N

N

Probing the impact of structural defects on spin
dependent tunneling using photons
Ufuk Halisdemir

» To cite this version:

Ufuk Halisdemir. Probing the impact of structural defects on spin dependent tunneling using photons.
Physics [physics]. Université de Strasbourg, 2016. English. NNT: 2016STRAEO018 . tel-01468571

HAL Id: tel-01468571
https://theses.hal.science/tel-01468571
Submitted on 15 Feb 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01468571
https://hal.archives-ouvertes.fr

ECOLE DOCTORALE ’
/ p p UNIVERSITE DE STRASBOURG
IPCMS /

THESE pe DOCTORAT

pour obtenir le grade de
Docteur de I’universié de Strasbourg
Discipline/Spécialité: Physique

PROBING THE IMPACT OF STRUCTURAL DEFECTS ON SPIN
DEPENDENT TUNNELING USING PHOTONS

Université de Strasbourg
Ecole Doctorale de Physique et Chimie-Physique
Institut de Physique et Chimie des Matériaux de Strasbourg
présentée par
HALISDEMIR Ufuk
soutenue le : 09 Novembre 2016

Membres du jury:

Directeur de these

Dr. BOUKARI Samy [PCMS - Université de Strasbourg
Rapporteurs

Prof. KOSTER Gertjan MESA+ - Université de Twente

PD Dr. THOMAS Andy IFW Dresden

Examinateurs

Dr. BOWEN Martin I[PCMS - Université de Strasbourg
Prof. TUREK Philippe POMAM - Université de Strasbourg

Prof. HEHN Michel ILJ - Université de Lorraine



il



the little-death that brings total obliteration. I will

face my fear. I will permit it to pass over me and
through me. And when it has gone past I will turn the inner
eye to see its path. Where the fear has gone there will be
nothing. Only I will remain.”

‘ ‘I must not fear. Fear is the mind-killer. Fear is

Frank Herbert, The Litany Against Fear, Dune.
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Résumé en Francais

Introduction

Leffet tunnel est un phénomene quantique dans lequel une particule peut franchir une
barriere de potentielle qu’elle ne pourrait pas surmonter dans le cadre de la mécanique
Newtonienne. C’est un effet basique et spectaculaire (parce que contre-intuitif) décris par
la mécanique quantique, il est notamment utilisé comme un exemple canonique dans la
plupart des livres d’introduction a la physique quantique. L’effet tunnel se retrouve dans
de nombreux phénomenes naturels et est utilis€ dans de nombreuses techniques expéri-
mentales dont la plus connue est le microscope a effet tunnel.

Dans cette these, nous nous sommes concentrés sur I’effet tunnel dans une catégorie par-
ticuliere de dispositifs électroniques, a savoir des jonctions tunnels. Une jonction tunnel est
constituée de trois couches, deux électrodes métalliques (M) séparées par une fine couche
d’un matériau isolant (1), et peut aussi s’appeler MIM ou M/I/M. Dans ces dispositifs, I’ ef-
fet tunnel fait référence a la transmission d’électrons d’une électrode a une autre a travers
la couche isolante et se nomme effet tunnel a I’état solide. Les propriétés €lectriques des
MIMs ainsi que les premiers modeles théoriques qui les décrivent ont été développés il
y a plus de 50 ans. Depuis, le domaine a progressé plutot lentement hormis au cours de
deux périodes durant lesquelles il a attiré I’attention de la communauté scientifique et s’est
développer tres rapidement.

La premiere période correspond a I’émergence du domaine du transport tunnel pola-
risé en spin. Dans ce cas, le transport électronique est similaire au transport tunnel dans
les structures MIM a I’exception que les €lectrodes métalliques sont remplacées par des
couches ferromagnétiques (FM). Le développement du domaine a été provoqué par 1’ex-
périence pionniere de Giaever’ qui a mesuré les propriétés électriques de structures métal-
isolant-superconducteur. Par la suite, la couche métallique a été remplacée par une couche
ferromagnétique (FM), et la densité d’état tres particuliere de la couche supeconductrice a
été utilisée comme détecteur de spin. Finalement, en 1975, Julliere! a remplacé la couche
superconductrice par une deuxieme couche ferromagnétique et a montré pour la premiere
fois que la résistance d’un tel dispositif dépendait de 1’alignement relatif des aimantations
des deux électrodes. Il a mesuré pour la premiere ce qu’on appelle aujourd’hui la ma-
gnétorésistance tunnel (abrégée TMR) dans des structures FM/I/FM aussi appelées des
Jjonctions tunnels magnétiques (JTM). A cette époque, le transport tunnel polarisé en spin
n‘a pas attiré I’attention de la communauté scientifique principalement a cause des diffi-
cultés expérimentales liées a I’élaboration d’hétérostructures de couches minces, du besoin
de températures cryogéniques ainsi que de la faible amplitude de 1’effet.

La seconde percée expérimentale qui a définitivement déclenché le développement tres
rapide du domaine est la découverte de la magnétorésistance géante (GMR) en 1988%°. La
GMR se produit dans les triples couches ferromagnétique-métallique-ferromagnétique et
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fait référence au changement de résistance du dispositif en fonction que 1’aimantation des
électrodes pointent dans la méme direction ou bien dans des directions opposées. Comme
nous I’avons mentionné précédemment, les effets magnétorésistifs ne sont pas limité au
dispositif de type GMR, mais peuvent aussi se produire dans les jonctions tunnels magné-
tiques. Etant donné que la TMR et la GMR ont toutes deux de nombreuse applications
potentielles, un effort de recherche tres important a été fait afin d’améliorer les perfor-
mances de ces dispositifs. Apres les premieres expériences menées par Julliere en 1975,
la fabrication de jonctions tunnels magnétiques avec une TMR mesurables a température
ambiante a été réalisées en 1995!%!!, Les phénomenes de TMR et GMR sont déja utilisés
dans de nombreuses applications industrielles '>~'#, mais sont aussi étudié intensivement
pour leurs applications potentielles qui permettraient de réaliser des dispositifs de nou-
velles générations qui posséderaient des fonctionnalités avancées .

La compréhension du transport tunnel polarisé en spin a d’abord été limitée pas des diffi-
cultés théoriques a modéliser les barrieres isolantes amorphes. Les progres réalisés dans le
processus de fabrication ainsi que le raffinement des techniques expérimentales ont permis
la croissance d’hétérostructure épitaxiés, ces structure cristallines ont permis la comparai-
sons entre modeles théoriques et résultats expérimentaux et ont fortement amélioré notre
compréhension du transport polarisé en spin dans les JTM. Les modeles théoriques per-
mettent d’avoir une bonne compréhension du transport polarisé en spin dans les systemes
épitaxiés, et I’obtention de TMR relativement grande dans le systtme Fe/MgO/Fe (que
nous allons discuter plus en détail plus tard) cristallins semble confirmer ces modeles '°.

Cependant, il existe encore des divergences entre modeles théoriques et résultats expéri-
mentaux qui ne sont toujours pas expliquées. Par exemples, des calculs ab-initio prédisent
des valeurs de TMR supérieures 2 30000 % '” tandis que les valeurs expérimentales at-
teignent des valeurs de 600 % (1100 %)'® a température ambiante (basse température). De
plus, des zones d’ombres limitent aussi notre compréhension de la dépendance en tem-
pérature en en tension des propriétés magnétoélectriques. Finalement, un des résultats les
plus surprenants concerne la hauteur de barriere JTMs a base de MgO. Alors que la gap
optiques du MgO suggere un hauteur de barriere de 3.9eV, les valeurs rapportées dans
la littérature varient entre 0.4 et 1.1eV, soit 3 a 10 fois plus petit que ce a quoi on peut
s’attendre.

Naturellement, ces divergences peuvent étre expliquer en partie par le fait que les cal-
culs théoriques considerent des structures cristallines parfaites alors que dans la réalité les
dispositifs contiennent toujours différents types de défauts structurels. Cependant, I’'im-
portance de I’impact des défauts sur les performances des JTMs a base d’oxydes n’est pas
autant reconnue que dans le domaine des semi-conducteurs. L’impact des défauts structu-
rels dans le MgO sur le transport tunnel polarisé en spin est a son balbutiement dans ce
systeme canonique qui est autrement largement étudié.

Dans ce travail, nous nous sommes concentrés sur un type de défaut structurel tres spé-
cifique, a savoir les lacunes d’oxygene situées dans la couche d’oxyde isolante. Plus par-
ticulierement, cette theése a pour principale objectif de caractériser I’'impact de tels défauts
sur le transport tunnel polarisé en spin dans des JTM a base de MgO. Nous nous sommes
concentrés sur les lacunes d’oxygenes car il est possible que ce type de défaut donne lieu
a des propriétés avancées dans certains dispsitifs>. Par exemple, les états localisés in-



duits par les lacunes d’oxygenes sont suspectés d’étre responsables des faibles hauteurs de
barrieres observées expérimentalement. Néanmoins, les applications qui utilisent le méca-
nisme de transfert de spin (SST) nécessitent de fortes densités de courant qui peuvent étre
accommodées, dans les JTM a base de MgO, seulement grace a ces faibles hauteurs de bar-
rieres. Plus qu’un probleme purement académique, résoudre cette divergence, en corrélant
la nature des défauts structurels a leur impact sur les propriétés des dispositifs électro-
niques, peut avoir d’importantes répercussions dans d’autres applications qui utilisent le
transfert de spin.

Les objectifs de ce travail peuvent étre divisés en deux parties : notre objectif premier est
de caractériser I'impact des états localisés induits par les lacunes d’oxygene sur les pro-
priétés magnétoélectriques les jonctions tunnels magnétiques CoFeB/MgO/CoFeB ainsi
que d’utiliser I’excitation optique comme degrés de liberté supplémentaire du systeme
afin de caractériser la présence et I’impact de ces défauts. Dans un deuxieme temps, nous
souhaitons également utiliser les modifications induites par 1’excitation optique comme
fonctionnalité supplémentaire de ces appareils pour des applications optoélectroniques.

La premiere partie de cette these introduit différentes techniques expérimentales et que
Iques concepts théoriques afin de mieux aborder I’objet de ce travail, elle est divisée en
trois parties. Le premier chapitre introduit d’abord un modele phénoménologique simple
qui permet de comprendre la magnétorésistance tunnel. La seconde partie du chapitre dis-
cute plus en détail des propriétés magnétiques et électriques d’hétérostructure Fe/MgO/Fe
obtenues par des calculs ab-initio plus sophistiqués et discute du phénomene de filtrage
de symétrie qui permet d’obtenir de fortes valeurs de TMR dans ce systeme. Le second
chapitre est consacré aux effets intrinseque et extrinseque qui limitent les performances
de JTM a base de MgO. Nous nous concentrerons d’abord sur les effets d’interfaces et
discuterons de quelles facons les états d’interface résonants ainsi que les contaminations
et le désordre aux interfaces modifient le transport tunnel. Nous verrons ensuite comment
la température et la tension appliquée altere les propriétés des dispositifs. La derniere par-
tie du chapitre est consacrée a I’impact des états localisés. La derniere section est dédiée
a une discussion sur I’activité optique induite par les lacunes d’oxygene dans MgO. Le
troisieme chapitre décris la croissance des échantillons ainsi que la fabrication des dis-
positifs par photolithographie UV. Le banc sur lequel les mesures magnétoélectriques ont
été effectuées est également présenté. Finalement, le dispositif expérimental de la ligne
synchrotron qui a été utilisé dans la derniere partie de cette these est bricvement introduit.

La seconde partie du manuscrit est dédiée aux résultats expérimentaux obtenue durant
ma these, cette partie est divisée en trois chapitres. Dans le chapitre 4, je présente les ré-
sultats de nos mesures magnétoélectriques en fonction de la température et de la tension
appliquée. Nous discutons d’abords les spectres de photoluminescence mesurés sur nos
couches de MgO déposées par pulvérisation cathodique. Nous détaillons ensuite la tech-
nique expérimentale que nous avons utilisée afin de déterminer la hauteur de barriere de
nos dispositifs. Finalement nous discutons comment nous avons essayé d’identifier I’'im-
pact de défauts spécifiques en comparant nos mesures optiques et magnétoélectriques.
Dans le chapitre 5, j’analyse notre tentative qui consistait a utiliser le degré de liberté op-
tique comme fonctionnalité supplémentaire de nos jonctions. Dans le dernier chapitre de
ce manuscrit, je présente les résultats que nous avons obtenus dans une expérience ou nous
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avons combiné des mesures d’absorption X et des mesures magnétoélectriques.

Transport polarisé en spin dans le systeme
Fe/MgO/Fe(001)

Pour comprendre les phénomenes physiques sous-jacents au transport tunnel polarisé en
spin dans les dispositifs que nous avons étudié durant ma these, il est utile de considérer
les résultats de calculs ab-initio sur le systeme canonique Fe/MgO/Fe(001).

La Figure Al représente la structure cristalline du systeme cristallin Fe/MgO/Fe(001).
Le MgO adopte une structure NaCl tandis que le Fe possede une structure cubique centrée.
La couche de MgO(001) croit avec une relation épitaxiale Fe(001)[110]//MgO(001)[100],
c’est-a-dire qu’il y a un angle de 45° entre les axes MgO[100] et Fe[100]. Par conséquent,
le décalage entre les mailles ay,0 et V2apr, est de seulement 3.7 %. Des études théoriques
et des résultats expérimentaux suggerent que les atomes d’oxygene du MgO se trouvent

(b) [001]

t [111]
- 7,4
- e /4
HJ-—' ——————— )
® Mg | '
£ el | [
S @ | | /‘ L
| P,
(c) (d)
p ™\ Fe[010] —V—.—g @ —
Fe[100] 2 n W
10.21 nm
) Felool] -GG
MgO[010] MgO[100] ®—6—6-
i , | 0.14 nm
o oo
MgO[001] 0@ .

Ficure Al : Structure de ’interface Fe/MgO (001) : La structure NaCl et cubique
centrée du MgO et du fer sont schématisé dans les panneaux (a) et (b) respective-
ment. Une vue de dessus ainsi qu’'un vue en tranche de I’interface Fe/MgO(001)
sont représentées dans les panneaux (c) et (d). On constate que la direction
MgO[100] est parallele a la direction Fe[110].
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directement au-dessus des atomes de Fe a une distance de 0.20-0.23 nm. Les calculs*
ont aussi montré que les propriétés magnétique et électrique de Fe et du MgO sont peu
modifier aux interfaces.

Comme nous I’avons mentionné en introduction, la difficulté a modéliser les barrieres
isolantes amorphes a longtemps limité notre compréhension de I’effet tunnel a 1’état solide.
A contrario, dans les systémes épitaxiés les atomes sont arrangés de maniere ordonnés et
la périodicité de la structure cristalline permet d’utiliser des outils de calculs plus sophisti-
qués. Dans ce cadre, il est notamment possible de classer et décrire les porteurs de charges
par des considérations de symétrie. Il a également été montré que la probabilité pour un
porteur de charge de traverser la barriere tunnel était maximal dans la direction perpendi-
culaire au plan des couches minces, cette direction est dénotée A dans I’espace réciproque,
et ce sont donc les électrons présents au niveau de fermi dans cette direction particuliere
qui vont participer au transport tunnel polarisé en spin.

La figure Figure AII représente la densité d’état polarisé en spin pour les électrons ma-
joritaire (a) et minoritaire (b). Nous pouvons constater que dans le canal majoritaire, les
électrons A, As et Ay participent au transport tandis que dans le canal minoritaire ce sont
les électrons As, Ay et A,. Les schémas (c) et (d) illustrent les principales différences entre
la transmission par effet tunnel a travers des barrieres amorphes et épitaxiés. Lorsque la
barriere est amorphe (c), les électrons des différentes bandes (qui sont classés par symé-
tries) sont tous transmis avec la méme probabilité. Lorsque la barriere est cristalline, les
électrons des différentes bandes sont transmis avec une probabilité spécifique, les calculs
ont montré que les électrons A; (qui possedent des orbitales des type s) sont transmis avec
la plus forte probabilité tandis que les électrons de type As (orbitales des type p) et Ay

Majority Minority

. @ A, (b) Aq, ©)  re/al0fFe @ Fe/mgo/Fe
2-

" Az As,

-14 AZl
-2
-3 4 AZT
-4

Energy (eV)

r A HT A H

Ficure All : Propriétés électriques des systéemes épitaxiés : Densité d’état résolue
en spin et en symétrie dans la direction A de I’espace réciproque pour (a) les
électrons majoritaire et (b) les électrons minoritaire. Toutes les bandes présentes
au niveau de Fermi participe au tunnel courant (c) lorsque la barriere est amorphe,
les électrons sont tous transmis avec la méme probabilité et (d) lorsque la barriere
est cristalline, les porteurs de charges de chaque bande possedent une probabilité
de transmission spécifique.
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(orbitales des type d) sont transmis avec une probabilité beaucoup plus faible.

Etant donné que les électrons A; sont transmis avec le plus de probabilité (ou réci-
proquement, ces électrons ont le taux de décroissance le plus lent dans MgQO), on peut
concevoir que les propriétés électriques de ces dispositifs sont donc principalement ca-
ractéristiques des €tats A;. Cependant, si on se réfere aux figures Figure All a et b, nous
pouvons constater que les états A; sont totalement polarisés au niveau de Fermi, ils sont
présent dans le canal majoritaire seulement. Si nous supposons que le spin est conservé
lors d’un événement tunnel (ce qui est généralement vrai a basse température), alors un
électron dans I’électrode émettrice ne peut traverser la couche isolante par effet tunnel que
si un état avec le méme spin et la méme symétrie est disponible dans I’électrode receptrice.
Par conséquent, le canal de conduction induit par les électrons A; n’est ouvert que dans
la configuration magnétique parallele (P) du dispositif, il est fermé dans la configuration
antiparallele (AP). Puisque les électron A; sont les mieux transmis, cela résulte en une
conductance beaucoup plus élevée dans le configuration P que dans la configuration AP
et cela explique les fortes TMR observées dans les JTM a base de MgO qui est définit
comme I’asymétrie de conductance entre les états P et AP :

Gp—Gap _ Rap—Rp

TMR = = (1)
AP RP

Ce processus est appelé phénomene de filtrage de symétrie.

Dans ce manuscrit, nous nous sommes concentrés sur un systeme qui differe Iégerement
du systeme canonique Fe/MgO/Fe. Nous avons étudiés des JTM CoFeB/MgO/CoFeB.
Toute les couches sont déposées par pulvérisation cathodique, les électrodes de CoFeB
sont initialement amorphes alors que le MgO est texturé dans la direction (001). Une étape
supplémentaire de recuit apres déport est nécessaire afin de cristalliser les interfaces ainsi
que les électrodes. Tous les concepts introduits afin d’expliquer le transport tunnel dans les
jonctions cristallines peuvent €tre appliqués a ces jonctions initialement amorphes.

Motivations

Mon travail a été effectué dans le cadre d’un projet plus large dans le domaine de la Spin-
tronique inorganique qui a pour but de développer des dispositifs de nouvelles générations.
Mon travail a principalement porté sur I’impact des lacunes d’oxygenes présentes dans des
couches d’oxydes intégrés dans des dispositifs électroniques. En particulier, notre objectif
est de caractériser ’effet de tels défauts sur le transport polarisé en spin dans des JTM
a base de MgO. Dans un second temps nous souhaitions également utiliser les connais-
sances acquises lors de la phase initiale du projet afin d’utiliser les propriétés induites par
les lacunes d’oxygene comme degrés de liberté supplémentaire de nos jonctions.
Premierement, il est clair que les oxydes jouent un role stratégique d’un point de vue
technologique car ils sont déja utilisés dans de nombreuses applications. Mais ces maté-
riaux jouent également un role stratégique pour de futures applications car ils manifestent
beaucoup de propriétés intéressantes. Bien que ces matériaux soient considérer comme
tres important, I’importance de I'impact des défauts structurels sur leurs propriétés n’est
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pas autant reconnue que dans le domaine des semi-conducteurs. En effet, les défauts, et
plus particulierement les lacunes d’oxygenes jouent un réle crucial dans la fiabilité et la
performance des dispositifs. Dans cette perspective, il est essentiel d’identifier clairement
leur impact sur le transport électronique dans les JTM. Le premier objectif de ce travail
est non seulement d’identifier I’impact de populations de défauts spécifiques mais aussi de
déterminer les processus physiques sous-jacent les changements des propriétés des JTM.

Deuxiemement, nous avons souhaité prendre avantage des propriétés induites par les
lacunes d’oxygenes. En effet, il a été raporté que les lacunes d’oxygenes pouvait poten-
tiellement jouer un rdle central dans deux domaines intéressants, a savoir le domaine des
memristors et le domaine des oxydes magnétiques dilués. Le premier domaines fait réfé-
rence aux dispositifs dont la résistance n’est pas constante mais dépend de I’histoire de la
tension appliquée. Le second domaine fait référence aux oxydes dopés avec des cations
3d magnétiques qui présentent un ordres ferromagnétiques a longue distance pour des ni-
veaux tres faibles de dopages. Les deux exemples peuvent étre expliqués par la présence
de lacunes d’oxygenes et suggerent la présence de ces derniers peut étre désirable dans
certains cas. L’idée principale idée qui a motivé ce second axe de recherche est de prendre
avantage des propriétés optique du MgO induites par les lacunes d’oxygenes et plus par-
ticulierement d’exploiter le couplage qui existe entre les propriétés optiques de 1’oxyde et
les propriétés électrique des dispositifs.

Etude de I'impact des lacunes d’oxygénes sur le
transport polarisé en spin

Il est bien établit que retirer un atome d’oxygene d’une matrice de MgO crée un puit de
potentiel capable de piéger des €lectrons. La charge de ces défauts ponctuels peut varier
et par conséquent il existe toute une variété d’états localisés dont I’énergie est située dans
le gap de I’isolant du matériau diélectrique. De plus, ces défauts peuvent dans leur état
fondamental ou excité et peuvent également interagir entre eux pour créer des lacunes
d’oxygene double. Dans cette partie, notre objectif est d’identifier clairement I’impact de
populations de défauts spécifique induites pas les lacunes d’oxygene sur les propriétés
électrique de JTM CoFeB/MgO/CoFeB.

Pour comprendre I’approche expérimentale que nous avons choisie, nous allons brieve-
ment discuter de la fagon dont les lacunes d’oxygenes modifient les propriétés du MgO et
du dispositif dans lequel le MgO est intégré.

La Figure Alll(a) représente (de maniere simplifiée) comment les lacunes d’oxygene
modifient les propriétés du MgO. Comme nous ’avons indiqué précédemment, les la-
cunes d’oxygenes créent une variété d’états localisés dont 1’énergie se trouve dans le gap
du MgO. 1l est donc possible d’utiliser une excitation optique (d’énergie appropriée) afin
d’exciter ces états de leur niveau fondamental vers leur niveau excité. Mesurer le spectre
d’absorption du MgO ainsi que les photons émis lors du processus de recombinaison (pho-
toluminescence) permet d’obtenir des informations intéressantes sur la position €nergé-
tique de ces états dans le gap.
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Figure AIIl : Impact des lacunes d’oxygenes : (a) Gap du MgO modifié par la
présence d’états localisés induit par une lacune d’oxygene. L’état fondamental
ainsi que I’état excité sont représentés. L’excitation optique d’énergie approprié
(I’énergie du photon 7w doit étre égale a la différence d’énergie entre niveau fon-
damental et excité AE) permet d’excité un électron de 1’état fondamental vers
I’état excité (rouge), le processus de recombinaison est accompagné par 1’émis-
sion d’un photon (bleu). (b) Schéma simplifié¢ du paysage de potentiel d’une JTM.
La présence d’un état localisé réduit la hauteur de barriere du dispositif électrique
au niveau énergétique du défaut.

La Figure AIIl(b) représente comment les lacunes d’oxygene modifient les propriétés
d’une JTM contenant du MgO. En premiere approximation, la barriere de potentiel du di-
électrique peut étre représentée par une simple marche de potentielle. Dans les dispositifs
dont la structure cristalline est parfaite, la hauteur de barriere est définit par la distance
entre le niveau de Fermi dans 1’électrode et la bande de conduction dans 1’isolant. Lors-
qu’un état localisé est introduit dans le gap, celui-ci réduite la hauteur de barriere effective
du dispositif a la position en énergie du défaut. Mesurer la hauteur de barriere du dispositif
a I’aide de mesures électrique permet ainsi d’obtenir des informations sur la position en
énergie des défauts impliqués dans le transport tunnel.

Afin d’identifier explicitement les différents états localisés dans le transport tunnel de
nos jonctions, nous avons adoptés la stratégie suivante. Premicrement, nous avons mesu-
rés les spectres de photoluminescence dépendant en température de nos couches de MgO
déposé par pulvérisation cathodique. A partir de ces spectres et d’autres résultats rapportés
dans la linéature, nous avons établis un paysage de potentiel du MgO modifié par des états
localisé. Dans un deuxieme temps, nous avons mesurés expérimentalement la dépendance
en température des propriétés magnétoélectriques de nos jonctions (et notamment la hau-
teur de barriere effective), ce qui nous a permis de déterminer la position énergétique des
défauts impliqué dans le transport tunnel électriquement. Finalement, nous avons essayé
d’identifier les états localisés impliqués dans le transport tunnel en comparant les mesures
électriques paysage de potentiel construit a partir de nos mesures optiques.

L’approche la plus simple pour déterminer la hauteur de barriere effective d’un dispositif
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Ficure AIV : Propriétés magnétorésistive dans I’espace de parametre (V,T) : (a)
Carte couleur 2D de la diminution relative de la TMR due a I’excitation thér-
mique, (b) la position du maximum des pic et leur amplitude maximale extraite
des I pour les configurations magnétiques parallele et antiparallele et (c) la posi-
tion du maximum des pic et leur amplitude maximale extraite des données repré-
sentées dans le panneau (a).

est mesurer le courant en fonction de la tension appliqué (I-V) et d’effectuer un ajustement
de courbe avec les formules de Simmons ou de Brinkman. Cependant cette approche est
limitée par le fait que ces formules ont ét€ dérivées pour de simples barrieres de poten-
tiels (non cristallines) et parfaites (qui ne prennent pas en compte le paysage de potentiel
compliqué induit par les états localisés). Afin de contourner ces difficultés, nous avons dé-
cidés d’opter pour une approche totalement expérimentale. Nous avons utilisé la technique
I (lire I chapeau) initialement introduite pas Rottlinder ef al..

Le principe de fonctionnement est tres simple. Il suffit de mesurer des caractéristiques
courant-tension (I-V) a différentes température, en général la plus basse (7) et la plus
haute (7,) accessible au systeme, et de calculer la différence relative entre ces deux courbes
avec la formule suivante :

I1(T>)
I(T))

I(T;T,) = ( - 1) x 100 ()
La courbe qui résulte de ce calcul est caractérisée par deux maxima dont la position éner-
gétique correspond a la hauteur de barriere.

Nous avons étendus la technique initialement introduite par Rottlinder ef al.. Nous
avons mesuré les propriétés magnétoélectriques d’une jonction de 25 um de diametre pour
les configurations magnétiques parallele et antiparallele de 7 = 15K a 7 = 300K par
pas de AT = 3 K. Nous avons alors calculé la dépendance en température des différences
relatives entre caractéristiques I-V a 1’aide de I’Equation (2). Nous avons ensuite tracé les
résultat sous la forme de cartes de couleur 2D dans I’espace de parametres (V,T). Puisque
nous avons mesuré les I-V pour les deux configurations magnétiques, il nous a été possible
de calculer et d’appliquer le méme traitement a la TMR.

La carte couleur 2D pour la TMR est représentée sur la Figure AIV (a). Afin d’obtenir
des informations plus quantitative de ces données, nous avons décidé d’extraire la position
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FiGure AV : Spectres de photoluminescence : Dépendance en température des
spectres de photoluminescence obtenu en en excitant une couche de MgO avec
des photon d’énergie 3.81eV.

ainsi que I’amplitude du maximum des pic observé. La position du maximum des pic et
leur amplitude maximale extraite des / pour (b) les configurations magnétiques parallele
et antiparallele et (c) la TMR. Pour rappel, la position des pics dans les I correspondent 2
la hauteur de barriere effective des dispositif.

Tres brievement, nous constatons que le TMR décroit a des tensions appliquées bien
précise et dans des plages de température bien définies (voir Figure AIV (c)). Premiere-
ment, on distingue I’impact d’un état situé autour de 1.2 eV entre 20 et 100 K. Comme on
peut le déduire de la dépendance en température de 1’amplitude de ce pic, I’impact de cet
état localisé décroit en fonction de la température. Aux alentours de 7 = 100 K, I’impact
d’un pic situé autour de 0.7 eV commence a avoir un impact non négligeable sur les pro-
priétés magnétoélectriques. L’impact de cet état augment en fonction de la température et
domine totalement le transport tunnel au-dessus de et 120 K.

Afin d’identifier ces deux états, nous avons comparé nos mesures magnétoélectrique a
nos mesures optique. La dépendance en température des spectres de photoluminescence
du MgO est représentée sur la Figure AV (a). A I’aide de ces mesures, et d’autres mesures
rapportées dans la littérature, nous avons établis un paysage de potentiel modifié par les
défauts, celui est représenté sur la Figure AV(b).

Identification des pics a 1.2 et 0.7 V : Dans notre interprétation initiale, nous supposons
que la position des pics observés dans les courbe 1 correspond 2 la hauteur de barriere
effective de nos jonctions. Les jeux de données présentés précédemment sont interprétés
de la maniere suivante.

A basse température, un mécanisme modifie les propriétés magnétoélectriques a 1.2 V.
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Lorsque la température augmente, un mécanisme supplémentaire localisé autour de 0.7 V
commence a avoir un impact sur le transport tunnel. Dans la plage de température 15 K <
T < 100K, le mécanisme situé a 0.7 V cause la diminution de la hauteur de barriére, mais
dans cette gamme de température c’est toujours le mécanisme situé a 1.2’V qui domine.
Cependant, un changement soudain se produit a 7 = 100 K, température a laquelle le
mécanisme a 0.7V commence a dominer le transport tunnel. Ceci est suggéré par (i) le
ralentissement de la position du pic autour de 0.7V avec I’augmentation simultané de
I’amplitude de I’impact de ce pic et (ii) du changement brusque de la position du pic de
1.2a0.7V.

Dans ce modele, nous supposons que toutes les modifications résultant de 1’excitation
thermique sont dues aux lacunes d’oxygene. Si I’on se réfere au paysage de potentiel
que nous avons déduit de nos mesures de photoluminescence, nous pouvons identifier les
mécanismes situés a 1.2V et 0.7V aux états F/F* et F**situésa £ — Ep = —1.1eV et
E — Er = 0.7 eV respectivement.

A I’aide de ce modele, nous avons premierement corrélé les faibles hauteurs de barriere
rapportée dans la littérature a la réduction de la hauteur de barriere due a la présence d’états
localisés. De plus, I'impact de ces défauts est différent pour I’état P et AP. Ceci peut re-
fléter le caractere électronique des états localisés. Par exemple, il est bien établit que 1’état
F/F™* ressemble a une orbitale de type s, tandis que les électrons de type s et p domine le
transport tunnel dans I’état P et AP respectivement. Si les états localisés interagissent plus
efficacement avec des électrons de la méme symétrie, ceci expliquerai pourquoi 1I’impact
des états F//F* et F™* ne soit pas le méme sur le courant dans la configuration P et AP. Fi-
nalement, nous discutons également I’impact d’état M, qui pourrait jouer un role crucial.
Nous suggérons que ces doubles lacunes d’oxygene réduisent la hauteur de barriere des
jonctions mais conservent un transport tunnel cohérent. Certaines limitations de ce modele
sont discutées plus en détail dans le manuscrit.

Excitation optique d’états localisés induits par les
lacunes d’oxygenes

Dans la partie précédente nous avons décrit comment les états localisés induit par des
lacunes d’oxygenes modifient les propriétés magnétoélectriques de nos JTM. Dans notre
modele initial, nous avons distingué deux plages de température bien distinctes. Entre
33K < T < 80K, les modifications induites par 1’excitation thermiques sont maximales a
1.2V et sont attribuées a I’impact des états fondamentaux F/F™ situés E — Er = —1.1eV
sous le niveau de Fermi. En augmentant la température, un nouvel état localisé commence a
modifier le courant tunnel et domine totalement les propriétés électriques au-dessus de T =
100 K. Pour résumé brievement, nous avons supposé que la dépendance en température des
propriétés magnétorésistive est causée par un changement d’occupation depuis les états
fondamentaux F/F* vers 1’état excité F**.

Toutes les expériences présentées dans cette partie sont basées sur cette interprétation.
Basé sur ce modele, notre objectif est de modifier le paysage de potentiel du MgO, et dans
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Ficure AVI : Géométrie de I’excitation optique : (a) Un courant tunnel dominé par
des états A, ou As traverse la barriere de MgO (en bleu transparent). La direction
de propagation de photons fait un angle « par rapport a la normal a la surface de
I’échantillon. L’angle entre la direction de propagation du courant / et le champ
électrique de la lumiere est dénoté ¢. (b) Dépendance en énergie de 1’absorp-
tion optique d’une couche de MgO d’épaisseur 2.5 nm déposée par pulvérisation
cathodique.

un sens modifier la hauteur de barriere ressentie par les porteurs de charges, en contro-
lant optiquement 1’occupation des différentes populations d’état localisé. Controler opti-
quement les propriétés électriques de nos jonctions peut étre tres intéressant, notamment
pour des applications optoélectronique. Afin d’induire ce changement d’occupation entre
états localisés, nous avons utilisé des photons dont I’énergie Zw correspond a la différence
d’énergie AE entre 1’état fondamental et excité d’une population spécifique. Les modifica-
tions induites par I’excitation optique sont simultanément sondées par des mesures magné-
torésistive dépendante en température et en tension appliquée. Nous nous sommes basés
sur nos spectres de photoluminescences afin de choisir I’énergie de photon appropriée.

Notre ligne optique est composée de différentes sources laser, d’un polariseur Glan-
Taylor qui permet de définir I’angle absolu de polarisation linéaire, d’une lame de retard
demi-onde d’ordre z€ro montée sur une rotation motorisée, d’un obturateur ainsi que d’une
lentille convergente qui permet de focaliser le rayon laser sur 1’échantillon.

La géométrie expérimentale que nous avons adoptée est représentée est schématisé dans
la Figure AVI (a). Nous excitation avec des photons linéairement polarisée dont la direction
de propagation fait un angle @ par rapport a la normale de la surface de 1’échantillon.
L’angle azimutal entre la direction de propagation du courant et le champ électrique de la
lumiere est dénoté ¢.

Impact de I’excitation avec de la lumiere de 3.05 eV polarisée p : Nous avons d’abord
étudier I'impact d’éclairer nos échantillons avec de la lumiere continue de 3.05 eV et po-
larisée p. Cette énergie correspond au processus d’excitation F* — F*. La Figure AVI
(b) trace I’absorption optique d’une couche de MgO d’épaisseur 2.5 nm. Cette courbe
confirme que notre couche de MgO déposée par pulvérisation cathodique absorbe bien
a I’énergie d’excitation.

Dans ce chapitre, notre approche est tres similaire a celle du chapitre précédent. Nous
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Ficure AVII : Impact de I’excitation avec de la lumieére de 3.05 eV : (a) Carte cou-
leur 2D de la diminution relative de la TMR due a I’excitation optique dans 1’es-
pece de parametre (V,T), (b) la position du maximum des pic et leur amplitude
maximale extraite des Al, (V, T') pour les configurations magnétiques parallele et
antiparallele et (c) la position du maximum des pic et leur amplitude maximale
extraite des données représentées dans le panneau (a).

avons mesuré des caractéristiques IV de 16 K a 300K avec des pas de AT = 3 K pour les
deux états magnétiques P et AP. De plus, a chaque température, nous avons mesuré des
I-V pendant que nous excitions optiquement les jonctions avec de la lumiere linéairement
polarisé.

Afin de sonder I’'impact de 1’excitation optique sur les propriétés magnétorésistives de
nos €chantillons, nous avons utilisé 1’approche de Rottldnder et al. que nous avons intro-
duit dans le chapitre précédent. Au lieu de calculer la différence relative entre deux I-V
mesurées a des températures différentes, nous avons calculé la différence reltative entre
des I-V mesurées a la méme température avec ou sans excitation optique avec la formule
suivante :
loy(V.T)
Lopr(V.T)
ou o représente 1’état magnétique du dispositif (P ou AP) et ou Ipy et Ippr sont les [-V
mesurées avec et sans excitation optique respectivement. En outre, il est possible de calcu-
ler la TMR a chaque température et il est ainsi possible d’appliquer la méme traitement a
la TMR avec la formule suivante :

Al, (V,T) = ( - 1) x 100 3)

TMRoy(V,T)

ATMR(V,T) = [—29N """~
TMRorr(V,T)

- 1) x 100 “4)
ou TMRoy et TMRopr sont les TMR du dispositif avec et sans excitation optique. De la
méme facon que I’impact de la température, Al (V,T) et ATMR (V,T) sont caractérisés
par des pic dont la position est interprétée comme la position énergétique d’états localisés
optiquement actifs.

Nous adoptons la configuration géométrique représentée sur la Figure AVI (a), avec des
photons se propageant avec un angle @ = 45° par rapport a la surface de I’échantillon et
un angle azimutal ¢ = 0° (lumiere polarisée p).
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Ficure AVIII : Dépendance des propriétés magnétorésistive a I’angle de polarisa-
tion linéaire des photons : (a) Carte couleur 2D de la dépendance de la TMR
a I’angle de polarisation de la lumiere dans I’espece de parametre (¢,T) et (b)
Absorption locale de la lumiere polarisée s et p en fonction de la position dans
I’hétérostructure.

La Figure AVII trace le résultat obtenus en excitant une jonction avec des photons de
3.05eV. Comme pour le cas de I’excitation thérmique, le panneau (a) trace une carte cou-
leur 2D de la diminution de la TMR due a I’excitation optique. La position du maximum
des pics et leur amplitude maximale extraite des Al, (V,T) pour (b) les configurations
magnétiques parallele et antiparallele et (c) la TMR.

Nous notons immédiatement la ressemblance frappante entre ce jeu de donné et les
données présentés dans le chapitre précédent. Sant entrer dans les détails, nous constatons
que les propriétés magnétorésistives sont modifié aux méme énergies (1.2eV et 0.7eV)
dans les méme gammes de température. Une petite différence réside dans I’amplitude de
I’effet a forte température. Cette divergence est discutée plus en détail dans le manuscrit,
elle est attribuée aux effets de chauffes induits par 1’excitation de 1’échantillon avec un
laser continu.

Dépendance des propriétés magnétorésistive a I’angle de polarisation linéaire des
photons : Dans un deuxieme temps, nous nous sommes intéressés a I’impact de la polari-
sation de la lumiere sur les propriétés magnétorésistives. Nous adoptons la méme configu-
ration géométrique que précédemment. Nous fixons la température et faisons varier ¢ de
0° 0 180° par pas de A¢ = 2° et mesurons des caractéristiques I-V pour les deux configu-
rations magnétique pour chaque angle de polarisation.

Nous adoptons la méme stratégie que pour les mesures précédentes. Nous calculons la
différence relative entre deux I-V mesurées pour des angles de polatisation des photons
différents a I’aide de la formule suivante :

1(¢, V)

N (e

- 1) x 100 5)

ou o représente I’état magnétique du dispositif (P ou AP). Encore une fois, il est possible
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d’appliquer le méme traitement a la TMR :

TMR(¢, V)
TMR(¢ = 0°,V)

ATMR? (V) = ( - 1) x 100 (6)

La Figure AVIII (a) trace les résultats obtenus pour la TMR sous la forme d’une carte
couleur 2D. Nous constatons que varier la polarisation de la lumiere de p a s augmente la
TMR. De plus cette augmentation est maximale autour de 1.2eV. Ce résultat plutot sur-
prenant peu en fait étre expliqué par un effet de chauffe triviale : Il est bien établit que
la lumiere p et s ne sont pas réfléchies, transmises et absorbées avec la méme amplitude
lorsqu’elles rencontrent une interfaces entre deux milieux qui ne possedent pas le méme
indice de réfraction. Cette propriété est illustrée dans la figure Figure AVIII (b), si nous
supposons que I’échantillon est chauffé par I’excitation laser, alors la température engen-
drée par de la lumiere p sera plus importante que pour de la lumiere polarisée s. Ce point
est discuté plus en détail dans le manuscrit.

