agreement
with the experimental reports[221], [222].

a) —=—PbTiO, 0m b) —=—PbTiO,
o PhT 21,0, | ] —e—PbTi, 21 O

057053
4= Pbzr0, 025 | ——PbZ10,

Polarization
>

%57 sub-lattice

00

T T
0 200 400 600 800 1000 1200
1000 1200

Temperature (K) 400 600 Tempe?g?ure (K)

Figure.4.2. Temperature dependence of:(a) the polarization, (b) dielectric susceptibility of PbZr,
«T1yO3 thin films for x=0, 0.5, 1.

The phase diagram of critical temperature (Tc) as a function of the concentration value
X % of T; in PZT have been predicted using Monte Carlo Simulation (see Figure.4.3). At
room temperature, the crystal structure is tetragonal on the Ti-rich and rhombohedral on the
Zr-rich. When the temperature rises, a center of symmetry appears in both structures, the
structure is transformed to a cubic phase, and it loses its spontaneous polarization. The
calculated phase diagrams is in good agreement with experimental results reported by Noheda
et al [6] and Jaffe et al [103].
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Figure.4.3: Calculated PbZr,,Ti,O3 phase diagram shown in red dots and experimental phase
diagram of PbZr,.,Ti,O3 thin films adapted from [221] (shown in blue).

In ferroelectric materials, the most interesting property is the polarization switching.
Figure.4.4(a-b) presents the hysteresis loops of PbZrgsTigs03, PbZrOs; andPbTiO3 thin films
at 300K. For both positive and negative external electrical field values, we observed that the
polarization curves are symmetric. In addition, the area of hysteresis loops becomes narrower
as the content of Zr in PZT increases. For x=0, PbZrO; thin films was in the antiferroelectric
state, evidenced by the presence of a double hysteresis loop with zero remanent polarization.
While increasing x values, a weak ferroelectricity is observed for PbZrygTip103 and
PbZry gTip203. However, beyond x=0.3, a typical ferroelectric hysteresis loops are observed,
indicating that the PZT film was in its ferroelectric state. Figure.4.5 (a-b) shows the
saturation polarization (Ps), the remanent polarization (P;), and the coercive field(E.)
(determined from the simulated hysteresis loops) as a function of x value. We note that Ps
and P, polarizations exhibit an increase with increasing x values. In addition, when x values
increase, the exchange coupling between dipole moments at Zr-Ti and Ti-Ti sites increase in
PbZr«TixO3. As a result, the area of hysteresis loops becomes large, thus the coercive field E;
augmented. The calculated values of coercive field are Ec=45, 95, 140 and 275 kV/cm for
x=0.3, 0.5, 0.6 and 1, respectively. The obtained values are in good agreement with
experimental results reported by Isaku Kanno et al [8] in (001) PbZr,4TixO3 epitaxial films
grown on SrTiO3 substrates using radio-frequency sputtering technique. Also, agree well
with the results of Morita et al. [9] reported on highly epitaxial (001) PbTiO3 films grown on
a SrTRuQ3/SrTi0O3 substrate by a hydrothermal process.
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Figure.4.6 shows hysteresis loops of PbZrysTipsO3 thin films at different
temperatures. As shown in the figure, the area of hysteresis loops becomes narrower as the
temperature increases and then vanishes at critical temperature. The shape of calculated
hysteresis loop presents a single central loop which look like a regular shape characteristic for
ferroelectric materials [223]. Figure.4.7a plotted the temperature dependence of remanent
polarization (Pr), which started from a maximum at low temperature and decreased when the
temperature increased, and finally vanished at critical temperature Tc. The evolution of
coercive field as a function of temperature is presented in Figure.4.7b. We can observe that
the coercive field decreases with increasing the temperature. The calculated coercive field
values are in strong agreement with the experimental reported by F. Xu et al [224] and Morita
et al[9]. Notice that above the critical temperature, the remanent polarization and coercive

field vanished becausethe PbZrosTips03 is in its paraelectric state.
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Figure.4.7: variation of the remanent polarization(a) and coercive field (b) of PbZrysTips0s thin
films as a function of the temperature in comparison with the experimental results reported in [8],
[225].

4.3.2 Energy storage properties:

Another important parameter in the ferroelectric/antiferroelectric materials is the
recoverable energy storage density, which can be enhanced by increasing the maximum
polarization (Pn,) with a lower remanent polarization (P;). Such behavior is in adequate with
ferroelectric relaxor and antiferroelectric materials. The recoverable energy storage density
(Wheco) Is calculated from P-E loops with the following expression [226]:

Wheeo = [, EdP (4.9)

where E is the applied electric field, Py, is the maximum polarization, and P, is the remanent
polarization. Another interesting parameter is the energy density efficiency (n). It could be
calculated also from the PE hysteresis using the following equation [226]:
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N = x 100 (4.10)

reco TWioss
Where W, IS the recoverable energy storage density and W is the energy density loss
(Wiess Is integral of the area enclosed by the P—E loop and y-axis).

For the energy storage calculations, the maximum of polarization for x=0 (PbZrOs3)
and x=1 (PbTiO3) of 50 pC/cm? and 90 pC/cm? are selected to have the same order of
magnitude as the experimental results. Figure.4.8a shows the AP as a function of x value in
PZT thin films (AP = Pm—Pr, AP is the difference between the maximum polarization (Pm)
and the remanent polarization (Pr)). For PbZrO3 (x=0), AP has the relatively high values of 49
nC/cm?. By increasing the x value, the AP rises and reaches a maximum of 53.6 pC/cm? at
x=0.1 and then declinesto9 pC/cm®at x=0.4. Figure.4.8b presents the recoverable energy
density as a function of x values in the PZT system at 300K, which decreases rapidly with
increasing X value. Above x=0.3, recoverable energy density becomes weaker. Also, at
x=0.3, typical ferroelectric P-E hysteresis loops were observed, indicating that the PZT film
is in ferroelectric states (see Figure.4.4(a-b)). The maximum of the recoverable energy
density is 13.93 J/cm® in PbZrO; (x=0) which is closer to the experimental results (14.5J/cm?)
reported in[227]. The calculated energy density efficiency as a function of x value in PZT thin
films at 300K is plotted in Figure.4.8c.We note that the energy density efficiency rises with
increasing x value and reaches its maximum value of 94% at x=0.1 with W¢,=9.74 Jlem®,
then it decreases rapidly. Above x=0.3, the energy density efficiency is less than 10%,
because the PZT thin films are dominated by the ferroelectric phases which leads to increase
the W\ess. Thus, the energy density efficiency decreases.
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Figure.4.8 :(a) 4P=P,-P,, (b) recoverable energy density, (c) energy storage efficiency as a function
of x value in PZT thin films at 300K.

4.4 Conclusion:

In summary, we have investigated the ferroelectric and energy storage properties of PZT
by Monte Carlo simulation. The calculated exchange coupling constants corresponding to the
experimental curie temperatures were found equal to Ji = 6.915 meV, Jo =3.457 meV, Ji,; =
4542 meV, Jo; =2.271 meV, Jip; = 5.947 meV and Jy; =2.973 meV. Also, we have
examined the influence of the temperature on hysteresis loops, P, ,Ps and coercive field (E.)
of PbZr14TixO3 thin films. We note that the saturation polarization (Ps), remanent polarization
(Py), coercive field (Ec), and critical temperature (Tc) increased with increasing x values in
PbZr.xTixO3 system. For PbZrysTips03 phase we found that the remanent polarization (P;)
and coercive field (Ec) decreased with increasing the temperature and vanish at the critical
temperature (Tc). Moreover, the obtained values of Curie temperature and coercive field (Ec)
for PbZrysTigs03 thin films are Ec=95 kV/cm and Tc=533K respectively, closer to the
experimental results. Furthermore, at 300K, the recoverable energy densities of 13.93 J/cm?®
and 9.74 J/cm® were obtained in PZT for x=0 and 0.1, with an energy density efficiency of

78.73% and 94%, respectively, promising for high-energy storage capacitors applications.
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Chapter 5

Monte Carlo simulation investigation of
magnetoelectric coupling in MFe,O,/PZT/MFe,0,
(M=Ni,Co) at low dimensionality

5.1 Introduction:

Magnetoelectric (ME)materials that simultaneously possess both ferroelectricity and
(anti-)ferromagnetism have received a great research interest due to their good
magnetoelectric properties and their technological potential [40]. The magnetoelectric effect
permits the possibility of controlling the electrical polarization by an applied magnetic field,
or an induced magnetization under an electric field [42], [200]. Single-phase magnetoelectric
materials present usually a weak magnetoelectric coupling or this coupling occurs at low
temperatures [228]. Composing the ferroelectric and (anti-)ferromagnetic materials is another
pathway to create and enhance the magnetoelectric effect through a stress/strain-mediated
magnetoelectric coupling at the interface [1]. The direct magnetoelectric effect, which is the
occurrence of an electrical polarization (P) when a magnetic field (H) is applied, it can be
expressed by the equation: AP = aAH, where, H is the external magnetic field and a is the
magnetoelectric coefficient. In contrast, the converse magnetoelectric effect, i.e, the induced
magnetization (M) by applying an external electric field (E), can be written as AM = aAE
[229].

Moreover, magnetoelectric properties in multilayered thin-film heterostructures, which
is one of the most promising magnetoelectric mechanisms, have attracted great research
interests due to their strong magnetoelectric effect at room temperature and above[230].Also
for their wide range of applications in spintronics, multistate memory devices,
microelectronics, spin transport and optoelectronics[131]. Experimentally, several ME
materials have been utilized to obtain a magnetoelectric effect through the thin film. G.
Srinivasan et al [19] achieved a magnetoelectric voltage coefficient of 460 mV/(cm.Oe) in
bilayers and 1500 mV/(cm.Oe) for multilayers based on nickel ferrite and lead zirconate
titanate (NFO/PZT). In addition, ME voltage coefficient of 50 mV/(cm.Oe) for x=0 and 280
mV/(cm.Oe) for x=0.4 were achieved in Co01.xZnxFe,O4/PZT thin films [81]. Z. Tang et
al.[231] investigated the ME effect in lead-free BisTiz012/CFO composite films. Further, K.
Bi et al [183] studied the ME coupling in Ni-PZT-Ni trilayers and a ME voltage coefficient
of 2.3V/(cm.Oe) was obtained. A large magnetoelectric voltage coefficient of 4680
mV/(cm.Oe) was yielded in PZT/Terfenol-D discs at room temperature by J. Ryu et al [80]. A
ME inductor was presented by Liu et al. in Metglas/[011]Pb(Mg13Nby3)Os-PbTiO3
multiferroic composites [232]. On the other hand, modeling effort was undertaken to
investigate the ME properties, using the first-principles density functional calculations, J. Lee
et al. [233] investigated the magnetoelectric coupling in Fe/PbTiOs/Fe. Furthermore, X.
Zhong et al.[234]observed a good magnetoelectric performance in Co/BiFeO3 heterostructure.
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Moreover, M/BaTiO3 (M = Ni, Fe) superlattices [178], Co/BaTiO3/Co [179],
Co2MnSi/PbTiO3 (001) ultrathin bilayer [235], LageeSrossMnOs/  PbZrg,TiggO3
heterostructures [180], M/BiFeO3; (M = Co,Fe) superlattice [181] and Co/PZT (001) interface
[182] were investigated by first-principles theory. By using the Monte Carlo simulation, I.F.
Sharafullin et al.[236] have analyzed phase transitions and magnetoelectric behavior in
ferromagnetic/ferroelectric superlattice. Z. Wang et al.[237] focused on the dielectric
properties of the antiferroelectric/ferroelectric BiFeO3/YMnO3 bilayer. However, H.H. Ortiz-
Alvarez et al. [238] reported the simulations of ME effect in a bilayer
ferroelectric/ferromagnetic in multiferroic.

In this chapter, we focus on the direct magnetoelectric effect where the electric
polarization (P) in the ferroelectric thin film PZT is modified by a magnetic field (H).
Magnetoelectric voltage coefficient of NFO/PZT, CFO/PZT, NFO/PZT/CFO, and
NFO/PZT/NFO heterostructures was carried out using Monte Carlo simulations. The
emphasis was placed on the effect of the temperature on the magnetization, electric
polarization and their susceptibilities. The influence of J.. on P-H hysteresis loops and the
magnetoelectric voltage coefficient was also discussed.

5.2 Model and simulations:

Ferrimagnetic NiFe,O, crystallizes in the inverse cubic spinel structure (space group
Fd3m) at room temperature with a lattice parameter a = 8.337 A [188] as shown in
Figure.5.1a. The tetrahedron A sites are occupied by Fe** Fe(T) cations and the octahedron B
sites are occupied by an equal number of randomly distributed Co**/Ni** and Fe** Fe(O)
cations. the lattice parameters of the tetragonal structure of PZT are a = 4.030 A and ¢ =
4.145 A [6] (Figure.5.1b), The unit cells of PZT were assigned to the electrical dipoles in
interaction. Ti and Zr cations are randomly distributed in B-sites. Figure.5.1(a-b) shows the
crystal structure of MFO and PZT. The heterostructures (NFO/PZT, CFO/PZT,
NFO/PZT/CFO and NFO/PZT/NFO) are modeled by superposition of PZT on top of MFO
(001) (M=Co/Ni) as shown in Figure.1(c-e). The mismatch between NiFe,O4 and PZT equals
to 3.32 % which reasonably low. In our simulations the spins are implemented in Heisenberg
model, which have been used previously to investigate the magnetoelectric properties of
ferromagnetic/ferroelectric superlattice [236].

In this work, Monte Carlo simulation in framework of Heisenberg model with
Metropolis Algorithm are used to investigate the ferroelectric, magnetic and magnetoelectric
properties of NFO/PZT, CFO/PZT, NFO/PZT/CFO and NFO/PZT/NFO heterostructures.
Spin and dipole flips are accepted or rejected according to the Metropolis algorithm [160].
Our calculations were performed with the periodic boundary conditions in the x- and y-axis
and the free boundary conditions are applied in the z-axis. 10°steps are required to reach the
equilibrium of the system. According to the model described in [236]. The Hamiltonian of
this system is described by:

H = HFm + HFe + Hme (51)
Where Heg, is the energy of the ferroelectric subsystem, Hg, refers to the energy of the

magnetic subsystem and Hye corresponds to the interactions between the two subsystems.
The Hamiltonian of the magnetic subsystem (MFO, M = Ni and Co) is described by:
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Hpp = =1 2<ij>S; et )5} em —J2 Xcij>S; et )5,' ¢ —J3 X<ij>S; et )SJ'M -
Fe(0) oFe(0 Fe(0 Fe(T Fe(0
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(5.2)

Where <i,j> denotes nearest-neighbor i and j sites. $7¢(0) = 5/2  §Fe(M = 5/2 §to =3/2
and SN =1 are the spins of Fe(T), Fe(O), Ni and Co, respectively. Jg (B = 1,2,3,4,5 and 6)
are the exchange couplings between the nearest-neighbor pairs of spins s/*®s/", sf¢Mg®,
s;e (MM 5{e(@) g7 sfgM and sMsM, sites, respectively. Exchange coupling interactions in
MFO (M=Ni and Co) are calculated using the method reported in [239](table.5.1). H is the
external magnetic field. All spins in the magnetic subsystem are described in Heisenberg
model, where S; = S; + 5, + S,.

Based on our previous work [240] in which we have studied the ferroelectric and
energy storage properties of PZT using Monte Carlo simulation in framework of Ising model,
the Ferroelectric properties of PZT can be modeled by the following Hamiltonian:

Hp, = _Z<ij>]1ttpipj - Z<ij>]2ttpipj - Z<ij>]1zzai0j - E<ij>]2zzai0j - Z<ij>]1tzpi0j -
Yi<ij>J2t20:05 — 21E X (0; + p;) (5.3)

where, p =+2,41,0 and ¢ = +1,0 denote dipole moments of PbTiO3; and PbZrOs,
respectively. Jix and Ji,, are the exchange coupling constants between nearest-neighbors
dipoles pi-p; and oi—cj of PbTiO3 and PbZrOs, respectively. Jox and Jp,, are the exchange
coupling constants between next-nearest-neighbors dipoles pi-p; and oi—o; for PbTiO3z and
PbZrQOgs, respectively. Ji, and Jo; are the exchange coupling constants between nearest-
neighbors and next-nearest-neighbors dipoles pi-o; of PbTiO; and PbZrOs, respectively.
Exchange coupling interactions in PZT are listed in table.5.2. The p is the effective dipole
moment and E is an external electric field.

The magnetoelectric interaction between the ferroelectric and magnetic sublattices at the
interface can be expressed by[236]:

Hype = —Jme Zk Pk [Sisj] (5-4)

where,  Jne is the magnetoelectric coupling interaction between two adjacent
magnetic and ferroelectric layers at the interface, this interaction is represented in
the Figure.5.1(e).

The partial magnetizations in the magnetic subsystem, Mgeter, Mreocts Myi and
mg,, are defined as [241]:

mg =< %;5%> with (a=Fe(T), Fe(0), Ni and Co) (5.5)
The total magnetization and magnetic susceptibility of the magnetic subsystem are defined as:

Mrotal = (Mpe(0) + Mpery + mm)/3 (M=Niand Co) (5.6)
N
XTotal = m(< m%otal > =< Mrotal >2) (57)
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The electrical polarizations (P) and susceptibility (x) of ferroelectric subsystem are computed

from Monte Carlo simulation [212] are given by:

P = %Ziv i (5.8)

=57 (0%~ ) (5.9)

where N is the total number of dipole moments (p;) in ferroelectric subsystem, and Kj is the
Boltzmann constant chosen to be equals 1.

Table.5.1: Exchange couplings (meV) in MFO (M=Ni and Co).

J1 Jo J3 Ja Js Js
Si'sj Fe(T)- Fe(T) Fe(T)- Fe(O) Fe(T)-Ni Fe(T)-Co Fe(O)- Fe(O) | Fe(T)-Ni Fe(T)-Co Ni-Ni Co-Co
Exchange | 2.758 3.275 2593 | 2.249 | 4.143 2.752 | 2.417 | 1.983 | 2.760
couplings

Table.5.2: values of exchange coupling constant of PZT reported in [240].

Jitt

lez

Jott

JZzz

Jltz

J2tz

values

exchange

6.915

4.542

3.457

2.271

5.947

2.973

coupling (meV)
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Figure.5.1: Structure representation of: (a) spinel MFO, (b) tetragonal PZT, (c) MFO/PZT
heterostructures, (d) MFO/PZT/MFO heterostructures, (e)MFO/PZT interface (M= Ni and Co).