Mesures électriques et XAS simultanées

Durant ma these, j’ai eu la chance de travailler sur un insert nouvellement installé sur la
ligne DEIMOS au synchrotron SOLEIL. Cet insert, nommé V>TI pour versatile variable
temperature insert (ou insert versatile a température variable), permet un acces électrique
a des échantillons exposés a des rayons X et offre la possibilité d’effectuer des études
dites operando. Le principe des études operando est d’offrir aux utilisateurs la possibilité
d’appliquer un stimulus externe a I’échantillon tout en conservant les possibilités offertes
par les rayons X.

Ficure AIX : Insert versatile a température variable : (a) Coupe en tranche du porte
échantillon et (b) une vue d’ensemble. Les différents élements sont discutés plus
en détails dans le manuscit.
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La spectrométrie d’absorption des rayons X (XAS) mesure le coefficient d’absorption
(ou une quantité proportionnelle) d’un échantillon en fonction de 1’énergie de photon qui
excite 1’échantillon. Lorsque 1’énergie des photons est égale a 1’énergie nécessaire pour
excité un électron de coeur vers des états accessibles, 1’absorption de 1’échantillon aug-
mente tres fortement. Parce que ces processus d’absorption sont liés a des électrons de
ceeur, XAS est une technique chimiquement sélective, c’est-a-dire que 1’énergie de photon
peut étre ajustée afin de ne réagir qu’avec un élément spécifique dans 1’échantillon.

D’un autre cOté, il est également bien établit que le transport tunnel polarisé en spin
est extrémement sensible a un sous-ensemble d’atomes aux interfaces. De ce fait, on peut
considérer que le transport tunnel polarisé en spin posseéde une sélectivité atomique.

Mesurer les propriétés magnétorésistives d’un dispositif (sélectivité atomique) tout en
sondant ses propriétés avec la technique XAS (sélectivité chimique) peut fournir des preu
ves expérimentales direct de comment exactement un sous ensemble d’atomes influences
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Figure AX : Mesures électriques et XAS simultanées : (a) Spectres XAS acquis
avec une polarisation linéaire verticale des photons sur les jonctions en MgO re-
cuit et non recuit et encapsulées avec du SiO2. On remarque une diminution de
I’intensité des pics d’oxyde de Fe lors du recuit. Résistance des jonctions dans les
états P (b), AP (c), et TMR (d) en fonction de I’énergie des photons, enregistrée
a T = 20K et une faible tension de polarisation V = 10 mV. L’échelle de droite
représente I’écart par rapport a la ligne de base établie au préseuil..
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les propriétés du dispositif.

Afin de pouvoir combiner la spectroscopie XAS a des mesures électriques sur des JTM,
nous avons interfacé un banc de magnétotransport mobile sur la ligne DEIMOS. A cause de
la complexité de I’architecture de la ligne, nous n’avons pas pu intégrer le banc directement
dans le programme de control de la ligne. AU lieu de ¢a, nous avons programmé la ligne
synchrotron afin que celle-ci déclenche le banc mobile lorsque nécessaire. Pour corréler
les mesures électriques avec les mesures XAS, nous avons synchronisé les horloges des
deux expériences. Les mesures électriques est XAS ont été corrélé en interpolant chaque
jeu de données a des points absolus en temps.

Afin de pouvoir combiner la spectroscopie XAS a des mesures électriques sur des JTM,
nous avons interfacé un banc de magnétotransport mobile sur la ligne DEIMOS. A cause de
la complexité de I’architecture de la ligne, nous n’avons pas pu intégrer le banc directement
dans le programme de control de la ligne. AU lieu de ¢a, nous avons programmé la ligne
synchrotron afin que celle-ci déclenche le banc mobile lorsque nécessaire. Pour corréler
les mesures électriques avec les mesures XAS, nous avons synchronisé les horloges des
deux expériences. Les mesures électriques est XAS ont été corrélé en interpolant chaque
jeu de données a des points absolus en temps.

Nos résultats principaux sont tracés dans la Figure AX. Nous avons d’abord mesuré des
spectres XAS de référence au seuil K de I’oxygene sur la structure CoFeB/MgO avant et
apres recuit (panneau (a)). Nous avons identifié les pics du préseuil a des états d’oxydes a
I’interface. Ceux-ci sont atténuées lorsque 1’échantillons est recuit, ce phénomene a déja
été observé dans d’autres études.

Par la suite, simultanément aux mesures XAS, nous avons mesuré la résistance de notre
jonction en fonction de I’énergie des photons d’excitation pour les deux configurations ma-
gnétiques. Nous notons deux modifications majeures : une au préseuil quenous attribuons
a ’excitation d’oxydes aux interfaces et une au seuil de I’oxygene que nous attribuons a la
modification de la couche de MgO.
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General Introduction

Quantum tunnelling refers to a quantum mechanical process in which a particle can over-
come a potential step that it could not surmount in the classical framework. It is one of
the most basic and spectacular (because counterintuitive) effect described by quantum me-
chanics, and is often used as a canonical example in many introductory books to quantum
physics. Quantum tunnelling occurs in many natural phenomenon and is used in many ex-
perimental techniques, the best known example being the scanning tunnelling microscope.

In this thesis, we focus on the tunnelling effect in a very specific class of devices, namely
tunnel junctions. A tunnel junction is a trilayer composed of two metallic (M) electrodes
separated by a thin insulating (I) layer, also denoted MIM or M/I/M. In these devices,
tunnelling refers to the transmission of electrons from one electrode to the other through
the insulating layer and is sometimes called solid state tunneling. The electrical properties
of MIMs and the first theoretical models were first investigated more than 50 years ago.
The field of solid state tunneling progressed quite slowly, except for two periods in time
during which it attracted a lot of attention and developed very rapidly.

The first period corresponds to the emergence of spin-dependent tunneling (SDT). SDT
is similar to tunneling in MIM structures, except that the metallic electrodes are replaced
by ferromagnets (FM). The development of SDT was triggered by the pioneering experi-
ments of Giaever’, who measured the electrical properties of metal-insulator-supercondu
ctor trilayers. He showed for the first time that the tunnel current was proportional to the
density of states (DOS) of one of the electrodes, in this particular case to the quasi-particle
DOS of the superconducting layer. The metallic layer was then replaced by a ferromag-
netic (FM) layer, and the peculiar DOS of the superconductor was used as a spin detector
in order to measure the spin polarization of the FM layer. Eventually, in 1975, Julliere !
replaced the superconducting layer by another ferromagnetic layer and showed that the
resistance of the device was dependent on the relative alignment between the electrodes’
magnetization. He measured for the first time what is known today as the tunnel magne-
toresistance (TMR) effect in FM/I/FM trilayers, also known as a magnetic tunnel junctions
(MTJs). At the time, SDT didn’t attract the attention of the scientific community mainly
due to the experimental difficulties to fabricate thin film heterostructures, the need for
cryogenic temperature and the relatively small amplitude of the effect.

The second experimental breakthrough that definitely triggered the rapid developpe-
ment of SDT was the discovery of giant magnetoresistance (GMR) in 1988%°. The GMR
effect occurs in ferromagnetic-metallic-ferromagnetic trilayers and refers to the resistance
change depending on whether the magnetization of the electrodes point toward the same
direction or in opposite directions. As we discussed previously, magnetoresistive effects
are not limited to GMR devices only, but occur in magnetic tunnel junctions too. Because
both TMR and GMR have many potential applications, tremendous efforts were made in
order to improve the devices performance. After the first experiments done by Jullierre
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in 1975, the next realization of magnetic tunnel junctions with sizable TMR at room tem-
perature was developed in 1995'%!!, GMR and TMR device are already used in various
industrial applications !>, but they are also intensively investigated for their potential
application for new generation devices with advanced functionalities '°.

The detailed understanding of SDT was first limited by theoretical difficulties in mod-
elling the amorphous barrier. Progress in the fabrication of crystals and refinements in
experimental techniques allowed the growth of epitaxial heterostructures, allowing to con-
front theoretical models and rapidly improved our understanding of SDT. Theoretical mod-
els dress a clear picture of spin dependent tunnelling in epitaxial systems, and the relatively
large values of TMR obtained in crystalline Fe/MgO/Fe MTJs appear to confirm these
models '°.

However, several discrepancies between theory and experiments are still unexplained.
For examples, first principles calculations predict TMR values as large as 30 000 % ' while
the maximum experimental value reaches 600 % (1100 %)'® at room (low) temperature.
Moreover, the temperature and bias dependence of magnetotransport properties are also
not well understood. Finally, one of the most surprising result concerns the tunnel barrier
height reported in MgO based MTJs. While the optical gap of MgO suggest a 3.9eV
barrier height, values reported in the literature range from 0.4 to 1.1eV, 3 to 10 times
smaller than expected.

Naturally, these discrepancies can be explained by the fact that first principles calcu-
lations consider perfect crystals while realistic devices contain different kind of defects.
However, the importance of defects on devices performance of oxide based MTJs is not
acknowledged as much as it is in the field of semiconductors, and the impact of structural
defects in MgO on tunnelling is only emerging in this otherwise widely studied canonical
system.

This thesis focuses on a very specific kind of such defects, namely oxygen vacancies
present within oxides. In particular, our work aims to characterize the effect of such de-
fects on spin dependent tunnelling in MgO based magnetic tunnel junctions. The study of
oxygen vacancies is motivated by the fact that this type of structural defects is difficult to
avoid, but also because they may result in advanced device functionalities>®. For exam-
ple, the presence of localized states induced by oxygen vacancies may be responsible of
the low barrier height observed experimentally '°. However, applications that rely on spin
transfer torque?® (STT) require high current densities that can only be accommodated in a
MgO MT] thanks to this low barrier height. More than just an academic matter, resolving
this discrepancy, by correlating the nature of the defects to their impact on the devices’
properties, might have a strong impact in applications based on SST.

The objectives of this work can be divided in two points: we first aim to charac-
terize the impact of localized states induced by oxygen vacancies on the properties of
CoFeB/MgO/CoFeB magnetic tunnel junctions and secondly, we want to use optical ex-
citation as an additional degree of freedom of the system in order to probe the presence
and impact of these defects. Additionally, driving the devices’ properties by exploiting the
optical activity of localized states could also be used as additional device functionalities,
in photonics applications for example.

The first part of this thesis introduces the theoretical and experimental background of



this work and is divided in three chapters. Chapter 1 first introduces phenomenological
models in order to explain the giant and tunnel magnetoresistance effects. The second part
details the first principle calculations of the magnetic and electric properties of crystalline
Fe/MgO/Fe heterostructures and discuss the symmetry filtering effect at the origin of large
TMR values measured in this system. Chapter 2 dresses a detailed overview of the intrinsic
or extrinsic effect that limit the performance of realistic MgO based MTJs. We first focus
on interfaces, and investigate how interfacial resonant states, interface contamination and
interface disorder impact the tunnel current. We then discuss how temperature and applied
bias impact the electrical properties of the devices. The last part of the chapter is dedicated
to the impact of localized states induced by defects or impurities in the insulating bar-
rier. The last section is dedicated to a discussion of the optical activity of localized states
induced by oxygen vacancies in MgO. Chapter 3 describes the samples’ growth and the
devices fabrication by UV photolithography. The magnetotransport bench used to charac-
terize the electrical properties of our devices is presented. Finally, the experimental setup
of the synchrotron facility used in the last chapter of this thesis is briefly introduced.

The second part of the thesis is dedicated to experimental results and is divided in three
chapters. Chapter 4 presents our bias and temperature dependent magnetotransport mea-
surements. We first discuss the photoluminescence spectra of our rf-sputtered MgO thin
films. We detail the experimental technique used in order to extract the effective barrier
height. Finally, we describe how we attempted to identify the impact of specific localized
states on the tunnel current by relating photoluminescence spectra and magnetotransport
measurements. In Chapter 5, we review our attempt to use the optical degree of freedom in
order to excite a specific population of localized states from its ground to its excited state.
Chapter 6 discuss how we combined x-ray absorption spectroscopy and magnetotransport
measurements in order to probe the devices’ properties in real operating conditions.






CHAPTER

Introduction to Spintronic

In this chapter, we’ll introduce several concepts to understand the interplay between mag-
netism and electrical conductivity in solid state devices.

I’1l first start with a brief introduction to giant magnetoresistance (GMR) using clas-
sical and phenomenological notions initially developed to explain electrical transport in
ferromagnetic materials.

In the second section, the discussion will focus on the mechanism of tunneling current
in amorphous tunnel junctions. We’ll first introduce historical concepts to tunneling cur-
rent in non magnetic tunnel junctions and discuss the validity and limitation of different
approaches. Secondly we’ll focus on spin dependent tunneling in magnetic tunnel junc-
tions. As a follow-up to the discussion on GMR, the phenomenological Julliere model of
tunneling will be discussed to explain the tunneling magnetoresistance (TMR) effect. In
order to have more insight into spin dependent tunneling, some key experimental results
as well as more refined models will be examined.

Finally in the third section, we’ll consider fully epitaxial magnetic tunnel junctions for
which more realistic theoretical models can be developed. We’ll talk in more details about
ab-initio calculations obtained on the canonical Fe/MgO/Fe (001) system within the quan-
tum mechanical framework.

This chapter will mainly focus on perfect systems, i.e. only intrinsic properties of layers,
and their coupling, will be considered. Chapter 2 will be dedicated to device imperfections
and extrinsic effects.

1.1 Phenomenological theory of giant
magnetoresistance

1.1.1 Electrical conductivity of rare earth elements

In the classical theory of Lorentz, the conductivity of metals is defined as?':

2
o="1 (1.1)

7
where 7 is the number of electrons per unit volume, u the effective mass of electrons, 7 the
relaxation time (time before collision) and e the charge of one electron. This formula is still
valid in quantum mechanics provided that the electron’s effective mass and the relaxation
time are calculated within the quantum mechanical framework. In particular, the relaxation
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time will depend on (i) the displacement of atoms due to thermal motion (interaction with
lattice vibrations) and (ii) the density of available states at the Fermi level (inter band
scattering processes occur when empty states of unfilled bands are available).

All electrons belonging to shells that are not fully occupied and are at or near the Fermi
energy will participate in the electric current and in transition metals the s as well as
d electrons will be responsible for electrical conductivity. However, the effective mass
and the relaxation time will be different for both states and the electrical conductivity of
transition metals can be written:

T+ —Ty (1.2)
HMs Ha

Experimental results on noble and alkaline earths metals established that the effective
mass of s electrons is close to the mass of free electrons u; = . Owing to the fact
that s electrons are delocalized, the interaction of electrons with lattice vibrations will be
less likely and the overlap of orbitals between neighboring atoms higher. On the other
hand, d electrons are more localized resulting in higher effective mass, higher scattering
probability by atoms and a poor overlap with neighboring d orbitals. The contribution of s
electrons to the conductivity is thus larger than the contribution from d electrons (7, > 7).

Despite the fact that transition metals have more states at the Fermi level compared to
noble metals (s conduction as well as d conduction), their measured electrical resistivity
is higher than that of noble metals or alkaline earths elements. This apparent contradiction
was first explained by Mott (1936)?%, who took into account the interaction of electrons
with the crystal lattice vibrations (phonons), and more particularly emphasized the impor-
tance of the s — d scattering process.

In a very simple form, the scattering probability from an initial state 1 to a final state 2
can be written as:

f PAVY, dr (1.3)

where AV is the perturbing potential due to lattice vibration. If we suppose the transition
matrix elements to be the same for s — s and s — d scattering processes, the transition
probability will be directly proportional to available density of s (Ny) and d (N,) states
at the Fermi level. In transition metals, N; being much greater than N; (see Figure 1.1),
the s — d transition will be more important. As a consequence, 7, will be much smaller
in transition metals than in noble metals in which the d band is full and only s — s
transitions are possible. Finally, we can see from equation Equation 1.2 that the decrease
of 7y, in addition to the low conductivity of d electrons, results in a decrease of electrical
conductivity in transition metals.

At that time, Mott was already aware that d electrons were responsible of ferromag-
netism in transition elements, and that there was a direct connection between magnetic
properties and electrical conductivity.

In the following, we’ll use the same reasoning to consider the electrical properties of
ferromagnetic materials, and how their integration within thin film heterostructures led to
the discovery of giant magnetoresistance.
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1.1.2 Electrical conductivity of ferromagnets

Origins of ferromagnetism: In isolated atoms, magnetism is essentially due to elec-
trons from unfilled shells. The magnetic moment arises from (i) the motion of negatively
charged electrons through the so called orbital magnetic moment and (ii) the electrons’ in-
trinsic magnetic moment, the spin. The magnetic state of isolated atoms can be determined
by taking into account the Pauli exclusion principle, the Coulomb interaction and the inter-
action between electrons’ intrinsic spin and their orbital motion (spin-orbit coupling). A
set of rules, called Hund'’s rules, have been established to determine the magnetic ground
state.

When single atoms are brought together to form solids, the interactions between many
electrons result in a variety of possible stabilized magnetic states. Since it depends on
many-body interactions, magnetism in solids will depend on various parameters (con-
stituent elements, crystal structure, bonds distance and angle, doping and so on...) resulting
in very complex but also very rich physics.

A ferromagnet is a solid characterized by a spontaneous magnetic moment. The spon-
taneous magnetization is the macroscopic manifestation of magnetic order that originates
from long range electron-electron interactions, called exchange processes. Among ex-
change interactions, we can mention the direct exchange that describes the direct coulomb
interaction between neighboring ions. The super exchange interaction happens in material
where the magnetic ions (M) are separated by nonmagnetic ions (NM). The interaction be-
tween magnetic ions is mediated by electrons in their common nonmagnetic neighbors??.
The indirect exchange is characteristic of rare earth metals with partially filled f-shells,
where the magnetic ions are coupled through their interaction with conduction electrons.
The double exchange interaction arises in materials where magnetic ions occur in mixed
valence states (for example Mn** and Mn** in Lanthanum strontium manganite or LSMO).
It involves the simultaneous exchange of two electrons in a M" — NM? — M"~! chain?*.
This is not an exhaustive list of exchange interactions. Moreover, in complex systems the
stabilized magnetic order can result from the competition between several such interac-
tions.

In the case of transition metals such as Fe, Ni or Co which will be of interest in this the-
sis, the microscopic process underlying the magnetic order is called itinerant magnetism

and results from the strong interaction of itinerant 3d-shell electrons .

Electrical conductivity: A characteristic property of ferromagnets is an imbalance in
the density of states (D(E)) of spin up (T) and spin down () electrons at the Fermi level.
Figure 1.1 represent the spin resolved density of states of a ferromagnet. As it was dis-
cussed in the previous section, in transition metals the electrical conductivity depends on
the density of states at the fermi level. Since D(Er) # D|(EF) the conductivity of spin up
and down electrons will not be the same in a ferromagnet, and usually (but not necessarily)
oy > o). As aresult, a ferromagnet can be considered as two materials possessing differ-
ent electrical conductivity occupying the same coordinate in space. A simple two current
model with two resistances in parallel can be applied to describe electrical conductivity
as shown in Figure 1.1. This model supposes that the spin of electrons is conserved.
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Two current model
for conductivity:

Oy

Figure 1.1: Spin resolved density of states of 3d Ferromagnets: In a ferromagnet,
the net magnetization proceeds from an imbalance in the density of states (DOS)
of spin up (T) and spin down () electrons at the Fermi level (E). Here, arbitrary
s (red) as well as d (grey) states are represented. Electrons with spins parallel
to the local magnetization are called the majority spin population while electrons
with spins antiparallel are called minority spin population. The conductivity can be
described by a simple two current model.

This assumption is justified for low temperatures. As the temperature increases, scattering
processes like electron-electron, electron-phonon and electron-magnon interactions can
reverse the spin of electrons (spin-flip events).

1.1.3 Giant magnetoresistance

Progress in the fabrication of crystals and refinements in experimental techniques allowed
the growth of thin films heterostructures at the nanoscale, making it possible to combine
material with different properties within the same device. The archetypal Spintronic device
is composed of two ferromagnetic electrodes (FM) separated by a metallic (M) spacer, as
represented in Figure 1.2. If we assume that the spin is conserved during the electrical
transport, it is possible to explain transport properties in FM/M/FM structures using the
arguments developed in Sections 1.1.1 and 1.1.2.

Since electrical transport is a non-local process, when current flows in plane (CIP), it is
possible for electrons to move from one electrode to the other through the metallic film.
For electrodes with an in-plane easy axis magnetization, two cases can be distinguished:
(1) when both electrodes have a parallel (P) magnetization, the spin referential between
electrodes is unchanged and majority (minority) electrons in the first electrode will remain
majority (minority) in the collecting electrode. The electrical current can be divided in two
channels with relatively low and high resistivity for spins up and down electrons respec-
tively. (i) When the two electrodes have an antiparallel (AP) magnetic configuration, the
spin referential is reversed and majority (minority) electrons in the emitting electrode be-
come minority (majority) in the collecting electrode and their resistivity in the collecting
electrode decreases (increases). Both P and AP magnetic states are represented in Fig-
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1.1 Phenomenological theory of giant magnetoresistance

(a) Parallel (b) Antiparallel

Figure 1.2: Magnetoresistive properties of a GMR device: The archetypal spin-
tronic device is composed of two ferromagnetic electrodes (FM) separated by a
metallic (M) spacer. The magnetization (green arrows) between electrodes can be
(a) parallel or (b) antiparallel. In (a) the spin referential is the same within both
electrodes, a majority electron will encounter less scattering processes compared
to a minority electron and will contribute more to conduction. In (b) the spin refer-
ential is inverted. Majority electrons with good conductivity in the initial electrode
will become minority electron in the second one, and their electrical conductivity
will be reduced. The two current model is schematized for both cases. Finally, we
can see that the resistance in the parallel state will be smaller than in the antiparallel
magnetic state.

ure 1.2a-b as well as their two current models. A simple calculus of the output resistance
for both cases shows that the P state has lower resistivity than the AP state or R4p > Rp.

Finally, another fundamental interaction to take into consideration in FM/M/FM tri-
layers is the coupling of the magnetic electrodes through exchange coupling?®?’. The
amplitude and strength of the coupling depends on the spacer thickness. It is possible to
tune the spacer thickness in order to obtain antiparallel alignment in absence of external
magnetic field (H = 0 Oe), resulting in a device with a high resistance state (R5p). One can
then apply a magnetic field to align both magnetic layers and obtain a low resistance state
(Rp).

The giant magnetoresistance (GMR) is defined as the relative resistance difference be-
tween the parallel and antiparallel magnetic states:

Rap —Rp

GMR = ———— 1.4
. (14)

In 2007, A. Fert and® and P. Griinberg® conjointly received the Nobel prize for the dis-
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covery of GMR. This discovery quickly resulted in industrial applications and triggered
intensive research in the field of spintronic.

1.2 Tunneling magnetoresistance in amorphous
maghnetic tunnel junctions

The anatomy of a magnetic tunnel junction (MTJ) is similar to a GMR device except
that the metallic spacer layer is replaced by a dielectric material. In the case of MTlJs,
the current will be perpendicular to plane (CPP) and the transfer of electrons between
electrodes is realized through the runneling effect.

We’ll first consider tunneling in junctions with nonmagnetic metal electrodes. An early
model was developed by Bardeen to explain experimental measurements involving tunnel-
ing from a metallic layer to a superconductor. We’ll then give a small introduction to spin
dependent tunneling (SDT) and discuss a simple phenomenological model to understand
the tunneling magnetoresistance in MTJs. Finally, some key experimental results and the-
oretical refinements will be addressed in order to get a better understanding of solid state
spin-dependent tunneling.

1.2.1 Tunneling basics
1.2.1.1 Quantum tunneling

The tunneling effect refers to a quantum mechanical process where a particle can over-
come a potential step that it could not overcome in the classical framework. The simple
case of a plane wave (free electron) encountering a rectangular potential is schematized
in Figure 1.3. In quantum mechanics, electrons are described by a wave-function that
accounts for their wave-particle duality. When the wave-function encounters a potential
step higher than its kinetic energy, it’ll not be fully reflected as in classical mechanics.
Instead, the probability density of the particle position decreases exponentially within the

V<E V>E V<E
¥(x)

A

WAWAW/ =N
VVVE [P

Figure 1.3: Tunneling effect: Simple case of a free electron encountering a rectangu-
lar potential.
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potential step. For thin barriers, the probability for the electrons to be on the other side
is non-zero, resulting in a reduced amplitude of the wave function for tunneling particles.
The wave-function of the electron satisfies the Schrodinger equation and it is possible to
calculate reflection and transmission coefficients by using the continuity conditions of the
wave-function and its derivative (or matching of the wave-functions)?s.

The simplest experimental realization of the model represented in Figure 1.3 is the tun-
neling in a metal-insulator-metal trilayer. The theoretical treatment of tunneling in a M/I/M
will be briefly discussed in the next paragraph.

1.2.1.2 Bardeen’s approach of solid state tunneling

Bardeen? considered the tunneling between two metallic (M) layers separated by an insu-
lating layer (I). Instead of solving the equations for the whole system, he makes a clever use
of the perturbation theory. A schematic of Bardeen approach is represented in Figure 1.4.
Panel (a) represents the potential landscape of the metallic tunnel junction when a bias V is
applied, ¢ is the barrier height electrons have to overcome to tunnel through the dielectric.
Panel (b) and (c) show how Bardeen separates the tunneling in a M/I/M structure into two
distinct problems with well-known Hamiltonians and solutions. The electronic states of
the isolated subsystems are obtained by solving the stationary Schrodinger equation. The
wave functions on the left (L) and right (R) electrodes satisfy:

2h2 2 L.R L.R ;LR
_Zmev +VL,R lﬁlu’ :E/t’ lﬁlu’ (15)

where V; is the potential in the electrodes, the % are the stationary solutions and E L the
eigenvalues (i = L,R). Bardeen’s model is based on the assumption that the tunneling
probability between both electrodes is small, such that the coupling between electrodes
can be considered as a small perturbation. The tunneling rate is then determined by the
overlap of evanescent wave-functions within the insulating barrier (dotted line across panel
(b) and (c)). Using the time dependent perturbation theory, the probability for an electron
in a state ¢, with energy E in the left electrode to tunnel into a state ¢ with energy EX
in the right electrode is given by the Fermi golden rule (detailed calculation in Lounis*):

"6 (EL - EF) (1.6)

Wiy = 2—7T |M#V
h

where the delta function ensures that an electron can move only to a state with the same
energy level only and M, is the tunneling matrix element. w,, expresses the tunneling
rate of a single electron state u to a single state v. In order to extract an expression of
the tunneling current, we have to sum over all the u and v states. At finite temperature,
occupied states in both electrode are described by the Fermi-Dirac distribution f(E — Ef),
while unoccupied states by 1 — f(E — E) and the tunneling from the left to the right
electrode P;_,r is written:

Prow=0 Y F(EL - ER)[1 - p(E5 ~ ED)| Ml o (ES~ D) )
uv
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Figure 1.4: Bardeen’s approach of tunneling: (a) Bardeen separates the tunneling
in metal-insulator-metal device in two problems with well-known solutions, (b)
and (c). The tunneling rate between electrodes is proportional to the overlap of
evanescent wave-functions within the potential step (dotted line between panel (b)
and (c)). For low tunneling probabilities, the time dependent perturbation theory
can be used to treat the problem. The figure is adapted from Julian Chen (1993)3!.

A similar expression can be derived for Pg_,;.The current can be obtained by multiplying
these transmission rates by the charge e of one electron. The summation over discrete
states can be replaced by an integral over the density of states in both electrodes. Finally,
at finite bias we can write:

(V) = 2 f p"(E)pR(E +eV)IM(E, V)P f(E)[1 - f(E+eV)]dE  (1.8)

h

where p' is the density of states of electrode i = 1, 2. The net tunneling current is given by
I g = IgsL

Originally, Bardeen derived these equations to discuss experimental results obtained
by Giaever’ in metal-insulator-superconductor trilayers. In his experiment, Giaever was
able to switch the behavior of a Pb layer from superconducting to metallic by applying
an external magnetic field. He then measured /-V characteristic in the M/I/M and M/I/S
device states and evidenced a strong decrease in the tunneling current at low bias when the
Pb layer was superconducting. Giaever interpreted his results as a direct dependence of
the tunneling current to the density of states of the superconducting layer, i.e. he supposed

that the tunneling matrix element |M,JV ?in Equation (1.6) was constant. Since the quasi-
particle DOS of superconductors is characterized by a gap 2A at the Fermi energy (see
Figure 1.5a), there are no available states for metallic electrons to tunnel and the current is
reduced within V = +A. These results are important in that they demonstrated the ability
of tunneling to measure many body effects. In other words, Bardeen confirmed that the
assumption made by Giaever resulted in an expression of tunneling current dependent on
the DOS in each electrode.

As we will see thereafter, many models are based on Bardeen’s approach. In order to
compare models with experimental [-V characteristic (or its derivative), assumptions have
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1.2 Tunneling magnetoresistance in amorphous magnetic tunnel junctions

to be made to evaluate Equation (1.8). We’ll see that careful attention has to be made when
approximating the matrix element |M|? for Equation (1.8) to account for many body effects
as measured by Giaever.

As a quick example, we can mention Harrison’s”* use of Equation (1.8). He evalu-
ated the matrix elements in the independent-particle framework and found that |[M|*> was
inversely proportional to the density of states of the electrodes. As a result the DOS fac-
tors in Equation (1.8) are canceled out, and the dependence of the tunneling current to the
electrodes’ DOS is suspiciously absent in his formula. There is a key difference between
both approaches. Bardeen supposes that the tunneling rate is proportional to the overlap
between wave functions within the potential step. This approximation still accounts for the
character of the tunneling wave-functions. For instance, because d electrons are more lo-
calized than s electrons, their overlap in the insulating barrier will be smaller, resulting in a
lower tunneling rate. On the other hand, Harrison’s approach, as well as other models that
will be discussed in the following, totally disregard the fact that the electrical conductivity
in electrodes arises from the contribution of electrons belonging to various bands.

32

1.2.1.3 Simmons’ formula of tunneling current

Simmons?? used the WKB approximation to calculate the transmission matrix element

|M|? and derived a formula of conductance in metal-insulator-metal for barriers of arbitrary
shape.

The WKB approximation is a quasi-classical approximation of the tunnel effect that
accounts for slowly varying potentials or reciprocally, when the de Broglie wavelength
of the tunneling particle is short compared to the distance over which the potential is
changing. He calculated the tunneling current within the free electron framework in the
electrodes and supposed 7" = 0 K such that the Fermi-Dirac distribution is replaced by
a step function. He applied his results to the case of an ideal rectangular potential and

obtained the following expression of the tunneling current?*:
4
—Ad [+ %] (1.9)

— eV Jo(~ eV
Ao |- {5+ e

where A = 7+/2m}/h and J = e/2rh are constants, m;, is the electron effective mass, d the
barrier thickness and ¢ the average barrier height. He then considered the tunneling current
for different applied bias ranges and obtained a formula of J (V) that successfully accounts
for general features of experimental results; At low bias, Equation (1.9) results in a linear
dependence of J to V while in the intermediate bias range a J « V + V3 dependence is
found which is a signature of tunneling transport. Finally a strongly nonlinear dependence
is obtained at high bias. Simmons developed his model for identical electrodes and a
symmetric barrier. Brinkman®* further improved the model to account for trilayers with
different electrodes by introducing an additional parameter, A¢, the barrier asymmetry
between both metal-insulator interfaces.

Simmons’ and Brinkman’s approaches suffer from the same shortcomings as the afore-
mentioned Harrison’s model, i.e. the expression of the tunneling current is independent of
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the electrodes DOS. Again, this is due to an inadequate use of the independent electron
and semi-classical WKB approximations. Moreover these formulas are derived for ideal
barriers for which inelastic processes are not considered. In spite of the many deficiencies
of these models, they are still widely used to extract average barrier height and thickness.
In Section 4.2.2, we’ll discuss another approach to determine the effective barrier height
experimentally that is free of the aforementioned deficiencies.

1.2.2 Phenomenological theory of tunneling magnetoresistance

1.2.2.1 Spin-dependent tunneling

Meservey et al.*® quickly understood the importance of Giaever’s” work. They used the
peculiar density of states of superconducting electrodes as spin detectors to measure the
spin polarization (SP) of ferromagnetic layers in FM/I/S heterostructures, where § = Al,
I = ALLO3 and FM = Co, Ni, Fe... Figure 1.5 summarizes the idea behind their experi-

ment.
Panel (a) represents the quasi-particle density of states of the superconducting Al layer.

d7/dV (a.u.) density of states

d//dV (a.u.)

Figure 1.5: Spin-dependent tunneling: Panel (a) represents the Zeeman-split density
of states of a superconducting layer. Panel (b) depicts the expected conductance
spectra of unpolarized electrons from a metal to a superconducting layer. Panel (c)
shows the conductance from a ferromagnet to a superconducting layer. See text for
more details. Figure adapted from LeClair .
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1.2 Tunneling magnetoresistance in amorphous magnetic tunnel junctions

The DOS features a gap (2A) around the Fermi energy and characteristic singularities at
+A. For thin Al layers, when a magnetic field is applied in the plane of superconducting
electrodes, a Zeeman splitting appears between the DOS of spin up (—ugH dotted lines)
and down (+ugH solid lines) quasi-particles. The four sharp features obtained in the DOS
allow to discriminate the contribution of spin up and down electrons to tunneling current.
If the spin is conserved during tunneling, the conductance will be the simple sum of spin
up and down channels.

Panel (b) illustrates the conductance of unpolarized electrons from a metal to a super-
conducting electrode. Since Dy(Er) = D|(EF) in metals, the contribution of both spin
channels is equal, resulting in symmetric peaks in the conductance. On the other hand,
panel (c) epitomize the conductance from a ferromagnet to a superconducting material.
Since D1(EF) # D|(EF), the four peaks in the conductance are asymmetric.

Meservey et al. (1970)3¢ assumed that the conductance was directly proportional to
the density of states of both electrodes and defined the polarization of the ferromagnetic
electrode as:

_(o4—02)— (01 —03)

P =
(04 —02)+ (01 —03)

(1.10)

1.2.2.2 The Julliere model of tunneling magnetoresistance

In 1971, Jullierre! applied the concepts developed by Meservey and Tedrow to magnetic
tunnel junctions. His idea was to use the exchange split DOS of a ferromagnet as a spin
detector, instead of the magnetic field induced splitting in superconductors.

The Julliere model is based on two assumptions. First, he assumes that the electron
spin is conserved during tunneling (no spin-flip events). Second, the probability for an
electron to tunnel through the insulating barrier is directly proportional to the number of
initial and final states accessible. According to the first point, an electron originating from
the first electrode is accepted in the second electrode only if states with identical spin and
energy are available. It allows to apply the two current model for the contribution of spin
up and spin down electrons. The second point allows to define the conductance in terms
of densities of states:

Gp o pl.pl +phpl (1.11a)
Gap  pl.p} +pt.p] (1.11b)

where plT and pf are the tunneling DOS of the ferromagnets (i=1, 2) for majority and mi-
nority electrons respectively. Note that Equation (1.11) can be derived from Equation (1.8)
by considering T = 0K and |M|? constant in addition to Julliere’s assumptions.

Figure 1.6 represents electrons tunneling between two ferromagnetic electrodes through
an insulating layer represented by a potential step (striped area) when a bias V is applied
to the magnetic tunnel junction. Panel (a) and (b) distinguish the parallel and antiparallel
magnetic states respectively. In this example the density of states of majority electrons is
larger than for minority electrons.
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FM Two current model
for conductivity:

Gpo . +pip;

Gap € .p5 + pi.

Figure 1.6: The Julliere model for TMR: The figure represents electrons tunneling
between ferromagnetic (FM) electrodes through an insulating layer represented by
a potential step (striped area) when a bias V is applied to the magnetic tunnel junc-
tion. Both parallel and antiparallel magnetic states are represented in (a) and (b)
respectively. The model is based on two hypothesis that allow to apply the two
current model (represented on the right hand side). See text for more details.

In the parallel state (panel a), majority electrons, which are in greater number in the
emitting electrode, will find more available states in the collecting electrode than sparse
minority electrons in both electrodes. As a consequence the majority pIp; channel will
have more weight in the tunneling current compared to the minority p{p% channel. In
the antiparallel state (panel b), the relative spin referential between the two electrodes is
reversed. Majority electrons in the emitting electrode can tunnel only to minority states in
the collecting electrode. Since minority states are in lower number, it results in a decrease
of the majority conduction channel (p{p; > p{pi). Despite the fact that the number of final
available states is larger in the AP configuration, the minority channel conductivity will not
substantially change because the number of initial states is still the same (pfpi ~ pfp;).

The two current models for both magnetic states are represented on the right side of
Figure 1.6. Again, it results in Gp # G4p. Finally, the tunneling magnetoresistance is

defined as the difference of conductance between P and AP states:

Gp—Gap Rap—Rp
TMR = = (1.12)
GAP Rp

Using Equation (1.11)a-b we obtain:

2P, P,
TMR =

_ 2 1.1
1-P,P, (1.13)
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where P; is the spin polarization of the ferromagnetic electrode defined as:

_ P =p;

P =
P +p;

(1.14)

Using SP values measured by Mersevey, Julliere predicted 26 % of TMR for his samples,
which is larger than the 14 % experimentally measured. He supposed that this difference
was due to spin scattering processes and the coupling between electrodes.

Surprisingly, Julliere’s results didn’t have much impact on the scientific community at
that time. This can be explained in part by experimental difficulties to fabricate MTJs, the
need for low temperatures and the relatively small amplitude of the effect.

Despite the fact that the model was successfully applied to several ferromagnets and
gave a qualitative comprehension of spin-dependent tunneling, it was totally failing to
explain experimental results such as the positive spin polarization measured for Co and
Ni. Both bulk Co and Ni are predicted to have more minority electrons at the Fermi level*’
and are expected to have negative spin polarization. More refined models were developed
in order to account for unexplained experimental results. Some of them will be discussed
thereafter.

In what follows, we’ll discuss how experimental discrepancies and theoretical refine-
ments pointed out the need to consider M/I/M structures as a whole system and not only
as independent subsystems combined together.

1.2.3 Theoretical refinements
1.2.3.1 Stearns’ approach

Stearns?® carefully analyzed realistic spin resolved band structure of transition metals fer-
romagnets to explain the positive spin polarization of Co and Ni measured by Mersevey
and Julliere.

She supposed that the tunneling rate explicitly depends on the effective mass m; of
electrons, which is different for different bands. As a reminder, the electrical conductivity
in 3d ferromagnets arises from s as well as d electrons. She argues that, while 3d electrons
are responsible for most of the magnetic moment, they will not participate much in the
tunneling current due to their large effective mass (localized electrons). On the other hand,
the decay rate of dispersive s-like electrons will be much lower. She then assumed that for
thick barriers s-like electrons carry most of the tunneling current and that the contribution
of d-like electrons may be neglected. Actually her argument is similar to the one developed
in Section 1.1.1 to explain electrical conductivity in transition metal.

As a result, the quantity measured by Julliere and Mersevey is not the bulk spin polar-
ization of Co and Ni, but the polarization of the band with the slowest decay rate within the
insulating barrier. In Co and Ni the s-like 7>, band, responsible of the tunneling current, is
polarized through hybridization between s and d bands and results in a polarization with
opposite sign compared to bulk values. This in turn explains the positive measured spin
polarization.
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Recent calculations proved that Stearns was right. Moodera et al.* calculated the tun-
neling spin polarization between Co electrodes separated by a vacuum barrier as a function
of the barrier thickness. For thin barriers, d electrons have a strong weight in the tunneling
current and the spin polarization is found negative. As the barrier thickness increases, the
weight of the 3d electrons decreases and for sufficiently large barriers, the spin polarization
is found positive reflecting the predominance of s electrons to the tunneling current.

Stearns’ work emphasizes the fact that one should not interpret spin polarization values
measured by spin-dependent tunneling techniques as reflecting the dependence of the tun-
neling current on the total DOS polarization at the Fermi level but on the DOS weighed
by the tunneling matrix elements |M|? instead. Her results were also an early indication of
the fact that the understanding of spin-dependent tunneling requires a detailed knowledge
of the electronic properties of the whole heterostructure, including the insulating barrier.

1.2.3.2 Importance of interfaces

Stearns’ work emphasized the importance to take into account the character of the tun-
neling particles. However, theoretical models were still not satisfactory as they didn’t take
into account the importance of interfaces. Indeed, the intrinsic properties of the electrodes
are predicted to be strongly perturbed in the presence of interfaces and it was expected that
interfaces should play an important role in driving the tunnel current. Actually, it was an-
ticipated that the tunneling current in MTJs is probing a few monolayers of the electrodes
at each interface, and thus depends on the properties of the strongly perturbed regions and
not on the bulk properties of electrodes.

Moreover, experiments on magnetic tunnel junctions with identical electrodes but dif-
ferent barriers indicated that the tunneling current was sensitive to the type of barrier used.
This was interpreted as the fact that different barriers may act differently on tunneling par-
ticles but also that the coupling of the electrodes to the insulating barrier was different, i.e.
the interfacial properties of the electrodes depend on the coupling of the electrode with the
barrier.

Actually it was demonstrated in later works* that the amplitude and even the sign of
spin polarization depends on the type of bonds at the electrode-barrier interface. It was
shown in Co/Al,O5 junctions that the sp —d bonding at the interface permits mostly s-like
electrons to tunnel. However in Co/S T O magnetic tunnel junctions, d—d bonding between
Co and Ti at the interface mostly selects d orbitals. As it was discussed before, since in
Co s electrons are positively polarized, the measured SP in Co/Al,O; MTJs is positive,
while it is negative in Co/S T O due to the weight of negatively polarized d electrons to the
tunnel current.

1.2.3.3 Slonczewski model

From the discussion above, we can see that, in order to describe the tunneling current
across a MTJ, one has to treat the heterostructure as a whole-quantum mechanical sys-
tem. Slonczewski was the first to do develop such a global approach of spin-dependent
tunneling.
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1.2 Tunneling magnetoresistance in amorphous magnetic tunnel junctions

He considered tunneling between two ferromagnetic electrodes separated by a rectan-
gular potential step (see Figure 1.3). He used the free-electron approximation to describe
the wave-functions in the electrode. In order simulate the magnetism in the electrodes, he
introduced a rigid shift in the band structure of spin up and down electrons that mimics
the Stoner splitting in ferromagnetic layers. He supposed perfect translational symmetry
in the plane of the electrodes. In other words l:” the projection of K in the xy plane, is con-
served during tunneling. He calculated the transmission coeflicient by using the continuity
conditions of the wave-functions across the whole structure (approach introduced in most
quantum mechanics textbooks).

The Schrodinger equation can be separated in two independent equations and the wave-
functions can be represented in the form W(7?) = )((I:H, rﬂ)go(z) where the ¢ (z) are the
solutions of the one dimensional Schrodinger equation with potential V (z) and with energy
E,=E - hzkﬁ/Zm.

Finally, the conductance was calculated by using Landauer-Biittiker formula:

G :W;T (k) (1.15)

where o is the spin index, and the sum is taken over all the transverse modes.
He obtained an expression of the conductance as a function of the relative magnetization
alignment 6 of the two electrodes:

G (0) = Gy (1 + P*cos (9)) (1.16)
where P is the effective tunneling spin polarization defined as:

k' — kb 2 — KTk
K+ K 2+ KK

(1.17)

and k = \/ (2m/%?) (U — Er) is the decay constant of the wave-functions in the barrier.

The principal result of Slonczewski’s calculation is that the polarization P now depends
on the height of the barrier through the imaginary vector «. In the limit of a high barrier,
this term tends to unity, reducing this expression to Jullierre’s formula. However if the
barrier not is very high, the magnitude of TMR decreases with decreasing U and can even
change sign.

One disadvantage of his approach is that the calculation requires predetermined wave-
functions, which are easily obtained in the case of free electrons but hard to generalize
for more complex or realistic systems. This approach also makes it hard to account for
disorder within the junction. Finally a major drawback of this model is the use of a perfect
potential step to model the insulating layer that doesn’t take into account the electronic
structure of the insulating layer (a crucial point as it will be discussed in the next sections).

1.2.4 Summary

In this section, we briefly considered spin-dependent tunneling across magnetic tunnel
junctions. Experimental results and theoretical consideration mainly stressed the fact that
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SDT is sensitive to many parameters such as the character of the tunneling particle, the
coupling at the electrode-barrier interface but also to the electronic properties of the insu-
lating barrier itself. This makes SDT tunneling very complex and rich, but it also makes it
possible to tune each of these parameters and engineer MTJs with desired properties.

After the first experiments on MTJs of Jullierre in 1975, the next realization of magnetic
tunnel junctions with sizable TMR at room temperature were developed in 1995 indepen-
dently by Moodera et al. ' and Miyazaki and Tezuka''. More recent theories on GMR
and TMR in amorphous junctions can be found in the literature*!.

The drawback of the semi-classical models originate from the fact that they don’t treat
the junction as a single quantum-mechanical system. In the next section, we’ll discuss first
principles theoretical models of epitaxial junctions. It’ll arise from the discussion that the

electronic structure of the insulating layer plays a central role in tunneling.

1.3 Tunneling magnetoresistance in crystalline
Fe/MgO/Fe(001) magnetic tunnel junctions

In the former section, the discussion focused on early models and experimental results,
and pointed out that the tunneling current is very sensitive to several parameters such as
the characters of the tunneling particles, interface considerations and even the electronic
structure of the insulating layer. In this section, we’ll see that the more realistic ab-initio
calculations improves the simple models in various ways. They account for the compli-
cated electronic structure of transition metals that are mostly used in spintronic devices.
They also consider the properties of interfaces with more accuracy. Finally one of the most
important advantage of epitaxial systems is the possibility to treat the electronic structure
of the insulating barrier.

In this section, the discussion will focus on the canonical Fe/MgO/Fe (001) system.
We’ll first consider the structure of the Fe/MgO (001) interface and briefly talk about
the methods used to calculate the electronic structure and the tunneling current. In the
second part we’ll describe the electronic structure of the whole stack with an emphasis
on interface layers. In the third part we’ll talk about the tunneling current throughout the
heterostructure. The conductance as a function of k; will be discussed. The importance
of lateral symmetry as well as the complex band structure of the insulating layer will also
be addressed. These consideration naturally point to the need to consider the tunneling
current at k; = (0, 0). Finally tunneling for k;; # (0, 0) and through resonant surface states
will be briefly addressed.

1.3.1 Theoretical model and formalism
1.3.1.1 Crystal structure

MgO crystal is formed by a charge transfer between Magnesium atoms and Oxygen atoms
forming Mg?>* cations and O*~ anions, with each of the atoms types forming a face-
centered cubic, or fce structure that dovetails to form a rock-salt structure with a lattice pa-
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Figure 1.7: Structure of the Fe/MgO (001) interface The Rock-salt and the bcc crys-
tal structure of MgO and iron are shown in panel (a) and (b) respectively. Top view
and cross section of the Fe/MgO(001) interface are schematized in panel (c) and
(d). We can see that MgO[100] is parallel to Fe[110]. Figure adapted from Yuasa

and Djayaprawira®.

rameter ay,o = 0.421 nm. The crystal structure of MgO is represented in Figure 1.7a. The
electron transfer results in both ions having the very stable electronic structure 15%2s*2p°,
that qualitatively explain the strong localization of electrons and the large optical band gap
of MgO.

Magnesium oxide is a direct gap insulator with the valence band (VB) maximum and
the conduction band (CB) minimum situated at the I" point of the Brillouin zone. The
amplitude of the gap has been determined experimentally and estimated to be around E, =
7.8 eV*2. It is also established**** that the MgO band gap is underestimated when using
DFT techniques to values around ~ 5 eV. The crystal structure of body-centered cubic
(bee) iron is represented in Figure 1.7b. The lattice parameter of the unit cell is ap, = 0.287
nm.

Detailed experimental results*® show that MgO(001) grows pseudomorphically on Fe
(001) up to six monolayers with an epitaxial relationship Fe(001)[110]//MgO(001)[100]
meaning that there is a 45° rotation between MgO[100] and Fe[100] axis. As a result,
the lattice mismatch between a0 and \/Eape is only 3.7%. A scheme of the Fe(001)/
MgO(001) interface is shown in Figure 1.7c (top view) and Figure 1.7d (cross section).
After six monolayers a partial lattice relaxation appears resulting in misfit dislocations at
the Fe/MgO interface. The impact of misfit dislocation on magnetotransport will be dis-
cussed later (Section 2.1.4). Other experiments*’ as well as theoretical studies*® suggested
that the oxygen atoms of MgO are sitting above Fe atoms with a distance of 0.20-0.23 nm.
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1.3.1.2 Formalism

Butler et al.** used the layer-Korringa—Kohn—Rostoker method (LKKR) approach to cal-
culate the electronic structure of the Fe/MgO/Fe heterostructure from first principles.

The LKKR method is based on the density functional theory (DFT), and incorporates
the atomic sphere approximation. The extended solid is viewed as one composed with an
infinite stack of layers, each of which has translational symmetry. Thus, this approach is
particularly suited to the problem at hand, namely semi-infinite epitaxial leads separated
by a thin tunnel barrier. Magnetism is treated within the local spin-density approximation.

The calculation proceeds as follow: First the bulk calculation is performed for the two
electrodes. Then an interface containing the tunnel barrier with few iron layers on each
side is introduced, Fe layers in the additional sample region have the properties of the bulk
calculated in the previous step. Finally spin up and down potentials near the interfaces
are allowed to relax until electrostatic self-consistency is achieved throughout the system.
Usually, the calculated potentials don’t differ significantly from those of the bulk three or
four layers away from the interface.

In the leads, it is possible to take advantage of the two-dimensional periodicity to ease
the calculation by using the Bloch’s theorem to determine the electronic wavefunctions.
Within the LKKR method, the electron wavefunctions are described by the product of two
functions (i) the wavefunction that describe the electrons inside the radius defined by the
atomic sphere approximation, where the potential due to on-site atoms is large and (ii) an-
other function that describes the electron in the interstitial region, where the potential of
the on-site atoms is negligible. The resulting Bloch wavefunctions are converted to a plane
wave basis and propagated through the system by means of transmission and reflection co-
efficient between layers. Each layer is characterized by four scattering matrices describing
the exchange of electrons with the neighboring layers.

When considering the scattering in the sample region, the LKKR method allows to
express the reflection and transmission coefficient at the Fe/MgO interface as a function of
the aforementioned scattering matrices. This property also makes LKKR very convenient
for this kind of calculation.

Once the transmission coefficient are obtained for each Bloch state, it is possible to use
the Landauer-Biittiker formula that relates the conductance to the transmission probability.
In the case of perfect translational symmetry k is conserved and the simplified Landauer-
Buttiker* formula can be written:

2
R RAN) (1.18)

ky.j

where e is the charge of the electron, 4 Planck’s constant and 7 (kj;, j) the tunneling prob-
ability of electrons with a given transverse mode k and a given symmetry j. This formula
expresses the conductance in a very simple form: electrons with a given symmetry and a
given transverse mode form an independent conduction channel. The total conductance is
the direct sum of all these channels.

For more details on the calculations and methods see MacLaren et al. >, Zhang and
Butler* and references therein.
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1.3 Tunneling magnetoresistance in crystalline magnetic tunnel junctions

1.3.2 Electric and magnetic properties

It was found that there is very little charge transfer from MgO to the first Fe layer. The
magnetic moment of Fe atoms at the interface is 3 y;, which is higher that the 2.2 y; of
bulk bce iron under normal conditions.

The density of states is calculated for each layer. Figure 1.8 summarizes the result
obtained on interface layers for both iron and MgO. In the case of Fe, we can see that the
interface DOS 1is substantially changed compared to bulk values. For majority electrons
(panel a), the DOS is reduced close to the interface, while a larger peak appears well
below the Fermi level, represented by a dashed line at .35 Hartree. In the minority channel
(panel b), a large and sharp peak appears just above the Fermi level. The position of
this peak is consistent with other calculations and attributed to surface states appearing
in the minority channel of bcc iron. This feature seems to be general as it was found for
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Figure 1.8: Density of states at the Fe/MgO interface: The majority and minority
DOS is represented for Fe interface layers in panel (a) and (b). The presence of
the MgO at the interface has opposite effects for majority and minority DOS. At
the interface, the majority DOS is reduced close the the Fermis level (dashed line
at .35 Hartree) while a sharp peak appears in the minority DOS. Similar results are
plotted for MgO majority and minority DOS in panel (c) and (d) respectively. The
gap of MgO is ~ 5.5 eV, and small features in the gap of MgO result from the large
peaks seen in the interface Iron layer. Figure adapted from Zhang and Butler®.
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several Fe interfaces**-!. The general trend is that, moving toward the interface, the DOS
decreases for majority electrons while a sharp peak appears in the minority channel.

For MgO, the interior layer is characterized by a large gap extending from .244 Hartree
to 0.446 Hartree corresponding to a 5.5 eV gap, lower than the 7.8 eV experimental value
but similar to other DFT calculations. Features at .26 and .31 Hartree in the majority
channel (panel (c)) and peaks at .35 and .41 Haetree in the minority channel (panel (d))
are believed to be faint "echos" of peaks in the DOS of the interfacial iron layer.

1.3.3 kj-resolved tunneling current

The conductance was calculated using Equation (1.15). Figure 1.9 represents the tunnel-
ing conductance as a function of k; = (k,, k,) for both parallel (panel (a) and (b)) and
antiparallel (panel (c)) magnetic configurations.

We can see in panel (a) that the results for the majority electrons are similar to what is
expected for the free electron model, i.e the conductance is mainly situated at the I" point
of the 2D Brillouin zone that correspond to the k; = (0, 0) point. Although the distribution
of the conductance looks similar, we’ll see in Section 1.3.5 that the more realistic model
results in more complicated physics than simple models.

In panel (b), we can see that the main contribution in the minority channel are for values
of k; # (0,0). More precisely, it seems like these peaks form part of a circle centered at the
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Figure 1.9: Distribution of conductance as a function of kj: kj-resolved conduc-
tance for eight monolayers of MgO. Conductance in the parallel magnetic configu-
ration for majority and minority spin channels are represented in top right and top
left panels respectively. Conductance in the antiparallel configuration is shown in
the bottom panel. See text for more details. Figure adapted from Butler et al. **.
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1.3 Tunneling magnetoresistance in crystalline magnetic tunnel junctions

origin of the zone. It was determined that this structure correspond exactly to the surface
state that appears in the minority DOS of the interface iron layer (see Figure 1.8b). The
thickness dependence of the tunneling current* showed that the conductance for larger
values of k; # (0,0) is suppressed as the thickness is increased meaning that the resonant
surface states that dominates the minority channel conductance at small thicknesses do not
contribute in the limit of large barriers.

The conductance in the case of antiparallel alignment of the electrodes magnetization is
shown in Figure 1.9. We can see that the conductance has features of both spin channels.

Although the tunneling is more complicated for these first principle models, we can
see from the conductance plots that the tunneling in the parallel magnetic configuration
is larger than that in the antiparallel configuration and that the former is mostly centered
around k; = (0, 0). In the following we’ll distinguish two cases. We’ll see that the tunnel-
ing for k; = (0, 0) essentially explains the large TMR expected in the Fe/MgO/Fe (001)
system while considering conductance for k; # (0, 0) provides more insight into the com-
plex physics underlying the electrical properties of epitaxial systems.

1.3.4 Electrical transport for k = (0,0)
1.3.4.1 Effect of lateral symmetry of incident Bloch states

As a quick reminder, when tunneling through a simple potential step is treated within the
free electron model, the wavefunctions decay as exp (—«d) where d is the barrier thickness
and

k= \J@m/I) (V ~Ep) + I (1.19)

is the decay constant. It is clear from the Equation (1.19) that the amplitude of the tun-
neling in the two dimensional Brillouin zone is centered around the point k; = (0, 0), for
which « is minimum. A simple explanation is that the k; component of the wave vector
k = (kj, k) has an energy hzkﬁ /2m associated with the lateral motion of the electron that
is not used to tunnel through the barrier. Moreover, one expect a single decay rate for a
given value of kj for the free electron mode.

In their detailed theoretical treatment, Butler ef a determined that in addition to the
value of kj, the decay rate also depends on the symmetry of the tunneling electron. For
k; = (0,0) they found that the decay parameter could be written:

l. 52

2 2
» _ 2m - <¢|% + Z—y|¢>

=—(V-F
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where ¢ (x,y) is the planar component of the wavefunction ¥(x,y,z) = @(x, y)exp(—«z).
The second term of Equation (1.20) is positive and causes an increase in the decay rate,
similarly as a nonzero value of k; would. The amplitude of this additional term correlate
with the number of nodes of ¢ (x, y) in the plane. In this picture, it is useful to consider the
tunneling Bloch states with respect to their symmetry as it allows to determine the number
of nodes of the wavefunctions in the plane and their ensuing decay rate.

K (1.20)
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Bloch state Character & symmetry Decay rate

A s, p. and d,.» K= \/(2m/h2) (U - Ep)

As Doy dyy and d; k= \J@m/B) (U - Ep) + &}
Ay doy K = \/(Zm/hz) (U - Ep) + ¢
Ay d,, K = \/(2m/h2) (U - Ep)+ g

Table 1.1: Effect of lateral symmetry of Bloch states at k; = (0,0): This table
summarizes the different Bloch states at k; = (0, 0), their character and their decay
rate. The decay rate depends on the number of nodes of the planar component of
the wavefunction. In turn, the number of nodes can be determined from symmetry
considerations. Here g; and g, are additional terms due to the symmetry of the wave-
functions. In conclusion, it is important to note that A; have the slowest decaying
rate, As and A, states will decay faster and A, states will decay even faster.

Table 1.1 summarizes the incident Bloch waves at k; = (0,0). What is important to
retain from the symmetry considerations is that A; have the slowest decaying rate, As and
A, states will decay faster and A, states will decay even faster.

The variation of lateral symmetry is not the the dominant effect in determining the decay
rate of electrons. Mavropoulos et al.>* showed that the decay rate can be precisely deter-
mined from the the complex band structure of the barrier. It will be used, together with the
band structure of iron, to explain the large tunneling magnetoresistance in this system.

1.3.4.2 Wave-functions matching at interfaces

In addition to the previous discussion on the lateral symmetry of impinging Bloch states,
electrical transport in heterostructures can also be understood in terms of metal-induced
gap states (MIGS) in the barrier. In this picture, transport is explained by coupling incident
metallic states to evanescent states within the insulator’s band gap.

MgO Complex band structure: The electrical structure of the insulating barrier can
be described from the standpoint of tunnelling transmission by the complex band struc-
ture>>>*. In the bulk of the barrier, the periodicity of the crystal structure requires that the
Bloch states must have free electron-like real k vectors. Near the crystal surface however,
it is possible to match Bloch states within the crystal with evanescent wave-functions out-
side the crystal. Again the problem can be simplified if one considers a perfect epitaxial
layer in the xy plane and the interfaces perpendicular to the z direction. It is possible to
decompose k = (kj, k;) such that k is conserved and only k; is allowed to have complex
values.

In the case of magnetic tunnel junctions, the current is mostly carried by charge car-
riers at the Fermi level. That’s why we’ll mostly focus our discussion on states at the
Fermi level. As it was mentioned before, when incident metallic states at £ are scattered
through the barrier, they couple to the insulator’s state with complex k. In the case of
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Figure 1.10: MgO symmetry resolved complex band structure: The 3D Brillouin
zone of rock-salt structures is shown in panel (a). We are interested in electrical
transport in the k, direction that corresponds to the I' — X line in reciprocal space.
Panel (b) represents the complex band structure of MgO. The central part of the
graph corresponds to wave-functions with real wave vectors while left and right
panels shows the evanescent wave-functions with complex « values starting from
the I' and X points in reciprocal space. The decay rate can be easily extracted by
choosing the minimal «,,;, for a given energy. A; states have the slowest decay
rate at the Fermi energy. Figure adapted from Tsymbal and Zutic*!.

ballistic transport, the transverse properties of the tunneling particle are conserved during
scattering, therefore tunneling particles can only couple to evanescent gap states with iden-
tical k; and symmetry only. The 3D Brillouin zone of rock-salt structures and the complex
band structure of MgO are represented in Figure Figure 1.10.

The advantage of this approach is that it allows to extract the extinction coefficient of
wave-functions at a given energy and for a given symmetry easily, without the need of
time consuming calculations. In order to do that, it is enough to select the energy of the
tunneling particle (we are interested in electrons at the Fermi level) and select the minimum
complex k value that has the same symmetry as the tunneling particle. The example of A,
decay rate is shown in Figure 1.10 assuming that the Fermi level of MgO is in the middle
of the gap (calculated gap of 5 eV). The Bloch states in the electrode compatible with this
evanescent state will have the slowest decay rate in the insulating barrier. Using the same
procedure in Figure 1.10, we can see that electrons with As symmetry have the second
slowest decaying rate. The transport for k; = (0,0) is characterized by two additional
symmetries A, and A,. Data for these two states is not shown in Figure 1.10, but it was
established that they decay much faster than A; and As states, with A, decaying even faster
than Az.

Fe (001) bee band structure: Now that the order of decaying rates within the insulating
barrier has been established, we have to look at the Bloch states in the electrode compatible
with these evanescent states, i.e. electrode states at Er in the k, direction.

29



Chapter 1 Introduction to Spintronic

Majority Minority
Aq
!
3 4
2 4
S 1
Ly foy Ast
> 1 __/
9 A A2¢
O - =)
c
W -34 AZT
-4 4

r A HI A H

Figure 1.11: bee iron (001) symmetry resolved band structure: The 3D Brillouin
zone of bce streutres is shown in panel (a). We are interested in electrical transport
in the k, direction that corresponds to the I' — H line in reciprocal space, also
denoted A. Panel (b) represents the spin- and symmetry-resolved band structre of
bce iron in the A direction. In the majority population A;, As and A, are involved
at the Fermi energy, while A,, As and A, are insolved in the minority channel.
Figure adapted from Papaconstantopoulos®’.

Figure 1.11a schematizes the 3D Brillouin zone of bcc structures with all the lines of
high symmetry. We are interested in the tunnel transport in the k, direction, i.e. [001] di-
rection, perpendicular to the (001) planes of the structure. This particular line corresponds
to the I' — H direction of the reciprocal space, also denoted A. The spin- and symmetry-
resolved band structure of bce iron in k, direction is represented in Fig. Figure 1.11b. We
can see that the Fermi level crosses the Ay, As and Ay in the majority channel and the A,,
As and A, in the minority channel.

As we thoroughly discussed previously, the A; states will have the slowest decaying
rate. Thus, electrical transport in the parallel and antiparallel configuration of MTJs and
ensuing TMR will depend on either the A; conduction channel is open or not. We can see
from Fig. Figure 1.11b that the A, state is totally spin polarized at Er. Keeping this in
mind, we’ll now discuss the tunneling DOS calculations of Butler et al. *, and show how
MgO acts as a symmetry filter in this system.

1.3.4.3 Tunneling DOS across the junction

Figure 1.12 and Figure 1.13 plot the tunneling density of state (TDOS) for the parallel and
antiparallel magnetic configurations, respectively. The tunneling DOS is defined as the
electron density of states at each layer due to a single incident Bloch state and is roughly
proportional to ||

Upon interpreting these results, it is important to remember that coupling impinging
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Figure 1.12: Fe/MgQO/Fe tunneling DOS in the parallel magnetic state: Panels (a)
and (b) plot the tunneling DOS as a function of the position in the Fe/MgO/Fe tri-
layer in the parallel magnetic state, for majority (G'") and minority (G*) channels
respectively. There is no A; channel in the minority channel. See text for more
details. Figure adapted from Zhang and Butler®.

electrons from the emitting electrode to evanescent states inside the barrier at the first
interface is not sufficient to ensure effective tunneling. In order to efficiently tunnel across
the barrier, the decaying wave-functions must also couple to compatible Bloch state in the
collecting electrode at the second interface.

Moreover, incoming A; and As Bloch states will decay as evanescent states with the
same symmetry in MgO. However, A, states in iron will decay as A, states in MgO.
Similarly A, states in the electrode will decay as A, states in the barrier. This change in
symmetry properties is due to the fact the the MgO[001] grows with an angle of 45° with
respect to the Fe [001] direction (refer to Figure 1.7).

Figure 1.12(a) plots the tunneling DOS for majority electrons when both electrodes
have their magnetization in the same direction (G'"). In the parallel magnetic config-
uration, the two electrodes have similar Bloch states at the Fermi level, namely A;, As
and Ay (see Figure 1.11). As it was previously discussed, each state will be transmitted
with a probability that depends on the interfacial transmission coefficient but also on the
symmetry-dependent decay rate in the barrier. We can see from the slope of the tunneling
DOS inside the barrier that A; states have the slowest decay rate while As and A, states
decay much faster, consistent with the previous discussion on lateral symmetry and MgO
complex band structure (see Figure 1.10).

In panel (b) the same quantity is represented for the minority channel (G*). The main
difference is that the A; state is not present in the minority channel, and the contribution of
a A, state appears. For both (G17) and (G*) we can see that each state couples effectively at
the second interface to available states with identical symmetry in the collecting electrode.
In the parallel magnetic configuration, the current is mainly due the A; state present in the
majority channel.

Panels (a) and (b) of Figure 1.13 represent the tunneling DOS in the antiparallel mag-
netic configuration for both majority — minority (G™) and minority — majority (G*7)
channels, respectively. In the case of G™ we can see that each of the A;, As and A, states

31



Chapter 1 Introduction to Spintronic

(a) TDOS for Fe(majority)|MgO|Fe(minority) (b) TDOS for Fe(minority)|MgO|Fe(majority)

MgO
105} e T d)\ 105} As (pd)

(9] (4]
O 1010} Fe MgO Fe O 10 10F Fe Fe 1
a [ ——1 1 O I —
= =

10-15} ] 1015} Ay (d) 1

1020} Ay (d) 1 1020}

Ay (d)
10—25 10-25 . . n n n L . . L
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Layer Number Layer Number

Figure 1.13: Fe/MgQO/Fe tunneling DOS in the antiparallel magnetic state: Panels
(a) and (b) represent the tunneling DOS in the antiparallel magnetic configuration
for G™* and G'' respectively. See text for more details. Figure adapted from Zhang
and Butler®.

couples effectively at the first interface and decays similarly to the G1 case (compare panel
Figure 1.12(a) and Figure 1.13(a)). However, since the A; state is not available in the mi-
nority channel, it continues to decay in the collecting electrode, resulting in a strongly
reduced tunneling current for G™. Similar conclusions can be made for (G*1), again there
isno A, state in the emitting electrode. As states tunnel effectively since this state is present
in both spin population at the Fermi level. The A, state, present in the minority channel
but not in the majority channel, will continue to decay in the counter electrode.

Finally, we saw in Section 1.3.1.2 that the Landauer-Biittiker formula expresses the
conductance as a simple sum of the different channels at the Fermi level. We can thus
write:

Gr=G +G +G +Gy (1.21a)
Gap =G +Gy! (1.21b)

where Gp and G,p are the conductance for the parallel and antiparallel alignments of
ferromagnetic electrodes magnetization, respectively. The contribution of A, states is
neglected in Equation (1.21). In this frame work, the tunneling magnetoresistance defined
as:

TMR = ———— (1.22)

is expected to be very large. Indeed, Gp is predicted to be much larger the G4p because
the tunneling current is mainly carried by A; electrons that have a strong weight in the P
majority conduction channel while they are filtered away in the antiparallel configuration.

1.3.5 Electrical transport for k # (0,0)

The electrical properties of Fe/MgO/Fe(001) MTJs cannot be explained in simple terms of
symmetry for k; # (0,0). In this thesis we’ll discuss two interesting cases that illustrate
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Figure 1.14: Interference of tunneling states: Tunneling DOS as a function of k,
for k, = 0. The LKKR decay rate (solid lines) is compared to the simple barrier
model (dashed lines) for 4 and 8 MgO monolayers (blue and red respectively).
The oscillatory dependence of the TDOS can’t be explaind by simple models.
Figure adapted from Zhang and Butler®.

the fact that simple models are not appropriate to describe tunneling in magnetic tunnel
junctions.

The first effect addressed in this section is the interference of tunneling states. The
second effect, focuses on interface resonant states and will be addressed in Section 2.1.1.
Referring to Figure 1.12a, we saw that the k-resolved tunneling DOS (TDOS) of the ma-
jority channel was similar to that for the free electron model, i.e. the conductance is mainly
centered around the I" point of the two-dimensional Brillouin zone.

The tunneling DOS as a function of k; (for k, = 0) on a logarithmic scale is plotted in in
Figure 1.14. LKKR results (solid lines) are compared to the simple barrier model (dashed
lines) for four and eight MgO monolayers (blue and red respectively). For small values of
k., the decrease in TDOS is faster than the simple model, while it becomes slower for large
values of k,. The most striking difference is the oscillatory dependence of the tunneling
DOS with k, that cannot be explained by standard models. This oscillatory behavior can
be understood by the complex band structure of MgO**.

1.3.6 Co and CoFe electrodes

Similarly to bee Fe electrodes Zhang and Butler !7 studied the transport properties of MTJs
including bee Co and CoFe electrodes from first principles. In general, similar properties
are found, that is to say transport properties are described in terms of symmetry filtering
by the insulating barrier at the I' point of reciprocal space.

A critical difference lies in the symmetry-resolved band structure of Cobalt. Figure 1.15
compares the band structure of bce Iron and beec Co. We can see that, conversely to bece Fe,
all states are totally spin polarized at Er in Co. In Fe electrodes, As as well as A, states are
present in both minority and majority channels. Despite the fact that they decay faster than
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Figure 1.15: Spin- and symmetry-resolved band structure of bee Fe and Co: As
and A, are present in both majority and minority spin population of bcc Fe elec-
trodes while they are totally spin polarized in bcc Co. This is expected to further
reduces G4p increasing the conductance asymetry between P and AP and the re-
sulting TMR. Figure taken from Tsymbal and Zutic*!.

A, states, they still contribute to conductance in both P and AP magnetic configuration.
In Co, the total spin polarization of As and A, states (present in majority spin population
only) reduces G4p and is expected to increase TMR.

From conductance calculations, they predict TMR of 5000 %, 13000 % and 34000 %
for Fe/MgO, Co/MgO and CoFe/MgO MTJs respectively!”. These values are calculated
without taking into account the conduction of the minority channel. The authors state that
taking into account the minority channel should increase the TMR because of interface
resonant states (IRS). However, we’ll see in Section 2.1.1 that IRS are in fact reducing the
TMR. Moreover, in the model used by Butler et al., the lattice parameters of electrodes and
MgO are exactly matched and the crystal structure in their simulation is allowed to relax
out of plane only. As we mentioned previously, above a critical thickness, the MgO layer
relaxes and misfit dislocations appear at the interface. Finally, other shortcomings to these
theoretical models have to be taken into account in order to properly describe transport
properties in realistic MTJs. Some of them will be addressed in Chapter 2.

1.3.7 Experimental confirmation

The first sizable TMR values (27 %) at room temperature were obtained in 2001 by Bowen
et al.>. In 2003, TMR of 67 % were achieved at RT using molecular beam epitaxy
(MBE)*. Finally in the late 2004 200 % TMR at room temperature were announced
using MBE "’ and sputtering techniques .

Also, Co/MgO/Co(001) MTJs with metastable bce Co layers were realized . The junc-
tions exhibited TMR values higher than 400 % at room temperature, confirming theoreti-
cal predictions that the bcc Co or bee FeCo electrodes should improve MTJs performances

34



1.4 From Epitaxial to textured magnetic tunnel junctions

compared to the Fe/MgO couple!”.
In Section 1.4 we’ll see the importance of sputtered techniques for industrial applica-
tions.

1.3.8 Summary

The advantage of epitaxial systems over their amorphous counterparts is that they can have
a detailed theoretical treatment, including modeling of the tunneling barrier.

In epitaxial systems, each layer have perfect two-dimensional symmetry in the xy plane
while interfaces are perpendicular to the z direction. The periodicity of the crystal structure
makes it possible to describe the electrons in the leads with Bloch wave-functions. The
electrical properties of impinging Bloch states can be reduced into groups by symmetry
considerations, with each symmetry having a different decay rate inside the dielectric. The
distribution of tunneling conductance in the two dimensional Brillouin zone shows that
electrical transport in first principle models is way more complicated than the classical
models.

The large TMR expected in this system can be understood from transport properties
at k; = (0,0). At the corresponding T point of reciprocal space, only few Bloch states
are allowed to tunnel across the barrier. Of these states, A; electrons have the slowest
decay rate. From the band structure of bcc iron we know that these states are totally spin
polarized at the Fermi level. In the parallel magnetic configuration, A, states in the emitting
electrode will couple to A; evanescent states in the barrier and in turn couple to available
A states in the collecting electrode. In the antiparallel configuration however, no A, states
are available in the collecting electrode, resulting in a much lower conductance in the
antiparallel magnetic configuration. The ensuing TMR, defined as the relative difference
of conductance between P and AP, is expected to be very large (more than 10 000 %).

Transport at k; # (0, 0) is characterized by (i) oscillations of the tunneling DOS as a
function of kj and (ii) interface resonant states (IRS) that can have a strong impact on the
tunneling current.

After the first predictions in 2001, spectacular experimental confirmation came just few
years later. The challenge was the realization of epitaxial structures with high crystalline
quality, particularly at interfaces. We’ll see that both the realization of prefect interfaces
as well as the characterization of their detailed structure is challenging.

1.4 From Epitaxial to textured magnetic tunnel
junctions

As discussed in Section 1.3, several groups calculated the electronic properties of fully
epitaxial heterostructures*+>3%° and predicted very high TMR ratio in Fe(001)/MgO(001)/
Fe(001) epitaxial MTJs. This triggered a lot of effort in the fabrication of fully epitaxial
systems, followed by spectacular experimental confirmation few years later>®®1:%2. The
mechanisms underlying symmetry filtering in epitaxial MgO-based heterostructures can
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be summarized as follows:

1. In epitaxial systems electrons are subject to a periodic potential, therefore Bloch’s
theorem can be used to calculate the electrons wavefunctions. The properties of the
resulting Bloch states can be unified and reduced into sets of families by symmetry
consideration.

2. Within the heterojunction, interfacial continuity is required for the incoming Bloch
wave functions to couple at the interfaces and propagate.

3. By matching the symmetry dependent electronic properties of the ferromagnetic elec-
trodes and the insulating barrier, it is possible to obtain very high tunneling spin po-
larization and ensuing high TMR ratios.

4. From a technological point of view, a strong decoupling between electrodes is neces-
sary. This requirement usually result in pinning one of the electrodes with an antifer-
romagnetic pinning layer by exchange coupling.

Although epitaxial system are useful for fundamental studies and comparison with theo-
retical simulations, they are not compatible with mass production techniques and hard to
integrate into real life applications. If we look carefully into the results obtained in ref. 44
and weight them to available growth techniques, point 1 and 2 can be reformulated as:

I’. In first approximation, only electrons with k; = O (electrons moving perpendicular to
plane) participate in the tunneling current. This suggest that atomic arrangement in
the z direction (in the direction of current flow) is needed, while it is irrelevant in the
Xy plane.

2’. Concerning interfaces, two critical points have to be taken into account: (i) Atomic
periodicity has to be maintained and careful attention has to be given to interfacial ar-
rangements (matching of crystal structure of electrodes and insulating barrier) (ii) In-
terfaces have to be flat, and defect free.

In parallel to the development of epitaxial MTJs, another technique fulfilling point 1’ and
2’ and compatible with mass production was used to fabricate MTJs, namely the sputter
deposition technique.

Parkin et al.>® were the first to report high MR ratio (i.e. > 100 %) with fully sput-
tered MTJs in 2004. They used a combination of ion beam and magnetron sputtering
to grow Si(100)/S102/TaN/IrMn/CoFe/MgO/CoFe/TaN(Mg) heterostructures. The as de-
posited samples had low TMR that increased dramatically after annealing at 400 °C under
magnetic field. The annealing step was necessary to pin the bottom CoFe electrode by ex-
change coupling with the underlying antiferromagnetic IrMn layer. Pinning allows to get
the necessary antiparallel alignment between electrodes in order to obtain magnetoresis-
tance (point 4.). In their growth process all layers deposited on top of the amorphous TaN
buffer layer, including the IrMn pinning layer, were polycrystalline with high (001) texture
but random in plane orientation (point 1°.). They reported very high MR values (220 %
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at room temperature) in their exchange-biased spin valve (EB-SV). The increase of TMR
with increasing annealing temperature also suggested an improvement of the sample crys-
tal structure.

In 2005, Djayaprawira et al.® fabricated Ta(10)/PtMn/CoFe/Ru/CoFeB/MgO/CoFeB/
Ta/Ru heterojunctions that exhibited 230 % TMR at room temperature. Contrary to afore-
mentioned CoFe based samples, they obtained amorphous electrodes. Surprisingly, MgO
grew with a (001) rock-salt texture on top of the amorphous CoFeB electrode. As shown
in Figure 1.16, the annealing step is necessary to trigger two processes: the first one is
to pin the bottom electrode, as mentioned before. The other one is to extend the crys-
tal structure of MgO(001) to the neighboring amorphous CoFeB layers®. The fact that
the as deposited CoFeB electrodes are amorphous make this technique very versatile (the
CoFeB/MgO/CoFeB trilayer can be grown on many materials) and compatible with mass
production techniques.

By comparing samples with textured CoFe electrodes and samples with amorphous
CoFeB, they concluded that the latter ones have several advantages: First, by optimiz-
ing the deposition parameters, amorphous samples allow to get very flat layers and sharp
interfaces. Note that the equilibrium crystal structure of CoFeB should be fcc, but the crys-
tallization of electrodes during the annealing step is driven by the highly (001)-oriented
rock-salt structure of MgO. This process is called solid phase epitaxy. Finally, the amor-
phous layer below the bottom CoFeB electrode acts as a buffer layer that separates the
crystal structure of the underlying AF pinning layers that can otherwise act as a tem-
plate for layers grown above. This allows to get rid of possible lattice mismatch at the
IrMn/CoFeB interface that can cause dislocations propagating through the heterostructure.

From that point, several technological issues were addressed to increase the TMR up
to 1000 %. Hayakawa et al.®> showed that although the annealing step was necessary
to create and improve the crystal structure of interfaces it was also causing diffusion of
elements such as Mn or Ta (or Ru) from lower layers, limiting the performance of the
device for annealing temperatures above 450 °C. By designing a sample without the AF
pinning layer (a pseudo spin valve, or PSV), they got rid of the [rMn layer and increased
TMR to 472 % at room temperature.

Attention was then focused on the composition of the electrodes®. Co layers have
higher polarization compared to Fe layers, in addition to A; electrons As states are also
totally spin polarized at Er. In principle doping iron electrodes with cobalt allows to ob-
tain higher spin polarization. However doping can change the stabilized crystal structure
after annealing, increase lattice mismatch between electrodes and the insulating barrier,
and can consequently reduce the TMR. It is therefore important to optimize the Co con-
centration as to obtain the highest TMR possible while maintaining the favorable b.c.c.
(001) structure of electrodes. Boron concentration above 10% is required in order to make
the layers amorphous. Lee et al. measured a TMR ratio of 500 % at room temperature for
(CoysFeq5)30Bog electrodes (numbers are nominal concentrations in %) and a 2.1 nm thick
MgO layer.

Another progress was made when Ikeda et al. '8 showed that diffusion of Ta atoms from
the buffer layer was also limiting TMR. By increasing the thickness of the bottom CoFeB
layer they limited Ta diffusion and obtained TMR ratio of 604 % at room temperature.
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Figure 1.16: Annealing of CoFeB based MTJs: Panel (a) shows the samples as de-
posited, both CoFeB electrodes are amorphous while the pinning antiferromag-
netic (AF) layer and MgO are textured. In panel (b), the sample is annealed above
the Néel temperature (Ty) of the IrMn layer. The AF layer is magnetically dis-
ordered and the (001) rock-salt structure of MgO extends to the electrodes that
slowly crystalize in b.c.c (001). Panel (c) shows the cool down of the sample un-
der external magnetic field (Hgxr). In the final state, the bottom electrode and the
AF layer are coupled to some extent (the amplitude and the sign of the coupling
depend on annealing temperature) and interfaces are crystallized (layers are fully
crystallized for small thicknesses).