5.3Results and discussion:
5.3.1 Magnetic and ferroelectric properties:

Figure.5.2a displays the total magnetization and magnetic susceptibility (x,,) versus
temperature in NFO. While, Figure.5.2b illustrates the partial magnetization per spin for
Fe(T), Fe(O) and Ni in NFO as a function of temperature. As shown in Figure.5.2a, the total
magnetization starts from a maximum and decreases and then vanishes when the temperature
is above the critical temperature (Tc). The transition from ferrimagnetic phase to
paramagnetic phase indicated by the peaks of the magnetic susceptibility, which corresponds
to the critical temperature (Tc=843K). In addition, the temperature dependence of total
magnetization and magnetic susceptibility (x,,) for CFO were illustrated in Figure.5.3a. The
magnetic susceptibility peak is located at T=790 K indicating a phase transition from
ferromagnetic to paramagnetic phase. On the other hand, we plot in Figure.5.3b the
magnetization per spin for Fe(O), Fe(T) and Co in CFO versus the temperature. We note that
for both NFO and CFO, a second-order phase transition was observed at the critical
temperature Tc. The calculated values of Curie temperature for both NFO and CFO are in




good agreement with the experimental results reported in [242]-[244]. Furthermore,
Figure.5.4 shows the calculated electric polarization (P) and electric susceptibility (x.) in
PZT as a function of temperature. At low temperature, all the electric dipoles are aligned in
(001) direction. The electric polarization takes a maximum and decreases continuously as we
increase the temperature, and then vanishes at the critical temperature. The observed behavior
indicates that the system undergoes a second-order phase transition at Tc=665 K. The phase
transition from ferroelectric to paraelectric phases is indicated by the peak of electric
susceptibility [245]. This may be taken as a first validation of the extracted exchange
interactions.
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Figure.5.2: (a) total magnetization and magnetic susceptibility (X,,), (b) partial magnetization in
NiFe,O,as a function of temperature
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CoFe,0, as a function of temperature.
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Figure.5.4: electric polarization (P) and electric susceptibility (x,) in PZT as a function of

temperature.

5.3.2 Magnetoelectric effects:
Here in we focused on magnetoelectric effects in NFO/PZT, CFO/PZT, NFO/PZT/CFO and
NFO/PZT/NFO heterostructures. The heterostructure are built by sticking NFO or CFO layer
on top of PZT layer, which interact within magnetoelectric coupling interactions Jme. The
magnetoelectric voltage coefficient « is calculated using the following expression [81], [229]:

AP
a=r (5.10)

where, AP is the induced electrical polarization for an applied magnetic field AH.

Figure.5.5 shows the magnetoelectric voltage coefficient (MEVC) as a function of Jy
in NFO/PZT and CFO/PZT. The magnetoelectric voltage coefficient rises with increasing the
Jme, Indicating the presence of a strong correlation between the magnetoelectric voltage
coefficient and Jyn.. We mention here that magnetoelectric coupling interactions Jme
corresponding to the experimental magnetoelectric voltage coefficient for NFO/PZT and
CFO/PZT are 4.120 and 0.625 meV, respectively [19], [81]. Experimentally, NFO/PZT
heterostructures with lower magnetostriction have a strong magnetoelectric voltage
coefficient, whereas CFO/PZT heterostructures with a strong magnetostrictive present a
weaker magnetoelectric voltage coefficient. This can be explained by the strong interfacial
magnetoelectric coupling interaction Jn.=4.120 meV at NFO/PZT interface, while the
predicted Jy. for CFO/PZT interface is 0.625 meV.
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Figure.5.5: Magnetoelectric voltage coefficient as a function of J,,. in NFO/PZT and CFO/PZT
interfaces.

Hysteresis loops, M-H and P-H, for NFO/PZT and CFO/PZT interfaces given at 300K
for different values of Jmne are shown in Figure.5.6(a-b). For Jm=0, a typical M-H hysteresis
loops was obtained for both of NFO/PZT and CFO/PZT interfaces. In this case, the electric
polarization kept constant and is not influenced by the magnetic field H (not presented here).
It should be noted that changes in Jne influenced on electric polarization. This behavior is
because the spin moments and electric dipoles at the interface are interacted via the interfacial
magnetoelectric coupling interaction Jme. In this section, we choose the calculated values of
Jme corresponding to the experimental magnetoelectric voltage coefficient (Jne=4.120 meV
for NFO/PZT interface and Jme=0.625 meV for CFO/PZT interface). A large area of P-H
hysteresis loops was observed in NFO/PZT in comparison with CFO/PZT, due to high Jn. at
the NFO/PZT interface. Figure.5.6(c-d) shows M-H and P-H Hysteresis loops at 300K for
NFO/PZT/NFO and NFO/PZT/CFO heterostructures. For NFO/PZT/CFO heterostructure (see
Figure.5.6d), the PZT is under two different interfacial magnetoelectric coupling interactions
on both sides (Jme=4.120 meV at NFO/PZT interface and Jne=0.625 meV at CFO/PZT
interface). Therefore, the area of P-H hysteresis loops becomes large in comparison with
NFO/PZT. Concerning NFO/PZT/NFO (Figure.5.6¢), the PZT undergoes a large interfacial
magnetoelectric coupling interaction Jy.=4.120 meV in both sides. As a result, the applied
magnetic fields can change the direction of the electric dipoles and forcing them to be
oriented in the same direction of magnetic spins. A large remanent polarization Pr and
coercive magnetic field H; (250 Oe) were attainted. Interestingly, the presented results show
that the interfacial magnetoelectric coupling interaction Jme is an important mechanism for the
control of electrical polarization.
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Figure.5.6: Hysteresis loop M-H and P-H for :(a)NFO/PZT, (b) CFO/PZT, (c) NFO/PZT/NFO and
(d) NFO/PZT/CFO at 300K.

Figure.5.7(a-d) presents the magnetoelectric voltage coefficient as a function of
applied magnetic field (H) for NFO/PZT, CFO/PZT, NFO/PZT/NFO and NFO/PZT/CFO at
300K. At the applied magnetic field H=H,, the magnetoelectric voltage coefficient increases
sharply and shows a peak with the highest value of ME voltage. The maximum
magnetoelectric voltage coefficients that are predicted are 460, 50, 1405 and 650 mV/(cm.QOe)
for NFO/PZT, CFO/PZT, NFO/PZT/CFO and NFO/PZT/NFO, respectively. The calculated
value of the magnetoelectric voltage coefficient in the proposed NFO/PZT/NFO and
NFO/PZT/CFO heterostructures are comparable to the experimental results (1225
mV/(cm.Oe) ) reported by L. Jian et al.[80] in PZT/NFO/PZT films. A remarkable
enhancement of the magnetoelectric voltage coefficient can be achieved in NFO/PZT/CFO
and NFO/PZT/NFO heterostructures. Such behavior is due to the electric polarization driven
by the magnetic force through an interfacial magnetoelectric coupling interaction Jpe,
resulting a strong magnetoelectric voltage coefficient (see Figure.5.6(c-d)). In the table.3, we
report some experimental reports of the magnetoelectric voltage coefficient in
nanocomposites thin films.

Table.5.3: Some magnetoelectric thin-film composites and their magnetoelectric voltage coefficients.

magnetoelectric composite magnetoele(r:;]cc;:((\:/%lgg)e coefficient Ref
Terfenol-D/PMN-PT/Terfenol-D 12880 [110]
Terfenol-D/PZT/Terfenol-D 7380 [80]
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PZT/Terfenol-D discs 4680 [80]
PZT/LaNiO3z/HfO,/Ni 3200 [87]
NFO/PZT/NFO 1405 This work
NFO/PZT multilayer 1500 [19]
PZT/NFO/PZT 1225 [246]
NFO/PZT/CFO 650 This work
NFO/PZT bilayer 460 [19]
C00,62n0,4Fe204/PZT 280 [81]
PZT/CFO 50
PZT/La07SrosMnOs 160 [18]
PZT/Lao7CaosMnOs 60 [18]
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Figure.5.7: Magnetoelectric voltage coefficient as a function of applied field H for :(a) NFO/PZT,
(b) CFO/PZT, (c) NFO/PZT/NFO and (d) NFO/PZT/CFO at 300K.

——

]
79 |




5.4 Conclusion:

The magnetoelectric effect in MFe,O4/PZT and MFe,04/PZT/MFe,O4 (M=Ni and
Co) heterostructures was investigated by Monte Carlo simulation. In the present chapter, we
highlighted the effects of the temperature on the magnetization, electric polarization and their
susceptibilities. Further, the behavior of M-H and P-H hysteresis loops and magnetoelectric
voltage coefficient as a function of interfacial magnetoelectric coupling interaction Jyewas
also analyzed. The obtained results show that the interfacial magnetoelectric coupling
interaction (Je) plays an important role in controlling the electric polarization. We note here
in that the Jme values corresponding to the experimental magnetoelectric voltage coefficient
are Jme=4.120 meV for NFO/PZT interface and Jme=0.625 meV for CFO/PZT interface.
Moreover, the large magnetoelectric voltage coefficients of 650 and 1405 mV/(cm.Oe) were
predicted in NFO/PZT/CFO and NFO/PZT/NFO, respectively. The calculated results show
good agreement with the experimental results reported in the examined literature.
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Chapter 6

Prediction of Magnetoelectric properties of
defect BiFeO; thin films using Monte Carlo
simulations.

6.1 Introduction:

Multiferroic materials having both ferroelectric and magnetic order constitute an
interesting and promising class of materials. In fact, these materials were found endorsing
attractive physical properties, both in experimental and theoretical investigations [247]. They
bear potentials for extended functionalities in terms of innovative devices, especially, for
technological applications such as sensors, data storage devices, microelectronics, actuators,
transducers, sensors, and spintronic devices [13], [248]. However, most of these applications
involve a strong coupling between the spontaneous polarization and spontaneous
magnetization, known as magnetoelectric (ME) coupling, in which the magnetization can be
tuned by an applied electric field and vice versa [1]. Among these multiferroic materials,
BiFeO3 (BFO) is one of the most studied materials recently due to the simultaneous existence
of room temperature ferroelectricity and antiferromagnetism with very high Curie temperature
Tc = 1103 K and a G-type antiferromagnetic ordering with a Néel temperature Ty = 643 K
[249]. Experimentally, several attempts have been made by the researchers to enhance
magneto-electric coupling in the multiferroic BFO. Recently, F. Pedro-Garcia et al.[250]
studied the effects of the Sr and Ni co-doping of BiFeO3 on the crystal structure and
multiferroic properties. Further, S. Atiq et al. examined the magnetoelectric properties of Ni
and Cr co-doped BiFeO3 [251]. In comparison to single doped BiFeOs;, A.S. Priya et al.
observed a strong magnetoelectric coupling for Dy and Cu co-doped BFO[252]. On the other
hand, multiferroic heterostructures with alternate ferroelectric/ferromagnetic layers show a
high magnetoelectric voltage coefficient, R. K. Kotnala et al. have achieved a
magnetoelectric voltage coefficient of 515 mV/(cm.Oe) in trilayer thin films of
BaTiO3/BiFe03/BaTiO3 [253]. Interestingly, M. Lorenz et al. have achieved the highest
value of the magnetoelectric voltage coefficient of 24 V/(cm.Oe) [254] and 49 V/(cm.Oe) [89]
at 300 K in BaTiO3-BiFeO3 superlattices. A clear correlation of magnetoelectric coefficients
with increasing oxygen partial pressure during growth was observed. Moreover, many
experimental works have been done on BFO doped by rare-earth (RE) (RE=La, Ho, Dy, Eu,
Er, Gd and Tb) to improve its multiferoic properties [10], [255], [256]. Furthermore, it has
been observed that RE doped BFO undergoes a structural phase transition from rhombohedral
to orthorhombic phase [257].

It is worth mentioning that the Monte Carlo simulation been used to describe the
magnetoelectric properties. A. Albaalbaky et al.[258] studied the magnetoelectric properties
of CuCrO; using first principles and Monte Carlo simulations, H. H. Ortiz-Alvarez et al.[238]
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investigated the magnetoelectricity in a bilayer ferroelectric/ferromagnetic multiferroic
system. A. S. ErchidiElyacoubi et al.[259] reported the magnetoelectric coupling in RMn,0s
multiferroic material. 1. F. Sharafullin et al.[236] investigated the magnetoelectric coupling
and surface effects on a multiferroic superlattice formed by magnetic and ferroelectric
sublayers. Recently, using Monte Carlo simulation and Mean-field theory, I.F. Sharafullin et
al.[260] studied the magnetoelectric interactions at the interface of magnetic/ferroelectric
superlattice. In this chapter, ferroelectric, magnetic and magnetoelectric properties of
multiferroic BFO thin films were studied using Monte Carlo simulation. Thermodynamic
quantities such as internal energy, specific heat, magnetization, electric polarization, and their
susceptibilities as a function of temperature in BFO thin films have been given. Electric
dipole defects were proposed as a mechanism to enhance the magnetoelectric coupling in
BFO.

6.2 Model and simulations:

Multiferroic BiFeO3; (BFO) crystalizes in a rhombohedral structure with R3c space
group at room temperature, which is usually described by the hexagonal lattice [249] (see
Figure.1a). BFO has a ferroelectric transition at T¢=1103 K and an antiferromagnetic phase
transition at Ty =650 K [249], [261]. We consider that the BFO systems are composed of two
sublattices, the first sublattice involves an anti-ferromagnetic order of Fe-spins and the second
one involves the electric dipoles at Bi sites (at the center of the unit cell) as shown in
Figure.1l(b,c,e). Monte Carlo Simulation within the Metropolis algorithm [262] is used to
simulate the BFO thin films described by the Hamiltonian (1). The periodic boundary
conditions were applied in the x and y-axis, while a free boundary condition was applied in
the z-axis. The system contains the total number of N Fe-spins and N electric dipoles, which
were be accepted or rejected according to the Metropolis algorithm. The data was collected
after discarding the first 10° Monte Carlo steps, which needed to reach the equilibrium of the
system. In the calculations, the defects are randomly distributed in B;-sites, and the defect-
sites is replaced by P=0 in the sublattice of electric dipoles.

Based on the model described in [260], the Hamiltonian governed the BFO system is
defined as follows:

H = H, + Ho + Hpe (6.1)

Where H and Hy, are the energy of ferroelectric and magnetic sublattices, respectively. Hpe

corresponds to the interaction between the two sublattices. The Hamiltonian of magnetic
sublattice is described by:

Hp = ~Jm1 2<ij>(SiS] + STS] + SIS]) = Jmz 21 j>(STS] + SIS} +SiS]) — Dy Tcij(Si X S)) -

H X:(S7) (6.2)

Where <i,j> denoted nearest-neighbor i and j sites. S, =5, +5, + S, is the classical
Heisenberg spins of the Fe atoms with S =5/2,. ], and /,,» are the exchange coupling
interactions between two first nearest neighbors spin S;S; and two second nearest neighbors
spin S;S;, respectively (see Figure.6.1b). Exchange coupling interactions in BFO are
calculated using the method reported in [239](see table.6.1). Dy; is the Dzyaloshinskii—
Moriya interactions ( D;=D=0.107 meV [263]) H is the external magnetic field. For
ferroelectric sublattices, the following Hamiltonian was assumed to be:
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H, = —Je1 X<ij>PiPj — Je2 X<ij>PiPj — 21E X P; (6.3)

Where p = +1 denotes the dipole moments of BFO. Je; and Je; are the exchange coupling
constants between two first nearest neighbors dipoles p;i-pjand two second nearest neighbors
dipoles pi-p; (see Figure.6.1c), respectively, which are listed in Table.6.1. p is the effective
dipole moment and E is an external electric field.

Magnetoelectric interactions between ferroelectric and magnetic sublattices can be chosen as
[260] :

Hine = —Jme ZicPic- [SEST + SUS) + 5157 ] (6.4)

where, Jme IS the magnetoelectric coupling interaction between electric dipoles (p)
and spin moments (S) at the interface, which is represented in Figure.6.1.d.
The partial magnetizations (m) in magnetic sublattice is defined as [217], [241]:

The total magnetization (Mr,.,; ) and magnetic susceptibility (x,,) of magnetic sublattice are
defined as:

(myp +Mdown )
Mot = % (66)
N
Xm = m(< M%‘otal > —< MTotal >2) (67)

Where m,, and mg,,, are the partial magnetization of spin up and spin down in magnetic

sublattice. The parameters; electrical polarization (P) and susceptibility (y.) of ferroelectric
sublattice are computed from Monte Carlo simulation [212] are given by:

P=23Vp (6.8)
Xe = 7 (02 = ()D) (6.9)

where N is the total number of dipole moments (p;) in ferroelectric sublattice, and Kj is the
Boltzmann constant chosen to be equal 1.

Table.6.1: Exchange coupling interactions (meV) in BFO.
Exchange coupling interactions (meV)

Jml Jm2 \]el \]e2 Jme
Value 1.568 -0.784 8.530 5.118 4.202
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Figure.6.1: (a) Rhombohedral unit cell of BiFeO3 including 2 formula units, schematic representation
of the magnetic interactions (b), electric dipole-dipole interactions (c) and magnetoelectric interaction
(d). Structure of BiFeOs; thin films (e).

6.3 Results and discussion:

6.3.1 Ferroelectric and magnetic properties:

Figure.6.2(a,b) shows the sublattice magnetizations (M), electric polarization (P) and
their susceptibilities of BFO thin films as a function of temperature. Figure.6.2a presents the
sublattice magnetizations and the corresponding susceptibilities y,, . One can observe that the
sublattice magnetization decreases continuously from the saturation values 5/2 as the
temperature increases indicating that the magnetic systems undergoes a second-order phase
transition from the antiferromagnetic phase to the paramagnetic phase which occurs at Tc =
650K. When the temperature approaches Tc, a rapid increase of the magnetic susceptibility
Xm 1S observed before to reach its maximum value. Elseways, electric polarization (P) starts
from its maximum +1, and decreases as the temperature increases, then vanishes at the critical
temperature, as seen in Figure.6.2b. Moreover, near of critical temperature, the electrical
susceptibility y,increases very rapidly and exhibits a peak at T=Tc = 1100 K. It was observed
that the ferroelectric systems undergo a second-order phase transition from the ferroelectric
phase to paraelectric phase at 1100K.