Finally, samples with magnetization out of plane were obtained. The same deposition
technique and materials were used. They obtained this specific magnetic anisotropy of the
electrodes by fine-tuning the electrodes thickness®’.

It is generally accepted that the large TMR in CoFeB based MTIJs results from the
same mechanisms that governs transport properties of epitaxial Fe/MgO tunnel junctions.
Although large TMR measured in these systems support this interpretation, many details
are still ambiguous. For instance, HRTEM images showed interface crystallization but
the question of what happens to Boron is still not explained. Again, these points will be
addressed in Chapter 2.

1.5 Conclusion

In this chapter, we took an historical approach to introduce tunneling in solid state devices.
Although simple models failed to accurately describe spin-dependent tunneling, we saw
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that early theories were successfully leading the field of spin-dependent tunneling in the
right direction. These works put all the mechanism behind SDT on firmer ground and
undoubtedly contributed to the fast development of the field when sophisticated theoretical
tools and experimental techniques became available.

Although theoretical predictions were successfully confirmed, ideal systems cannot be
obtained in reality, resulting in theoretical vs experimental discrepancies. Despite refine-
ments to experimental techniques, device fabrication always introduces some amount of
defects making small deviation in the crystal structure compared to perfect models. Be-
sides, we are mostly interested in textured CoFeB/MgO/CoFeB magnetic tunnel junctions
for which the annealing step makes the detailed knowledge of crystal and interface struc-
tures difficult. Even though the mechanism behind spin-dependent tunneling and TMR are
the same for epitaxial and textured samples, it is clear that their transport properties will
be different.

The goal of the following chapter is to present a general picture of electrical transport in
realistic tunnel junctions, taking into account deviations compared to ideal systems. We’ll
mainly focus on experimental results, sometimes backed with theoretical consideration, in
order to understand the complex electrical properties of realistic junctions.
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Spin dependent tunneling in realistic
junctions

In the preceding chapter, we introduced the field of spin dependent tunneling. In particu-
lar, we examined spin dependent transport in fully epitaxial MgO based magnetic tunnel
junctions. We saw that in perfect systems and in the coherent tunneling regime, i.e. in
a framework where inelastic processes that induce incoherent tunneling (loss of spin and
symmetry information) are disregarded, the symmetry filtering effect of MgO coupled to
transition metal electrodes with an appropriate band structure results in large tunneling
magnetoresistance.

Although theoretical models accurately describe general properties of MTJs, some ex-
perimental results are still unexplained and their interpretation open to debate. For ex-
ample, the bias and temperature dependence of magnetoresistive properties are complex
and a detailed and accurate description is still missing. Another important property that is
not well understood is the barrier height in MgO based MTJs: it is found to be one order
of magnitude lower than the value expected from the optical gap. Besides, experimental
TMR values are always at least one order of magnitude lower than TMR predicted by
theory.

The difficulty to explain these discrepancies stems from the fact that, on the one hand,
it is challenging from an experimental point of view to characterize the detailed structure
of buried interfaces. On the other hand, the impact of disorder is very hard to take into
account from a theoretical point of view. Both predicaments makes it difficult to compare
experimental results and theoretical models.

Nevertheless tremendous efforts have been made, both from experimental and theoreti-
cal point of views, to carefully design samples and models in order to evaluate the impact
of intrinsic and extrinsic inelastic processes. In this chapter we’ll review various works
related to these aspects.

This chapter is outlined as follows. We’ll first consider deviation from the perfect Fe
/MgO/Fe epitaxial structure by considering interface effects. We’ll then focus on other
intrinsic and extrinsic features occurring in the non-equilibrium regime, that is the impact
of bias voltage on coherent as well as non-coherent (inelastic) tunneling. More precisely,
we’ll focus on the low bias region where interaction of electrons with magnons, phonons
and impurities takes place. Moreover, we’ll discuss the impact of temperature on magne-
totransport. In addition to the smearing of the Fermi energy and decrease of electrode’s
polarization with increasing temperature, we’ll see that temperature dependent measure-
ments underscore other inelastic processes. Once the understanding of spin dependent
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Chapter 2 Spin dependent tunneling in realistic junctions

tunneling in MgO is put on firmer ground, we’ll consider the impact of impurity-induced
localized states in the gap of MgO on spin dependent tunneling (SDT). We’ll see that
Oxygen vacancies are the most expected defects in MgO and discuss their characteristics
in detail. Most of our discussions and interpretations of experimental measurements will
be based on results described in this section.

The last section of this chapter will detail the scientific motivations of this thesis.

2.1 Interface considerations

Since the beginning of the field of spin dependent transport across magnetic tunnel junc-
tions, the importance of structural quality and chemical bonding at the metal-insulator
interface has always been emphasized (see Section 1.2.3.2). However, since interfaces are
embedded within the device, it is generally difficult to characterize, let alone control the
quality of interfaces.

On the one hand, the sensitivity of SDT to interface properties is subtle and makes any
attempt of systematic studies tedious and difficult, mainly due to the fact that interfacial
quality is very sensitive to small fluctuations in growth parameters. On the other hand,
this extreme sensitivity to interfaces is also a very interesting playground to tune device
properties by interface engineering.

In this section we’ll review various aspect of metal-MgO interfaces and discuss their
impact on transport properties both from experimental and theoretical viewpoints.

2.1.1 Tunneling through interface resonant states

In a crystal with infinite dimensions, symmetry considerations describe the charge carriers
in an efficient and elegant manner. When the dimensions of the crystal are finite, the
introduction of discontinuities such as surfaces or interfaces are expected to change the
electrical properties of the material in the vicinity of the discontinuity.

In addition to simple evanescent states, other solutions to Schrodinger’s equation can
be found for systems with finite dimensions. We’ll be interested in states that appear in
metals local gaps that exist between the ordinary allowed bands. Since these states are
present in forbidden energy regions, they decay both inside and outside the metal, making
them strongly localized near the interface. These states are called Surface states.

When dealing with surface states in transport experiment, normal surface states are
distinguished from interface resonant states (hereafter denoted IRS). The former are states
located in regions of the two-dimensional Brillouin zone where no bulk states are available,
while the latter are located in regions where bulk states can occur. Since normal surface
states are much localized, they usually don’t impact transport properties. On the other
hand, resonant surface states can hybridize with bulk states, extend away from the interface
and participate to tunneling current. In this paragraph we’ll mostly focus on IRS.

In the equilibrium transport regime (no bias voltage applied), owing to the fact that IRS
are present away from the T point they are generally negligible in the asymptotic limit,
i.e. limit of large barriers thicknesses for which contributions of features at k; # O are
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Figure 2.1: Contour plot of the minority DOS and TDOS. DOS (left panel) in
states/hartree and TDOS (right panel) of the minority channel in the parallel mag-
netic configuration. The complex structure of the tunneling DOS (left panel) in
the two-dimensional Brilouin zone can be related to peaks in the DOS of minority
electrons (right panel). Interface resonant states are expected to play an important
role in the tunneling current as they can open conduction channels at finite bias in
both P and AP magnetic configurations. Figure adapted from Zhang and Butler*.

filtered out. Nevertheless, they can be the dominant transport mechanism for intermediate
and thin barriers. Moreover, it was shown that IRS are indeed present at the T point of
the reciprocal space (k; = 0) but at higher energies than Er (~ 0.2 eV above Ey%).
As a consequence, they can participate in the tunneling current in the non-equilibrium
regime (when a bias voltage is applied) and even dominate transport properties as we’ll
see hereafter. Furthermore, IRS are very sensitive to surface and interface structures, they
can be quenched or suppressed with very small amount of disorder®’.

In Section 1.3.3, we briefly mentioned that the complicated structure of the tunneling
DOS in the minority channel is related to interface resonant states present in the minority
channel at the interface iron layer (see Figure 1.8b). Figure 2.1 shows a contour plot of
the minority channel DOS (left panel) and the tunneling DOS (or TDOS, defined as the
electron density of states at each layer due to a single incident Bloch state) of the minority
channel (right panel) as a function of k. Although DOS and TDOS plots don’t have a
one-to-one correspondence, it is possible to straightforwardly identify the maximum in
the tunneling DOS to peaks in the density of states of the minority channel.

It is clear that IRS have a non-negligible contribution to the tunneling current. It was
also established that the states corresponding to the peaks in the TDOS have significant s-
character and are effectively transmitted since they can couple to the A; states evanescent
within the barrier.

An early experimental and theoretical evidence of IRS was found by Stroscio et al. 8.
A scanning tunneling microscope (STM) is used to measure topological and electrical
properties of Fe (001) single crystal whiskers. In their experiment, electrical transport is
carried by electrons tunneling from the tip to the Fe surface through a vacuum barrier. They
compared their conductance spectra to theoretical surface DOS calculations and identified
a strong peak in their dI/dV spectra at 0.2 eV as a strong peak in the minority DOS of bcc
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Figure 2.2: Fe (001) kj-resolved minority DOS: Minority DOS of the topmost Fe
layer in a Fe/MgO/Fe (001) trilayer for three energies: (a) 0.02eV below Er (b)
at Er and (c) 0.02eV above Ep. Regular surface states and resonance states are
maked IS and IR respectively. Figure reproduced from Belashchenko et al. 7.

Fe (001), supporting result found by Butler e al. **. They attribute the origin of the peak
in the minority DOS to 3d, orbitals at the interface, that form dangling bonds away from
the surface in the vacuum region.

Another group studied the impact of IRS on electrical properties of Fe/MgO/FR MTJs
at zero bias from first principle’®. In particular, it is shown that the barrier can be to-
tally transparent to IRS resulting in a transport regime dominated by resonant states in
the parallel magnetic configuration, while their contribution is limited in the antiparallel
configuration. This is mainly due to the fact that the theoretical model assumes that the
barrier is perfect and symmetric. Consequently, large DOS induced by IRS are present at
both interfaces and are perfectly matched. Because tunneling is supposed to be coherent
(no spin flip), conduction channels induced by IRS are open only in the parallel magnetic
configuration and IRS are predicted to effectively increase TMR. However, perfect and
symmetric barriers are almost impossible to obtain in realistic junctions as interfaces are
never defect free and growth conditions make it very difficult to obtain identical quality at
the bottom and top interfaces.

Tiusan et al.”! studied the transport properties of high quality Fe/MgO/Fe (001) mag-
netic tunnel junctions. Similarly to Stroscio et al. they report an IRS at 0.2 eV. They show
that this state is present at the bottom Fe/MgO interface only, demonstrating the lower
quality of the top interface. They show that the activation of the IRS conduction channel
increases the conductance in the antiparallel magnetic configuration, making G,p > Gp
hence inverting the sign of TMR. These results are in contradiction with the aforemen-

tioned first principle calculations .

Based on the results of Tiusan et al., Belashchenko et al.”* clarified the apparent con-

tradiction. As seen in Figure 2.2, they show that the IRS present in the Fe (001) minority
DOS are very sharp and extremely sensitive to carrier’s energy. Moreover, IRS are present
in regions where the DOS of bulk states is very low.

In order for the sharp IRS peaks in the emitting electrode to effectively tunnel, they
have to (i) couple with barrier states at the first interface and (ii) find a large amount of
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available states in the collecting electrode. Point (i) can be satisfied in the non-equilibrium
tunneling regime: when a bias voltage is applied and the energy Er + eV of the tunneling
electrons matches that of of resonant states, IRS will couple to bulk states and decay as
evanescent states inside the barrier. Besides, it was shown that IRS originate from 3d,.
orbitals compatible with the slow decaying A, states within MgO. Because the IRS are
present in regions where DOS of bulk states is low, point (ii) is satisfied only when the
large IRS peak in the emitting electrode matches that in the collecting electrode (or another
sharp feature in the DOS of the collecting electrode).

In symmetric junctions, these conditions are fulfilled only at zero bias, but we already
discussed the fact that in realistic junctions bottom and top interfaces are not strictly identi-
cal and thus IRS conduction channels in the parallel magnetic configuration are quenched.
Moreover, when a small bias is applied, IRS at both interface are mismatched, as seen in
Figure 2.2 small bias voltages as low as 0.02 eV strongly modifies the contribution of IRS
to the kj-resolved transmission. On the other hand, in the antiparallel configuration, mi-
nority IRS at one interface are compatible with majority states in the collecting electrode
(inversion of the spin referential between electrodes in AP) that are present in large number
and thus IRS are expected to increase the conductance in the AP magnetic configuration.
Briefly, in opposition to the conclusions of Wunnicke et al.™°, in realistic junctions IRS
increase the conductance of the AP channel only and are expected to reduce TMR.

Finally, a more recent work’? identified a second IRS at 1.1 ¢V. Similarly to Tiusan
et al., this peak is present in the AP configuration and for positive bias only. They show
that the amplitude of the peak is inversely proportional to MgO thickness. They also
estimated the decay rate as a function the MgO thickness and confirm that these IRS decay
similarly to A; states. We’ll see that this peak can also be ascribed to electrodes DOS
effects (section 2.2.1.2), or localized states induced by impurities or defects (section 2.4.2).

We’ll see in a coming section (Section 2.1.3) on interface Carbon contamination that
interfaces can be chemically engineered and IRS tuned in order to obtain interesting device
properties.

2.1.2 Interface oxidation

As it was briefly mentioned before, MgO is a good candidate as a tunnel barrier because
it is relatively easy to grow and has stable chemical, mechanical and thermal properties.
Moreover, MgO has a small lattice mismatch compared to bcc iron, and is predicted to
be weakly interacting with the iron layer. Actually MgO is commonly used as a non-
interacting substrate for studies on Fe layers. Although it is known that the Mg-O bond is
energetically more favorable than the Fe-O bond, detailed chemical and structural studies
of the Fe/MgO interface revealed the presence of a FeO layer’*” at the interface. Follow-
ing experimental evidences of interface oxidation, Zhang et al.”® studied its impact from
first principle.

They based the structure of the interface on Meyerheim et al. ™ results and calculated the
electronic structure and the tunneling conductance as a function of x, the oxygen concen-
tration in the additional FeO, interface layer. Their results are summarized in Figure 2.3.
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Figure 2.3: Impact of interface oxidation: (a) conductance as a function of oxygen
content within the interface FeO layer and (b) the partial DOS of A, states in the
minority spin channel in the interface region for both clean (left panel) and oxidized
(right panel) interfaces. The interface oxidation dramatically reduces the parallel
conduction channel for majority spins while it scarcely modifies the antiparallel
channel. The TMR is expected to drop exponentially as the content of oxygen in
the oxidized layer increases. Figure taken from Zhang et al. .

Panel (a) plots the relative conductance in both parallel and antiparallel magnetic con-
figurations as a function of oxygen concentration in the FeO, layer. We can see that the
main effect of the additional oxidized layer is the reduction of conductance in the parallel
channel. In comparison, there are little changes in the antiparallel conduction channel.

The origin of this reduction can found in panel (b) of Figure 2.3 that plots the par-
tial DOS of A, states at the interface for both clean and oxidized interfaces. As it was
previously mentioned, transport properties in Fe/MgO MT]Js in the P state are mainly de-
termined by A, electrons. It is crucial for these states to couple at the interface in order to
effectively tunnel across the barrier.

As we can see from Figure 2.3b, the presence of the oxidized layer (right panel) strongly
reduces the A; density of states in the interface interlayer region compared to the clean
interface (left panel). As a consequence, the coupling of the A; states is affected, resulting
in a reduction of conductance in the parallel magnetic configuration. In other words, the
presence of oxygen at the interface strongly localizes the electron DOS within the FeO
layer. The injection of electrode states is then carried through the oxygen atoms of the
FeO and MgO layer that are mismatched, compared to the more favorable interface Fe-O
overlap in the case of clean interfaces. The antiparallel channel, carried by As (d) electrons,
is hardly modified because the injection of As electrons in the barrier is little altered by the
additional FeO layer.

More recently, Bonell ef al.”” experimentally studied the impact of interface oxidation
on magnetotransport properties. In order to do so, the authors tuned the oxygen cov-
erage of the topmost Fe layer of the bottom electrode by controlling oxygen adsorption
prior to the barrier deposition. They also controlled the crystal quality of the as deposited
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amorphous oxygen layer by thermal treatment. In doing so they are able to discriminate
the detrimental impact of interface oxidation and interface disorder on magnetotransport.
They report a decrease of TMR as the interface oxygen content increases. Corroborating
Zhang et al. "®’s prediction, they find that the TMR decrease is caused by a decrease of the
parallel conduction channel, while the antiparallel conduction channel is barely altered.
However, Zhang et al.® predicts a drastic effect of the oxidized layer on magnetotransport
in Fe/MgO/Fe (001) MTIJs, reducing the TMR from 4000 % to 100 %. Based on this as-
sumption, many works explain the low experimental TMR values compared to theory in
terms of interface oxidation. In their work, Bonell et al. suggest that although interface
oxidation and disorder have a negative impact on TMR, they are not the principal source
of the experimental vs theoretical discrepancy.

As a concluding remark, we note that the structure of the samples, and particularly
its interfaces, is extremely sensitive to many parameters. Furthermore, the presence of
the FeO layer is controversial as other groups confirmed very clean and sharp Fe/MgO
interfaces’®”. As a consequence it is difficult to make general conclusions concerning
the impact of an additional interface FeO layer. In general, accurate structural studies for
each specific case is necessary. We will reassess this point from the vantage of a new
operando technique that combines X-ray absorption spectroscopy (XAS) with spintronics
in Chapter 6.

2.1.3 Effect of interface carbon contamination

Detailed experimental analysis of the Fe/MgO interface®’ revealed the presence of Carbon
contamination at the bottom interface. It was determined that the additional C atoms origi-
nate from the single crystal MgO substrate on which the 50 nm-thick iron bottom electrode
is deposited. A postdeposition thermal treatment is performed in order to improve the crys-
tal quality as well as the surface flatness of the electrode. During the annealing step, the
carbon atoms originally at the surface of the MgO substrate diffuse throughout the Fe layer
and end up at the surface of the electrode.

It was first shown that it is possible to get a carbon-free Fe surface by adding an addi-
tional MgO trapping layer®!, before the bottom electrode deposition, that prevents the C
atoms’ diffusion. In order to estimate the impact of additional carbon atoms at the bottom
interface on spin dependent tunneling, magnetotransport experiments on clean and con-
taminated surfaces were carried out and results for both interfaces compared®. As we will
see hereafter, the impact of Carbon on magnetotransport is rather complex and result in
peculiar transport properties.

Clean Fe/MgO interface: Figure 2.4 summarizes results obtained on clean Fe/MgO
interfaces. Panel (a) and (c) plot the TMR and its derivative as a function of bias voltage.
The zero bias TMR reaches 150 % at room temperature, attesting to the good crystalline
quality of the structure. The small asymmetry between positive (electrons injected from
top to bottom electrode) and negative (electrons injected from bottom to top electrode)
bias results from the difference in interface quality at both interfaces. These differences
are inherent to the growth process, the top interface being of lower quality in general.

Panel (b) and (d) plot the conductance and the d*I/dV? spectra as a function of bias
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Figure 2.4: Magnetotransport properties of Fe/MgO/Fe with clean interfaces:
TMR and its derivative are plotted in panels (a) and (c). The normalized conduc-
tance and current second derivative are plotted in panels (b) and (d) respectively.
See text for more details. Figure taken from Tiusan et al. 2.

voltage for both parallel (green) and antiparallel (red) magnetic configurations. In the
low bias range (see inset of panel (b)), we can see a 40 % increase of the AP conduction
channel compared to the zero bias conductance, while the P channel barely changes (+ 4
%). The two local minima in the P conduction channel around +0.2 V are attributed to DOS
features of bcc Fe majority spin. Indeed, the top of the As conduction band is ~ 0.2 eV
above Er for a Fe electrode in a Fe/MgO/Fe MTJ. When the applied bias voltage becomes
larger than this energy, no As states are available in the collecting electrode anymore and
the As conduction channel is totally closed, resulting in a dip in the conductance (see
section 2.2.1.2 for more details). The amplitude of this minimum compared to the zero
bias conductance quantifies the impact of As electrons in the majority channel. Features at
the same bias voltage can be seen in the d*1/dV? spectra of the P channel.

The strong increases of conductance in AP for |V| > 0.2V is ascribed to interface reso-
nant states (IRS) at ~ 0.2 eV (panel (d)), which in turn reduces the TMR in the same energy
region (peaks in panel (c)). The impact of IRS was already addressed in Section 2.1.1. In
conclusion, the TMR decreases because (i) reduction of conductance in the P state due to
closing of As channel and (i1) matching of tunneling electrons with IRS at 0.2 eV in the
AP channel.

Fe-C/MgO interface: Figure 2.5 presents similar results for C contaminated surfaces.
We can see that the TMR features in panel (a) and (c) are very different compared to
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Figure 2.5: Magnetotransport properties of Fe/MgO/Fe with carbon at the bot-
tom interface: Similar results as Figure 2.4 for carbon contaminated MTJs. See
text for more details. Figure taken from Tiusan et al. 3.

samples with clean bottom interface.

We note that the TMR(V) becomes strongly asymmetrical and has a maximum of 126
%. For positive bias (electrons tunneling from top to bottom electrode), transport prop-
erties are again strongly influenced by the interface states. When the energy of tunneling
electrons matches that of IRS (0.2 eV above Ef), the AP channel dominates the P channel
and the sign of TMR is inverted. For negative bias, the absence of a peak attests of the
absence of IRS due to the lower crystal quality of the top interface compared to clean sam-
ples. The absence of IRS also results in a slower TMR decrease with increasing bias (the
slow TMR decrease is not explained either, this point will be addressed in section 2.2.1.1).

Similarly to clean junctions, the conductance in the parallel magnetic configuration
shows a local minimum for positive bias, (inset of panel (b)) but has a larger amplitude.
The authors ascribe the TMR reduction as well as the stronger impact of IRS to the in-
fluence of the Fe-C bonds at the interface. Indeed, the Carbon atoms will interact with
the Fe layer mainly through s and p bonds affecting A, states while barely impacting pro-
cesses originating from d-like orbitals. The additional C atoms result in the reduction of A,
transmission across the barrier, reducing the TMR and making transport properties more
sensitive to the other conduction channels, e.g. IRS (originating from d. orbitals) have
more weight in the transport properties.

Finally, the maximum TMR is not centered around zero, and increases at small neg-
ative bias. This effect was already discussed by Zhang et al., that predicted an in-
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crease of TMR with increasing bias voltage due to the contribution of electrons between
[EF, EF + eV]. This contribution of this effect is usually dominated by IRS and other in-
elastic processes when they are present.

From the discussion of Section 2.1.1 on IRS and these experimental results, it appears
that improving the interface crystalline quality increases TMR. However, concurrent to the
improvement of coherent tunneling and symmetry filtering, improving crystalline quality
also results in the apparition of IRS, which are known to be rapidly quenched or suppressed
by interface disorder and impurities. In the non-equilibrium regime, when the applied bias
voltage equals the energy of IRS, G4p is strongly increased resulting in a sharp decrease
of TMR within this energy range. It appears that adding carbon atoms at the interface does
not significantly affect the interface quality but deteriorates s- and p-like states tunneling
due to bonding of C with interface Fe atoms. This hypothesis is supported by the fact
that IRS are still present and dominate the tunneling current when activated (inversion of
TMR) while the zero bias TMR, which strongly depends on the tunneling of A; electrons
(s, p, and d,. orbitals) , is decreased but not suppressed. In conclusion, Carbon atoms
affect the tunneling of s and p orbitals while allowing tunneling of d. states that appear to
have more weight in Fe-C/MgO samples.

A recent theoretical study®* investigated the impact of Carbon on transport properties
in Fe/MgO/Fe tunnel junctions. Their approach is similar to the theoretical treatment
of a single FeO layer at the Fe/MgO interface discussed in Section 2.1.2. The authors
considered the insertion of a single FeC layer and computed Gp, G4p and TMR for clean
Fe/MgO/Fe as well as Fe/FeC/MgO/Fe MTlJs. They find similar general trend as Tiusan
et al. % experimental results, that is a strong increase of G,p when the bottom interface is
probed. They also confirmed that IRS could be activated when the applied bias voltage
matches the energy of resonant surface states.

2.1.4 Impact of misfit dislocations

In Fe/MgO (001) tunnel junctions, it is generally favorable to be in the asymptotic limit
in order to exploit the symmetry filtering effect of MgO at k; = 0 and thus obtain the
maximum TMR possible. Nevertheless, it is well established that above 5 or 6 monolayers
of MgO the epitaxial strain that originates from the small lattice mismatch between the
Fe layer and MgO (about 3.7%) is released, and misfit dislocations start to form 2838 In
general, any lattice imperfection is expected to have detrimental effects on magnetotrans-
port.

Bonell et a experimentally investigated the impact of dislocations on spin de-
pendent tunneling in Fe/MgO/Fe MTJs. One way to decrease the dislocations density at
the interface is to tune the lattice mismatch between the electrodes and the MgO barrier.
Changing material in order to obtain a lower lattice mismatch compared to iron is possible,
but the new electrode must keep the bcce structure, that is favorable to the symmetry filter-
ing effect in the A direction of the reciprocal space, and have comparable spin polarization.

An alternative and more elegant way to engineer the electrode properties while conserv-
ing its general characteristic is the use of alloys. Bonell et al. 87 used the bec Fe,_,V, alloy,
known to have a larger lattice parameter than Fe. When increasing the Vanadium content

l 87-89
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Figure 2.6: Impact of interface dislocations on magnetotransport: Plot of the room
temperature TMR as a function of x, the Vanadium (V) concentration in the bottom
Fe,_,V, electrode. The TMR is improved compared to the perfect Fe/MgO couple
up to 20 % of Vanadium content, and starts to decrease for larger values of x. At
first, the TMR increases because the density of dislocation decreases with increas-
ing x. The beneficial improvements of crystalline quality has a stronger weight on
magnetotransport than the detrimental impact due to the deterioration of the elec-
trode electrical and magnetic properties. For x larger than 10 %, the reduction of
spin polarization in the Fe;_,V, layer becomes the dominant effect and TMR starts
to decrease. Figure taken from Bonell ez al. *°.

in the Fe,_,V, electrode, two changes have opposite effects on TMR: (i) as the concentra-
tion of V increases, the lattice mismatch between FeV and MgO layers decreases along
with the density of disclocations and identical lattice parameters are obtained for x=70 %
and (i1) the saturation magnetization and spin polarization of the alloy electrode decreases
with increasing X, the layer becoming almost nonmagnetic at x=50 %.

The first point is expected to increase TMR values as decreasing the density of dislo-
cations improves the overall crystalline quality and thus reinforces coherent tunneling and
symmetry filtering. Concerning the second point, it is well established that reducing the
spin polarization reduces the TMR, which is by definition related to the spin polarization.
In order to distinguish the impact of both effects, the authors carried out a careful study by
measuring the density of dislocation with high resolution tunneling electron microscopy
(HR-TEM) and the impact of vanadium on the electrical and magnetic properties of iron
by using spin resolved ultraviolet photoelectron spectroscopy (SR-UPS) and first princi-
ples calculations on the spin- and symmetry-resolved DOS of Fe,_,V, layers. Finally,
electrical properties are measured as a function of Vanadium content.

Bonell et al. " measured the impact on magnetotransport as a function Vanadium con-
tent. Figure 2.6 plots the TMR as a function vanadium content in the FeV alloy. We can see
that the TMR is improved from 180 % to 240 % for V content of X = 10 % and decreases
for larger V concentrations. Their results can be interpreted as follow: as we mentioned
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previously the impact of vanadium content on TMR result from the competition between
two effects. At first the TMR increases because the crystalline quality is improved while
there is only little change to the electrical properties of the Fe layer. Above x = 10 % the
deterioration of the iron layer spin polarization starts to be the dominant effect and TMR
decreases monotonously with increasing x.

To summarize, Bonell et al.®” show that the crystalline quality at the interface has a
relatively strong impact on TMR. As they mention in their paper, dislocations seem to
be localized defects but actually deteriorate the crystal structure over extended regions.
Taking into account the deterioration of electrical properties due to V doping, one would
expect an even larger TMR increase caused by improvement of interface structure.

2.1.5 Interface disorder from first principle

Velev et al.® theoretically considered the effect of disorder on the electrical properties of
perfect and symmetric epitaxial MTJs. The aim of the paper was to discuss results obtained
by Tusche et al.*® on symmetric junctions for which very high TMR was predicted, prin-
cipally due to the contribution of perfectly matched surface resonant states in the parallel
magnetic configuration. However, as Velev et al. ® correctly pointed out, IRS are rapidly
quenched in the presence of disorder, resulting in lower TMR than predicted. In order
to support their argument, Velev et al. studied the impact of disorder on surfaces states.
In order to describe scattering due to disorder, they use a phenomenological approach by
introducing a small random imaginary part to the energy that increases the damping of
tunneling states. Although their result is not quantitative, it qualitatively supports their
hypothesis.

Another phenomenological approach was used by Itoh®' who considered the impact
of lattice distortion within the MgO and at the Fe/MgO interface. We remind that misfit
dislocations at interfaces are responsible for lattice distortion in extended region®’. In
general, their result are similar to Velev et al., but are also in line with our discussion on
surface resonant states. Indeed, the introduction of disorder quenches IRS in the parallel
conduction channel while it increases the antiparallel conduction channel and thus reduces
TMR.

More sophisticated tools were used to rigorously study the impact of disorder in the
equilibrium®? and non-equilibrium®? transport regime. Probably due to the complexity of
the calculations, both works considered the tunneling between two epitaxial Fe leads sep-
arated by a vacuum barrier. In order to introduce disorder, Xu et al. added single Fe atoms
at the iron interface layers. Adding Fe atoms at the interface has two effects (i) it breaks
the crystal periodicity, making the description of transport in terms of symmetry incorrect
and suppressing resonant surface states, (ii) it reduces the width of the vacuum barrier and
increases the conductance that has an exponential dependence on barrier thickness. In or-
der to circumvent the latter effect, disorder is introduced by moving Fe atoms from the first
interface to the second one so that the barrier width is unchanged on average. The studied
system is Fe/Fe, x Vacy/Vacuum/Fe, Vac,,/ where x represents proportion of atoms moved
from the right lead to the left lead. For a given x, they calculated and averaged transport
properties for several configurations.
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Figure 2.7: Impact of interface disorder in the equilibrium regime: Conductance
as a function of vacuum barrier thickness for x = 0.5 (maximal disorder) (a) and
conductance and TMR as a function of interface disorder x. See text for more
details. Figure taken from Xu et al. **.

Figure 2.7 compiles their results obtained in the equilibrium regime. Panel (a) plots the
conductance as a function of the thickness of the vacuum barrier for perfectly flat MTJs
and for x = 0.5 (maximal disorder). We first concentrate on perfectly flat systems (solid
lines) and immediately note the anomalous behavior of the minority channel in the parallel
configuration G’;,”” (solid blue line). As it was discussed before, this behavior originates
from the matching of surface resonant states in symmetric models at zero bias voltage. We
also remind that Xu et al. °* performed their calculations for a vacuum barrier in which no
symmetry filtering effects take place. For small thicknesses, we can see a non-exponential
behavior for all conduction channel due to the impact of features away from the center of
the 2D Brillouin zone (T point or k; = (0,0)). Above 6 monolayers of vacuum, G’]}”‘ and
G decrease exponentially, as expected from the exponential dependence of tunneling
current on barrier thickness.

The main difference for x = 0.5 (dashed lines) is the absence of the anomalous behavior
of G”" and the inversion of polarization of the P conduction channel as G become
smaller than G;f“j . However, the TMR remains positive because Gp is still larger than G4p.
This is a strong indication that IRS are mismatched by disorder.

In Figure 2.7b Xu et al. examined transport properties as a function of disorder x. We
can see from the sharp decrease of G’ that IRS are quenched for a small amount of
disorder. In general, G’ is decreased by three orders of magnitude, while G'I’,mj steadily
increases by two orders of magnitude with increasing disorder. Comparatively, the AP
conduction channel is barely changed. Inset of panel (b) plots the dependence of TMR to
x. TMR is also strongly reduced with interface disorder, with a minimum around 25 %
coverage (x = 0.25). In general, we note that disorder has a strong impact on TMR, above
5 % coverage the TMR is already below 1000 %.

Ke et al.®® took the calculation one step further, and considered the impact of interface
disorder on magnetotransport in the non-equilibrium regime. The model used is similar
the one of ref®? and similar results are obtained in the equilibrium regime.
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Figure 2.8: Impact of interface disorder in the non-equilibrium regime: Conduc-
tance (a) and TMR (b) as a function of bias voltage for various x, the proportion of
atoms moved from the right electrode interface to the left electrode interface. See
text for more details. Figure reproduced from Ke et al. *>.

Panel (a) and (b) of Figure 2.8 plot the bias dependence of the conductance for x = 0.05
and the TMR for various x respectively. For small disorder, e.g. x = 0.05 , we can see that
Gp and G4p both increase with increasing bias voltage but the asymmetry between the two
channels slowly decrease, resulting in a TMR drop.

Interestingly, they find that for clean interfaces, the TMR is higher but decreases faster
with bias compared to disordered interfaces. Again this behavior is ascribed to IRS present
at a perfect interface but are quenched when disorder is introduced.

In general, these results confirm that disorder has a strong impact on spin dependent tun-
neling. TMR is reduced because disorder allows scattering between otherwise independent
conduction channels, reducing the effective spin- and symmetry-polarization. The detri-
mental impact of disorder on resonant surface states is also corroborated. We also remind
that these works considered the tunneling in a vacuum barrier, so one has to be careful
when drawing conclusions concerning tunneling in MgO from these results.

2.2 Effect of bias voltage

In order to characterize the electrical properties of MTJs, one has to perform electrical
measurements, either by applying a bias voltage or a current. The most common way to
do so is to measure electrical current as a function of applied bias voltage, resulting in the
well-known /-V characteristics. In the Fe/MgO/Fe MTJs, most experimental results estab-
lished the fact that TMR decreases with increasing bias voltage due to a strong increase
of the AP conduction channel. This is not always the case as some groups measured a
TMR sign inversion or even TMR oscillations (but for doped interfaces)®*. Additionally,
anomalies at low bias are always reported, often refereed as zero bias anomalies (ZBA).
The bias voltage dependence of TMR is essentially interpreted in terms of DOS effects as
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well as inelastic processes. In this section we’ll review bias induced changes to electric
structure and transport properties of MTJs in order to accurately interpret these spectro-
scopic measurements.

First we’ll discuss the effect of bias voltage on coherent tunneling. We’ll see that apply-
ing a bias voltage induces changes in the potential landscape felt by tunneling electrons.
The bias dependence as well as sharp features in the DOS of the ferromagnetic leads are
also affecting transport properties. Secondly, the non-coherent tunneling regime will be
considered, in particular we’ll see that bias induced elastic and inelastic processes have a
strong impact on magnetotransport. In order to discuss these anomalies, we’ll briefly intro-
duce inelastic electron tunneling spectroscopy (IETS), a powerful experimental technique
used to investigate inelastic processes in magnetic tunnel junctions.

2.2.1 Impact of bias on coherent tunneling
2.2.1.1 Modification of the potential landscape

The first theoretical calculations on transport properties in magnetic tunnel junctions were
always carried within the linear response regime. As a bias voltage is applied in a trilayer
composed of two ferromagnetic electrode separated by a thin insulating spacer, the system
enters a non-equilibrium regime and the aforementioned calculations are not valid any-
more. Several groups tackled the problem of calculating transport properties of epitaxial
MTIs at finite bias from first principle 3397,

It was shown that the main effect of applying a bias voltage is an accumulation of charge
at interface layers. As it is emphasized by Zhang ef al.® and later by Rungger et al.”’,
this charge accumulation doesn’t significantly change the DOS of electrodes, except for
a nearly constant shift in energy in the leads concurrent to a linear potential drop within
the dielectric. These results are consistent with the rigid shift of the electrodes chemical
potential i, usually considered to model the influence of bias voltage in non self-consistent
approaches.

The effect of bias voltage on the potential landscape of MTJs is sketched in Figure 2.9.
Note that this is a very simple sketch in which only the Fermi level of the electrodes is
represented and the barrier is modeled by a simple rectangular potential step. Although
this representation is oversimplified, it is often used to discuss qualitatively bias induced
changes to tunneling transport. As we can see, applying a bias voltage results in two main
changes: (i) the linear potential drop in the dielectric transforms the rectangular barrier into
a trapezoid. As we’ll see hereafter, this will modify the scattering probabilities of tunneling
electrons. (i1) As the bias is increased and the chemical potentials in both electrodes are
shifted relative to each other, more states tunnel out of the emitting electrode and more
empty states in the collecting electrode are probed. This is represented by thick blue
arrows in Figure 2.9. Note that if the bias voltage exceeds the interfacial barrier height,
part of the dielectric becomes metallic and electrical transport enters the so called Fowler-
Nordheim regime®®. This effect will not be addressed in this thesis because the energy gap
of MgO is large enough so that MTJs usually suffer electrical breakdown before being able
to reach the necessary bias voltage.
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Figure 2.9: Impact of Bias voltage on the potential landscape of tunnelling elec-
trons: Simple model to discuss bias induced changes to MTJs potential landscape
and electrical properties. The bias voltage causes a simple shift in energy in the
electrodes and a linear potential drop in the dielectric (verified from self consistent
first principle calculations®®). As bias voltage is increased, additional states below
. in the left electrode can tunnel into the right electrode. Simple considerations
show that filled states at u; in the left electrode as well as empty states at uz +eV in
the right electrode dominate transport properties. Nevertheless, sharp feature in the
DOS of electrodes should have a significant impact as they enter the bias window
eV. See text for more details. Adapted from Voigtlinder®.

As we can see from Figure 2.9, the electrodes chemical potential are shifted by +1/2 eV
relative to their absolute energy position for V. = 0, where V is the applied bias. At
zero bias, only states at u; g participate in the tunneling current. When a bias voltage is
applied, states between y;, —eV and y; in the left electrode will participate in the tunneling
conductance. In a very simple approximation, the tunneling barrier height felt by tunneling
particles in the left electrode can be written as @ + eV/2 — € (see Figure 2.9), where €
represents the energy of tunneling particles relative to ug. Electrons at eV/2 below Ef
will feel the equilibrium barrier height, that is ®. For tunneling carriers above (below)
eV/2, the barrier height will be decreased (increased) compared to the equilibrium value.
As a result, the main contribution still arises from carriers at u; for which the interface
barrier height is ® — eV/2. On the other hand, the barrier height felt by electrons in the
left electrode at the same level as g is equal to @ + eV/2 resulting in a reduced scattering
probability. However, even if the scattering probability is reduced below ;. , sharp features
in the DOS should still have a significant impact on electrical transport when they enter
the bias window.

Concerning this matter, it is interesting to consider the work Valenzuela et al. ' on
spin dependent tunneling. They used a clever non-local architecture to discriminate the
effect of tunneling in or out of a ferromagnetic material. Combining their results with a
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simple theoretical model, they found that, when tunneling out of the FM layer, the main
contribution to tunneling current arises from strongly polarized electrons at and slightly
below the Fermi energy. When tunneling in the FM, hot electrons are probing states above
Er, the spin population asymmetry of these states is not as large as states at E resulting
in a depressed spin selectivity and thus lower TMR. Other inelastic processes due to hot
electrons and detrimental to TMR will be considered in the following section.

To summarize, applying a bias voltage across the heterostructure modifies the potential
landscape, reducing the interface barrier height felt by tunneling electrons at the Fermi
energy. As the bias voltage in increased, additional states are allowed to tunnel. The
interface barrier height felt by tunneling particles increases with their energetic distance
to the Fermi energy. As it is pointed by Valenzuela et al. '%°, as the bias voltage is swept,
tunneling electrons at the Fermi energy in the emitting electrode probe empty states at
Er + eV in the collecting electrode. Consequently the current intensity as a function of
bias voltage should be related to the electrodes’ DOS.

2.2.1.2 Density of states effects

We remind that transport properties in the coherent and equilibrium regime are explained in
terms of band structure matching across the whole heterostructure. As bias voltage is swept
and the voltage window increased (represented by eV in Figure 2.9), it is possible to open
or close conduction channels by matching (mismatching) bands of compatible symmetry
between both electrodes. Although the transmission of lead states are weighed by their
transmission probability (that depends on barrier height), bias induced DOS effects arise
from intrinsic properties of the ferromagnetic electrodes. As a consequence, it is possible
to relate peaks in the conductance to sharp features, like band edges or interface resonant
states, in the DOS.