Figure.6.3a displays the internal energy as a function of temperature. At low
temperature, the internal energy is minimal, then rises as the temperature increases before to
reach its maximum at higher temperatures. It should be mentioned that the total internal
energy presents a weak bump at T=650K,which is attributed to the magnetic transition from
the antiferromagnetic phase to the paramagnetic phase. The calculated specific heat Cv of
BFO is presented in Figure.6.3b, Two clear peaks were observed in the Cv curve at Ty=650
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K and T¢=1100K, respectively, which corresponds to the magnetic transition (Ty) from the
antiferromagnetic to the paramagnetic phase and ferroelectric transition (T;) from the
ferroelectric to paraelectric phase, respectively. The specific heat C, of the system exhibits a
second-order phase transition at both the transition temperature Tn=650K and T¢=1100K,
respectively. The calculated values of T¢c and Ty are in good agreement with the experimental
results reported in [261].
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Figure.6.2 :(a) sublattice magnetizations and magnetic susceptibility (x,,), (b) electric polarization
(P) and their susceptibility (x.) in BFO thin films as a function of temperature.
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Figure.6.3 : (a) Internal energy and (b) specific heat as a function of temperature in BFO thin films.
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6.3.2 Magnetoelectric effects :
Figure.6.4 shows the M-H and P-H hysteresis loop for different values of magnetoelectric

coupling interaction Jye in BFO thin films at 300K. The presence of a one hysteresis loop
with weak remanent magnetization in the M-H loop suggesting that the BFO presents the
weak ferromagnetism due to the Moriya interaction (DMI) [263]. It is found that for Jme=0




meV the polarization is not switchable (figure.6.4.a) and the increasing of magnetoelectric
coupling interaction Jn,e leads to more and more obvious P-H hysteresis loop, indicating that
the electric dipoles are switchable by an applied magnetic field. Furthermore, when the
magnetoelectric coupling interaction Jme is large enough, a complete switching of the electric
dipole by magnetic field has been observed. Moreover, The P-H loop exhibits a typical
ferroelectric hysteresis loop, indicating that the BFO is in a ferroelectric state (see
figure.6.4.b).
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Figure.6.4: Hysteresis loop M-H and P-H for different J, values in BFO thin films at 300K.

Magnetoelectric voltage coefficient (MEVC) as a function of magnetoelectric coupling
interaction Jne at room temperature is plotted in figure.6.5a, with increasing Jme. The value of
the magnetoelectric voltage coefficient shows a small variation up to a Jme of 4.560 meV,
following by a sharp increase from 15 to 200 mV/(cm.Oe). Then, the magnetoelectric voltage
coefficient increases non-linearly with increasing Jm.. Noting that the magnetoelectric
coupling interactions Jme corresponding to the experimental magnetoelectric voltage
coefficient (~10 mV/(cm.Oe)) [98], [264] is found equal to 4.202 meV. The observed
behavior can be explained by the competition between the magnetoelectric coupling
interaction Jne and ferroelectric coupling interaction Je; and Jep. S0, a high Jie is needed to
switch electric dipoles to the direction of the applied magnetic field, which leads to a large
magnetoelectric voltage coefficient. Figure.6.5b shows the magnetoelectric voltage
coefficient as a function of the applied magnetic field (H) for Jme=4.202 meV at 300K. At H=
+560 Oe, the magnetoelectric voltage coefficient rises rapidly and presented a peak with the
highest value of ME voltage. As we can observed, the shape of the magnetoelectric peak is
similar to the reported experimental data [98], [264]. The maximum of magnetoelectric
voltage coefficient is around of 10 mV/(cm.Qe), which is closer to the experimental results
reported in the literature [98], [264].
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Figure.6.5 :(a) magnetoelectric voltage coefficient as a function of Jp,,. values and (b) magnetoelectric
voltage coefficient as a function of applied field H for J,.=4.202meVmeVin BFO thin films at 300K.

6.3.3 defect effects:
Figure.6.6a shows the magnetoelectric voltage coefficient as a function of the applied

magnetic field (H) for different defect concentration % in BFO thin films. As the defect
increases, the peak of the magnetoelectric voltage coefficient (MEVC) rises and reached its
maximum values at 25% and then decreaces and shifted from high values of magnetic field
(H) to zero Oe. The effect of electric dipole defect on magnetoelectric voltage coefficient
(MEVC) at T= 300K and Jy.=4.202 meV in BFO thin films is shown in Figure.6.6b, it is
found that for defect concentration up to 25%, the magnetoelectric voltage coefficient
increases rapidly and reaches its maximum at 25%, and then decreases slowly with increasing
the defect concentration. Interestingly, a high magnetoelectric voltage coefficient of 104
mV/(cm.Oe) was obtained at 25% defects in BFO thin films. This large value of
magnetoelectric can be attributed to the reduction of exchange coupling interactions (Je; and
Je2) between the electric dipoles due to the electric dipole defects. As a result, a completed
switch of electric dipoles induced by an applied magnetic field. The calculated results are in
good agreement with the experimental magnetoelectric voltage coefficient achieved in (1-
X)BiFeO3z—xBaTiOj3 films (124 mV/cm.Oe at 300K) [254].

Figure.6.7 presents the P-H hysteresis loop for different defect concentration % in
BFO thin films at 300K and J,.=4.202 meV. As the defect concentration increases, a reduction
in the area of P-H hysteresis loop and remanent polarization was observed. Further, our
simulation demonstrated that the electric polarization can be switched completely with defect
concentration over 20%, where all electric dipoles turn to the direction of the applied
magnetic, due to the reduction of exchange coupling interactions (Jel and Je2) between the
electric dipoles. So, the defect mechanism can be used to control the polarization switching by
the magnetic field in BFO system. The aforementioned polarization switching by applied
magnetic field (H) produced a large magnetoelectric voltage coefficient (MEVC), it is worth
mentioning that 25% of defects in BFO thin films exhibits a large magnetoelectric voltage
coefficient, which makes it more suitable for magnetoelectric devices.
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6.4 Conclusion:

In summary, ferroelectric, magnetic, and magnetoelectric properties of BFO
thin films were investigated using Monte Carlo simulation. The calculated exchange
coupling interactions of magnetic and ferroelectric sublattices (in meV) are found
Jm1=1.568, Jm2=-0.784, J.1=8.530, Je,= 5.118, respectively. The thermal variation of
internal energy, specific heat, magnetization, electric polarization and their
susceptibilities in BFO thin films have been obtained. The BFO thin film undergoes
two-phase transitions, the magnetic transition at Tny=650K and the ferroelectric
transition at Tc=1100K. The calculated magnetoelectric coupling interactions,
corresponding to experimental data in BFO system, was found at Jy.=4.202 meV.
Moreover, the effect of magnetoelectric coupling interactions Jn. on M-H, P-H
hysteresis loops and magnetoelectric voltage coefficient were studied. A strong
correlation between magnetoelectric voltage coefficients and defect on electric
dipoles was observed. Interestingly, a large magnetoelectric voltage coefficient of 104
mV/(cm.Oe) was carried out in BFO thin films with 25% defects using Monte Carlo
simulation, which makes it more suitable for magnetoelectric devices. The computed
results are very close to the reported experimental data.
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Chapter 7

First principles study on BiFeOs-
REMnO; (RE = Er, Eu, Gd, Ho, La, Th)

7.1. Introduction:

Perovskite BiFeO3 is one of the most studied multiferroic system which possesses
both ferroelectricity and antiferromagnetic orders, has potential applications in information
storage, sensors, electric random access memories (FERAMS), potential magnetoelectrics,
spintronics [97], [265], [266] due to the room temperature multiferroic properties [267],
[268]. At 300K, BiFeO3 adopts a rhombohedral perovskite structure with a space group of
R3c [269], with a large remnant polarization of ~90 uC cm™[270]. Further, this compound
exhibits ferroelectricity with a Curie temperature T¢ = 1103 K [271] and antiferromagnetic
order at room temperature, with weak ferromagnetism with a Neel temperature Ty = 643 K
[272].

Recently, intense experimental and theoretical research investigations have been
focused on the effects of simultaneous substitution of Bi and Mn in BiFeO; in order to
improve its multiferroic properties for multifunctional applications. M.A. Basith et al.[273],
[274] reported that the dielectric and magnetic properties of BiFeO3; improved by co—
substitution of Bi- and Fe- sites of BiFeO3; by Gd and Ti. Further, Tang et al[231] showed
that the ferroelectric properties were enhanced in Big.9Gdo 1Feo9sMng 103 in comparison with
BiFeOs. In addition, Zhou et al. surmised that saturation magnetization and optical band gap
increased in Sm and Mn co-doped BiFeO3 [275]. In the other hand, a structural
transformation from rhombohedral (R3c) to orthorhombic (Pn2la) symmetry with
significantly enhanced magnetization was obtained in BiFeO3 co-substituted with Gd and
Mn [276]. Similar improvement of multiferroic properties was observed by Lahmar et
al.[255], [277] for rare earth element (RE) and Mn co-substitution of BiFeO3; where a
structural transition from monoclinic (BiFeO3) to orthorhombic (BiFeO3-REMnO3) was
highlighted up to 10 mol% substitution concentration.

In the present chapter, spontaneous polarization, magnetic, and electronic properties
of RE- and Mn- co- substituted BiFeO3; were investigated by first principles. Furthermore,
a pseudo Jahn—Teller distortion was predicted for BiFeO3-GdMnO3 system. To the best of
our knowledge, first-principles study of RE- and Mn- co-substituted BiFeO3 has not been
reported yet. Thus, these results are likely to offer useful information to the research
communities’ deal with BFO based multiferroic materials.
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7.2. Computational methods:

Density functional theory (DFT) [23] calculations were performed within the local
spin density approximation (LSDA+U) as implemented in the ABINIT package [152].
We include an effective Hubbard parameter U.s=U-J equal to 4.5 eV, which is
sufficient to describe related bulk properties and is a better description of localized
Fe(3d) and Mn(3d) electron [278]. While for rare earth 4f-orbitals, the Ues is fixed in
about 8 eV [279]. We use optimized pseudo-potentials generated with OPIUM [280].
These calculations are performed with a kinetic energy cutoff of 50 Hartree, and 10 x
8 x 10 Monkhorst-Pack k-point mesh as well a sa Gaussian smearing of 0.04 eV.
Spin-polarized calculations with a G-type antiferromagnetic order were performed for
BiFeO3-REMnO3. Notice that in our calculation, the spin-orbit interaction is not
included.

M. Hasan et al.[276] reported that the BiFeO3;-GdMnO; crystalized under
orthorhombic (Pn21a) with lattice parameters: a=5.587 A, b=7.7987 A and ¢=5.451
A. Likewise, Lahmar et al.[255] observed that the structure of BiFeO; was adapted to
the structure of rare-earth manganites REMnO3 by adding 10 mol%. Herein, the co-
substitution of BiFeO3; with 12.5 % of RE and Mn were created by changing Bi and
Fe atoms by RE and Mn atoms in BiFeOg3, respectively. Then, we optimized both the
lattice parameters and the atomic positions of the BiFeO3-REMnO3 structure to obtain
their ground state properties by minimization of the total energy, (see Figure.7.1).
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Figure.7.1: structure of BiFeO;-REMNnO; (RE=Er, Eu, Gd, Ho, La, Tb)

7.3. Results and discussion
7.3.1. Structural analysis
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Table.7.1 summarizes the optimized lattice parameters of BiFeO3-REMnO;
for different rare earth elements (RE = Er, Eu, Gd, Ho, La, Tb). The lattice parameters
calculated are compared to the available experimental results. We note that the
calculated lattice parameters for RE = Gd are close to the experimental results
obtained by M. Hasan et al.[276], with the observation of a structural transformation
from rhombohedral (R3c) to orthorhombic (Pn21a) symmetry in co-substitution with
Gd and Mn in BiFeOs.

Table.7.1: The calculated lattice parameters of BiFeOs-REMnO;. The experimental values
are taken from Ref [276].

a(A) b (A) c(A)

BiFeOs-ErMnO; 10.476 14.435 10.211
BiFeOs-EUMNO; 10.394 14.516 10.191
BiFeO;-GdMnO, 10.355 14.410 10.113

Exp : Ref [276] 10.56 14.72 10.30
BiFeOs-HoMnO; 10.385 14.475 10.170
BiFeO;-LaMnO; 10.388 14.608 10.253
BiFeOs-TbMnO; 10.391 14.449 10.176

7.3.2. Electronic and magnetic properties
Figure.7.2a illustrates the total density of states of BiFeO3-REMnO; (RE = Er,

Eu, Gd, Ho, La, Th). The vertical dashed lines denote Fermi energy level, which is
indicated at 0 eV. Noting that the total density of state of BiFeO3-LaMnO; is
symmetrical. As a result, a minimum of magnetic moment per cell of 1.5 pg (see
Figure.7.2b) and metallic behavior were observed for BiFeOs-LaMnOs;. While,
asymmetrical total density of states with metal characteristic are observed for BiFeOs-
REMnNO; with RE = Er, Eu, Ho and Th. Whereas, a half-metallic property has been
observed in BiFeO3-GdMnO3 and the total magnetic moment increases by 4.3ug in
comparison with BiFeO3-LaMnOs. Figure.7.2b shows the total and partial magnetic
moments in BiFeO3-REMnO3;. We note that the total magnetic moment is decisively
governed by the magnetic moments of rare-earth elements. Our calculations achieved
a total magnetic moments of 3.58, 4.69, 5.8, 4.27, 1.5 and 6.31 pg in BiFeO3-
REMnO3 for RE= Er, Eu, Gd, Ho, La and Th, respectively. It is worth noting that
these results are similar to the observations reported on RE doped BiMg gFep.9C00 103
(RE=La and Er) studied by first-principles [281]. Experimentally, W. Ye et al.[282]
reported that (Ho, Mn) co-doped BiFeOg thin films enhanced the basic magnetization.
Moreover, this observation is in agreement with the results reported in refs.[255],
[277], where the improvement of the mutiferroic properties was attributed to the RE-
and Mn- co-substituted BiFeOs.
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Figure.7.2: (a) Total density of states and (b) magnetic moments of BiFeOs;-REMnO; (RE =
Er, Eu, Gd, Ho, La, Th), the Fermi energy is set to be 0 eV.

The spin up of the Er-4f state is presented from -9 to -2.5 eV which is
hybridized with the Mn-3d, Bi-6p, Fe-3d and O-2p states as shown in Figure.7.3a. In
addition, the conduction band minimum is principally among the contribution of the
strong hybridizations of Er-4f, Er-5p and Bi-6p states. Experimentally, the
magnetization improved in BiggEry2Feo9Mng 103 compounds [283], due to the super-
exchange interaction between Er-4f and Fe-3d electrons [283]. The density of states
of BiFeO3-EuMNO;s is illustrated in Figure.7.3b. The valence band between -6 to 2.5
eV, is formed by states of Eu-4f, Mn-3d, Bi-6p, and O-2p atoms. The top of the
conduction band is mainly formed by Eu-4f, Eu-4d, Fe-4d and Bi-6p. For BiFeOs-
GdMnQOg, the spin up of Gd-4f localized in top of the valence band between 2.5 and 0
eV, which is hybridized with the O-2p state with a small contribution of Mn-d and Bi-
s (see Figure.7.3c. In addition, the spin up Mn-3d state at Fermi level converts the
systems to half-metallic character.

A similar behavior has been observed for BiFeO3-HoMnOs3, where the Ho-4f
states hybridized in valence band with the Mn-3d, Bi-6p, Fe-3d and O-2p states as
shown in Figure.7.3d. Further, the Fermi level are occupied by the Ho-4d Mn-3d and
0O-2p states, suggesting that the incorporation of Ho and Mn changed the BiFeO3 from
a semiconductor to a conductor material. The maximum of valence band is composed
of Bi-6p, O-2p, Mn-3d and La-4d states with a strong overlapping between -7.5 eV
and 0 eV as shows in Figure.7.3e. However, Spin up of the Fe-3d state and spin
down of Fel-3d are localized at -9 eV, which is hybridized with the O-2p state. In
addition, the lowest conduction band is composed of Bi-6p, Fe-3d, La-4d and La-5p
states with small admixture of O-2p states. Moreover, The partial density of states of
BiFeOs-TbMnO3 is presented in Figure.7.3f. The valence band maximum is
dominated by the Mn-3d, Bi-4d and O-2p states. The main Tb-4f valence band is
found at around -9 eV, which hybridized with the Fe-3d and small contribution of
Mn-3d and O-2p states. In addition, it is found that the unoccupied Th-4f state are
around 4 eV above the Fermi level. It can also be observed that in all BiFeOs-
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REMNO; there is a sharp peak that appears at the Fermi level and it is half occupied
with the spin up of Mn-3d. Densities of states of in BiFeO3-REMnO3 indicates that
the strong hybridization of RE-4f, Mn-3d, Bi-6p, Fe-3d and O-2p states could be the

electronic origin of magnetoelectric coupling in this system.
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Figure.7.3: Total and partial densities of states of (a) BiFeOs;-ErMnQs;, (b) BiFeO3-EUMNO;,
(c) BiFeO3-GdMnO;, (d) BiFeOz-HoMnNO;s, (e) BiFeOz-LaMnO; and (f) BiFeOs-ThMnO;
compounds, the Fermi energy is set to be 0 eV.

The Fe-3d electrons in BiFeO3 stay at high-spin configuration tgg3 egz, ( the
valence of Fe ions is close to +3 (Fe**)), and both of spin up and spin down states of
Fe-3d are split by the octahedral crystal ligand field into tyg and ey orbitals [284].
Figure.7.4b presents the spin up and spin down of Gd-d, Fe-3d and O-2p states,
which are characterized by a strong overlapping of Gd-d, Fe-3d (ey) and O-2p states
between -7.5 eV and 0 eV, indicating the covalent feature for the Gd—O bonding and
the hybridization between the Fe-3d and O-2p states decreases. As a result, Gd doping
decreases the valence fluctuation of Fe ions, the remanent magnetization decreases
and increases the local magnetic moment due to high magnetic moment of Gd, which
is in good agreement with experimental study reported by Lahmar et al. [10], where
the magnetization decreases with increasing the concentration of GdMnOg3 (see
Figure.7.4a). Also, a similar behavior was observed by M. Hasan et al.[276]in Mn
doping in BiggsGdg 15sFe1-xMn,O3 system, in which the saturation magnetization rises
gradually up to 10% Mn doping in BiggsGdp 15Fe1xMn,O3 system. However, a further
increasing of the Mn doping concentration, saturation magnetization decreased.
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Figure.7.4. (a) Magnetization vs magnetic field of BiggsGdg 15F€085MnNg 1505 (GAM15BFO)
and BiygGdg 2FepsMng 2,03 (GdM20BFO) thin films at RT reported in [10].(b) Partial densities
of states of BiFeO3-GdMnO; (Gd-d, Fe-3d and O-2p states), the Fermi energy is set to be 0
eVv.