To illustrate this fact, we represent in Figure 2.10 the bias window induced by a bias
U = 2 V on the spin- and symmetry-resolved band structure of bcc Fe, for a device parallel
magnetic state. The same drawing for the antiparallel magnetic states in represented in
Figure 2.11. The red and blue regions represent filled and empty states respectively and
the dotted line correspond to the Fermi energy Er. The colorshading emphasize the fact
that transport properties are mainly defined by tunneling electron at Er and empty states
in the right electrode at Er + eV (opaque red and blue). Filled states lying below Ef in
the left electrode have a lower tunneling probability. Since we are in the coherent regime
(conservation of energy), states below ug + eV are less likely to be probed (transparent red
and blue). Green circles emphasize sharp regions of DOS where changes in the tunneling
current should be visible.

We first consider the case of the majority conductance in the parallel magnetic config-
uration, Gy (Figure 2.10 left panels). When a small Bias is applied, more A1 states in
the emitting electrode are able to tunnel into available A! in the counter electrode and G|
is expected to increase. When the bias is further increased, tunneling electrons start to
probe states above As and A, bands in the collecting electrode (green circle in the right
panel of Gy). Because no As, states are available in the collecting electrode, the corre-
sponding conduction channels are closed and Gp is expected to decrease. Note that the
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Figure 2.10: Impact of bias voltage related to the band structure of the ferromag-
netic leads: Bias window induced by a bias U = 2 V on the spin- and symmetry-
resolved band structure of bcc Fe for the parallel magnetic state and for both spin
channels. As the bias is swept, tunneling electrons at Er in the emitting electrodes
probe the density of states of the collecting electrode. Sharp features in the den-
sity of state, emphasized by green circles, are expected to have a strong impact on
Gp and G4p. See text for a detailed discussion.

the main contribution to Gp comes from the tunneling of A, states such that the closing of
As, channels should have a minor impact. GI,T is expected to increase rapidly until the A1
band edge in the emitting electrode enters the bias window (green circle in the left panel of
G;T) resulting decrease of GI,T because the number of additional conduction channels with
increasing bias is reduced.

Another strong impact of the DOS structure is expected in the majority conductance of
the antiparallel magnetic configuration, GE, (Figure 2.11 left panels). Once the minority
A{ enters the bias window (~ 1.2eV above Ef), the conductance should increase as AI
states are able to tunnel into Af in the AP conduction channel (reversed spin referential).
In this bias range, the conductance of G4p should be similar to that of Gp resulting in a
quenched TMR.

One more feature should be visible in G/ﬁTP (Figure 2.11 right panels). The tunneling con-
ductance in this channel is mostly carried by Aé’z, tunneling into A;z, states, but when the

bias voltage exceeds ~ 0.2 eV the bands are mismatched and Gﬂ, is expected to decrease.
Finally, the conduction of the minority channel is not characterized by sharp features.

We emphasize that this discussion is based on simple approximations as one should
consider interface rather than bulk DOS (for example IRS are not considered here) as well
as the changes in tunneling probability. A full quantitative discussion is given in Rungger
etal.”’.

The general results obtained from first principle calculations in the non-equilibrium
regime, applied on clean interfaces and in the ultrathin tunneling regime®’, can be summa-
rized as follows: The zero bias parallel conduction channel is dominated by the minority
spin channel G’}',’i" because of interface resonant states, resulting in TMR of several thou-
sand percent. When a small bias voltage is applied (< 100 mV), G decreases dramati-
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Figure 2.11: Impact of bias voltage related to the band structure of the ferromag-
netic leads: Similar drawing as Figure 2.10 for the AP magnetic state. See text
for more details.

cally due to IRS mismatch, producing a strong TMR decrease in the very small bias range.
As discussed previously in this thesis (see section 2.1.1), this feature is likely absent in
real junctions, at least in the parallel conduction channel, and the zero bias TMR should
be lower than predicted in ref’, and the TMR decrease smoother. Between 0.1 V and
0.3 V, the increase in Gp is nearly constant while G,p decreases resulting in a slow TMR
increase within this bias range. The decrease of G4p is due to the Aég, bands mismatch
in the minority channel as discussed previously. The high bias region is characterized by
a slowing down in the Gp increase rate, while G4p increases faster with a sharp increase
at 1.5 V coincident with a quenching of TMR. The sharp increase of G4p above 1.5 V is
due to the matching of the AI and A% bands as schematized in Figure 2.11 left panels. In
Figure 2.11, the A{ lies ~ 1.2 eV above Ef, one would then expect an impact at 1.2 V but
we remind that (i) Figure 2.10 and Figure 2.11 plot bulk DOS of bcc Fe, whereas interface
states should be considered and (ii) the correspondence of sharp features in the DOS don’t
have a one to one correspondence to the tunneling probability, DOS features can impact
tunneling current at slightly different bias voltages.

At first sight, these result seems inconsistent with experimental measurements. Indeed,
all experimental data indicate a decrease of TMR with increasing bias voltage. Morover,
the increase of TMR in the low bias region has never been observed in Fe/, CoFe/ nor
CoFeB/MgO/Fe MT]Js to our knowledge. However, we should emphasize that these cal-
culations are limited to coherent tunneling only. In the following section, we’ll see that
various inelastic processes are involved in the non-equilibrium regime, especially at low
bias. In general, these processes have a detrimental impact on spin dependent tunneling
and could possibly compensate the small coherent TMR increase predicted in the 0.1-0.3
V range.

Our discussion of DOS features concerned Fe/MgO/Fe MTJs. In the case of CoFeB/
MgO MTIs, after the annealing step, a CoFe alloy is expected to form at the interface with
MgO. Several works '°"192 investigated the symmetry resolved band structure of Fe,_,Co.
These works suggest that the minority A{ band lies closer to the Fermi energy in Fe; Coy
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alloys and thus the opening of the A; conduction channel in the AP magnetic state is
expected to occur at lower bias voltages.

2.2.2 Bias induced inelastic processes

The previous section focused on bias induced changes to coherent tunneling, i.e. on elastic
and intrinsic properties of MTJs. In this section, we’ll review other ways for tunneling
particles to scatter across MTJs. These processes, may they be intrinsic or extrinsic, will
interact with charge carriers in a way that will modify the otherwise conserved particle
properties, i.e. its energy, spin or symmetry.

These processes are hard to take into account in first principle approaches and are gen-
erally investigated by developing empirical models which are then confronted to experi-
mental results.

2.2.2.1 Inelastic electron tunneling spectroscopy

As the name suggests, Inelastic electron tunneling spectroscopy (IETS) uses quantum tun-
neling itself to probe inelastic processes in tunnel junctions. In elastic and coherent tunnel-
ing, electrons in the emitting electrode are directly transmitted into the collecting electrode.
In the process, only the amplitude of wavefunctions is exponentially reduced within the
dielectric material, i.e. incoming wavefunctions are transmitted to the collecting electrode
with a small probability but the particle’s energy, spin and symmetry are conserved. Unlike
elastic tunneling, inelastic processes are characterized by the fact that tunneling particles
lose energy due to interactions with additional degrees of freedom in the system.

As we’ll see in the following, additional degrees of freedom originate from various
intrinsic and extrinsic properties of the heterostructure under study. For example, electrons
can interact with lattice vibrations (phonons), collective spin wave excitations (magnons)
or interface impurities but also with quantum well states present in the collecting electrode
or trapping states (due to structural defects) within the dielectric.

The main impact of inelastic processes is that they create additional tunneling paths
that will add to the coherent conduction channel, expect for trapping states that will be
considered separately. However, in order for the tunneling particles to interact with a
vibrational mode, their energy should be a least equal to that of the mode. In other word,
there is an energy onset E for which inelastic processes are activated, and a change of
the tunnel current is expected at this precise energy. Similarly, vibrational modes have an
energy cutoff E,, that depends on intrinsic properties of the electrode and barrier materials.
In the case of ferromagnetic materials, it was shown that the energy cutoff of magnons is
related to the Curie temperature of electrodes, E,, = 3k,T¢/(S +1) where T¢ is the effective
Curie temperature. For example, E,, is estimated to be ~ 165 meV in CoFe!®. In MgO
based MTIJs, the impact of phonons and magnons are generally limited to the +300 mV
bias range.

The working principle of IETS is schematized in Figure 2.12. As the bias is swept
and the energy of electrons is sufficient to activate additional conduction channels, the
rate of tunneling current is accelerated, resulting in a small step in the first derivative
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Figure 2.12: Principle of inelastic electron tunneling spectroscopy: (a) Both elastic
and inelastic tunneling processes are represented. In inelastic processes, tunneling
particles lose energy due to interaction with vibrational modes in the system. The
additional conduction channel is opened only when the energy of the tunneling
particle equals the one of the vibrational mode, i.e. when eV = fiw. Panel (b), (c)
and (d) sketch the impact of this additional channel on I(V), dI/dV and d*1/dV?
respectively. A feature is apparent at V = hw/e, note that the signal is more
prominent in the second derivative.

and in a sharp peak in the second derivative as represented in panels (b), (¢) and (d) of
Figure 2.12. Note that we represented a linear dependence between the current and the
bias voltage. Although oversimplified, this approximation is true at low bias. For larger
bias, an additional nonlinear background is superimposed onto IETS peaks.

The measurement principle is very simple: a modulation voltage is superimposed onto a
constant bias voltage. The signal measured at first and second harmonic of the oscillation
frequency are directly proportional to current first derivative and second derivative respec-
tively. The second derivative is sometimes computed numerically. The measurement can
be carried out by a lock-in technique that has better signal-to-noise ratio compared to con-
ventional /-V because noise signal at frequencies other than modulation frequencies are
rejected.

The resolution of IETS is limited by temperature (k,7"), which is related to thermal
smearing of electrodes Fermi energies, as well as modulation voltage (V,,). It was de-
termined that the full width at half maximum (FWHM) of IETS peaks scale as 5.4 k,T,
resulting in an energetic resolution of 2 mV at 4 K and 140 mV at room temperature. Gen-
erally, IETS measurement are carried at the lowest temperature possible. The modulation
voltage is also detrimental to IETS resolution. However, V,, cannot be arbitrarily reduced
because the IETS signal, and thus the signal-to-noise ratio, are related to V,,. The modula-
tion voltage is usually chosen to be equal to 5.4 k;,7 in order to obtain the best resolution
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Figure 2.13: Impact of trapping states on tunnel transport: Trapping states impact
the tunnel current in two ways: (i) they promote trap-induced tunneling, a process
that increases the tunnel current and (ii) they induce charge trapping that slows
down the current increase. The impact of both processes on I(V) and d?1/dV?
are sketched in panels (a) and (b) respectively. The two processes can be dis-
tinguished in IETS spectra because they are always characterized by a peak-dip
couple. Adapted from He and Ma '%7.

with the best signal to noise ratio.

When a bias is applied, electrons will tunnel in the collecting electrodes as hot electrons.
They can either absorb magnons or phonons in the emitting electrode or emit magnons or
phonons in the collecting electrode. At low temperature, the density of magnons and
phonons is low, making the latter process more likely. It is often supposed that IETS
probes inelastic processes in the positively biased (collecting) electrode.

One of the best advantages of IETS is its sensitivity. For example, IETS is widely used
to measure molecular vibrational modes of adsorbates at interfaces of Metal-Insulator-
Metal structures 1% A small amount of molecules at one interface, typically < 1 ML,
is sufficient to get a nice IETS spectrum.

Recently, electron tunneling spectroscopy was used to investigate trapping states within
the oxide barrier of metal-oxide-semiconductor (MOS) devices'®!11°, Trap states can
impact the tunneling current in two opposite ways: (i) trap assisted tunneling, process
that increase the tunnel current and (ii) charge trapping, mechanism that slows down the
increase of tunnel current. Panel (a) and (b) of Figure 2.13 represent the impact of both
effects on tunnel current and its second derivative respectively. The signature of trapping
states is different compared to other inelastic processes. While other contributions are
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characterized by single peaks, trap induced changes are always characterized by a peak-dip
couple. We’ll see that this approach can easily be extended to magnetic tunnel junctions.

IETS’s main disadvantage is that, in order to be identified, peaks have to be compared
to other spectroscopic data. For example, to study vibrational modes of molecules IETS
spectra have to be compared to optical measurements. In the case of MTJs, one has to
carefully consider the electrodes and barrier phonon spectra as well as interface magnon
in the ferromagnetic leads. Another difficulty, inherent to the technique, is that many
effects are convoluted in the IETS spectra. The previously discussed coherent features as
well as inelastic processes both shape the IETS spectra.

Nevertheless, it might be possible to discriminate some of the peaks by careful con-
siderations. For example, it is possible to change the electrodes material to ascertain the
position of phonon and magnon or discriminate DOS features. As we’ll see in the next
section, theoretical models were also developed in an attempt to explain the bias and tem-
perature dependence of MTJs magnetotransport properties.

More generally, the designation inelastic electron tunneling spectroscopy can be re-
duced to electron tunneling spectroscopy (ETS). Indeed, the technique uses the fundamen-
tal quantum mechanical tunneling process itself to probe elastic, inelastic, intrinsic and
extrinsic features in a tunneling device. The main advantage of the technique is that it can
probe interface properties and other buried structures, otherwise hard to characterize with
conventional means, with high sensitivity.

More details can be found in ref!%+-106:110 and references therein.

2.2.2.2 Zero bias anomaly, phonons and magnons

Zhang et al. '!! first tried to explain the fast TMR drop at low bias in AlO, A,103, AlO,
...-based magnetic tunnel junctions. They derived an expression for the contribution of
magnetic excitations (magnons) on the tunnel current and showed that the magnon con-
tributions to Gp and G4p conduction channel are linear with increasing bias voltage, but
with a stronger contribution in AP that results in a TMR decrease. They didn’t explicitly
calculate the contribution of magnons, but rather derived an empirical expression to fit ex-
perimental data. The model was used to investigate amorphous AlO !> MTJs and extended
to study MgO based MTJs 13,

Nevertheless, Wei et al. ''* later showed that magnon assisted tunneling alone couldn’t
explain sharp peaks observed at very small bias. In order to improve Zhang’s model, they
considered the impact of magnetic impurity scattering already developed decades ago to
explain the so called zero bias anomaly (ZBA) in metal-insulator-metal structures. They
compare IETS spectra measured on CoFeB/MgO and CoFeB/AlO MTlJs and show that
magnon contribution in both devices are similar. The main difference between the two
stacks is the impurity induced peak at very low bias. In MgO, the splitting of the peak is
ascribed to the antiferromagnetic coupling of magnetic impurities to electrodes magneti-
zation. This coupling is supposedly absent in AIO based MTJs. In order to reinforce the
validity of their model, they determined all the parameters of their model at low tempera-
ture, and successfully fitted data at higher temperatures.

Similarly, Bratkovsky '!® investigated the impact of phonons on tunnel transport and
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showed that, conversely to magnon assisted tunneling, phonon assisted processes conserve
the spin of electrons. Consequently, Gp is expected to increase faster than G,p resulting
in a TMR increase. Dimopoulos et al. ''® used a model that combine both magnon and
phonon contributions to fit experimental data. Phonons are believed to attenuate the detri-
mental effect of magnon assisted inelastic processes.

It is also noteworthy to mention the work of Du et al.''7 on fully epitaxial Fe/MgO/Fe
MT]Js. The authors measured IETS spectra as a function of MgO thickness for various
temperatures and magnetic fields. Interestingly, they saw very little change in IETS peak
positions. The fact that IETS spectra are thickness and sample independent suggests that
scattering processes and interference of tunneling states in the tunneling barrier are neg-
ligible. Moreover, the fact that peaks are insensitive to temperature and magnetic field
implies that features in IETS spectra are not due to magnon nor phonon processes. In
order to identify the underlying processes behind IETS peaks, they calculated transport
properties in the non-equilibrium regime for perfect Fe/MgO/Fe, Fe/FeO/MgO/Fe and
Fe/MgO/Vancancy/MgO structures and compared experimental results to theoretical pre-
dictions. They find that it is possible to relate IETS peaks to changes induced by oxygen
contamination at the bottom interface and the presence of oxygen vacancies at the top
interface.

On the one hand, these empirical models are useful to determine if a given inelastic
process might impact the tunnel current. On the other hand, the fact that they can more or
less fit experimental data in which the number, position and intensity of peaks are different
shows the limitations of these approaches. Another approach to extract qualitative infor-
mation of IETS spectra is to carry systematic studies as a function of some parameters of
the system.

Ando et al.''"® measured IETS spectra in single crystal Fe/MgO/Fe as a function of
MgO spacer thickness #),0. The I(V) second derivative as a function of bias voltage and
tmgo for both magnetic configuration are presented in Figure 2.14. In panel (a), the IETS
spectra of AG,4p is slightly asymmetric due to the asymmetry of interface quality. More
interestingly, they evidenced a feature appearing around 1V in the AP channel for thicker
barriers. They argue that DOS effects should become more prominent as the thickness
of the barrier increase and thus ascribe this peak to the matching of AI and Af bands as
discussed in section 2.2.1.2. However, trap assisted tunneling due to localized states in the
dielectric can also play a role for large thicknesses.

Additionally, they evidenced clear oscillations in AGp (see panel (b)). Since peaks
position are independent of MgO thickness, interference of tunneling states in the barrier
can be ruled out. Moreover, the Fe DOS doesn’t show sharp features in this bias region.
Finally, they verified that these peaks are not related to molecular vibrational modes that
could arises from interface contamination during the growth process. While they didn’t
clearly identify the origin of these oscillations, the authors propose that IRS can have a
complex structure that could possibly account for such oscillations. We note that this can
be due to quantum well states present in the collecting electrode (see Section 2.2.2.3).

Nishioka et al. "' used bce Co electrodes coupled to a MgO tunnel barrier. As it is
expected, they find a peak at 0.5 V that is not present in MTJs with Fe electrode. This peak
is a signature of Co DOS and is related to the AI and A{ bands matching of GI&) that occurs
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Figure 2.14: IEST spectra of single crystal Fe/MgO/Fe MTJs: IETS measured in
(a) AP and (b) P magnetic configurations. In AP, sharp peaks at very low bias
are ascribed to impurity scattering, while the shoulder at 0.2 meV is attributed to
inelastic scattering by interface dislocations. Additionally, a DOS feature appears
around 1 eV for thicker MgO. In the parallel magnetic state, oscillations of IETS
spectra are tentatively ascribed to the complex DOS of interface states, but can
also be explained by quantum well states in the collecting electrode. Reproduced
from Ando et al. '8
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at 1.2 V in Fe (see section 2.2.1.2).

Characteristics of CoFeB/MgO MTJs: As it was quickly reviewed in Section 1.4, the
highest TMR in MgO-base MT1Js are obtained in sputtered CoFeB/MgO/CoFeB magnetic
tunnel junctions with values reaching 600 % at room temperature and more than 1100 %
at low temperature '#%. As discussed in Section 1.4, the CoFeB/MgO architecture takes
advantage of the fact that the sputtered MgO grows with a (001) texture on amorphous
CoFeB layers. In this system, an effective spin filtering effect is obtained by post growth-
annealing, a necessary step to crystallize the electrodes, improve the MgO crystal quality
and sometimes pin one of the electrodes with an antiferromagnetic layer by exchange cou-
pling. Typically, the TMR ratio first increases with annealing temperature (7,) reaching
a maximum and decreasing for higher T,, see Figure 2.15. This behavior stems from
the competition between crystal structure improvements, i.e. interface crystallization as
well as MgO crystal structure 22! and diffusion processes of light elements across the
heterostructure. For example, the TMR in CoFeB/MgO pseudo spin valves (PSV) was
greatly improved by removing the IrMn antiferromagnetic layer required in exchange bi-
ased samples, thus suppressing Mn atoms diffusion®. The diffusion of Boron present in
the electrodes is more controversial. It is established that a CoFe layer is created at the
interfaces with MgO while B is pushed out of the electrodes'?*. Two B diffusion scenarios
are discussed in the literature: (i) Boron atoms diffuse at the interfaces and within the MgO
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barrier, resulting in interface and bulk impurities or in a MgBO layer at the interface '2+-12

or (ii) B atoms segregate into neighboring Ta layers, resulting in very clean and defect
free CoFe and MgO layers as well as sharp and impurity free interfaces'>*'?’. Ta atoms
are expected to diffuse at higher temperatures compared to B and Mn. Nevertheless, it
was shown that preventing Ta diffusion by increasing electrodes thickness was improving
magnetotransport properties. This support the fact that Ta diffuses even at relatively small
annealing temperatures '8

Briefly, due to their unrivaled TMR performance, CoFeB/MgO MT]Js are systems of
choice to study fundamental aspects of spin dependent tunneling across MgO. But the im-
pact of the annealing step is complex >*12° and depends strongly on the type of structure
studied. In particular, in exchange biased samples that are required for device applica-
tions, additional layers required to establish a well defined AP state makes detailed and
systematic studies more difficult.

Concerning DOS effects, the band structure of CoFe has to be taken into account. Al-
though the nominal Co concentration in the CoFe layer is known, the structure and the
alloy composition at the interface is hard to characterize, making comparison to calculated
transport properties or DOS difficult. Any interpretation of magnetotransport studies in
such samples should be backed with detailed knowledge of electrodes, MgO barrier and
interface crystal structure.

Keeping in mind these distinctive characteristics of CoFeB/MgO MTJs compared to Fe
/MgO/Fe structures, we’ll discuss several IETS studies measured on this system.

IETS in CoFeB/MgO MTJs: We first present Drewello’s'* results on CoFeB MTJs.
We discuss this paper first because their IETS spectra present almost all the features dis-
cussed in the literature. The authors prepared three samples with different structure: sam-
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Figure 2.15: TMR as a function of annealing temperature in CoFeB/MgO MT Js:
TMR first increases with increasing annealing temperature (7,), reaches a maxi-
mum around 500 °C and decreases for higher T,. This behavior is explained by
the competition between two processes upon annealing: (i) improvement of crys-
tal structure that tends to increase TMR and (ii) diffusion of light elements across
the heterostructure resulting in degraded transport properties. See text for more
details. Reproduced from Ma et al. '?2.
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ples 1# and 2# are exchange biased samples with the bottom or top electrode pinned re-
spectively. Sample 3# is a pseudo spin-valve in which the AP state is obtained by changing
the electrodes thicknesses, resulting in dissimilar coercive fields in both electrodes. Sam-
ples 1#, 2# and 3# are annealed at 375°C, 350°C and 400°C respectively. Annealing
temperatures were chosen in order to get higher TMR possible.

Figure 2.16 panels (a), (b) and (c) represent IETS spectra measured on sample 1#, 2#
and 3# respectively for both magnetic states. Top panels show IETS spectra within the
+300 mV bias window, while bottom panels represent the same data in the restricted
+60 mV bias region. Except for different amplitudes, the three samples feature similar
peaks in the IETS spectra. First at very low bias (bottom panels), sharp peaks are present
around =10 mV in both magnetic states and are attributed to the zero bias anomaly (ZBA).
These peaks are followed by other maxima around +20 mV, usually ascribed to magnons
excitation (M). Additional peaks emerge around +80 mV and correspond to a peak in
MgO phonon DOS (P) at 81 meV '*!'. Finally, a smaller peak appears at higher voltages,
+200 mV and denoted C. In samples 2#, all the peaks intensities are smaller in P compared
to AP, but overall positions are similar to those of sample 1#. IETS spectra of Sample 3#,
look like an intermediate state between sample 1# and 2#. In P state, the ZB peak is sim-
ilar to that of sample 1#, while other peaks are similar to sample 2#. AP is also similar to
sample 2# except for the feature at £200 meV which is not distinguishable anymore.

The main difference in these spectra resides in the ZBA peaks at very low bias, while
this peak is very prominent in sample 1#, it is strongly reduced in sample 2# (making
the shoulder around +20 meV (M) more visible) and just slightly reduced in sample 3#.
Since the peaks positions are the same overall, the inelastic processes responsible of IETS
features are supposed to be the same in each samples.

The ZB peak intensity is similar for both magnetic states in all samples suggesting that
the underlying process is field independent. This peak is ascribed to magnetic impurities
scattering. They are more prominent in sample 1# because of Mn diffusion from the an-
tiferromagnetic layer close to the bottom interface. In sample 2# the amplitude of the ZB
peak is reduced because additional Ru and CoFe layers partially prevent Mn diffusion to-
ward the top interface, this is also supported by the fact that this sample can be annealed
at higher temperatures compared to sample 1#. In sample 3# there is no Mn, but the peak
is still larger than in sample 2#, the authors claim that other impurities might contribute at
higher annealing temperatures.

Conversely to the field-independent ZB peaks, the second peak (M) is always more
prominent in the AP state, which is consistent with the fact that magnon assisted tunneling
is predicted to be dependent on the device magnetic state'!!.

Finally, in order to identify the third peak (C) around £200 mV, the authors attempted
to compare NiFe/AlO/CoFe, CoFeB/AlO/CoFeB and as deposited CoFeB/MgO/CoFeB
structures. While they successfully identified phonon peaks related to MgO and AlO bar-
riers, they couldn’t identify the origin of this peak with certainty.

Matsumoto et al. '*> measured IETS spectra in exchange-biased (EB) MTJs. They ob-
tained similar spectra to the ones previously discussed, except for the phonon peak which
is absent in their spectra, and for the unidentified feature at +200 mV that was observed at
+400 mV instead. In line with Drewello et al., they observe sharp peaks at very low bias
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Figure 2.16: IETS spectra of MgO-based MTJs with various architectures'3’
IETS spectra measured on exchange biased MTJs with bottom (a) or top (b) elec-
trode pinned and pseudo spin-valve junctions (c). At very low bias, sharp peaks
are ascribed to impurity scattering (ZB). The following peaks around +20 mV are
attributed to magnons excitation (M). Peaks at 80 mV are associated with a peak
in MgO phonon DOS ! (P). Peaks at +200 mV are tentatively ascribed to the
CoFe DOS (C). Taken from Drewello et al. '3°.

followed by broader peaks related to magnon excitations. Again, the magnon contribution
to the tunnel current is larger for the AP magnetic state. Concerning the peak at £400 mV,
the authors couldn’t determine its origin with certainty but speculate in terms of a CoFe
DOS effect or a modification of the tunneling probability due to the MgO barrier itself.
Additionally, they changed the boron concentration from 20 % to 12 % in the electrodes in
order to investigate the impact of Boron diffusion, but measured similar IETS spectra and
concluded that Boron diffusion has a negligible impact on the electrodes magnetization.

Miao et al. ** measured IETS spectra in exchange-biased CoFeB/Mg/MgO/CoFeB stru
ctures as a function of an additional interface Mg layer thickness at the bottom interface.
For standard samples (no Mg insertion), IETS spectra are similar to Figure 2.16, expect
for the unidentified peak measured around +300 mV in this case. We note that the authors
interpret all the low bias peaks in terms of magnon contributions without considering mag-
netic impurity scattering (ZBA). The unidentified peak is, again, uncertainly attributed to
electrode DOS effects. The purpose of an additional Mg layer is to prevent the bottom
electrode oxidation during MgO sputtering and to suppress tunneling through interface
resonant states. They report that all IETS peaks are still present after Mg insertion. This
result is not surprising concerning magnons and phonons peaks because they depend on
the ferromagnetic electrode and the MgO barrier respectively. The fact that the third peak
survives suggest that the Mg layer may conserve the electrons spin and symmetry and pro-
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Figure 2.17: Magnon activation energy and TMR as a function of annealing tem-
perature in CoFeB/MgO based MTJs: An apparent correlation is visible be-
tween magnon activation energy £, and TMR. TMR increases with magnon acti-
vation energy, suggesting that magnon have a strong impact on magnetotransport
properties. Reproduced from Ma et al. 1?2

mote coherent tunneling even for thicknesses as large as 1 nm. This could be explained by
the fact that the Mg layer acts as an oxygen sink, actually protecting the bottom electrode
but eventually resulting in an MgO layer.

Another interesting process that can impact the low bias region of IETS spectra is dis-
cussed by Bernos et al.'**. They suggest that the ZBA is related to electron-electron
interactions due to sub-total crystallization of the amorphous CoFeB electrodes. Indeed,
X-ray characterization as well as HR-TEM pictures show that CoFeB layers are not totally
crystallized with remaining amorphous regions after annealing. Their hypothesis is based
on the fact that the amorphous CoFeB metal-insulator transition has a clear signature on
the junction resistance at low bias. In amorphous electrodes, as the temperature decreases,
electron-electron interactions lead to a DOS depletion at the Fermi level and tend to in-
crease the resistance. As T, increases, the crystal structure improves and the effect of
electron-electron interaction vanishes. These considerations are of particular interest as
we investigated devices developed by the same group and with similar structure in this
thesis.

Ma et al.'**> emphasized the contribution of magnon excitation on magnetotransport.
In order to do so, they used Wei’s model ', that take into account impurity scattering as
well as magnon excitation, to fit their experimental data and extract the magnon activation
energy E. as a function of annealing temperature. Figure 2.17 plots E. and TMR as a func-
tion of annealing temperature 7,,. We can see that the magnon activation energy follows
the same trend as TMR with increasing 7, suggesting a strong correlation between TMR
and E..

Recently, Teixeira et al. '* focused on the unidentified conductance dips located around
+300 mV. They suppose that the band structure of the bcc CoFe alloy can be obtained by a
rigid shift of bee Fe and bee Co band structures. They explain the conductance decrease by

the bias-induced quenching of the A;z, and A% bands located at 0.2 eV and 0.3 eV above
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Er in Fe and Co respectively (see Section 2.2.1.2). The band structure scenario is also
supported by Ringer et al. 1*.

2.2.2.3 Quantum well states

Teixeira et al. '*” reported the contribution of majority spin A; quantum well (QW) states
present in the free top electrode. Indeed in CoFeB/MgO/CoFeB/Ru MT1Js, it is established
that electrons can be reflected at the CoFeB/Ru interface. The problem in similar to one of
the simplest system of quantum mechanics, i.e. a quantum particle in a box of finite size.
The interaction of tunneling A; electrons with reflected A; electrons at the CoFeB/Ru
results in quantum well states (similar to standing waves) in the sandwiched CoFeB layer.
The energy position of QW states in the potential well depends on the MgO/CoFeB and
CoFeB/Ru interface barrier height as well as the free CoFeB layer thickness. The quantum
well states are clearly identified as oscillations in the parallel IETS spectra in which the
majority A; band dominates the tunnel current. The contribution of other states is ruled
out by simple considerations: first QW oscillations are absent in the AP magnetic state
because the A; channel is closed in G4p in which the conductance is carried by As, bands.
Secondly, As, bands are closed for biases larger than 0.2 V in Gp and thus cannot be
responsible of QW states measured above 0.2 V.

The impact of quantum well states on tunnel current is similar to inelastic processes:
resonant tunneling through QW states occurs when the applied bias voltage equals the
energy of the state, resulting in an additional conduction channel that increases the con-
ductance. In addition to the fact that QW states impact Gp only and increase TMR they
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Figure 2.18: Impact of trap states on IETS in CoFeB/MgO based MTJs: (a) and
(b) plot IETS spectra measured at low temperature for positive and negative bias
voltage for .0 = 1.05nm. (c) and (d) plot similar data for 7,0 = 1.35nm
for which additional room temperature measurements are presented in panel (e).
Clear signature of trap states are emphasized with blue circles. See text for more
details. Reproduced from Teixeira et al. '*.
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can be switched on and off by an external magnetic field.

2.2.2.4 Trapping states

Usually, the presence of defects within the insulating layer is detrimental to spin dependent
tunneling in MTJs because it promotes inelastic and incoherent tunneling processes. In
addition to local perturbations in the insulating layer crystal structure, defects can also
induce discrete energy states within the dielectric band gap, usually referred as trap states
or localized states.

Similarly to aforementioned inelastic processes, when the bias voltage is swept and the
Fermi energy of the emitting electrode equals the energy of defect induced localized states,
resonant tunneling can occur. Resonant tunneling through trap states can impact the tunnel
current in two ways: (i) trap assisted tunneling can be promoted, opening a new conduction
channel and increasing the conductance and (ii) charge trapping on the localized state can
occur, process that reduce the tunnel current due electron retention on the trap state.

The impact of both processes on IETS spectra is discussed in 2.2.2.1. The former pro-
cess is characterized by a peak followed by a valley while the latter is characterized by a
valley followed by a peak (see Figure 2.13). The impact of resonant trap assisted tunneling
is restricted to a small bias range which is related to the state energy smearing. The theory
of trap assisted tunneling will be discussed more thoroughly in a dedicated section. Here
we report the work ofTeixeira et al. 1*® on trap states to emphasize the fact that IETS may
be a technique of choice to characterize defect induced localized states in the dielectric.

Teixeira et al. measured IETS spectra on exchange-biased CoFe/MgO/CoFeB MTIJs in
which the presence of defects located in the middle of the MgO layer was confirmed by
HR-TEM pictures. In Figure 2.18, IETS spectra measured at 20 K for both bias polarity
for a barrier thickness of 7y,0 = 1.05 nm are represented in panel (a) and (b) respectively.
Panels (c) and (d) represent similar data for #),0 = 1.35 nm, for which additional room
temperature spectra are plotted in panel (e). First we note the presence of a wide peak
present in the O — 350 mV bias region ascribed to impurity scattering, magnon and phonon
assisted tunneling and possibly a dip around 350 meV due to electrodes DOS effects. For
tmgo = 1.05 nm, clear signatures of trap assisted tunneling, denoted 1 and 1°, as well
as charge trapping, denoted by 2 and 2’, are visible for both magnetic configurations.
For a thicker MgO barrier, an additional trap assisted tunneling process occurs at lower
bias in the parallel magnetic state. The absence of this process in the AP state can be
explained by the fact that the signal is buried by the wide peak that extends in the 0 —
350 mV bias region. Nevertheless, the absence of peak in one of the magnetic state could
also suggest tunneling through spin-polarized localized states. Panel (e) represent similar
measurements at room temperature. The fact the peaks are still present at RT and that peak
positions are temperature independent suggest that the hopping process is elastic 8.

2.2.3 Summary

In this section, we first considered the effect of applying an electric field on coherent
tunneling.
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We saw that the main effect was an accumulation of charge at both interfaces resulting in
a relative shift between the Fermi energies in both electrodes and in a linear potential drop
in the dielectric. The potential drop in the dielectric result in a modification of the effective
barrier height felt by tunneling electrons. As the bias voltage is swept and the Fermi en-
ergies of both electrodes are shifted relative to each other, additional energy regions of the
DOS in both emitting and collecting electrodes are involved in the tunnel current, and thus
the intrinsic electrodes DOS should be reflected in electrical spectroscopic measurements.

Secondly, it is well established that many other intrinsic and extrinsic inelastic processes
impact the tunnel current. In particular, tunneling particles can interact with magnon
present in ferromagnetic electrodes, phonons within the dielectric spacer, impurities but
also other modes of the system such as quantum well states that might be present in the
collecting electrode.

Usually, all these effects (when they are present) might jointly affect the electrical prop-
erties of the devices and can make the interpretation of experimental data very hard. Addi-
tionally, these effects originate from various microscopic processes such as collective exci-
tation of electrons’ spin (magnons), lattice vibrations induced by temperature (phonons) or
localized states induced by impurities and are very challenging to take into account from
a theoretical point of view.

2.3 Effect of temperature

As it is emphasized in the previous section, electrical measurements in MTJs reflect the
combined contributions of many processes induced by the interaction of tunneling par-
ticles with various intrinsic and extrinsic properties of devices. It is usually difficult to
discriminate the impact of a specific tunneling process. Nevertheless, each mechanism
has a particular temperature dependence and temperature dependent measurements can be
used to distinguish the impact of specific processes.

First, the impact of temperature on amorphous AlO based MTJs is reviewed. In a second
part, the temperature dependence of MgO based MTJs in discussed.

2.3.1 AlIO based MTJs

Shang et al. '* first discussed the temperature dependence of electrical properties in A1O
based MTIJs. In order to do so, they considered three thermally induced changes on devices
properties. Firstly, as the temperature is increased, additional thermal energy provided to
electrons smears the Fermi energy. Because the additional thermal energy reduces the
effective barrier height felt by electrons, the thermal smearing of the Fermi energy is pre-
dicted to increase the tunnel current. Using classical models!**4! developed for metal-
insulator-metal structures, the conductance dependence on temperature is written:
CT

Gr = Gyp———, 2.1
I P0%sin(CT) 1)

where Gy is the total elastic conductance, G the conductance at 7 = 0 K and C o« d/ V¢
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with d the barrier thickness and ¢ the barrier height. This process is predicted to increase
the tunnel current by a few percent between 10K and 300K '*°. In first approximation, this
contribution can be neglected in devices in which the tunnel current increases by more
than 20% in the same temperature range. Secondly, the authors considered the impact of
temperature on the electrodes polarization P. We remind that the polarization is related
to the majority and minority spin population imbalance at the Fermi level. In order to
model the temperature dependence of P, the polarization is assumed to be proportional
to the electrode magnetization (M), whose temperature dependence is well known. With
increasing temperature, thermally induced spin waves excitation reduce the magnetization
of the ferromagnetic layer according to Bloch’s law. The hypothesis P o« M allows to write
the temperature dependence of P as:

P(T) = P, (1 - aT3/2) , (2.2)

where « is a constant that depends on the material intrinsic properties and P, the mate-
rial polarization at 7 = 0 K. Lastly, Shang et al. extended Slonczewski’s model (see
Section 1.2.3.3) by introducing an additional spin independent conduction channel.

GO) = Gr {1 + Pi(T)Py(T)cos(9)} + Gs; (2.3)

where P(T) is the polarization of the electrodes with a temperature dependence defined by
Equation (2.2), 6 is the relative orientation between the electrodes magnetization and Gy,
the additional spin independent channel. Temperature dependent measurements can easily
be exploited with this simple model.

Indeed, the measured quantity

AG=G(O=0°-G(@=180°) =Gp—Guap =2GrP(T)Px(T) (2.4)

is independent of Gg; and allows to weigh the impact of the temperature dependent po-
larization of electrodes on tunnel current. Additionally, this expression can be used to
evaluate Gr from the knowledge of P(0 K), which is usually estimated from spin depen-
dent tunneling experiment at low temperature. In turn, G can be used to probe the impact
of GS]Z

Gs; =(G) - Gr, (2.5)

where (G) is the average conductance between the P and AP magnetic states. They fitted
the spin independent conductance to a power-law Gg; o« T7 and obtained y = 1.33, sug-
gesting hopping through a chain of two localized states (see Section 2.4 for more details).
However, the authors emphasize that several mechanisms can be responsible of Gg;, such
as magnetic impurities within Al,O3 or the presence of pinholes resulting from inhomo-
geneity in the AlO layer. Later, Dimopoulos et al. !¢ used the same model and compared
temperature dependent measurements carried before and after a post growth annealing
step. They found that AG, and thus the TMR, increases in annealed samples, suggest-
ing an additional spin conserving channel compensating the impact of Gg,;. They ascribe
this additional channel to phonon assisted tunneling''> which promotes spin conserving
scattering.
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Figure 2.19: Temperature dependence of electrical transport in MgO based
MTJs: The resistance of both P and AP magnetic state as well as TMR as a func-
tion of temperature in exchange biased CoFeB/MgO/CoFeB MTJs. The TMR
decrease is principally due to the strong decrease of Ryp. In comparison Rp is
almost temperature independent. Reproduced from Drewello et al. ''3.
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Alternatively, Han et a used the model developed by Zhang et al. "', which consid-
ers the absorption or emission of magnons during the tunnel process, in order to explain
the temperature dependent electrical properties of AIO based MTJs. Note that magnon
assisted tunneling is different from the impact of magnon excitation on the electrodes
magnetization considered in ref'*® and used in Equation (2.2). They explain the behavior
of conductance and TMR in terms of anisotropic magnon cutoff energy, i.e. the magnon
cutoff energy E. is different between P and AP magnetic state.

2.3.2 MgO based MTJs

Figure 2.19 plots the resistance in both P and AP magnetic state as well as the TMR as a
function of temperature in CoFeB/MgO/CoFeB MTJs!!3. We can see that the temperature
dependence of electrical properties in MgO based magnetic tunnel junctions is different
compared to devices with Al,O5;. The main difference resides in the fact the strong TMR
decrease is principally due to a strong decrease in the resistance (conductance increase)
of the antiparallel channel with increasing temperature, while the resistance in the parallel
magnetic configuration is almost independent of T.