7.3.3 Jahn-Teller distortion:

Jahn-Teller distortion or Jahn-Teller effect was proposed in 1937, which removes the
degeneracy of the ey and tq orbitals and undergoes distortion to form a system of
lower symmetry and minimum of energy [285]. The electronic configuration of Mn in
BiFeO3;-GdMnO; is 3d*, with the oxidation state of Mn*", giving a high-spin
configuration for Mn®", which leads to the activation of the Jahn-Teller distortion
[286]. There are two different electronic configurations for Mn®" ion: (tag)*(dz®) which
induces two bonds along the z-axis direction and (tog)° d(x*-y*) which induces four
bonds in the xy-plane. The Figure.7.5a shows the calculated Mn—-O and Fe-O bond
lengths in BiFeO3-GdMnOs. The bond lengths of the Mn-O bonds in MnOg
octahedron are 3.735 A, 3.715 A, 3.676 A, 3.709 A, 3.653 A and 3.634 A. While, the
Fe-O bonds in FeOs octahedron are 3.749 A, 3.782 A, 3.706 A, 3.733 A, 3.727 A and
3.688 A. Comparing with FeOg octahedron, the O atoms move towards the Mn atom,
indicating that a local distortion takes place around of Mn** ions in BiFeO3-GdMnOs.
The partial density of states of Mn-3d states, Mn-3dz? and Mn-3d(x*- y?) orbital of
Mn atoms is shown in Figure.7.5b. Our calculations show that the distortion is not a
strict Jahn-Teller distortion but is instead a preferential elongation of two of the Mn—
O bonds (i.e., the pseudo Jahn-Teller distortion) due to the hybridization of the
unoccupied 3d dxz and dx*-y? orbitals (see Figure.7.5b). L. F. J. Piper et al. [287]
reported similar distortion of the Mn local environment in LiyMnPO, studied by soft
and hard synchrotron-based spectroscopy with first-principles density functional
theory within the GGA+U.
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Figure.7.5: (a) pseudo Jahn-Teller distortion of the MnOg octahedron around of Mn in

BiFeO3-GdMnO;, (b) the partial density of states of Mn-3d states, Mn-3dz? andMn-3d(x*- y?)
orbital of Mn atoms inBiFeO3;-GdMnO;. The Fermi energy is set to be 0 eV.

Another important parameter describes the octahedral tilting angle (8) between
two adjacent octahedra, which are manifested by angles between different Fe-O-Fe
and Fe-O-Mn bonds in these octahedra. The Fe-O-Fe and Mn-O-Fe bond angles
between two adjacent octahedra in BiFeO3;-GdMnOs are shown in Figure.7.6a.We
note that both Fe-O-Fe and Mn-O-Fe bond angles are lower than 180° and the tilting
angle 0 for Fe-O-Fe is lower than the Mn—O—Fe ( from ~ 152° to ~ 154° in b-axis
and from ~ 150.92° to ~ 154.72° in a-axis)in BiFeO3-GdMnOs. The achieved values
for Fe-O-Fe bond angle are very comparable to the experimental results of
Bio.g5Gdo.15F€0.9Mng103[276]. In addition, the O-Mn-O and O-Fe-O bond angles are
178.15° and 179.15°, respectively, which are lower than 180° (see Figure.7.6b).
Also, the individual octahedron MnO6/ FeO6 shows that the individual O-Mn and
Mn-O / O-Fe and Fe-O bond angles are not identical with 90° (see Figure.7.6b),
indicating that the individual octahedron also contains distortions arising both from
asymmetry in Mn-O bond lengths and bond angles. The changes in the tilting angle 6
for Fe-O-Fe and Mn-O-Fe indicated a rotation of oxygen octahedra which can be
explain the origin of the peak at 300 cm—1 observed in Raman measurements [277]. It
is worth mentioning that the phase transition temperature of rhombohedral (R3c)- to-
orthorhombic (Pn21a) was found to depend on Mn concentration in BiggsGdg 15Fe;-
xMn,O3 The stabilization of a pure orthorhombic phase at room temperature is
reached for x=0.15 [255], [276], [277]. Furthermore, the increasing of Gd/Mn doping
in BiyGdyFe;.xMn,O3 produced the changes in Mn-O bond lengths and bond angles,
leading to a local stresses in the system responsible for the stabilization of the
orthorhombic phase.
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Figure.7.6: (a) Fe—O—Fe and Fe—O—Mn bond angles between two adjacent octahedra and (b)
Mn-O and Fe—O bond angles in the individual octahedron in in BiFeO;-GdMnO,

7.3.4 Spontaneous polarizations:

Spontaneous polarization was computed using first principle calculations based on
the Berry phase method [288]. The total polarization can be expressed as the sum of
ionic polarization (Pi,,) and electronic polarization (Pe) [289]. The Berry phase
calculation yields a spontaneous polarization of 56.06, 60.84, 47.80, 62.02, 49.73
and34.97],LC/cm2in BiFeOs-REMnO; for RE= Er, Eu, Gd, Ho, La and Tb,
respectively, as shown in Figure.7.7a. Excellent agreement between the calculated
spontaneous polarization and the experimental results reported by Lahmar et al.[255],
[277]. In addition, Y. Han et al. [283] observed a similar improvement of ferroelectric
property in BiggErg2Feq9Mno103. Moreover, a giant 2Pr value of 231.4 uC/cm2 is
observed in Bigg2H0o 0sF€0.97Mng 0303 thin films by W. Ye et al [282]. The direction
of spontaneous polarizations in BiFeO3-REMnO; depends on the rare earth elements
as shown in Figure.7.7b, where the direction of spontaneous polarization in BiFeOs-
REMNO;is [111] for RE= Er, Eu, Gd, Ho and Thb, while the direction of spontaneous
polarization in BiFeO3-LaMnOg3 is [101] and [001] for BiFeO3-TbhMnOs.

Several works were demonstrated that REMnO3; doped BiFeOs; (or RE doped
BiFeOs) systems exhibit an enhancement of ferroelectric, ferromagnetic and
electrochemical properties at concentration of 10%. M. S. Bozgeyik et al.[290]
showed an improvement of saturation magnetization in Bigglag1Fep9Gdy 103 (about
four times) in comparison of Bigglag1FeOs. A saturation magnetization of 2.20
emu/g was measured in Bi0.85Gd0.15Fe0.9Mn0.103 with coexistence of the both
rhombohedral (R3c) and orthorhombic (Pn2la) phases [276]. Furthermore, the
maximum of piezoelectric coefficient, remanent polarization, and strain were
obtained for x = 0.10-0.12 in Bi;-xSmyFegg9Tip0103 thin films [291]. The obtained
results were related to the coexistence of R3c and Pna21 phases ( Morphotropic phase
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boundary (MPB)) which leads to the sharp increase of these properties [292].
Regarding the presented work, the density functional theory clarifies the properties of
the bridging phase Pna2; that is the origin of high multiferoic properties in BiFeO3-
REMNO;,
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Figure.7.7 : (a) Total spontaneous polarization with the experimental results reported in
[18,19,39] and (b) its projection on (X, y, z) axis for BiFeO;-REMnO; (RE = Er, Eu, Gd,
Ho, La, Th).

7.4 Conclusion:

First-principles in the framework of the density functional theory has been
used to study the multiferroic properties of BiFeO;-REMnO;(RE = Er, Eu, Gd, Ho, La,
Tb). Our calculations achieved a total magnetic moment of 3.58, 4.69, 5.8, 4.27, 1.5
and 6.31 pg in BiFeO3-REMNO; for RE= Er, Eu, Gd, Ho, La and Tb, respectively. In
comparison with FeOg octahedron, the O atoms move towards the Mn atom,
indicating that a local distortion takes place around of Mn®" ions in BiFeO3-GdMnOs.
Our calculations showed that the distortion is not a strict Jahn-Teller distortion but it
is a preferential elongation of two of the Mn-O bonds (i.e., the pseudo Jahn -Teller
distortion) due to the hybridization of the unoccupied 3d dxz and dxy? orbitals.
Measurements of the tilting angle 6 for Fe-O-Fe in BiFeO3-GdMnO; are found lower
than the Mn-O-Fe ( from ~ 152° to ~ 154° in b-axis, and from ~ 150.92° to ~ 154.72°
in a-axis), which are lower than 180°. The Berry phase calculation yields a
spontaneous polarization of 56.06, 60.84, 47.80, 62.02, 49.73 and 34.97 uC/cm2 in
BiFeO3;-REMNO; for RE= Er, Eu, Gd, Ho, La and Tb, respectively, which are close to
the experimental results.

99

—
| —



General Conclusions

Numerical modelling of functional materials is developing rapidly to satisfy
the need to improve existing devices and to set up innovative systems. Several
approaches (equivalent circuit method, DFT, simulation, etc.) are possible. In all
cases, it is essential to have pertinent laws of such behavior which necessary for these
numerical tools. The aims of this thesis is the theoretical investigations and
magnetoelectric prediction in some functional thin films. By using density functional
theory (DFT) and Monte Carlo simulation we have analyzed the magneto-electric,
magnetic, electronic and ferroelectric properties of (2-2)-type nanocomposites
(CoFe204/PbZr0.5Ti0.503 and NiFe204/PbZr0.5Ti0.503), single-phase BiFeO3 and
MnGdO3-doped BiFeO3.