Similarly to AlO based MTlJs, Shang’s model applied to MgO tunnel junctions shows
that the temperature dependence of conductance and TMR cannot be explained in terms of
elastic tunneling only, and that an additional spin independent term has to be introduced '*?.
Furthermore, Kou et al. '*> mention that the impact of magnon!'? and phonon''>!16 as-
sisted tunneling alone cannot explain their experimental results.

Wang et al. '** developed a model slightly different compared to the one developed for
AlO MTJs'*. The difference resides mainly in that Wang et al. introduced individual an-
gular terms to define the direction of electrode magnetization with respect to the applied
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magnetic field. This allows to take into account an additional process related to the im-
pact of electrode magnetization misalignment induced by thermal disorder. Conversely
to Shang’s model, this empirical model allows to fit experimental data without resorting
to a spin independent conduction channel. They used their empirical formula to fit tem-
perature dependent data measured on Fe(25nm)/MgO(3nm)/Fe(10nm) MTJs. The model
suggests that the thermally induced misalignment of electrodes magnetization is greater for
AP magnetic configuration. The fact that the P magnetic state is more resilient to thermal
disorder can be explained by the fact that the indirect exchange coupling (IEC) between
the two electrodes through the MgO layer favors a parallel alignment for barrier thickness
greater than 0.8 nm.

Backed with IETS spectra measured at low temperature, Drewello et al.!'* show that
magnon assisted tunneling has a strong impact on tunnel transport. Furthermore, the au-
thors note that, since Gp is almost temperature independent, the impact of the Fermi energy
thermal smearing cannot be overlooked in MgO based MTJs. Drewello et al. '3 extend the
magnon assisted tunneling model''""!1? by taking into account the effect of Equation (2.2)
in order to accurately fit experimental result. In line with ref'*? Drewello et al. ''* show
that magnon assisted tunneling alone cannot describe experimental data, but the extended
model accurately describes the temperature dependence of MgO based MTJs electrical
properties.

Ma et al. '* systematically measured the temperature dependence of electrical proper-
ties in Fe/MgO/Fe MTIJs as a function of the MgO barrier thickness 7j,0. Interestingly,
they see that the temperature dependence of the parallel magnetic state Gp changes sign
as ty,0 decreases. From a slight increase as a function of temperature for thick MgO (see
Figure 2.19), Gp start to decrease with increasing temperature for thinner MgO. Among
all the elastic and inelastic processes discussed previously only Wang et al. '** predict such
a decrease of Gp. This supports the strong influence of the electrode magnetization mis-
alignment on tunnel transport and suggests that the spin independent conductance channel
is not significant in fully epitaxial Fe/MgO/Fe MTJs.

Finally, similarly to ref'#, Teixeira et al. '* measured the temperature dependence of
electrical properties in exchange biased CoFeB/MgO/CoFeB MTIJs as a function of #y,0.
Again, they find that Gp is almost temperature independent except for thin MgO thick-
nesses for which Gp decrease as T increases. Additionally, G,p becomes almost tempera-
ture independent, and the TMR decrease is mostly due to Gp decrease. They ascribe this
peculiar behavior to the onset of pinhole induced metallic conductance for small MgO
thicknesses.

2.4 Impact of localized states on spin dependent
tunneling

In condensed matter physics, delocalized states refer to mobile charge carriers in a solid.
The mobility of these particles stems from the overlap of their wave-function with many
atoms, i.e. the spatial expansion of the wave-function is larger than the distance between
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atoms in the solid. Conversely, the term localized state encompasses immobile charges
that are trapped by attractive potentials. The wave functions of such states are confined
within a narrow volume in space and have a limited overlap with neighboring atoms.

Many intrinsic and extrinsic features of solids can result in localized states. In crystals,
any deviation (disorder) from the prefect periodic potential breaks the symmetry of the
system and can induce localized states. As an example, in section 2.1.1 we already men-
tioned that the presence of surfaces or interfaces breaks the crystal symmetry and results
in interface states present in local gaps of the metallic electrodes. We also mentioned that
these state have a strong impact when the energy of the tunneling particle is similar to
the energy of the surface state. Other source of disorder, such as impurities (interstitial or
substitutional atoms) or defects (vacancies or misfit dislocations) can act as electron traps.
As for disordered systems, they are characterized by a high density of localized states uni-
formly distributed over a wide energy band. Similarly to IRS, we’ll see that the impact of
localized states on tunnel transport is different depending on whether or not their energy
falls in the vicinity of the Fermi energy.

The impact of localized states was first considered by Anderson'“® to explain the ab-
sence of conductivity in some disordered solids. In amorphous systems, it was shown that
the lowest states of the conduction band are localized. Above a threshold energy, electrons
enters a high mobility region of the conduction band. At high temperatures, the conduc-
tivity is described in terms of thermal excitation of electrons in localized states to the high
mobility region of the conduction band. As the temperature decreases and the Fermi en-
ergy falls below the threshold energy, the dominant transport mechanism crosses over to
hopping through localized states. When estimating the tunneling probability between two
localized states, in addition to the physical distance between the two states, their energetic
distance has to be taken into account. A careful analysis by Mott'*® (who got his Nobel
prize for his work on amorphous systems) showed that the temperature dependence of the
conductance in the hopping regime, also known as variable range hopping (VRH), is:

In Gygy o< —1)T"* (2.6)

Equation (2.6) is valid in the bulk but becomes irrelevant when the dimensions of the
system are reduced.

In this section, we’ll consider the impact of localized states located in the energy gap
of very thin insulating layers integrated in magnetic tunnel junctions. In that case, we’ll
see that another mechanism than VRH dominates the tunnel current. First, the impact
of localized states on spin dependent tunneling is considered both from theoretical and
experimental points of view. Secondly, several mechanism that can induce localized state
in crystalline MgO are reviewed. In particular, oxygen vacancies are thoroughly discussed.
The section is concluded by a brief summary.

2.4.1 Impact of localized states: Early models

In insulating materials, defect- or impurity-induced localized states can be located within
the band gap of the dielectric. In tunnel junctions, as the thickness of the insulating layer
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increases, the dominant tunneling mechanism crosses over from direct tunneling to reso-
nant tunneling to hoping via chains of localized states, and eventually to VRH when the
properties of the bulk are recovered.

Direct elastic tunneling is thoroughly discussed in chapter 1, and many other inelastic
processes are examined in the previous sections of this chapter. We remind that elastic
tunneling differs from inelastic tunneling in that it conserves the energy of the tunneling
particle. The impact of localized states located in the forbidden energy gap of the dielectric
is different depending on the energy position of the localized state (¢;) compared to the
Fermi energy (Er) of the emitting electrode.

Resonant tunneling refers to the case Er = ¢, the process is similar to resonance in-
teraction in optics: the photon absorption probability, or equivalently a given transition
probability, is greatly enhanced when the energy of the probe equals the energy Ae re-
quired to promote the transition. For excitation energies below or above Ae the transition
is greatly reduced. Resonant tunneling refers to the fact that the DOS as well as the con-
ductance are greatly enhanced when the energy of the tunneling particle equals that of the
defect state. Conversely, non-resonant tunneling refers to the case Er # ¢, but also has a
non-negligible impact on tunnel current.

Resonant tunneling can be elastic or inelastic depending on the temperature and the
strength of the coupling between localized states and phonons in the barrier.

2.4.1.1 Resonant tunneling through a single localized state

Elastic resonant tunneling: The conductance due to a tunneling electron, with initial
energy € in the emitting electrode, via a localized state with energy ¢ to the collecting
electrode with final energy €’ can be written 47

62 4FLFR
2nh (e — ) + 12

gle—> €)= o(e—¢€) 2.7

The delta function ensures the conservation of energy (elastic tunneling), I' = I', + I'; and

[y = Egel-20) 2.8)
where E| is the depth of the localized state, a is the attenuation length (a! is also called
the localization length) and z; ¢ the distance of the impurity from the left or right electrode.

From Equation (2.7), we can see that the conductance is maximum when I’} = I, i.e.
when the single impurity is located at the middle of the barrier (for a symmetric barrier),
and when € = € = €, i.e. when the energy of the tunneling particle (the Fermi energy in
the emitting electrode) equals the one of the localized states. Moreover, resonant tunneling
through localized state contribute to tunneling only when the localized state (LS) energy
falls in the vicinity of the Fermi energy.

When many localized states are present in the barrier, the total resonant tunneling G|*
can be obtained by taking the sum of all the resonant channels:

G = Ae™™, (2.9)
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where A is a constant related to the area of the junction and the density of localized states.
From Equation (2.9) we can see that G|* is temperature independent but has a different
thickness dependence compared to elastic tunneling:

Gglastic o e—ZQd (210)

The subscripts refer to the number of localized states involved in the resonant tunneling,
0 corresponding to elastic tunneling and 1 to resonant tunneling through a single localized
state. The crossover between the dominant tunneling process as a function of the spacer
thickness is reported in the literature 8.

Larkin and Matveev '*” derived a similar equation for elastic resonant tunneling through
two impurities, G%°*. Again, resonance is reached when the energy of both localized states
is equal and falls within &, 7" of the emitting electrode Fermi energy. Moreover, the two
impurities have to be aligned in space. Although G%** should dominate tunnel current for
large thicknesses or large impurity concentration, in practice this conduction channel is
overshadowed by other inelastic processes which will be discussed in Section 2.4.1.2.

Inelastic resonant tunneling: Glazman and Shekhter '*° investigated the coupling be-
tween localized states and the phonon field of the dielectric. The same problem was con-
sidered by Wingreen et al. '*°. Although the studied system (double barrier system) and
the mathematical tratment are different, the impact of electron-phonon interaction (EPI) is
essentially the same. Interestingly, we note that in double barrier systems, discrete energy
states in the potential well between the two barriers also result in resonant tunneling. If
we compare the equations derived in ref 149 and ref 150, we can see that the process is
essentially the same as resonant tunneling through a single localized state. Actually, a
point defect in the tunnel barrier can be viewed as a potential well of infinitesimal width
resulting in a single resonant state.

Without going into the details, it was shown that the electron-phonon interaction (EPI)
affects resonant tunneling through a single localized states (G*) in two ways: it broadens
the resonance peak and it divides resonant tunneling into an elastic and an inelastic con-
duction channel. When the EPI is strong, the amplitude of the resonance peak is reduced,
while when it is weak the inelastic contribution introduces a temperature dependent cor-
rection to resonant tunneling which scales as T2. The contribution of this term is discussed
in ref 148: it is shown that the temperature dependence of the resistance due to this term
is similar to the smearing of the Fermi energy (see Section 2.3.1) and can be neglected in
some cases.

The electrical transport is referred as hopping transport when inelastic resonant tunnel-
ing occurs in chains composed of two or more impurities.

2.4.1.2 Hopping via chains of localized states

Glazman and Matveev ! considered hopping transport in certain limiting case. They

supposed eV smaller than &, T (low bias) and a high density of localized states with energy
positions close to the Fermi energy. In practice, the model can be used to treat experimental
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Figure 2.20: Different tunneling path induced by localized states: Paths (i), (ii) and
(ii1) repsectively represent direct tunneling, resonant tunneling through a single
localized states (LS) and inelastic hopping through a chain of two LS. The red
arrow represents the absorption of a phonon during the hopping. Adapted from
Xu et al. 8.

data measured in MTJs with an amorphous dielectric. They suppose elastic tunneling
from the emitting electrode to the first localized state and from the last localized state to
the collecting electrode. Electrons can hop into localized states of different energies by
absorbing or emitting a phonon, the process is schematically represented in Figure 2.20.

The authors derived an expression for hopping via a chain of two localized states, GZOP .
They find that resonance conditions are obtained when: (i) the localized states are aligned
in space (in the direction of the current flow) (i1) when the position of the localized states
in the z direction divide the barrier in equal parts. More important for experimentalist,
they find that G;O” has a peculiar temperature dependence:

GAP o (k, T)* 2.11)

G’zw" has different temperature and thickness dependencies compared to Gg’“”’"‘ and G|,
This peculiar temperature dependence allows to study deviations from the expected tunnel
current due to elastic tunneling. Compared to resonant tunneling, hopping allows inelastic
transitions between localized states. As a consequence, the alignment of the states in
energy is not required anymore, making the opening of inelastic channels more probable
compared to elastic ones (for N > 1).

The authors discussed hopping via a chain of N localized states and showed that the
temperature and thickness dependence scale as 77 and ¢ respectively, where y = N —
[2/ (N + 1)] and N is the number of localized states in the chain. Finally, the total conduc-
tance can be written as the some of all the contributions:

G (T) — Gglastic + Gil"es + Z Gﬁ,ol’ (T) (212)
N
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Actually, these models are the one mentioned in Section 2.3.1 to explain the temperature
dependence of amorphous AlO and in some cases crystalline MgO based MTJs. Temper-
ature dependent measurements are one way to characterize the impact of localized states.

More recently, Bratkovsky !** considered the impact of resonant tunneling through a
single impurity level on TMR in magnetic tunnel junctions. He showed that when G|
dominates the tunnel current, the TMR is not defined by the effective polarization of the
electrodes but rather by a quantity that he defines as the polarization of the impurity chan-
nels. Introducing localized states near the Fermi level of the device enhance the conduc-
tance but greatly reduce TMR.

Finally, we emphasize that the aforementioned models don’t take into account spin-flip
scattering events, an inelastic process that can occur if impurities are magnetic.

2.4.1.3 Resonant tunneling with spin-flip scattering

Spin-flip scattering due to magnetic impurities located in the spacer layer was investigated
by several groups!>~!153, In addition to the simple resonant tunneling mentioned previ-
ously, Guinea '3 considered the possible interaction between the spin of the electron and
the magnetic moment of impurity states. At resonance, they show that the TMR is reduced
by a factor o;/0, where oy and o are the elastic and impurity-induced conductance re-
spectively. Finally, they note that if o-; dominates, a high applied magnetic field is expected
to align the magnetic moments of the impurities and result in a TMR increase.

Vedyayev et al.'>* made a more rigorous treatment of spin flip scattering on param-
agnetic impurities. In order to derive the expression of the tunnel current, they treat the
problem within the Kubo formalism of linear response theory. They suppose an exchange
interaction between the spin of tunneling electrons and the spin of the impurities. Free
electrons are assumed in the electrode while ferromagnetism is taken into account by in-
troducing an exchange splitting between majority and minority spins in the electrodes.
Moreover, the impurity levels are coupled to the electrode magnetization, resulting in dif-
ferent value of the potential at the impurity site depending on the electrode magnetic con-
figuration. They restricted their calculations to the case of a resonant tunneling through
a single localized state and obtain the same expression as Equation (2.7) in the case of
nonmagnetic impurities.

The authors finally compute the transport properties of amorphous Co/AlO/Co MTJs
as a function of temperature and applied bias voltage. Interestingly, they show that the
low temperature TMR is larger in systems containing paramagnetic impurities compared
to perfect impurity-free trilayers. Within their models, the enhancement of TMR is princi-
pally due to the coupling between the impurity spin and the magnetization of the electrodes
which tend to magnetically order the magnetic moments of impurities. The temperature
dependence shows that the TMR decreases due to a conductance increase in the antipar-
allel magnetic configuration while the parallel magnetic configuration is nearly constant.
Finally, they find that the TMR is strongly asymmetric and decreases with increasing bias
voltage. The asymmetry is ascribed to the impact of impurities located close to interfaces
that have a dissymmetric impact when the bias voltage in reversed.
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2.4.1.4 Impact of localized states induced by boron impurities in
CoFeB/MgO/CoFeB MTJs

More recently Lu et al. '3 extended the Glazman-Matveev model to investigate the impact

of boron impurities in CoFeB/MgO/CoFeB MTJs. The model was modified to account for
spin polarized tunneling through ferromagnetic electrodes. The authors find a temperature
dependence similar to unpolarized systems for chains composed of more than 1 localized
states, N > 1. Similarly to Shang et al.'* the temperature dependence of the electrodes
polarization is considered. Moreover, the temperature behavior of the elastic tunneling
channel GSI“S’iC(T) oc % related to the smearing of the Fermi energy is taken into
account. Finally, an expression of TMR related to spin polarized tunneling through chains
of N localized states is derived:

(1+ Py 4+ (1 - P)#¥

TMR(N) = (L PP

: (2.13)

where N is the number of localized states, P is the spin polarization of the electrodes
(assumed identical for both electrodes) and 8 = 1/(N + 1). The authors show that Equa-
tion (2.13) is a decreasing function of N, meaning that TMR decreases even if hopping
through chains of localized states is a spin conserving process. When different varieties of
conduction channels occur, the total TMR can be written as the sum of each TMR weighed
by their fractional contribution:

TMR = )" py x TMR(N), (2.14)
N

where py and TMR(N) are the weight and TMR related tunneling through chains of N
localized states.

In order to confront their model with experimental data, the authors fabricated CoFeB
/MgO/CoFeB MTIs with different MgO thicknesses (sample A #);,0 = 2.5 nm; sample B
tmgo = 3nm; sample B #),0 = 4nm). The presence of oxidized boron within the MgO
barrier is confirmed by in depth x-ray photo-emission spectroscopy (XPS). Temperature
dependent conductance and TMR are then interpreted using the aforementioned model.

First the authors emphasize the different temperature dependence of TMR for the three
samples. In sample A, the TMR drops from 129 % at 3 K to 79 % at room temperature.
The temperature dependence of sample C is stronger, the TMR drops from 108 % at low
temperature to 11 % at 300K. Sample B has an intermediate behavior. The TMR drop
with increasing temperature is ascribed to the crossover from elastic to inelastic tunneling
possesses through localized states induced by boron impurities.

Figure 2.21(a) and (b) plot the conductance of the antiparallel magnetic configuration
as a function of temperature. Using their generalized Glazman-Matveev model, they ex-
tract the impact of the different conduction channels related to inelastic tunneling from
their specific temperature dependence (see Equation (2.12)). In sample A, G4p can be
fitted with A + BT*? and is related to an inelastic channel containing 2 localized states
(see Equation (2.11)). In order to fit G4p in sample C, an additional term related to tun-
neling through a chain of 3 localized states was required. Finally, Figure 2.21(c) and (d)
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Figure 2.21: Impact of boron impurities in CoFeB/MgO/CoFeB MTJs: Temper-
ature dependence of Gup for ty,, = 2.5nm and #y,, = 4nm in pannel (a) and
(b) respectively. Red lines are fit after Equation (2.12) allowing to extract N, the
number of localized states involved in the dominating hopping chain. Panel (c)
and (d) plot the weighted contribution of all conduction channels. Panel (e) plot
the temperature dependence of TMR as well as fit after Equation (2.14). Finally,
panel (f) represent AG = Gp — G4p. See text for more details. Reproduced from
Lu et al. 1.

represent the contribution of each conduction channel to G4p as a function of temperature
for samples A and C respectively. The contribution of chains with larger N is increased
when the barrier is made thicker or when temperature is increased. Besides, in sample C
the dominant conduction channel crosses over from elastic tunneling to inelastic tunneling
through 3 localized states at 7 = 150 K. This explains the large TMR drop in this sample.

Eventually TMR is fitted using Equation (2.14) as represented in Figure 2.21(e).

One of the main argument supporting the interpretation of Lu et al. '¢ is the temperature

behavior of AG = Gp — G4p, which is related to the temperature dependence of the elec-
trodes polarization (see Section 2.3.1). AG is plotted in Figure 2.21(f) for sample A and C.
We can see that in sample A, AG decreases with increasing temperature as expected from
the temperature dependence of the electrodes magnetization. Surprisingly, in sample C AG
increases up to 220 K before decreasing up to RT. This peculiar behavior of AG cannot
be explained by depolarization of the electrodes nor by unpolarized inelastic processes '*°.
AG’s increase in sample C can be understood in terms of thermally activated spin conserv-
ing inelastic channels. The graph can be interpreted as follow: Spin conserving tunneling
through a chain of N localized states induce a non-zero AG and thus a non zero TMR(N)
related to a specific channel. However, concurrent to the increase of AG, the total tunnel
current is also greatly increased and thus the total TMR is lowered.

In amorphous systems, it is well established that a large density of localized states in-
duced by disorder are located near the Fermi energy. In that case, the aforementioned
models are suited to describe the temperature and bias dependence of such systems. In the
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case of crystalline systems and in particular Fe-, CoFe- and CoFeB-MgO based MT]Js, the
high TMR values observed attest that most of the tunnel current is coherent, i.e. Ggl““’ic
dominates and higher order terms have a secondary impact at best. Moreover, the previ-
ously discussed models are usually developed in the low bias regime, this makes it difficult
to characterize the impact of localized states located far away from the Fermi energy, as
it can be the case for some impurities or defects. In the following section, we’ll discuss
more sophisticated theoretical treatment of localized states induced by oxygen vacancies
in MgO based MTJs.

2.4.2 Impact of oxygen vacancies in MgO based MTJs from first
principles

MgO is integrated in many electronic systems such as advanced hard drives, nonvolatile
magnetic memories, magnetic sensors or flat screen technologies. Because the material
is used in so many devices, it is one of the most extensively studied oxide both from
experimental and theoretical point of views. At first glance, it seems like the electrical
properties of MgO are well understood, but a closer look at the literature shows that the
origin of many properties of this apparently simple oxide are not well established. A first
example is related to the anomalous optical activity of MgO. Another peculiar character-
istic of MgO pertains to the catalytic properties of its surface that attracted the attention
of the chemistry community and triggered a tremendous amount of work on this topic 7.
These particular properties are mainly ascribed to defects in the MgO crystal, and more
particularly to oxygen vacancies. Oxygen vacancies are the most common and as such the
most studied intrinsic defect in oxides. In this section, we are particularly interested in
the impact of oxygen vacancies on the electrical transport of MgO based magnetic tunnel
junctions.

2.4.2.1 Electrical properties of MgO containing oxygen vacancies

Velev et al. '>'5® investigated the impact of localized states induced by oxygen vacancies
on the magnetic and electric properties of crystalline Fe/MgO/Fe MTlJs. First, the impact
of localized states induced by oxygen vacancies (F centers) on electrical properties of MgO
was examined. In order to calculate the electrical properties of bulk MgO in the presence
of oxygen vacancies, the authors use the pseudopotential plane-wave method within the
local density approximation (LDA). Vacancies are introduced by removing neutral oxygen
atoms from the supercell. Velev et al. '°® mention that a slight deformation of the lattice
occurs in the vicinity of vacancies without further considerations, we’ll see later that the
defect-induced lattice distortion have important consequences.

The band structure of MgO for the ideal case and in the presence of F centers is plotted
in Figure 2.22(i). We can see that the presence of F centers results in two localized states
in the band gap of MgO. The first state, denoted Fs (red line), is located at ~ 1 eV below
the Fermi energy (0 eV) and is doubly occupied. The second state, denoted Fp (blue line),
overlaps with the bottom of the conduction band approximately 4 eV above Er and is
unfilled.
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Figure 2.22: Impact of localized states on electronic properties of bulk MgO: (i)
Electrical properties of bulk MgO for an ideal crystal (solid grey) and a sample
containing oxygen vacancies (red and blue line). Oxygen vacancies result in two
states in the band gap of MgO, the first one —1 eV below Er (Fs) and the second
one 4 eV above Er (Fp). Panel (a) and (b) plot the charge density of both states
at the defect site, allowing to determine their orbital character. The scale goes
from blue for low density to red for high density. Panel (i1) and (iii) plot Fs for
oxygen vacancies introduced in the midle of a 3ML and 5ML thick MgO slab
sandwiched between two Fe electrodes. Panel (c) plot the charge density of Fs in
a Fe/MgO(5ML)/Fe MT]J. Reproduced from Velev et al. *°.

The charge density at the defect site plotted in Figure 2.22(a)-(c) allows to unambigu-
ously determine the orbital character of the localized states. States below and above Ep
have s and p characters respectively.

From panel (a), it is also clear that Fs hybridizes with the nearest neighbors only and
is strongly localized around the defect site, this behavior is expected for sharp localized
states in the gap. Conversely, because Fp partially overlaps with the conduction band, the
state is less localized and interacts with atoms far away from the defect position (see panel
(b)).

Figure 2.22(i1), (iii) and (c) plot similar results for a MgO slab integrated in a Fe/MgO/
Fe device. The vacancies are placed in the middle of the MgO layer. The DOS of Fs is
plotted for 3 and 5 monolayers (ML) of MgO in panel (ii) and (iii) respectively. The width
of the localized state depends on its coupling to electrodes and depends on the magnetic
configuration of the electrodes. When the coupling is strong (small thicknesses), the peak
broadens due to a large escape rate between the localized state and the electrodes. From
panel (iii), we can see that the properties of Fs in the bulk are recovered when defects
and electrodes are separated by 2 ML. The charge density of the defect in the Fe/MgO/Fe
trilayer is plotted in panel (c). Similarly to the bulk, Fs interacts with the nearest neighbors
only and interface O atoms are not affected.
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2.4 Impact of localized states on spin dependent tunneling

2.4.2.2 Impact of oxygen vacancies on spin dependent tunneling in Fe/MgO/Fe
MTJs

In a second step, Velev et al. ' calculate the tunneling transport properties of MgO con-
taining oxygen vacancies. Figure 2.23(a)-(c) shows the transmission as a function of en-
ergy for majority and minority channels for both magnetic configuration in ideal MTJs and
in devices containing oxygen vacancies in the middle layer of the 5 ML thick MgO slab.
The ensuing TMR as a function of tunneling particle energy is plotted in Figure 2.23(d).
First, we see that F centers produce a large peak when the energy of tunneling electrons
equals the energy of the localized states £ = E; = —1eV. A similar peak occurs 3.5eV
above Er and corresponds to the F centers p state located near the conduction band (not
shown). At resonance, the tunnel current is dominated by the resonant conduction channel,
in that case TMR is defined in terms of polarization of the resonant channel. From Fig-
ure 2.23, we can see that the resonant channel has a similar impact on Gp and G4p (small
asymmetry) resulting in a reduction of TMR close to the resonance (panel (d)). Secondly,
O vacancies strongly affect the majority conduction channel away from resonance. From
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Figure 2.23: Impact of localized states on spin dependent tunneling in crys-
talline Fe/MgO/Fe MTJs: Tunneling conductance as a function of energy in
a Fe/MgO/Fe MT]J with (dashed line) and without O vacancies (solid lines). The
conductance is plotted for (a) G; (b) G}D and (¢) Gap, TMR is plotted in panel
(d). The main effect of F centers is (i) a resonant peak located around the defect
energy level in all conduction channels and (ii) a strong decrease of GI, off reso-
nance. Panel (e) plots the decay rate of A; states in both ideal MgO (solid black)
and MgO with O vacancies (dashed red line). The decay rate is strongly reduced
at resonance and related to conductance peaks in panels (a)-(c). Off resonance,
A, states decay rate is increased explaining the decrease of G;. Finally panel (f)
plots the probability density and is an alternative way to extract the decay rate of
A, states. Reproduced from Velev et al. '°.
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panel (a), we can see that GL is reduced by a factor of 5-7 off resonance. This reduces the
asymmetry between Gp and Gp as well as the ensuing TMR. The reduction of the major-
ity channel is due to inelastic tunneling induced by oxygen vacancies, allowing scattering
to states with k; # (0,0). As a consequence, the conductance is decreased because states
with k; # (0, 0) are more attenuated in the barrier.

This interpretation is further supported by analyzing the complex band structure of bulk
MgO with and without vacancies. Figure 2.23(e) plots the decay rate of A; states as a
function of energy in bulk MgO for both cases. At resonance, slightly below —1¢eV, the
decay rate is strongly reduced and corresponds to the large peak in conductance at the same
energy in panels (a), (b) and (c). Off resonance, the decay rate is increased, confirming
that F centers effectively increase the decay constant. Similarly, the decay rate can be
estimated by the slope of the probability density |i/|* as a function of fy,0. Figure 2.23(f)
plots [ (tMgo) for A, state showing the decay rate for electrons tunneling at the Fermi
energy for a Fe/MgO/Fe MT]J, is increased in MgO containing O vacancies.

The minority conduction channel, which is smaller compared to the majority channel, is
dominated by tunneling electrons with k; # (0, 0). Consequently, off resonance scattering
contribute both constructively and destructively and is not expected to significantly change
the minority channel.

2.4.2.3 Systematic study of the effect of oxygen vacancies in Fe/MgO/Fe MTJs

We report the investigation of Ke et al. 1°’s on the effect of oxygen vacancies in Fe/MgO/
Fe MTJs from first principles.

The authors use a non-equilibrium vertex correction in order to average many config-
urations when disorder is introduced in the system. The atomic structure of their model
i1s composed of two semi-infinite iron electrodes separated by 13 monolayers of MgO.
Oxygen vacancies are introduced by randomly replacing an oxygen atom with a vacuum
sphere with the same radius. The small lattice distortion due to the vacancy (Va) is ne-
glected. As it is mentioned before we’ll see that lattice distortion is crucial to explain the
properties of oxygen vacancies (Section 2.4.3). The substitutional disorder is realized by
an alloy model O, Va,. Finally, transport properties are calculated as a function of oxygen
vacancies concentration X.

In ideal MTJs, they find that the TMR increases with MgO thickness and reaches
10000 % for ty,0 = 13 ML, in line with other theoretical studies'”**'%. The inset of
Figure 2.24 panel (c) plots the impact of introducing 3 % (green squares) or 5 % (black
triangles) of oxygen vacancies (OV) in n layers of MgO. We can see that OV cause a 50-
or 220-fold resistance increase for 3 % and 5 % concentrations respectively. Figure 2.24
panels (a) and (b) represents the effect of introducing 3% OV at the bottom MgO interface
layer while varying the concentration x of OV in the topmost MgO layer, for GL and GL p
respectively. Similar results are plotted for Gﬁ and G/ﬁ p» In insets of panel (a) and (b). The
coherent (red), vertex correction (black) and total conductance (green) are plotted. The
main observation is that the vertex correction (related to diffusive scattering) dominates
all conduction channels. G},, GI‘P and Gi p are almost entirely due to diffusive scatter-
ing. These results are ascribed to interchannel scattering promoted by interface oxygen
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Figure 2.24: Electrical properties of Fe/MgO/Fe MTJs as a function of O vacancy
concentration: Panels (a) and (b) plot the conductance for GITD and GL p as a func-
tion of oxygen vacancy concentration X, located at the interface layer. 3 % of
oxygen vacancies are introduced at the bottom MgO layer and the concentration x
is varied in the topmost MgO layers. The coherent (red), vertex correction (black)
and total conductance (green) are plotted. Insets represent similar data for Gﬁ and
Gi p- Panel (c) plots the TMR related to data of panel (a) and (c) for various sam-
ples. Panel (d) shows the effect of substituting OV by nitrogen atoms (the large
TMR is recovered). The inset of panel (d) shows that TMR is almost independent
of oxygen vacancies introduced in the midle of the MgO layer. Reproduced from
Ke et al. '>°.

vacancies. As a consequence, minority Fe states (which are normally filtered by the MgO
barrier) are allowed to couple to the slowly decaying A; states. The ensuing increase of
Gap strongly reduces the TMR to a few hundred percent, as shown in panel (c) for sev-
eral junctions. Finally, panel (d) plots TMR as a function of x in the case where OV are
replaced by nitrogen atoms. We can see that scattering induced by nitrogen impurities are
less effective than OV, and TMR stay above 8000 % even for 4 % impurities.

Secondly, the author investigate the impact of OV location in the MgO layer. 3 % of
OV are placed at both MgO interface layers while the OV concentration in the middle
layer is varied. We remind that these calculations are done in the equilibrium regime (no
applied bias voltage). From our discussion of the previous section, we know that this
situation corresponds to off resonance conditions. Results are presented in the inset of
Figure 2.24(d), TMR is almost independent of the OV concentration in the middle layer.
Moreover, the location of OV was systematically varied, and it was found that the impact
of OV lessens with their distance from the interfaces. As it was mentioned previously,
OV allow interchannel scattering, effectively increasing G4p due to scattering of minority
electrons with k; # 0 to slow decaying to states with k; = 0. As the oxygen vacancies
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are moved into the interior layers, the overlap between the localized states and incoming
Bloch states in the electrodes lowers, especially for fast decaying minority electrons, and
thus the impact of interchannel scattering is reduced.

Finally, comparing the impact of oxygen vacancies to interface disorder®®, Ke et al.
show that interface oxygen vacancies are more efficient in reducing the TMR than interface
disorder.

159

2.4.2.4 Effect of oxygen vacancies on interlayer exchange coupling in
Fe/MgO/Fe MTJs

The interlayer exchange coupling (IEC) refers to the interaction between the magnetization
of two ferromagnetic layers separated by a thin spacer layer. It was first observed in
trilayers with a metallic spacer and later in devices with an insulating spacer.

The most general formalism describes IEC in terms of spin dependent reflections at
the ferromagnetic (FM)-spacer interface'®'. In a FM-spacer-FM trilayer, a charge carrier
moving from the left to the right electrode is reflected with a given probability at the
right interface. The reflected particle is again reflected with a given amplitude at the left
interface and so on. Interactions between forward and backward moving particles result
in interferences that induce changes in the density of states (DOS). The change in DOS,
which in turn drives the interlayer exchange coupling, has an oscillatory dependence on
the spacer thickness. Note that this approach can be applied to evanescent states within an
insulating spacer. A detailed review on the subject can be found in ref'®!. In the simplest
form, the energy related to IEC can be written:

EIEC = J]COS (9), (215)

where J; represent the strength of the coupling and 6 is the relative angle between the mag-
netization of the electrodes. Positive and negative values of J; correspond to ferromagnetic
and antiferromagnetic coupling respectively.

Theoretical models accurately describe the coupling of ferromagnetic layers separated
by a metallic spacer, in which case the coupling oscillates and decreases with increasing
spacer thickness?®!'®!. For insulating spacers, theoretical models anticipate a nonoscilla-
tory exponential decrease of the coupling reflecting the evanescent nature of the interac-
tion. Moreover, the strength of the coupling is expected to increase with increasing tem-
perature. This peculiar temperature dependence can be understood in terms of numbers
of electrons participating in IEC. Indeed in MTJs, the tunneling probability of electrons
depends exponentially on the barrier height. As the temperature increases, additional elec-
trons within k, 7T of the Fermi energy contribute to the tunnel current and thus to IEC.

Figure 2.26(a) plots the magnetic coupling between two Fe layers within crystalline
Fe/MgO/Fe '*1%% stack as a function of MgO thickness fy,0. At very small thicknesses
(below 0.5 A), the coupling is ferromagnetic due to pinholes present in the spacer layer.
The coupling is antiferromagnetic between 0.5 — 0.8 A and crosses over to ferromagnetic
coupling for #j;,0 > 0.8 A. The origin of this inversion is not well understood and cannot
be explained within the framework of the aforementioned model.
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Figure 2.25: Interlayer exchange coupling mediated by resonant tunneling: The
exchange coupling constant J is calculated for a magnetic tunnel junction contain-
ing a square tunnel barrier of width 7, = 8 A. The figure plots J as a function of
the localized state energy position for various positions of defects within the bar-
rier (4 A correspond to the middle of the barrier). The coupling is stronger when
resonant conditions are statisfied, i.e. when the defect is located in the middle
of the barrier and when the defect energy level is positioned at the Fermi energy.
Reproduced from Zhuravlev et al. 1.

Zhuravlev et al. '%* propose a mechanism involving resonant tunneling through localized

states in order to explain these inconsistencies.

In order to compute E;gc, the authors consider two semi-infinite electrodes separated by
a square barrier of thickness d. The electronic structure of the electrodes is modeled by free
electrons and ferromagnetism is introduced by artificially inserting an exchange splitting
term in order to split the band structure of spin up and down electrons. Impurities are
modeled by delta functions located in the barrier. As we discussed previously, impurities
introduce a localized states with energy E; compared to the Fermi energy.

First, the authors compute J as a function of E; for different defect locations within the
8 A thick tunnel barrier. Results are plotted in Figure 2.25. We can see that the coupling
becomes larger (i) when E; = Er and (ii) when the defect is located in the middle of the
dielectric layer. Both observations are consistent with our discussion on resonant tunneling
through a single impurity level (see Section 2.4.1.1). We can thus conclude that IEC
strength is increased due to additional tunneling electrons promoted by resonant tunneling.

Concerning the sign of the coupling, it can be understood from the spin dependent
impurity-induced DOS in the gap of the insulating layer represented in Figure 2.26(f)
and (g) for E; = 03eV and E; = 0eV respectively. We remind that the the width as
well as the position of localized states depend on their coupling with the electrodes. Since
the density of evanescent states is larger for majority electrons (defined by the exchange
splitting term in the electrodes), the coupling with majority electrons is stronger and results
in a broader peak compared to minority electrons. Similarly, majority and minority peaks
in the DOS are shifted in opposite directions due to spin dependent interactions between
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Figure 2.26: Interlayer exchange coupling mediated by defects: (a) Experimen-
tal measurement of IEC in a wedge-shaped Fe/MgO/Fe trilayer. The ferromag-
netic coupling at small thicknesses is due to the presence of pinholes in the MgO
layer. The antiferromagnetic coupling for intermediate thicknesses as well as the
crossover to ferromagnetic coupling at larger thicknesses cannot be explained
with conventional models. Panel (b) plots IEC calculated using an empirical
model for various energetic positions of the localized state. We can see that lo-
calized states positioned 0.2 eV below E reproduce experimental data. Panel (c)
plots similar results from first principle calculations for Fe/MgO/Fe MTJs con-
taining oxygen vacancies. Panels (d) and (e) represent the resonant spin current
related to defect-induced DOS within the band gap of the tunnel barrier, as shown
in panels (f) and (g), for two localized states energy positions, E; = —0.3 eV and
E; = Ep respectively. Reproduced from Velev et al. *°.

impurity states and electrodes.

In turn, the ensuing spin current due to localized states is also spin dependent and has
approximately the same shape as the DOS features, as shown in Figure 2.26(d) and (e).
Moreover, we can see that both spin channels have opposite contributions to the spin cur-
rent. Majority and minority spin currents contribute in ferromagnetic (FM) and antiferro-
magnetic (AF) exhange coupling, respectively. It follows that, when majority or minority
channel dominate the total current, the exchange coupling will be FM or AF, respectively.

Besides, the total net current is the integral over all the energies up to Er (weighed by
their transmission probability) as represented by the red (majority) and blue (minority)
areas in Figure 2.26(d) and (e). When the impurity level lies below the the Fermi level
(panel (d)), both resonant channels fully contribute to the total current but the majority
channel dominates and the coupling is expected to be FM. However, if the impurity lies
close to Er such that the majority resonant peak contributes only partially to the current
while the minority resonant peak is fully integrated, the minority channel dominates and
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the exchange coupling is expected to be AF.

Finally, Figure 2.26(b) plots IEC strength as a function of spacer thickness for different
energy positions of the localized state. For E; = 0.2eV and E; = 0eV = Ef, the coupling is
FM or AF respectively but decreases exponentially without crossover in both cases. When
E; = —0.2eV a crossover between FM and AF coupling occurs, similar to Figure 2.26(a)
and IEC measured by Faure-Vincent et al. 1.

In order to confirm results obtained with this simple model, which has the advantage
of being transparent, Katayama et al. '** calculated IEC in ideal and defective Fe/MgO/Fe
MT]Is from first principles. As expected from theory, they find that IEC is ferromagnetic
for ideal MgO and decreases exponentially with MgO thickness. Moreover, they find
that the decay rate of the coupling is similar to the decay rate of A; electrons® in MgO,
meaning that IEC is mainly mediated by the slowest decaying states in MgO. O vacancies
are then introduced by removing a neutral Oxygen atom and replacing it by an empty
sphere of the same radius. The concentration of vacancies is varied from 1 vacancy per 8
oxygen atoms to 1 vacancy per 4 oxygen atoms. Additionally, defects position is varied
from middle layer to the surface layer. Results are plotted in Figure 2.26(c). We can see
that the coupling becomes stronger when (i) the defect concentration increases and (ii)
defects are located in the middle of the MgO slab. Furthermore, similarly to experimental
results, the calculated coupling is AF in the presence of F centers at small thicknesses and
crosses over to FM slightly above #y,0 = 0.8 A. This is also consistent with the DOS of
F centers presented in Figure 2.22. Indeed, we see that, for 3 ML of MgO, the width of
the localized state around —1 eV increases due to its coupling with the electrodes, and a
non negligible DOS is present around Er. At larger thicknesses, the F centers are more
localized and do not induce DOS at the Fermi energy, and IEC becomes FM as expected
from theory '6!.

Briefly, Zhuravlev et al. ' show that defect-induced localized states situated —0.2 eV
below Er are expected to promote an antiferromagnetic exchange coupling for small thick-
nesses. As the thickness increases, the impact of resonant tunneling progressively lessens
and the coupling becomes ferromagnetic as expected from theory. Katayama et al.'®
clearly identify F centers as possible candidate to explain the antiferromagnetic exchange
coupling mediated by resonant tunneling through localized states located near Er from
first principle. Nevertheless, we must emphasize that DFT approaches do not correctly
account for self-interaction. As it is discussed in ref'>®, when self interaction is taken into
account, the energy position of LS is greatly modified. This is illustrated in Figure 2.22(a),
the dashed line represent the energy position of the localized states induced by oxygen
vacancies when self-interactions are taken into account. Other shortcomings of DFT limit
the direct quantitative comparison between theory and experiments.

2.4.3 Optical activity of oxygen vacancies in MgO

In the previous section, we saw that any deviation from the perfect crystal structure can
result in localized states positioned in the band gap of the insulating material. In particular,
we discussed the influence of oxygen vacancies on the properties of MgO and on the
electrical as well as magnetic properties of crystalline Fe/MgO/Fe devices.
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A large part of the results presented in this thesis are temperature dependent electrical
measurements from which changes due to localized states are identified. As it is thor-
oughly discussed in this chapter, many processes can potentially impact the tunnel current.
In order to discriminate the impact of oxygen vacancies from other processes, their char-
acteristics have to be clearly identified. It is the purpose of this section to review the
characteristics of localized states induced by the presence of oxygen vacancies in MgO.

First, the peculiar optical activity of MgO induced by the presence of localized states is
discussed both from experimental and theoretical points of view. Then, a small section is
dedicated to a model that predicts coherent tunneling between oxygen vacancies in MgO.

2.4.3.1 Photoluminescence of point defects

Photoluminescence (PL) is one of the first experimental tools used to characterize localized
states in the band gap of semiconductors or dielectrics. The principle behind PL induced
by localized states is very simple. A basic PL scenario is schematized in Figure 2.27(a).

An electron occupying a localized state in the gap (E,) of the dielectric can be excited
to an empty state with higher energy by absorbing a photon of energy fiw = E, where
is the Planck constant, w the photon frequency and E the energy difference between the
initial and the final state. The excited electron can then recombine to available states with
lower energies. This relaxation process can be accompanied by the emission of a photon
of energy iw’ = E’ where «’ is the frequency of the emitted photon and E’ the energy
difference between the initial (excited) and final (ground) state. When 7w’ < fw, it means
that some energy was lost through interaction of the photo-excited particle with the phonon
field of the crystal (heat). The energy difference between the absorbed and emitted light
is called a Stokes shift. When hw” > hw, the photo-excited particle absorbed some energy
from the crystal, and the process is called an anti-Stokes shift.

Moreover, exciting or removing an electron from an oxygen vacancy in MgO results in
lattice distortion in the vicinity of the defect site. Figure 2.27(b) represents a configuration
coordinate diagram that illustrates the interaction between localized electrons and the lat-
tice of the MgO crystal. This diagram plots the energy of the crystal as a function of the
position of the ions that interact with the defect center in the solid. In the simplest case the
abscissa represents the distance between the center and its nearest neighbors. Since optical
transitions are much faster than the motion of atoms in the crystal (Franck-Condon prin-
ciple), it is assumed that electrons in the ground state are promoted to unrelaxed excited
states (red arrow in Figure 2.27(b)). Once the lattice relaxes through the interaction with
excited particles, electrons recombine to the (unrelaxed) ground state by emitting a photon
with lower energy, resulting in a Stokes shift (blue arrow).

Additionally, we can see from Figure 2.27(b) that a small displacement in the ground
state (due to thermal vibrations for example) results in a large spread in energy in the
unrelaxed excited state, leading to a large absorption band. Similar conclusions can be
drawn for the emission process.

We must emphasize that since the optical transitions always involve relaxed and un-
relaxed states, the absorption and luminescence bands do not give the energy difference
between ground and excited states, since the proportion of energy lost to the lattice during
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Figure 2.27: Principle of photoluminescence measurements: Panel (a) represents a
simple schematic of a photoluminescence process. In the first step, an electron
occupying the ground state of a localized state in the band gap of the dielectric
absorbs a photon of energy fiw = E and is promoted to an excited state. In a
second step, the excited electron can recombine with the ground state by emitting
a photon with the same energy, as represented in (ii). In real materials the process
can be more complicated due to the interaction between electrons and the crystal
lattice. In this process electrons can lose energy to the crystal and emit a photon
of lower energy. This is represented in (iii). Panel (b) represents a configuration
coordinate diagram. When an electron occupying a defect state is excited or re-
moved, the lattice around the point defect is distorted. Since optical transitions
are much faster that than the motion of atoms (Franck-Condon principle), the
electron in the ground state is excited to an unrelaxed excited state (red arrow).
After relaxation of the lattice, the electron can recombine with the ground state
by emitting a photon with a lower energy, resulting in a Stokes shift (blue arrow).

the excitation and relaxation processes is not known. In some cases, a direct recombina-
tion between the relaxed excited and ground states is possible and results in a very sharp
luminescence band, also called the zero phonon line. Although no zero phonon lines char-
acterize the luminescence of single oxygen vacancies, we’ll see that it is the case for the
emission of M centers (double oxygen vacancies).

Monitoring the time and temperature dependence of a luminescence peak allows to get
useful information on the various states that may be present in the band gap of the material
under study. Although the technique was successfully applied to semiconductors and di-
valent dielectrics such as CaO, its application to the case of MgO has proven very difficult
and is discussed hereafter.

2.4.3.2 Single oxygen vacancies

Several works investigated the optical activity of MgO induced by single oxygen vacancies
(F centers) in pristine crystals as well as crystals with varying type and concentration of
defects'95-1°, The goal of this section is not to give a complete overview of the results
obtained from PL measurements, but rather introduce several important characteristics
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Figure 2.28: Absorption and photoluminescence of MgO: Absorption spectra (a)
and photoluminescence spectra of MgO for various temperature (b). In panel
(a), cruves (i) and (ii) are the absorption of MgO before and after long exposure
to 5eV photons. Cruve (ii1) result from the difference between (i) and (i1). A
single absorption peak at 248 nm (5 eV) results in two luminescence peaks located
around 2.3eV (540nm) and 3.2eV (390 nm) related to the luminescence of F
and F* bands respectively. The F* peak has a strong temperature dependence.
Reproduced from Uenaka and Uchino '%.

that will be used to discuss different models proposed in the literature to explain the optical
activity of MgO.

A typical absorption spectra of MgO is plotted Figure 2.28 panel (a). We can see that
MgO has a single absorption band centered around 248 nm (5eV). The fact that the ab-
sorption is the same after long exposure to 5eV photons exclude the presence of other
defects in large concentrations (Mg vacancies or other impurities). The steady state pho-
toluminescence spectra related to the 248 nm absorption peak is presented in panel (b).
Interestingly, we can see that the single absorption peak results in two luminescence bands
located at 2.3 eV (540 nm) and 3.2 eV (390 nm). These have been attributed to the emission
of the F and F* bands respectively.

The identification of these two bands was not easy. It required the careful preparation
of crystal containing a specific defect population. Two techniques were mainly used to
introduce F and F* centers, the first one consists in annealing MgO crystals at high tem-
peratures (~ 2000 K) under a strongly reducing environment (background pressure of Mg).
This so called thermochemical reduction (TCR) result in a crystal that contains mainly F
centers. A second technique consist in exposing high quality MgO crystals to neutron
radiations, producing mainly charged F* centers. Additionally, it was found that long ex-
posure of TCR samples to UV light resulted in the conversion of F to F™ centers and that
a subsequent annealing step produced the inverse conversion, F* to F.

Finally, the fact that F* centers are paramagnetic (singly occupied state) was used to
discriminate both bands. Indeed, concurrent electron paramagnetic resonance (EPR) and
photoluminescence experiment established that the emission band at 3.2eV (390 nm) is
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related to an EPR signal and hence attributed to F* states. When the EPR signal disap-
pears, the absorption peak is still present but results in a single luminescence band located
at 2.3 eV (540 nm) and is thus ascribed to F centers. Please refer to Hughes and Hender-
son '7? for a complete overview.

In addition to this particularity, the optical activity of MgO is special in several other
ways. First of all, the optical transition between ground (s-like) and excited (p-like) states
of F and F™ centers is allowed, thus the recombination is expected to be very fast and
the PL signal very short. However, it was shown that the PL signal of these two bands
is long-lived and can be measured several seconds after excitation. Secondly, the strong
temperature dependence of the F'* states suggest a thermally activated process. Also, it was
shown that the F' to F™ relative emission intensities is dependent on the impinging photon
flux, implying some sort of photoconversion process between the two centers. Finally,
time resolved PL experiments established that the F* luminescence (3.2eV) has a fast
decay component, in the ns-us timescale, while the F emission is detected only at longer
detection delays.
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Figure 2.29: Rosenblatt’s model to explain the PL spectra of MgO: Both F and
F* states absorb 5eV photons and promote electrons in their respective excited
states. The excited states can either (i) radiatively recombine to the unrelaxed
ground state after lattice relaxation (explaining the Stokes shift), or (ii) ionize to
the conduction band due to thermal excitation. The electrons in the conduction
band are then retained in trap states induced by other impurities (red arrows),
constituting an electron reservoir that provides electrons to F* and F** states and
explain the long-lived photoluminescence (green arrow). Adapted from Rosen-
blatt et al. ' and Uenaka and Uchino '®.
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In order to explain these unconventional results, Rosenblatt et al. %7 proposed a model
involving trap states and lattice relaxation to explain the delayed PL signal and the strong
Stokes shift reported. The model is schematized in Figure 2.29 and can be summarized
as follows. Oxygen vacancies result in neutral F' centers located in the band gap of MgO.
The localized states are occupied by two electrons and can absorb 5 eV photons resulting in
unrelaxed F* excited states. The excited F* states can either radiatively decay by emitting
photons of energy 7iw = 2.3eV (some energy is lost due to the interaction between the
photo-excited electron and the the crystal structure, resulting in the relaxation of the lattice)
or ionize by promoting an electron to the conduction band minimum (CMB), resulting in
F states. This suggests that F states are located approximately 5 eV below the conduction
band minimum (CBM) and that the excited F™ state is very close the CBM, such that a
small thermal energy k,T is sufficient to ionize the state. The resulting F* centers can
also absorb 5eV photons, resulting in unrelaxed F** excited states. Again, the excited
F** states can either radiatively recombine by emitting photons with energy Ziw = 3.2eV
(Stokes shift due to lattice relaxation) or ionize, resulting in doubly charged F?* states.
This implies that the F* states lies at the same level as the F' centers, that the excited
F** states lies close to the CBM and that the F?* exists. Finally, in order to account for
the long-lived photoluminescence, the authors suggest the presence of trap states located
near the conduction band. Electrons promoted to the conduction band after ionization
of F* and F** states can be retained in these electron traps (red arrows in Figure 2.29),
resulting in a reservoir of electrons available for delayed F and F* emission (green arrow
in Figure 2.29).

Uenaka and Uchino '* slightly modified this model in order to explain the temperature
dependence and the fast decay component of the F* band. In order to explain the absence
of a fast decay component of the F' band, they suppose that F* always ionizes to the
conduction band, which thus precludes direct recombination.

Trap states can originate from A~ impurities that induce localized states near the con-
duction band minimum. Even at low concentrations, H~ centers can effectively trap elec-
trons and result in delayed PL. Uenaka and Uchino '® also propose the excited unrelaxed
F™** states that can act as shallow traps. Other candidates can be double oxygen vacancies,
denoted F, or M centers, or weakly coupled F — F, F* — F and F* — F™ pairs.

As it emphasized by Gibson et al. ', the main deficiency of this model is related to the
impact of the lattice relaxation. Indeed, to account for the large Stokes shift of the emission
bands compared to the 5 eV absorption, the energies involved by the lattice reconfiguration
in the vicinity of the defect site should be 2.7¢eV and 1.8eV for the F and F* emission
processes respectively. Although the relaxation of atoms around the defect site is expected,
such large values are surprising.

Gibson et al. proposed an alternative model to explain the optical activity of MgO. In
this model, F and F* centers are actually 1.22eV and 1.4eV below the conduction band
minimum. The 5eV absorption peak is related to the excitation from doubly or singly
occupied F' and F* states in the gap of MgO to unoccupied states induced by oxygen va-
cancies in the conduction band of MgO approximately 5eV above F and F* centers. The
excited electrons can then nonriadiatively relax to the bottom of the conduction band and
finally radiatively recombine with ground states. Although the calculated energy differ-
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Figure 2.30: Extension of Rosenblatt’s model: Panel (a) plots the configuration co-
ordinate diagram related to the absorption of 5eV photons by F and F* centers
in MgO (Reproduced from Ertekin ez al. '”?). The corresponding absorption and
emission values obtained from first principles are summarized in Table 2.1. Panel
(b) represents the scenario proposed by Rinke et al. !’?. The broad emission peak
centered around 3.2 eV is associated with both F' and F* emission bands. In order
to explain the emission peak centered around 2.3 eV, they propose the relaxation
of electrons from F' and F* states to the valence band. See text for more details.
Adapted from Rinke et al. 7%

ences are not consistent with experimental values, the authors argue that their model is
consistent with the formation energy of oxygen vacancies in MgO.

Recently, two papers tackled the problem of F and F'* emission from a theoretical point
of view '"»173_ First, Rinke et al. "> used many-body perturbation theory in the GoW, ap-
proximation to calculate the optical absorption and emission spectrum of F and F* centers
in MgO. In a second paper, Ertekin et al. '” used a different computational method based
on a Quantum Monte-Carlo (QCM) approach to compute the same quantities. Quantita-
tive values obtained in the two papers are essentially the same. In particular, the calculated
absorption values of F and F* centers are very close to experimental results. In order to
obtain absorption value similar to experiment, both the lattice relaxation and the interaction
between the excited electron and the hole present in the ionized state are considered. The
fact that two papers that use different computational methods yield similar values, which
are additionally consistent with experiments, reinforce the reliability of these theoretical
works.

Similarly to many theoretical treatments of oxygen vacancies in MgO 71174176 ¢ g
found that removing an oxygen atom result in a s-like doubly occupied localized state in
the gap of MgO. In addition to the ground state located approximately 5eV below the
conduction band minimum (CBM), a p-like excited state is found just below the CBM.

When an oxygen atom is removed and a F' center is created, calculations show that
neighboring Mg atoms move slightly outward while next neighbors O atoms are attracted
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Table 2.1: Absorption and emission of F and F* centers in MgO: Computed ab-
sotption and of F" and F* centers confronted to experimental values.

1:abs Fem F+abs F+em
Rinke et al. '? 495eV 3.4eV 492eV 3.6eV

Ertekin et al. '3 51eV  35eV 5eV 3.8eV
Experimental values 5eV 23eV 495eV 3.2eV

and move slightly inward. The lattice distortion is accentuated as the charge of the defect
state is increased (F* and F**). Figure 2.30(a) represents the configuration coordinate
diagram related to the distortion of the lattice. The corresponding absorption and emission
values are summarized in Table 2.1.

As we can see from Table 2.1, the computed absorption values are in very good agree-
ment with experiment. Moreover, the fact that the F'* states absorb at slightly lower en-
ergies than the F centers is also reported in the literature . Since both F and F* states
absorb at the same energy, the luminescence related to the two bands is expected to be
similar. This is actually what is found theoretically, the emission related to the F and
F™ centers peak at 3.4¢eV and 3.6¢eV respectively. As it was already reported by Gibson
et al.'', it is found that the lattice relaxation does not account for 2.7 eV stoke shift to
explain the 2.3 eV emission as proposed by Rosenblatt et al..

In order to explain the 2.3 eV emission, Rinke er al. !”? propose an extension to Rosen-
blatt’s model. The model is schematized in Figure 2.30(b). The difference of this model
lies in the fact that the 3.2 eV luminescence is attributed to both F and F* centers. Ad-
ditionally, the authors propose the relaxation of electrons in F and F* centers to holes
present in the valence band, that would yield an emission peak close to 2.3eV. Besides,
the fact that 2.3eV and 3.2eV peaks are associated with F' and F* centers can also be
rationalized. Indeed, ionized electrons in the conduction band will preferably interact with
charged F* states. Similarly holes in the valence band will be repelled by charged states
and will preferably interact with F' neutral centers. Finally, the model predicts an addi-
tional absorption peak near 3.6eV that would correspond to the excitation of electrons
from the valence band to F* centers.

The only weakness of this model is related to the presence of holes in the valence band.
This point was discussed by Rosenblatt ef al. ', but the creation of holes in the valence
band with 5eV light would require a state near midgap but no such state is reported in the
literature. Rinke et al.'’> also propose a photobleaching effect induced by 5eV photons
but the proposed mechanism is not further discussed in their paper.

To quickly summarize, oxygen vacancies induce an s-like occupied state in the band
gap of MgO, 5eV below the conduction band. These neutral states, named F centers, can
be singly (F*) or doubly charged (F?*). Different theoretical works established that the
position of the ground state of F states in the gap was not very sensitive to the charge,
i.e. F, F* and F?* are energetically close to each other!”>!"*173_In addition to the ground
state, a p-like excited state is located close to the bottom of the conduction band. Besides,
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experimental and theoretical work emphasized the importance of the coupling between
photo-excited electrons and the lattice of the MgO crystal. The most reasonable model to
explain the complicated PL spectra of MgO is schematized in Figure 2.30.

2.4.3.3 Double oxygen vacancies

As the concentration of oxygen vacancies increases, the distance between defect sites de-
creases, isolated defects start to interact with each other and may eventually form double
oxygen vacancy, also called M centers, when point defects are on adjacent sties on the
oxygen sublattice. Similarly to F' centers, double oxygen vacancies can be in charged
(M*, M**) and/or excited states (denoted *). Although M centers are discussed in several
experimental and theoretical papers !%%!177-182 they didn’t receive as much attention as F
centers and absorption and emission peaks related to M centers are not unambiguously
identified.

First, Chen et al.'"” observed additional absorption peaks at 355 nm (3.47 eV), 574 nm
(2.16eV) and 975 nm (1.27eV) in neutron irradiated samples. At low Temperature, these
bands are accompanied by zero phonon lines (direct recombination between unrelaxed
excited and ground states). Zero phonon lines (ZPL) are characterized by very sharp peaks,
similarly to the transition in isolated atoms, and deliver much more information concerning
the emitting center than wide luminescence bands, e.g. the energy separation between
ground and excited states. Besides, modification induced to ZPL peaks induced by uniaxial
stress experiments that consist in applying a stress in a given crystal direction, allows to
probe the anisotropy of charge distribution of localized states. Additionally, polarized
luminescence experiments can also be used to extract supplementary information on the
emitting center. Using the aforementioned techniques, two absorption peaks at 355 nm
(3.5eV) and 325 nm (3.81 eV) associated with luminescence peaks at 375 nm (3.3eV) and
441 nm (2.8 eV) are tentatively ascribed to M " and M*?'"8 centers.

M centers were also investigated theoretically '8!, Figure 2.31 represent a simple dia-
gram of the energy levels involved in the optical excitation of M centers. In the ground
state, both lowest lying states of M centers are fully occupied, and the optical transition
is expected to occur between the highest occupied state and the lowest unoccupied state
lying 4.4 eV higher in energy. When an electron is removed to create a M center, an addi-
tional absorption peak is expected between the lowest doubly occupied state and the now
partially filled state separated by 1.3eV. As it is discussed by Dominguez-Ariza et al. '8!,
calculations tend to overestimate the absorption energy and theoretical results cannot be
qualitatively compared to experimental values. Indeed, we can see that predicted absorp-
tion values are rather far away from the 3.5 eV observed experimentally.

As a concluding remark concerning the optical activity of MgO, it should be empha-
sized that the different models proposed in the literature and presented in this section are
not totally unambiguous. Besides, a lot of photoluminescence experiments report addi-
tional absorption and emission peaks in MgO 8184 However, the origin of additional
peaks should be interpreted carefully because the PL of MgO is sample dependent and
extremely sensitive to additional impurities. It is also reported that MgO nanocrystallite
are characterized by additional peaks because the surface area of nano-powders is much
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Figure 2.31: Optical activity of double oxygen vacancies: Simple representation of

the energy levels involved in the electronic excitation of M centers (double oxygen
vacancies). Adapted from Dominguez-Ariza et al. '8!,

larger that macroscopic sample, and many of the optical features are ascribed to surface
vacancies located on different coordination sites of the surface that can absorb and emit
at different energies. Finally, we note that the absorption coefficient related to the 250 nm
(5eV) absorption is always much larger than other absorption bands.

2.4.3.4 Coherent tunneling between defects in MgO

Recently, McKenna and Blumberger !% theoretically investigated the tunneling of elec-
trons between F centers in MgO. More particularly, they considered the transfer of elec-
trons between a neutral F center and a charged F* state. The process can be written:

F,+F, - F +F, (2.16)

where the subscripts i and ii denote two oxygen vacancies located at r; and r;; respectively.
The electron transfer rate is computed as a function of the distance d between two defects
aligned along various crystal directions.

Their computational method involve the calculation of two key parameters determin-
ing the electron transfer rate: (i) the electronic coupling matrix element denoted H,, and
(i1) the reconfiguration energy, denoted A, which is related to the distortion of the lattice
around the defect when an electron is added or removed. Both quantities are then used
to compute the electron transfer rate and the activation energy within Marcus theory of
electron transfer.

Figure 2.32 plots the electronic coupling, the reconfiguration energy and the electron
transfer rate as a function of d in panels (a), (b) and (c) respectively. The electronic cou-
pling of the two defects is expected to decay exponentially with d, as represented by the
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Figure 2.32: Tunneling between oxygen vacancies in MgO: (a) Electronic coupling
matrix elements and (b) reconfiguration energy as a function of the distance d
between F' centers along various crystal directions. (c) Electron transfer rate be-
twenn oxygen vacancies as a function of d in MgO plotted for three temperatures.
Dashed lines are calculated asussuming nonadiabatic electron transfer and con-
stant activation energy. Reproduced from McKenna and Blumberger '3,

red line in panel (a). We can see that the behavior of H,, deviates significantly from the
expected exponential decay. The authors emphasize that this is not due to inaccuracies
in the calculation but to an intrinsic anisotropy of the system. Indeed, as it is indicated
in panel (a), the coupling is larger when the distance between defects is along the [110]
direction. The coupling of defects aligned in this direction can even be larger than that of
defects which are closer but aligned along different directions. This is ascribed to the fact
that the p orbitals of oxygen atoms in MgO extend along the [110] direction and mix more
effectively with s-like orbitals at the defect site, resulting in a larger charge density in the
[110] direction.

As shown in panel (b), the reconfiguration energy is very large when defects are sepa-
rated by less than 5 A. This is due to overlapping and opposing ionic distortion fields. A
becomes smaller for distances larger than 5 A, and increases slowly with defect separation.

Panel (c) plots the electron transfer rate as a function of d fore different temperatures.
Three regimes can be distinguished. First, for defects separation above 11 A, the electron
transfer rate decays exponentially. In this non-adiabatic regime the decay is solely due
to the reduction of the electronic coupling between defects. Secondly, for distances be-
tween 6 A and 11 A, the behavior deviates from the mono-exponential decrease because
the electron transfer rate now depends on both the electronic coupling and to the strong
increase in the reorganization energy which in turn defines the electron transfer activation
energy. At 7 = 1100 K the thermal energy is large enough to compensate the increase of
the activation energy and the decay rate as a function of defects separation is monotonous
and similar in both regimes.

Finally, McKenna and Blumberger identify a third regime for defects that are separated
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by less than 6 A. This regime is characterized by a negative activation energy, meaning that
the electron is delocalized in the two defect sites. In this case, the electron transfer mech-
anism crosses over from incoherent to coherent tunneling and the computational method
used by McKenna and Blumberger is not valid anymore.

This work emphasizes two important aspects concerning the impact of oxygen vacancies
on magnetotransport. First, it is shown that the lattice relaxation plays a crucial role in the
transfer of electrons between two defect, the energy related to lattice distortion induced
by the transfer of one electron depends strongly on the distance between the two defects.
Secondly, it shown for the first time that defects can promote coherent tunneling. Although
calculations are limited to electron transfer between two defects in bulk MgO and are not
applied to MTJs, these results provide a proof that introducing defects in the dielectric of
MT]Js can be advantageous in terms of preserving an electron’s quantum properties such
as symmetry and spin, conversely to what is generally believed. This point will be further
discussed in the section dedicated to the scientific motivations of this thesis (Section 2.6).

2.5 Conclusion

In the first chapter of this thesis, we reviewed theoretical models in order to explain the ori-
gins of high TMR values obtained in crystalline magnetic tunnel junctions. These models
mostly consider perfect crystal structures and compute device properties in the equilib-
rium regime, i.e. when no bias voltage is applied. Very quickly, experimental results
successfully confirmed the mechanism of symmetry filtering effect in devices composed
of a crystalline MgO barrier coupled to ferromagnetic transition metal electrodes.

Following the first experimental breakthrough in achieving high TMR ratios, tremen-
dous efforts were made in order to approach the very high TMR values predicted by the-
ory. However, the highest TMR obtained in real device barely exceeds 1000 %, a value
an order of magnitude lower than the 30 000 % expected from theory. The attention was
then focused on all the deviations that realistic devices might have compared to the perfect
systems considered in early first principle models.

The goal of this chapter was to review various imperfections present in realistic junc-
tions and discuss their impact on magneto-electric properties of working devices. Firstly,
considering the deviations from perfect systems is motivated by the desire to understand
and explain various discrepancies between theory and experiment in order to eventually
improve devices architectures and performances. Secondly, a closer look at this chapter
shows the complexity and the concurrent impact of many processes on the device elec-
trical properties, making the interpretation of a quantity as simple as the device conduc-
tance quite complicated. We remind that the main goal of this thesis is to characterize
the effect of oxygen vacancies on electrical properties of MgO based MTJs. In order to
accurately interpret bias- and temperature-dependent electrical measurements and unam-
biguously identify the impact of oxygen vacancies, it is essential to dress a detailed picture
of tunneling in MTJs. Additionally, we’ll see in the last section of this chapter that desir-
able device properties such as high TMR ratios combined with device low barrier height
could be explained by the presence of device imperfections, e.g. oxygen vacancies.
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Finally, we saw that spin dependent tunneling in MTJs is extremely sensible to many
parameters such as interface properties, bias voltage, temperature as well as other intrinsic
(magnon, phonon) and extrinsic (impurities, vacancies, disorder) device properties. Al-
though this makes the fabrication and characterization of such devices complicated, it also
provides an interesting playground, both from theoretical and experimental point of view,
to engineer devices with new architectures and properties.

2.6 This thesis scientific motivations

This work was carried within the framework of a broader project in the field of inor-
ganic spintronic that aims to develop materials for next generation devices. This thesis
mainly focuses on the impact of oxygen vacancies present within oxide layers integrated
in working electronic devices. In particular, it aims to characterize the effect of such de-
fects on spin dependent tunneling in MgO based magnetic tunnel junctions. Basically,
the objectives of this work can be divided in two fields: the first line of research aims to
characterize the impact of localized states induced by oxygen vacancies on the properties
of CoFeB/MgO/CoFeB magnetic tunnel junctions.

The second goal of our work is to use the knowledge acquired during the first stage of
the project in order to actually use the effects induced by oxygen vacancies as additional
devices functionality. Both research objectives are motivated by discrepancies and/or in-
teresting phenomenon reported in the literature and are discussed hereafter.

2.6.1 Impact of localized states on electrical transport properties

Firstly, it is clear that oxides are very important from a technological point of view as
they are already used in various type of applications such as read-head of hard drives
or magnetic sensors. Additionally, oxides are also expected to play a strategic role in
future applications because they exhibit various interesting properties. For instance, we
can mention the class of transition metal oxides with the perovskite crystal structure. These
oxides are characterized by more than one order parameters (ferromagnetic, ferroelectric
and son on) that might be coupled to each other, opening new opportunities to design
next generation multifunctional electronic devices. Although it is accepted that oxides
are crucial for many existing and future applications, the importance of defects on their
nominal properties is not acknowledged as much as it is in the field of semiconductors.
Indeed, defects, and in particular oxygen vacancies (unavoidable defects in oxides), play a
crucial role in devices reliability and performance.

From this perspective, it is essential to clearly identify their impact on the electrical
transport properties of MTJs. As it is discussed in Section 2.4.2, oxygen vacancies re-
sult in a variety of different localized states in the gap of MgO depending on the charge
state of the defects and their separation. The first objective of this work is not only to
unambiguously identify the impact of a specific defect population but also to determine
the underlying physical process responsible for changes in devices properties. With the
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acquired knowledge on the impact of oxygen vacancies, the goal is to discuss several dis-
crepancies reported in the literature and recast the role of oxygen vacancies.

The first point that is unclear in the literature concerns the disagreement between pre-
dicted and experimental TMR values. While early first principle theories expects TMR
values as large as 30000 % ', the maximum experimental value reaches 600 % (1100 %) '3
at room (low) temperature.

The second point is related to the temperature dependence of magnetotransport prop-
erties and in particular the strong TMR decrease with increasing temperature. Although
the point is intensively discussed in the literature (see Section 2.3), the origin of the TMR
decrease is still uncertain.

Finally, the last point we want to discuss is related to the reported barrier height in
MgO based magnetic tunnel junctions. Indeed, independent optical "% and STM®>187.188
experiments determined the band gap of MgO to be 7.8 eV in the bulk and in thin films.
Furthermore, it is established that the barrier height felt by tunneling electron is specific
to each symmetry and can be determined from the complex band structure of MgO (see
Section 1.3.4.2). For instance, the barrier heights inferred from the complex band structure
are 3.9eV and 6eV for A; and As states respectively. Since the parallel and antiparallel
magnetic configuration are characterized by tunneling electrons of different symmetries,
namely A; and As for P and AP respectively (see Section 1.3.4.3), their barrier height
should be defined by the one specific to these states. Consequently, we expect the barrier
height for the parallel magnetic configuration ¢p to be much lower than the barrier height
of the antiparallel magnetic configuration ¢4p and in turn the resistance R to be lower in P
than in AP.

Nevertheless, the barrier heights reported in the literature for both magnetic states are
inconsistent with the aforementioned theoretical picture. Indeed, reported values are al-
most an order of magnitude lower than the 3.9 eV expected and are nearly identical for P
and AP0 But what is even more surprising is the fact that ¢» can be larger than ¢,p
while Rp < Ryp.

The discrepancy between theoretical and measured barrier heights can partially be ex-
plained by the fact that (i) the effective mass of tunneling electron in MgO can be lower
the free electron mass'®! and (ii) the most common technique used to extract the effec-
tive barrier height consist in fitting experimental / — V curves with model based on the
WKB approximation (see Section 1.2.1.3). The first point results in a lower effective bar-
rier height, typically 1.5eV, as discussed in ref 191 and ref 192. The second point is more
critical. Indeed as it is reviewed in Section 1.2.1.3 and discussed by Miller et al. '3, models
based on the WKB approximation are oversimplified and fail to account for the dielectric
barrier’s complex band structure or the presence of localized states in the band gap that
perturb the potential landscape. Using such models in crystalline structures, especially in
the high bias regime, is not appropriate and yield unphysical parameters.

In Chapter 4, we discuss in detail the result of our temperature dependent photolumi-
nescence experiment on sputtered MgO thin film and our bias and temperature dependent
magnetotransport measurements on CoFeB/MgO/CoFeB magnetic tunnel junctions. In
particular, we’ll use an experimental technique in order to determine the effective barrier
height. This technique is free of the deficiencies of models based on the WKB approxi-
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mation. We’ll see that the signature of localized states on the electrical properties of the
device can be identified by comparing the optical activity of MgO thin films and the elec-
trical properties of MgO based MTJs. Finally, the aforementioned discrepancies will be
discussed from the point of view of spin dependent tunneling mediated by localized states.

2.6.2 An attempt to exploit the effect of localized states as
additional functionality in working devices

The second direction of the research project is the natural continuation of the first one
and aims to actually take advantage of properties induced by oxygen vacancies in mag-
netic tunnel junctions. It is motivated by several elements in the literature suggesting that
oxygen vacancies could in fact result in additional device functionality.

Indeed, it is reported that oxygen vacancies might play a central role in two interesting
areas of oxides, namely the field of memristors and magnetic dilute oxides (DMOs). The
former field concerns devices which electrical resistance is not constant but depends on the
history of applied bias. The effect was demonstrated in TiO, tunnel junctions, and the un-
derlying microscopic process was ascribed to the diffusion of oxygen vacancies within the
dielectric. The latter field encompasses oxide materials doped with 3d magnetic cations
that exhibit ferromagnetism although the doping level remains well below the percolation
limit'**, Ferromagnetism in DMOs cannot be explained with standard theories and experi-
mental results suggest magnetism induced by defects, and notably oxygen vacancies. Both
examples suggest that the presence of oxygen vacancies can be desirable. Additionally, as
it was mentioned before, oxygen vacancies could also explain some discrepancies in the
literature concerning MTJs and their presence may actually be necessary in order to con-
sistently explain the properties of MgO based MTJs. Finally, the main idea that motivated
the second research field was to take advantage of the optical activity of MgO induced
by oxygen vacancies, and more particularly to exploit the interplay between the optical
properties of the oxide and the electrical properties of the device.

In Chapter 5 we investigated the possible interaction between optical properties of MgO
and electrical properties of MTJs. The idea is to combine the optical, electrical and temper-
ature degrees of freedom in the same experiment. Exciting the MgO barrier with photons
with a specific energy is expected change the defects population and thus modify the po-
tential landscape. The concurrent temperature dependent electrical measurements allow to
directly probe any optically induced change to the device properties. As it’ll be discussed
in details in Chapter 5, our approach that consist in using continuous light excitation is
challenging due to sample heating issues.

2.6.3 Combining X-ray absorption spectroscopy and electrical
measurements

In the last chapter of this thesis, I'll be briefly discuss some work that was carried on the
DEIMOS beamline at the synchrotron SOLEIL.
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The goal of the project was to use the newly installed versatile variable temperature
insert (V2TI) that offers the possibility to perform in operando studies, i.e. measure
the properties of our device using x-rays while applying external stimulus . More pre-
cisely, we combined the chemical selectivity of XAS to magnetotransport experiments on
CoFeB/MgO based MTJs. Combining both techniques offer the possibility to probe the
devices’ properties when the device is close to real operating conditions.

The chapter focuses mainly on the details of the experimental setup. The last part of the
chapter is dedicated to a brief discussion of results obtained during the synchrotron run.
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CHAPTER 3 -

Experimental techniques

Most of this thesis work was done within the scope of a collaboration between my home
institute, the Institut de Chimie et de Physique des Matériaux de Strasbourg (IPCMS)
and the Institut Jean Lamour of Nancy (IJL). Our collaborators, specialists in the growth
of thin film heterostructures by Molecular Beam Epitaxy and magnetron sputtering, pro-
vided us with samples while we fabricated micrometric size magnetic tunnel junctions and
characterized their temperature-dependent magnetic, electrical and optical properties. To
explore the large parameter space involved in our measurements we highly automated our
magnetotransport experiment.

In this chapter, I'll first give a quick overview of sample growth and MTJ patterning
by standard UV lithography. I’ll then describe in more details the characteristics and
automation of the magnetotransport bench. In the last section I'll briefly discuss the X-ray
experiments carried at the synchrotron SOLEIL in Paris.

The experimental section supplies information for the purpose of knowledge transfer.
Readers may skip parts of this section without disturbing the understanding of the thesis.

3.1 Sample Growth and device fabrication

3.1.1 Introduction to sputtering

Sputtering is a physical vapor deposition (PVD) technique. The physical process consists
in bombarding a target composed of the desired material with ions generated in a glow
discharge plasma. Usually the deposition takes place in a vacuum chamber with partial
pressure of rare earth gas such as Ar. The plasma is created by an electrical discharge
that will ionize the gas. Ions are accelerated toward the target by an electric field applied
between the target and the sample placed a few centimeters away. For sufficiently energetic
particles, the bombardment of the target will generate several processes, one of which
will be the ejections of neutral surface atoms (sputtered atoms) that will condense on the
sample surface and may create a smooth layer. The bombardment of the target will also
create secondary electrons that play a crucial role in maintaining the plasma and are also
used in magnetron sputtering.

Magnetron sputtering uses permanent magnets to create strong magnetic fields near
the surface of the target. The magnetic fields confine secondary electrons close to the
surface. The electrons will follow a helical trajectory around the line of the magnetic field
and encounter several ionizing collisions with the surrounding gas. These additional ions
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will take part in the bombardment of the target and in turn create new electrons that will
ionize more gas and so on. The use of the magnetron makes the deposition more efficient,
faster and allows to maintain plasma in the chamber for lower partial pressure and lower
operating voltage, resulting in a reduced sample contamination. The sputtered atoms are
neutral and therefore insensitive to magnetic fields.

Sputtering also allows to make deposition of oxide by sputtering a metallic target under
partial pressure of reactive gas that can oxidize the deposited species, for example Mg
in a partial background pressure of oxygen to deposit MgO. In reactive sputtering, some
regions of the target can get covered with atoms of the reactive gas. The process is known
as target poisoning. The affected areas become insulating and charge build-up usually
results in arc-discharge events, along with the ejection of droplets on the surface of the
sample. The ejection of material can cause defects in the growing film.

A workaround for this issue is to use radio frequency sputtering (RF-sputtering) where
an insulating oxide target is directly deposited. The polarization of the target is changed
at radio frequency (13.56 MHz) to prevent charge build up. RF-sputtering produces high
quality films but usually has a slow deposition rate.

For applications where the deposition rate is critical, reactive pulsed magnetron sputter-
ing (PMS) can be used. The technique consists in pulsing the magnetron discharge in the
mid-frequency range (10-200 kHz). The short pulse ON time limits the charge build-up
on the poisoned regions of the metallic target, while the pulse OFF time allows to dissi-
pate the charges through the plasma. PMS reduces the formation of arc and allows high
deposition rates.

For an overview on sputtering, readers can refer to section I1.4 of Vossen and Kern'*
and the review article on magnetron sputtering of Kelly and Arnell'®® and references
therein.

3.1.2 Sample deposition

A commercial Alliance Concept DP850 magnetron sputtering system was used to deposit
the samples studied in this thesis. The main chamber’s base pressure was lower than 10~
mbar (UHV). A load lock allows to introduce samples without breaking vacuum, reduce
sample contamination and gain subsequent pumping time. Six targets with diameter of 2
and 3 inches are available for deposition. The depositions are made with background pres-
sure of 5.10 mbar of Argon. The insulating MgO layer was deposited using rf-magnetron
sputtering. The deposition rates were calibrated by measuring the layers thickness with a
Dektak profilometer and X-ray diffraction. The stack of the samples studied in this thesis
is Ta(5)/Co(10)/IrMn(7.5)/FeCoB(4)/MgO(2.5)/FeCoB(4.5)/Ta(5)/Pt(5) (numbers in nm).

For more details on the deposition parameters of each layer, readers can refer to section
I11.3.2 and Annexe A of Bernos’ thesis'?’.

3.1.3 MTJ patterning

In the previous sections, I emphasized important aspects concerning the growth of MgO
based heterostructures by sputtering. In this section I’ll give details on the patterning of
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magnetic tunnel junctions (MTJs) by photolithography and how junctions were contacted
for electrical measurements.

Photolithography: In UV photolithography, a lithographic mask and UV light are used
to pattern a photosensitive material (called photoresist, or simply resist) into the desired
architecture on the surface of a sample. In order to ease the tiresome alignment of the
lithographic mask and define patterns as small as possible, clean and smooth layers are
required. For this reason, the whole process takes place in a clean environment (clean
room) to avoid atmospheric pollutions and samples are thoroughly cleaned with acetone
and ethanol ultrasonic baths.