DFT results indicate that the NFO/ZTO is more favorable energetically than
the NFO/PbO at the NiFe204/PZT interface. As well as the electronic origin of the
strong magnetoelectric coupling at the NFO/ZTO interface is due to the hybridization
of the orbitals of the Ni, Fe, T, Zr, O interface atoms. The calculated magnetoelectric
couplings at the NiFe204/PZT interface for NFO/ZTO and NFO/PbO are
respectively: ag =3.15 x 1071 et 0.52 x 1071 G.cm/V, which are of the
same order of magnitude as the calculated magnetoelectric coefficient given in the
literature. These values are of the same order in magnitude with the calculated
magnetoelectric coefficient (6.7 x 1071% G.cm/V) in Ni/PbTiOs heterointerface
[202], and with 2.3 x 1071° G.cm/V in Ni/BaTiO; system [178]. In addition, the
stronger bonding in the NFO/ZTO interfacial layers will inevitably increase the
cohesive energy between the NFO and PZT layers, which is already evident from the
results of work of separation. Obviously, the magnetoelectric coupling for the
NFO/ZTO and NFO/PbO interfaces demonstrate that the magnetoelectric coupling
depends strongly on the bonding mechanisms at the interface.

A Monte Carlo model has been developed to study the ferroelectric
properties of PbZrl-xTixO3 (PZT). The proposed model aims to calculate the
exchange couplings in PbZrl-xTix03. The effect of temperature on the ferroelectric
properties of PZT, such as hysteresis cycles, polarization and coercivity field have
been studied. It’s observed that the polarization curves are symmetric for both
positive and negative external electrical field values. Also, the area of hysteresis loops
becomes narrower as the content of Zr in PZT increases. For x=0 , PbZrO3 thin films
was in the antiferroelectric state, evidenced by the presence of a double hysteresis
loop with zero remanent polarization. While increasing x values, a weak
ferroelectricity is observed for PbZryoTig103 and PbZrygTip203. However, beyond
x=0.3, a typical ferroelectric hysteresis loops are observed. In addition, the phase
diagram as a function of the x-values of Ti in PbZrl-xTixO3 was determined. The
obtained values are in good agreement with experimental results reported by Isaku
Kanno et al [8] in (001) PbZr;4TixO3 epitaxial films grown on SrTiO3; substrates
using radio-frequency sputtering technique. Furthermore, at 300K, the recoverable
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energy densities of 13.93 J/cm® and 9.74 J/cm® were obtained in PZT for x=0 and 0.1,
with an energy density efficiency of 78.73% and 94%, respectively, which is closer to
the experimental results (14.5J/cm®) reported in [227].

On the other hand, the ferroelectric, magnetic and magnetoelectric properties
of the heterostructures NiFe204/PZT (NFO/PZT), CoFe204/PZT (CFO/PZT),
NiFe204/PZT/CoFe204 (NFO/PZT/CFO) and NiFe204/PZT/NiFe204
(NFO/PZT/NFQO) were obtained using Monte Carlo simulation with Heisenberg
model. The effect of temperature on magnetic polarization, electrical polarization and
their susceptibilities were examined. We note that magnetoelectric coupling
interactions Jme corresponding to the experimental magnetoelectric voltage coefficient
for NFO/PZT and CFO/PZT are 4.120 and 0.625 meV, respectively. Experimentally,
NFO/PZT heterostructures with lower magnetostriction have a strong magnetoelectric
voltage coefficient, whereas CFO/PZT heterostructures with a strong magnetostrictive
present a weaker magnetoelectric voltage coefficient. This can be explained by the
strong interfacial magnetoelectric coupling interaction Jy.=4.120 meV at NFO/PZT
interface, while the predicted Jne for CFO/PZT interface is 0.625 meV. The
maximum magnetoelectric voltage coefficients that are predicted are 500, 55, 1405
and 650 mV/(cm.Oe) for NFO/PZT, CFO/PZT, NFO/PZT/NFO and NFO/PZT/CFO,
respectively. The calculated value of the magnetoelectric voltage coefficient in the
proposed NFO/PZT/CFO and NFO/PZT/NFO heterostructures are comparable to the
experimental results (1225 mV/(cm.Oe) ) reported by L. Jian [246] in PZT/NFO/PZT
films. The presented theoretical results can provide suitable guidance for developing
magnetoelectric devices.

The simulation of the ferroelectric, magnetic and magnetoelectric properties of
thin films of the multiferroic BiFeO3 are obtained in this work using Monte Carlo
simulation. The exchange coupling interactions in the magnetic and ferroelectric
subalattices corresponding to the experimental critical temperature have been
estimated. Thermodynamic quantities such as internal energy, specific heat,
magnetization, electric polarization and their susceptibilities as a function of
temperature in BFO thin films were studied. The presence of a one hysteresis loop
with weak remanent magnetization in the M-H loop suggesting that the BFO presents
the weak ferromagnetism due to the Moriya interaction (DMI). It is found that for Jp
up to 1 meV the polarization is not switchable and the increasing of magnetoelectric
coupling interaction Jme leads to more and more obvious P-H hysteresis loop,
indicating that the electric dipoles are switchable by an applied magnetic field. Also,
when the magnetoelectric coupling interaction Jme is large enough, a complete
switching of the electric dipole by magnetic field has been observed. The electric
dipole defects were proposed as a mechanism to enhance the magnetoelectric
coupling in BFO. Indeed, our simulation demonstrated that the electric polarization
can be switched completely with defect concentration % at Bi-sites in BFO thin films
at 300K and Jme=4.202 meV, where all electric dipoles turn to the direction of the
applied magnetic, due to the reduction of exchange coupling interactions (Jel and
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Je2) between the electric dipoles. A large magnetoelectric voltage coefficient of 104
mV/(cm.Oe) was predicted in BFO thin films with 25% defects, which makes it more
suitable for magnetoelectric devices.

The structural and multiferroic properties of the solid solution BiFeO3-
REMNO3 (RE = Er, Eu, Gd, Ho, La, Tbh) were studied using the functional density
theory. Simultaneous substitution of RE and Mn in the 12.5% BiFeO3 was performed.
We found that the total magnetic moment in BiFeO3-REMnO3 is governed by the
magnetic moments of the rare earth elements. Our calculations yielded total magnetic
moments of 3.58, 4.69, 5.8, 4.27, 1.5 and 6.31uB in BiFeO3-REMnO3 for RE= Er,
Eu, Gd, Ho, La and Th, respectively. The spontaneous polarization in BiFeO3-
REMnO3 is respectively: 56.06, 60.84, 47.80, 62.02, 49.73 and 34.97uC/cm2, for
RE= Er, Eu, Gd, Ho, La and Th. The results obtained are similar to the experimental
results.
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Title : Theoretical investigations and magnetoelectric

prediction in some functional thin films.

Abstract: In this thesis, we studied the mechanisms governing extrinsic and
intrinsic magnetoelectric coupling using density functional theory (DFT) and Monte
Carlo simulation in multiferroic compounds. The electronic origin of the strong
magnetoelectric coupling of the NiFe204/PZT heterostructure was analyzed by the
density functional theory. In addition, the ferroelectric, magnetic and magnetoelectric
properties of NiFe204/PZT , CoFe204/PZT, NiFe204/PZT/CoFe204 and
NiFe204/PZT/NiFe204 heterostructures were obtained by Monte Carlo simulation
and the maximum magnetoelectric voltage coefficient is 1405 mV/(cm.Oe) was
predicted in NiFe204/PZT/NiFe204. The second part of this manuscript is dedicated
to the simulation of the intrinsic magnetoelectric coupling in BiFeO3. A large
magnetoelectric voltage coefficient of 104mV/(cm.Oe) has been predicted in BiFeO3
thin films with 25% of the defects. In addition, the multiferroic properties of BiFeO3
doped with rare earth and Mn were analyzed by the DFT.

Keywords: magnetoelectricc, DFT, Monte Carlo simulation, multiferroics,
NiFe204/PZT , BiFeO3.

Titre : Etude théorique et la prédiction magnétoélectrique dans

certaines couches minces fonctionnelles.

Résume : Dans le cadre de cette these, nous avons étudié les mécanismes régissant le
couplage magnétoélectrique extrinseque et intrinseque en utilisant la théorie de la
fonctionnelle de la densité (DFT) et la simulation de Monte Carlo dans les composés
multiferroiques. L'origine électronique du fort couplage magnétoélectrique de
I'nétérostructure NiFe204/PZT a €té analysé par la théorie de la fonctionnelle de la
densité. De plus, les propriétés ferroélectriques, magnétiques et magnétoélectriques
des heétérostructures NiFe204/PZT , CoFe204/PZT, NiFe204/PZT/CoFe204 et
NiFe204/PZT/NiFe204 ont été obtenu par la simulation Monte Carlo et le
coefficient maximum de voltage magnétoélectrique est de 1405 mV/(cm.Oe) a été
prédit dans NiFe204/PZT/NiFe204. La deuxieme partie de ce manuscrit est
consacrée a la modélisation et la simulation du couplage magnétoélectrique
intrinseque dans le BiFeOs. Un coefficient important de voltage magnetoélectrique de
104 mV/(cm.Oe) a été prédit dans les couches minces de BiFeO3; avec 25% des
défauts. En addition, les propriétés multiferroiques de BiFeO3; dopé par terre rare et
Mn sont été analysé par la DFT.

Mots-clés : magnétoélectrique, DFT, simulation Monte Carlo,multiferroiques,
hétérostructure NiFe204/PZT, BiFeOs.
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