Each lithography step consists in first depositing resist on top of the sample with the help
of a spin coater to get a flat and smooth deposition. The more homogeneous the layer the
easier the alignment step will be. The accumulation of resist on the borders of the sample
makes the alignment step particularly difficult for small samples. In order to circumvent
this problem a detouring step can be performed to remove resist in the peripheral regions.
The shadow mask, a transparent glass plate patterned with a very sharp chromium layer,
is then carefully aligned on the sample with help of a microscope and alignment crosses
defined in the previous steps (chromium side in contact with the sample). The position of
the first step is usually chosen in the most homogeneous part of the sample. The sample
is eventually exposed to 365 nm UV light, with the resist and the mask on top. Exposed
regions of the resist will polymerize and, depending on whether the resist is positive or
negative, exposed areas will dissolve faster or more slowly respectively, than those areas
that have not been exposed. A solution in which the resist is soluble is used to develop
the pattern. Finally, prepared samples are either etched (to define pillars or electrodes) or
undergo a deposition step (passivation layer or metallization).

Etching: To remove material from the unprotected (resist free) areas and define the pat-
tern on the sample, a dry etching technique is used. The ion beam etching (IBE) operating
principle is similar to the sputtering technique introduced in Section 3.1.1.

The process takes place in a vacuum chamber with a low background pressure of neutral
gas, Argon in our case. A plasma of Ar* and electrons is created in the discharge chamber,
where electrons provided by a hot filament (cathode) are accelerated with a negatively
biased anode. A magnetic field is used to confine electrons and make the ionizing event
more likely. The ion beam is created by a negatively biased accelerator grid that attracts
the Ar" ions towards the sample. Within the ion beam, electrons move much faster than
heavier ions and tend to leave the beam faster. This charge imbalance has to be neutralized
for three reasons: (i) repulsive interactions between positive Ar* causes defocusing of the
ion beam, (ii) charge build up on the wall of the chamber ends up creating short duration
arcs with nearby hardware or the etched samples and (iii) accumulation of positive charges
on the surface of insulating layers can repel incoming ions and slow the etching down or
degrade the tunnel barrier’s dielectric properties. To circumvent these issues, the ion beam
is neutralized by a hot filament placed on the way of the ion beam. The filament provides
electrons that counterbalance the positive charges within the ion beam.
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Figure 3.1: Step 1, Pillar definition: Schematic view of (a) lithographic mask with
desired pattern in contact with resist previously deposited on top of the sample and
UV insulation step (b) sample etching after resist development and (c) sample after
lift-off and cleaning in ultrasonic bath. Note that not all layers are shown and that
picture is not to actual scale.

Samples were rotated and tilted with an angle of 45 ° compared to the incoming par-
ticles during etching to improve etching uniformity and to avoid redeposition issues that
might shortcircuit the device. The etching was done in small steps and Auger electron
spectroscopy (AES), a surface- and element-sensitive technique, was used to precisely
determine the etching depth.

We used a four-step UV lithography process developed and optimized in our institute by
my colleague Filip Schleicher. In what follows, I’ll describe in more details each of these
steps.

3.1.3.1 Step I: Pillars definition

The first step consists in defining junctions pillar and contact pads of the lower electrode.
A mask that consists of circular (for pillars) and rectangular (for contact pads) opaque
patterns on a transparent background is used as shown in Figure 3.1. In panel (a), the
lithographic mask is placed in contact with the sample formerly covered with resist. The
sample is then insulated with UV light. Panel (b) shows the sample after development
of the UV exposed resist, we can see that only the desired pattern is left on the sample.
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Figure 3.2: Step II, Bottom electrode definition: Schematic view of (a) sample with
resist defining the bottom electrode (UV insulation step not shown) as introduced in
the etching chamber and (b) sample after etching, lift-off and cleaning in ultrasonic
bath.

The sample is then introduced in the etching chamber, where Ar* ions will etch the sam-
ple down to the middle of the insulating MgO layer. The etching is done in small steps
interspersed with Auger electron spectroscopy measurement to control the etching depth.
Samples are tilted with an angle of 45° and rotated to ensure homogeneous etching and
avoid redeposition issues on the sides of the pillars.

An important point in this step is to stop the etching within the insulating barrier as
etching beyond would decrease the thickness of the lower electrode, affecting both its
magnetic and electrical properties. Moreover etching the bottom electrode can result in
redeposition of conductive material on the side of the insulating barrier within the pillars
and cause a device short-circuit. Panel (c¢) shows the sample after removal of the resist and
proper cleaning with ethanol and acetone ultrasound bath.

3.1.3.2 Step II: Lower electrode definition

The next step is similar to step 1 except that the resist pattern now defines the shape of
the lower electrode as shown in panel (a) of Figure 3.2. It also protects pillars and pads
defined previously. Again, the sample is introduced in the etching chamber and etched
down to the substrate. Just as for step I, over-etching is not desired as it can make the
substrate conductive. Contacts made with the wedge bonder usually go through the stack
down to the substrate and consequently conductive substrate can cause shortcircuit during
electrical measurements.

3.1.3.3 Step lll: Passivation layer deposition

To avoid shortcircuiting the pillar when contacting the bottom and top electrodes, the sam-
ple is covered with a 150 nm thick layer of SiO,. The passivation layer is deposited on
the whole sample except where electrical contacts are desired. In order to do that, resist
is deposited to define SiO, openings on pads and pillars where metallic contacts will be
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Figure 3.3: Step III, Passivation layer deposition: Schematic view of (a) sample
with resist defining SiO, openings on pads and pillars for electrical contact and (b)
sample after SiO, deposition and lift-off.

deposited in step IV, as shown in panel (a) of Figure 3.3. The sample is introduced into
a commercial rf-sputtering system to deposit the insulating layer from a two inch SiO,
target.

The resist lift-off after the deposition can be problematic. Actually, the resist is damaged
to some extent during the deposition and the small pattern size on pillars makes the lift off
difficult. In addition to that, the SiO, layer has a limited adhesion on the sample that
precludes the use of ultrasonic bath. The samples were simply immersed in acetone bath
at room temperature for few hours to dissolve the resist. Panel (b) shows the sample after
lift-off and cleaning.

3.1.3.4 Step IV: Electrode deposition

In order to electrically contact the sample, it is necessary to pattern electrical circuitry atop
the structure. As some experiments in this thesis involve excitation of MgO in a working
device with coherent light, it is desirable to have as little material as possible on top of
the structure. In order to clear the optical path, our collaborators reduced the capping lay-
ers and top electrode thickness as much as possible, while maintaining identical physical
properties of the device. We also slightly modified the fourth step of the lithography pro-
cess in order to create an optical opening on the top electrode. Some reference junctions,
without optical opening, are defined on the same lithographic mask in order to estimate
the impact of this modification.

As shown in panel (a) of Figure 3.4, the sample is covered with resist except on pads
and on rectangles above the pillars that define the top electrode contact. It is important to
note the presence of resist on pillars that allow optical access. In order to ensure electrical
contact between top electrodes and pillars, the radius of the circular resist pattern is smaller
that the radius of the SiO, opening defined in step III (see inset of panel(b)). The sample is
introduced in a commercial Plassys MEB 550S metallic evaporation system and a Al(110
nm)/Au(35 nm) bilayer is deposited. Alis used for lower metalization layer due to its better
adhesion to the passivation layer. Gold is chosen to protect the Al layer from oxidation
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Figure 3.4: Step IV, Metalization: Schematic view of (a) sample with resist defin-
ing top electrode openings on pillars for optical access and (b) sample after metal
deposition and lift-off. The inset of panel (b) represents a top view of the optical
access on the pillar.

and enables good wire-bonding.

What is presented from step I to IV is in fact a small portion of the lithographic mask
used in the laboratory. The real mask consists of ten such structures. It allows to pattern
more than a hundred junctions in one process. Thanks to the development and optimization
of the process over several years, the success rate of the process is very high. Figure 3.5
shows a sample after processing. The inset shows a top view over a pillar.

More details on lithography parameters can be found in section I1.4.2 of Schleicher’s
thesis 8.

r'" mllum

_"1!'

Figure 3.5: Processed sample: Picture (top view) of a sample after the four lithogra-
phy steps.
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3.2 Magnetotransport experiment

3.2.1 Setup general description

The setup is composed of standard elements necessary to measure the interplay between
magnetic and electric properties of magnetic tunnel junctions, namely a cryostat, two mag-
nets, a proportional—integral-derivative (PID) temperature controller, a source meter, a
pumping and a cooling system (not shown) as shown in Figure 3.6.

In addition to the standard apparatus, the setup also have distinctive features: the cryo-
stat is equipped with optical windows and mounted on a rotation plate, an optical table
is coupled to the shelf of the cryostat, four precision motors allow XYZ displacement of
the cryostat and magnets and finally an electrical multiplex transmitter will be briefly dis-
cussed later. In what follows I’1l discuss in more details the different apparatus operation,
integration and calibration.

3.2.1.1 Gifford-McMahon cycle

Our cryostat is a pneumatically driven two stage Gifford-McMahon refrigerator (see Fig-
ure 3.6). The expander is the key component, as it is where the cooling takes place. A
cold finger is directly attached to the second stage of the expander and cooled to 4.2K. A

(G

He
compressor

~—| Vacuum Shroud
200 4 ] 07\ Cold Finger
Temperature controller
P Sample Holders [* \ 77K Shield
\",»

%
Optical Skirt —f'\,:

Figure 3.6: 4K Gifford-McMahon cryostat: Standard magnetotransport bench com-
posed of a cryostat, a temperature controller, a source meter, two magnets (not
shown) and a computer with a LabView control program (not shown). Other ele-
ments such as an electrical multiplex transmitter, motors, optical tables and optical
elements are not shown.
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radiation shield is fastened to the expander’s first stage and cooled to 77K (77K shield).
It protects the cold finger from room temperature thermal radiations. Finally, a vacuum
shroud protects the sample environment and limits thermal load due to conduction and
convection. The radiant shield and the vacuum shroud allow for optical access on the ver-
tical sample. Thirty four copper wires are electrically connecting both samples holders,
two temperature sensors and the heater.

The operating principle of the cryostat is based on the Gifford-McMahon (GM) cycle.
For the sake of simplicity, the thermodynamic equations will not be addressed, only the
basic functioning of a single stage GM cooler will be explained. The principal components
of the expander (or coldhead) are represented in Figure 3.7. It consists in a chamber were
the gas can be compressed or expanded, a regenerator (usually a porous body through
which the gas passes back and forth), a displacer (piston), high and low pressure valves, a
rotating valve and finally a motor allowing to drive the displacer. A compressor supplies
the cold head with high pressure He. In the case of our cryostat, the regenerator and the
displacer are combined (the diplacer, usually a cylinder, contains the porous material). The
rotating valve allows pressure variation by opening and closing the high pressure inlet and
the low pressure exhaust and is carefully synchronized with the motion of the displacer.
The GM cooling cycle can be divided in four steps schematized in Figure 3.7:

1. Panel (a): The cycle starts with the displacer-regenerator down. The high pressure
inlet is opened, letting high pressure He fill the upper part of the chamber. The whole
system is at room temperature.

2. Panel (b): With the high pressure line opens, the displacer-regenerator starts to move
upwards forcing the gas through the regenerator. (Note that if it’s not the first cycle,
the regenerator is already cold and will cool the gas at constant pressure, see step 4).

3. Panel (c): While the displacer is up, the High pressure valve is closed and the low
pressure valve is opened. The high pressure gas in the lower part of the chamber will
be able the extend and cool (Joule-Thomson process). Some gas is also forced to the
exhaust through the regenerator hence generating work (impairs efficiency). This is
the main cooling step, by direct thermal contact the gas will drive heat out of the cold
finger.

4. Panel (d): Finally the displacer moves down forcing the gas to go through the regener-
ator. This process cools the regenerator (in turn, the regenerator cools the gas in step
2).

It’s the constant repetition of this cycle that allows the system to cool. In the case of
multiple stage GM coolers, each stage is fed with low pressure gas from the previous one,
and all the displacer-regenerators move in phase. Our cryostat is composed of two stages.
The first stage reaches 80 K (cools the radiation shield) while the second stage reaches
temperatures as low as 2.9 K (cools the cold finger).

GM coolers have several advantages over other architectures. They work in a closed
loop and can be used for extended periods of time without need of maintenance or He re-
filling. They require simple equipment for functioning and are cheaper than other systems
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Figure 3.7: Gifford-McMahon cycle: (a) the high pressure He line is opened (b) the
displacer (D) moves to the top position, forcing high pressure He to the lower part
of the chamber through the regenerator (R). Panel (c), the rotating valve (RV) opens
the low pressure He line. The gas is allowed to extend and cools by Joule-Thomson
process. Panel(d), the displacer returns to initial position, the cold gas is forced
through the regenerator. It cools the regenerator and leaves the expander at near
room temperature.

with comparable cooling power. Drawbacks are also multiple: GM coolers are mechan-
ical refrigerators. The motor of the rotating valve and the movements of the displacers
induce vibrations. These vibration are transmitted to the shelf of the cryostat and possibly
to all other instruments in direct or indirect contact with the shelf. But vibration are also
transmitted directly to the second stage of the cryostat and cause the vibration of the sam-
ples themselves. The amplitude of the vibrations are on the order of 20 um (5 um) parallel
(perpendicular) to the axis of the cold finger. GM coolers are suited for experiment where
vibrations of 10-20 um are acceptable. For experiments where sensitive apparatus are used
(precision optics, spectrometers etc...) one has to decouple the expander from the body of
the cryostat. In our case, it would be rather complex because additional position motors
should be added and their movements synchronized with existing motors in order to move
the upper and lower part of the cryostat at the same time.

Our cryostat uses internal pressure differential to move the displacer, it reduces general
vibrations of the whole structure. We also installed pneumatic anti-vibration columns to
further reduce vibrations transmitted through the mounting flange to the optical table.
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3.2.2 Calibration and automation
3.2.2.1 Temperature calibration

Temperature dependent measurements, such as most of this thesis data sets, are an impor-
tant tool to characterize the impact of defects on nominal material properties. In order to
extract precise quantitative values, it is essential to measure the temperature as precisely
as possible.

A resistive heater placed around the the second stage of the expander allows temperature
control. Three output ranges are available, 0.5, 5 and 50 Watts. The heater is coupled to
a Lake Shore cryotronics 332 PID controller. Two sensors allow temperature reading in
two different places of the cryostat: the first one is placed on the heat station of the second
cooling stage (at the top of the cold finger), while the other one is placed at the end of
the cold finger, next to the sample holders. The latter gives the closest value to the real
sample temperature. However, three thermal interfaces between the sample and the cold
finger can worsen thermal conduction and lead to wrong temperature readings: (i) the
sample holders are tightened to the cold finger with molybdenum screws (i1) samples are
glued on chips identical to sample holders, the chips are plugged on the sample holders
with twelve copper contacts (iii) finally, samples are contacted to the copper contacts of
the chip with 200 um thick aluminum wires. Even if the temperature sensor is close to the
sample holders, the real sample temperature can still be very different.

To measure the real sample temperature (hereinafter simply referred as sample tempera-
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Figure 3.8: Temperature calibration: Temperature of the heat station (black line)
and extrapolated real temperature of the top sample (red line) as a function of
command temperature (set by user). Error bars lie within the thickness of the line.
The real temperature was interpolated in two different regions. The inset shows the
difference between both temperatures. The temperature offset is not constant and
shows complex behavior within the whole temperature range confirming the need
of an accurate temperature calibration.
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ture), we glued a calibrated temperature diode on a chip using the same glue and the same
electrical contacts as for standard samples. We then swept the temperature from 10 K to
300 K with steps of 3 K, measured the diode’s voltage and extrapolated the real tempera-
ture for both sample holders. For each step, the temperature was stabilized for ten minutes
in order to ensure thermal stability. We measured the voltage for three minutes, allowing
to get statistics and verify that there was no temperature drift.

Results for the top sample are presented in Figure 3.8. The temperature of the heat
station and of the sample are plotted as a function of command temperature. The inset
shows the difference between both temperatures (AT). At low temperatures the sample
temperature is underestimated (AT = 4K): there is a rapid increase in AT at 22K. This
sharp increase is concurrent to a change in the output power range of the heater from low
(0.5 W) to high (50 W) power. AT then decreases monotonously from 58K to 256K,
where it reaches 0 K. At 256 K the sample temperature starts to be overestimated and
AT ~ —-2K at 300K. The sample temperature was interpolated and polynomial parameters
were integrated to the acquisition program such that the real temperature was directly
accessible to measurement protocols.

According to the specification of the cryostat, a base temperature of 2.9 K is accessible.
However, optical access requires optical windows on the skirt of the cryostat and holes in
the 77 K radiant shield, both modifications increase the apparatus base temperature. With
the optical skirt, as it was, the base temperatures were 15 K and 33 K for the bottom and
top sample respectively. Due to the optical windows and holes in the 77 K shield, the top
sample is more exposed to room temperature thermal radiations and its base temperature
is higher compared to the more protected bottom sample.

In order to increase the performance of the cryostat, we performed two modifications.
We closed one hole in the 77 K radiation shield. We also drilled the back of the chip on
which samples are glued and increased the height of the Molybdenum screws head to put
the sample as close as possible to the screw (they are now separated by a few hundred
microns of PCB). With the latter modifications, we were able to reach base temperature of
10 K and 16 K on the bottom and top samples respectively.

3.2.2.2 Dilation of the cold finger and optical device tracking

Results presented in Chapter 5 involve temperature dependent optical measurements on
micron-size junctions. In order to realize such experiments, the position of the light source
and the sample have to stay fixed. However, when the temperature is changed, dilata-
tion/contraction of the cold finger makes this task tedious and difficult. In order to ease
the measurement protocol we calibrated the dilatation of the cold finger as a function of
temperature.

In order to do so, we used a magnifying lens coupled to a digital camera to take pictures
of a sample placed on the cold finger while sweeping the temperature from 10 K to 320 K
with steps of AT = 10 K. Again, the temperature was stabilized for ten minutes in order
to make sure that the system was stabilized. We then digitally processed each picture with
ImagelJ, an open source image processing software. Four reference points were monitored
and averaged to extract the dilatation. Results are presented in Figure 3.9. The dilatation
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Figure 3.9: Dilatation calibration: The dilatation of the cold finger as a function of

temperature was extracted by processing digital images of the sample taken while
sweeping the temperature.

curve was interpolated and polynomial parameter integrated to the main control program.

The setup is equipped with four precision motors allowing XYZ displacement of the
cryostat and displacement of the magnets in the X direction. An independent automaton
controls the position of each motor. In order to have full control over the position of the
sample in our experiment, we interfaced the program controlling the motors to the main
control program.

The control program allows to align several devices on the fixed laser spot and save their
position in space. The control over the motors allows to switch between devices during
optical studies, i.e. optical multiplexing. Thanks to the dilatation calibration, the main
program is also capable of dynamically correcting the position of the cold finger when the
temperature is changed, and maintain the device under the laser spot.

3.2.2.3 Electrical multiplex transmitter

The optical multiplexing introduced before is useful only if we can, in parallel to that,
automatically switch the electrical contact to the device under the laser spot, i.e. electrical
multiplexing.

Twenty four wires connect the sample holder for electrical contact on the sample. This
allows to connect ten (five) devices in two (four) points mode. The connector of the wires
is plugged to an electrical multiplex transmitter, or a multiplexor, developed in our insti-
tute by V. Davesne and P. Panissod. To keep it simple, the multiplexor acts as a relay
between the sourcemeter and the sample and allows to switch automatically between de-
vices contacted on the sample. More details on the circuitry and the working principle of
the multiplexor can be found in section III.7 of V. Davesne '? thesis.

By combining electrical, optical multiplexing, control of the position of the sample
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Parameter Equipment Implementation
Magnetic field Magnet x2 Calibrated, Hardware and Software
Hall probe x2 Calibrated, Hardware and Software
Magnet positioning Precision motor Hardware and Software
Electrical Keithley 2636 sourcemeter Hardware and Software
Multiplexor Hardware and Software
Temperature Temperature sensors Calibrated, Hardware and Software
Resistive heater Calibrated, Hardware and Software
Optical Lasers Hardware and Software
Motorized rotation Hardware and Software
Other optics Hardware
Sample positioning Three precision motors Hardware and Software
Cryostat Rotation plate Hardware

Table 3.1: Appartus integration: This table summarizes parameters accessible to
the setup, ensuing apparatus needed and their implementation. More details can be
found in the text.

and the dilatation calibration, it is possible to perform automated temperature dependent
magnetotransport experiment coupled to optical excitation on several devices.

3.2.2.4 Setup automation

As it was already mentioned previously, a lot of external parameters are involved in our
experiment. The control over each parameter involve integration of one or several devices.
Table 3.1 summarizes the list of equipment integrated to the setup. In this framework,
probing the interplay between parameters becomes complex and difficult from an experi-
mental point of view. In order to make the task possible, we systematically automated the
experiment when it was possible. To do that, we wrote an advanced control and acquisition
program in LabView. The program will be described in the following.

All the apparatus are integrated in a modular way. What it means is that all measure-
ment protocols have access to external parameters so that we can probe one parameter
while changing all the others easily. Standard protocols such as I(V)s, R(H)s and R(T)s
are integrated to the main program. All protocols can be saved in a database, are editable
and can be quickly reused. They can be used independently or integrated within a macro
that will execute user defined lists of protocols and change to external parameters. Since
the cryostat doesn’t need He refilling or maintenance, it is possible to define macros that
will measure for weeks. Results presented in Chapter 4 were carried out by taking advan-
tage of the aforementioned programmable features as well as electrical multiplexing and
temperature control.

For optical measurements, in addition to lasers and focusing optics, two motorized ro-
tation stages and a shutter were integrated. The angle between the two rotation stages
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is synchronized. When a combination of quarter and half wave-plates is used the setup
allows full control over the light polarization state (angle of linearly polarized light and
circularly left and right polarized light).

More complex protocols involving optical parameters were developed. Two protocols
involve measurement of current as a function of light polarization state called SHI and
SHI++. Two protocols were also developed to ease optical measurements: (i) a 2D mesh
allowing XZ scan in order to quickly align the device with the laser spot (ii) and a Knife
Edge protocol that allows to determine the shape of the laser spot.

Finally, the program also features real time monitoring of the sample allowing to change
all the external parameters to quickly extract useful information on the device under study.

3.3 Synchrotron Experiments

During the timespan of my PhD, my institute was in charge of developing a new technique
on the DEIMOS beamline at the SOLEIL synchrotron in Paris. The goal was to design
a new insert?” allowing electrical access on the materials under study and compatible
with the beamline capabilities. In the following section I first briefly describe the setup
of the DEIMOS beamline and the principle of XAS measurements, I'll then discuss some
technical aspect of the versatile insert and finally explain how we interfaced our homemade
magnetotransport experiment to the DEIMOS setup.

3.3.1 DEIMOS X-ray absorption spectroscopy setup

DEIMOS, acronym that stands for Dichroism Experimental Installation for Magneto-
Optical Spectroscopy, is a beamline located at the SOLEIL synchrotron facility that pro-
vides a large brilliance polarized and coherent X-ray source.

DEIMOS is dedicated to soft X-ray dichroic measurements. The principle of dichroic
measurements is to compare two X-ray absorption spectra for two different sample mag-
netic states or two different light polarization states. The technique allows to get quanti-
tative information on the sample’s electronic and magnetic properties. Since the principle
is to compare measurements made at different times and potentially look for very small
effects, the beamline was specially designed for stability and reproducibility2°!->*2, The
insertion devices (undulators) and other optics where specifically chosen to get light with
very high polarization rate. A turbo-scan (on the fly measurement) was also developed in
order to minimize the acquisition time and the impact of instabilities due to experimental
environment?%%,

When an electromagnetic wave interacts with matter, several processes can occur. Fig-
ure 3.10 shows the cross section of possible light-matter interactions as a function of im-
pinging photons energy. We can see that within the soft X-ray energy range accessible on
the DEIMOS beamline, i.e 250-2500 eV, the cross section of photoelectric absorption is
order of magnitude larger than other cross sections and that we can, in first approximation,
neglect other processes.
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Figure 3.10: Cross sections of light-matter interactions: Cross section of the pho-
toelectric absorption, Thomson and Compton scattering, electron-positron pairs
creation and photomolecular absorption as a function of photon energy. Within
the soft X-ray range, the photoelectric absorption is order of magnitude higher
than other processes. Figure taken from C. Felix’s thesis>**.

The photoelectric effect is the property of a material to emit an electrons upon absorbing
a photon. From quantum mechanics, we know that electrons, when bound to atoms, have
discrete energy states allowed. From the law of conservation of energy, it is easy to con-
ceive that in order for an electron to absorb light, the photon energy must equal the energy
difference between the electron initial and final state. It is the reason why the photoelectric
cross section shows resonance peaks at element specific energies.

When the photon energy exceed the electron binding energy, electrons can be excited
to the continuum. It is possible to study the outgoing electrons and get surface sensitive
and core-shell information on the sample. The technique is called X-ray photoemission
spectroscopy (XPS). However, we focused on X-ray absorption spectroscopy that will be
described in the following.

X-ray absorption spectroscopy (XAS): In this thesis we focused on the absorption
coeflicient of the material under study. In general, there are three ways to measure the
absorption or quantities proportional to absorption. The first one consists in a direct mea-
surement of the X-ray transmission through the sample. It is experimentally realized by
placing a photon detector behind the sample but is limited to thin samples only. A second
technique consist in measuring the photons resulting from electrons and X-ray induced
core-holes recombination, called the total fluorescence yield (TFY). Finally, it is also pos-
sible to gain information on absorption by measuring the electron current generated by
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X-ray absorption.

To measure this current, one can either measure electrons outgoing from the sample
(photo-, Auger and secondary electrons) or measure the compensation current from the
ground to the sample. The former technique requires an electron detector in close proxim-
ity to the sample with the limitation of a restricted solid angle. The latter technique is free
from this limitation and easier to implement experimentally as it only requires to contact
the sample to the ground. This technique is called the total electron yield (TEY).

DEIMOS beamline offers the possibility to use either of these techniques. In the fol-
lowing I’ll briefly describe how electronic and magnetic properties can be extracted from
dichroic XAS measurements.

Light matter interaction and dichroism: Dichroism is the property of a material
whose absorption depends on the light polarization. Linear dichroism (LD) can be de-
fined as the difference between the absorption of light polarized parallel and polarized
perpendicular with respect to an orientation axis. It is used to characterize an eventual
anisotropy of the charge distribution in the sample under study. LD arises from the inter-
action between the electric field E of light and an anisotropic charge distribution through
the so called search light effect. By changing the polarization, the electric field E searches
for the direction of maximum and minimum number of empty states.

In nonmagnetic materials, the charge distribution can be anisotropic due to the atomic
environment (bonds), in which case we talk about natural linear dichroism (XNLD). In
magnetic samples, an additional anisotropy due to the magnetization axis can also result
in anisotropic charge distribution, in this case we talk about magnetic linear dichroism
(XMLD). In all cases, linear dichroism (LLD) arises from nonspherical charge distribution.
When both effect coexist, it is possible to separate each contribution by temperature de-
pendent measurements or, in the case of ferromagnets, by applying an external magnetic
field.

Similarly to linear dichroism, circular dichroism (CD) is defined as the difference of
absoprtion between circularly left (CL) and circularly right (CR) polarized light. When
used to characterize magnetic materials, the technique is called X-ray magnetic circular
dichroism (XMCD). XMCD arises from the fact that CR and CL polarized photons transfer
opposite momentum to excited electrons, and thus excite electrons with opposite spins.
When the density of final states is different for spin up and down electrons (e.g. the 3d
shell of transition metals), the absorption of CR and CL light will be different and XMCD
will provide detailed information on the magnetic properties of the sample.

As an example, well consider the transition of an electron from 2ps,; and 2p;), lev-
els to a stoner split 3d empty state (namely L3 and L2 edges respectively), as shown in
Figure 3.11. If we assume that the transition probability is proportional to the number of
initial and final states, the L2 and L3 edge intensity have to be proportional to the number
of valence 3d holes (available final state). Moreover, because the excitation process is spin
dependent, it is possible to relate the difference of the acquired spectra (dichroic signal) to
the 3d shell spin up and spin down holes imbalance. It is possible to preferentially excite
either spin population by changing the helicity of circularly polarized light, or equivalently
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Figure 3.11: Origin of XMCD: On the left panel: Core shell 2p3,, and 2p, ;, electrons
are excited to a Stoner-split 3d valence band (typically a 3d transition metal) by
circularly polarized photons. Depending on the photon helicity, spin up or down
electrons will be excited. The polarized 3d valence band will act as spin detector.
One can equally change the photon helicity or change the sample magnetization
direction. On the right: XAS spectra measured for parallel (blue), perpendicu-
lar (gray) and anti-parallel (orange) helicity-magnetization alignment. With the
sum rules?® | it is possible to extract magnetic and electronic quantities form the
difference of these spectra. Figure taken from Stohr and Siegmann 2%,

by keeping the helicity constant and changing the sample magnetization. In order for the
photon to transfer angular momentum to the electron spin, both helicity and magnetization
axis have to be aligned to some extent, the XMCD signal will be maximum for a parallel
alignment.

To extract electronic and magnetic information from dichroic XAS measurements one
has to carefully analyze the equations governing light-matter interaction. In order to do
so, the time dependent perturbation of the electrons by the electromagnetic wave must be
considered. This interaction induces transitions of the electron from a ground state to an
excited state. The transition probability can be calculated using the fermi golden rule and
the electron-photon interaction Hamiltonian within the dipole approximation (i.e. the light
electric field is constant within the atomic range), that holds true for soft X-rays?%. A
model can be established for a particular system by appropriate choice of the initial and
final states wavefunctions. For example the tight binding model can be used for a final
state involving the 3d valence band. Some approximations, also specific to the considered
system, have to be made in order to calculate the the transition matrix elements. The
derived equations (dipole selections rules, sum rules etc...) allow to extract quantitative
information from dichroic measurements. The equations are beyond the scope of this
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thesis and will not be discussed here.

3.3.2 Versatile insert for in situ electrical probing

DEIMOS is equipped with a variable temperature insert allowing temperature variation in
the 1.5 K-370 K range. A new versatile variable temperature insert (V>TI) was designed to
increase sample environment capabilities by adding electrical wiring. Electrical wiring can
be used, among other possibilities, to apply voltage pulses to change the polarization of
ferroelectric samples or measure electrical voltages or current. The insert was developed
with the stringent requirements of the synchrotron environment but also to be user-efficient
and as accessible as possible. The specification of the V>TI can be summarized as follows:

e Simple and fast sample transfer in UHV conditions.

e Device temperature below 20 K.

e (°and 45°angles between incident photon flux and the sample surface plane.
e 12 wires connected to the sample(s) for users’ requirements.

Ability to easily electrically connect user devices using wire-bonding.
Electrically insulated sample to enable TEY measurements.

Figure 3.12 represents the V2TI sample environment.

3.3.3 Association of XAS and electrical measurements

In order to combine XAS measurements and electrical measurement on magnetic tunnel
junctions, we interfaced our mobile magnetotransport setup to the synchrotron experiment.
The mobile setup features the same elements as the regular setup discussed in Section 3.2,
that is a multiplexor and the same control program.

In order to combine both techniques we had to: (i) interface the connector of the V>TI
to the input of the multiplexor and (i1) somehow correlate data points measured by both
experiments. Since the synchrotron facility uses shared tools to collect and store data and
has a complex network architecture, it is very hard to access data in real time to relate
XAS and electrical points. To achieve point (ii), we used another approach. With took
advantage of the Network Time Protocol (NTP) used by the synchrotron to synchronize
both experiment. The absolute time difference AT between both setup is within + 10 ms.
The data were then related during data analysis by interpolating their values to absolute
points in time. This approach is valid as long as a 20 ms mesh in sufficient to interpolate
XAS and electrical points, i.e. the energy sweep is slower than AT and the number of
electrical measure (N,j) per energy point (N, ) is superior or equal to one, or N¢ > N,.

125



Chapter 3 Experimental techniques

Figure 3.12: V>TI immediate sample environment: (a) sample (dark blue), (b) sam-
ple PCB chip ready to be plugged in (g), (c) 12 electrical contacts, (d) teflon part,
(e) spring dot, (f) kapton flex, (g) sample holder PCB. Bottom: top view sketch
showing direction of photon and direction of magnetic field for both 0 ° and 45
°working positions. Figure taken from Joly et al. *%.
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Bias and temperature dependent
magnetotransport experiments on
CoFeB/MgO magnetic tunnel junctions

As it is detailed in the scientific motivations of this thesis (see Section 2.6), oxides are
promising materials to develop multifunctional devices and play a strategic role in current
and future applications. Moreover, it is widely accepted that defects have detrimental
effects on intrinsic material properties, and in general the presence of structural defects
is not desired. Although the presence of oxygen vacancies is often supposed in order to
explain the deviation of devices’ properties from the expected behavior, detailed studies of
the impact of such defects are scarce.

It is well established that removing oxygen atoms from the MgO crystal results in po-
tential wells acting as electron traps (see Section 2.4.2). The charge state of these point
defects may vary, resulting in a variety of different localized states that span the forbid-
den energy region of the dielectric. Additionally, these defects can be in their ground or
excited state or may interact with each other and form double oxygen vacancies. In this
chapter we aim to unambiguously identify the impact of specific defect populations in-
duced by oxygen vacancies on the electrical properties of CoFeB/MgO/CoFeB magnetic
tunnel junctions. MgO is a comparatively simple oxide, it is investigated for its interesting
properties and is one of the most studied oxide. As such, MgO represents a canonical
system ideal to investigate the impact of oxygen vacancies.

In order to examine the impact of oxygen vacancies on the electrical properties of our
devices, we first measured the photoluminescence (PL) properties of our sputtered MgO
thin films and establish the potential landscape, including the energy position of localized
states, by confronting our results to several models proposed in the literature and discussed
in Section 2.4.3.1.

We then measured the magnetic and electrical properties of our CoFeB/MgO/CoFeB
MT]Js. In particular, we used an experimental technique in order to determine the effective
barrier height felt by tunneling electrons which is free of the deficiencies inherent to fitting
techniques based on the WKB approximation. Indeed, semi-classical models based on the
WKB approximation such as Brinkman’s or Simmons’ formula suppose a simple potential
step to model the tunneling barrier and do not take into account the electrical band structure
of the dielectric nor the presence of localized states.

Results presented in this chapter will be discussed from the point of view of a published
paper'®?. In this paper, we propose a scenario in which electrons tunnel with respect to
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the energy position of localized states in the band gap of MgO. The signatures of specific
localized states on the electrical properties of the device are identified by comparing the
electrical and optical measurements and various discrepancies present in the literature are
discussed from the perspective of tunneling mediated by localized states.

In parallel to the interpretation of the paper, the discussion will focus on the deficiencies
and weaknesses of the aforementioned model. In particular, we’ll see that a misconception
concerning the optical activity of point defects in crystals lead to the misinterpretation of
the photoluminescence spectra, which in turn weakens the model. Finally, some predic-
tions proposed in our paper!® are discussed from the the point of view of the detailed
overview made in Chapter 2.

4.1 Optical activity of sputtered MgO thin films

4.1.1 Overview of the literature

Before presenting our photoluminescence (PL) experiment, we first summarize PL and
models reported in the literature and discussed previously (see Section 2.4.3.1). Figure 4.1
reviews absorption and emission bands related to ' and M centers. Energies related to
absorption and emission processes are summarized in Table 4.1. Concerning the emission
of F' centers, two models discussed in Section 2.4.3.1 are represented in Figure 4.1.

We remind that the F/F* bands are characterized by two main features: (i) both F
and F* states absorb 5eV photons and emit 2.3eV and 3.2eV photons respectively and
(1) although the optical transition between ground and excited states is allowed, and thus
expected to be short lived, emission bands can be detected long times after excitation
(several seconds).

In order to explain these experimental observations, Rosenblatt ef al. suggest the exci-
tation from the ground F/F™* states to excited states located 5 eV higher in energy. Since
electronic transitions are much faster than the motion of atoms in the crystal, electrons
are promoted to unrelaxed excited states. After the optical transition, neighboring Mg**
and next neighbors O* accommodate for the additional electrons energy and the system
evolves towards relaxed excited states. Electrons can then radiatively recombine to un-
relaxed ground states, after which the system will non-radiatively evolve towards relaxed
ground states. This process accounts for the strong Stokes shift of F/F* centers, it is
further discussed in Section 2.4.3 and summarized in Figure 2.27(b).

In order to explain the long-lived PL signal, Rosenblatt et al. propose an additional
mechanism occurring during this process. They suppose that unrelaxed excited states are
located just below the conduction band minimum (CBM). When electrons are promoted
to excited states, they can either recombine to ground states through the aforementioned
process or ionize to the conduction band. In the latter case, electrons can be localized
on trap centers located near the CBM (not shown) for long times. Trapped electrons can
reionize to the conduction band and effectively act as an electron sink available for F and
F* emission and explain the long-lived PL that characterizes these bands.

The only deficiency of this model concerns the large Stokes shift of 2.7 eV correspond-

130



4.1 Optical activity of sputtered MgO thin films

Rinke’s model
Conduction band minimum

| TiTF T Unrelaxedstates ¢ 4 e T
: : : : i
3 4 Non-radiative M* -
relaxation i i Y s
2 - Fr | FHe - " F*
~35el ~3.81eV
~ 1 - F* ~2.8eV
% ~32eV ~3.2eV ~3.3eV
—~ y ~N
~2.3¢eV
=0 —®
84 2+ D
| i ~5eV ~5|eV M ™ M. <
S +L F* 4 F
| F/F
- /) g J
-2 Y
Rosenblatt’s model ~3.6el Optical activity
of M centers
-3 ~2.1eV
Y

Valence band maximum

Figure 4.1: Optical activity of MgO: This figure summarizes absorption and emis-
sion peaks induced by F and M center in MgO. Two models for the emission of F'
centers, discussed in Section 2.4.3, are represented. Additionally, the photolumi-
nescence of M and M>* is also represented. Table 4.1 summarizes the absorption
and emission peaks of F and M centers.

ing to the F luminescence band'’!. We emphasize that it is the long lived PL signal and
the supposition that unrelaxed excited states are located just below the CBM that allows to
pin the F/F* ground states 5 eV below the CBM.

Two recent theoretical works'”>!73 confirm a possible 1.8 eV Stokes shift related to the
reconfiguration energy of neighboring Mg?* and next neighbors O* atoms, but infirm the
2.7 eV Stokes shift. In order to explain experimental observations, Rinke et al. !> propose
an alternative scenario also represented in Figure 4.1. In this model, both F' and F* centers
absorb at 5eV and luminesce at 3.2eV. The 2.3 eV emission is related to the excitation of
holes in the valence band to the ground F center. Moreover, an additional absorption band
related to the excitation of electrons in the valence band to singly occupied ground states
of F* centers is predicted. The only shortcoming of this model pertains to the presence of
holes in the valence band (VB). Actually no mechanism explaining the creation of holes
in the VB with 5 eV photons is proposed.

In addition to F centers, the hypothetical optical activity of double oxygen vacancies
(denoted M centers) is also represented in Figure 4.1. Although several papers ascribed
luminescence peaks to M centers !6%170:177-184.207.208 - qoyble oxygen vacancies attracted
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Center Absorption Emission Th. Absorption Th. Emission
F 5.03eV 167:169 2.3-2.5 eV 167:169 5eV 172173 3.45eV 172173
248 nm 500-540 nm 248 nm 360 nm
F 4.96 eV 167169 3.0 eV 167,169 4.96eV 172173 37 eV 172173
250 nm 387 nm 250 nm 335nm
M 3.5V 169.177,179,180 3.3V 169179 4.4 eV 18! /
354 nm 375 nm 282 nm /
M* / 2.61eV!'® 1.3eV and 3.8eV 3! /
/ 475 nm 954 nm and 326 nm /
M2 3.8] eV 169.177,178,180 7 eV 169178 / /
325nm 443 nm / /

Table 4.1: Optical activity of MgO: Absorption and emission peaks related to F and
M centers found in the literature as well as related references.

less attention than F' centers and their identification is not unambiguous. Conversely to F
centers, there are no experimental evidences (to our knowledge) that allows to locate the
ground or excited states of M centers with respect to the CBM or the VBM. Nevertheless,
recent calculations performed in our group suggest that the highest occupied state of M
centers is located approximately 0.3 eV below the gap center in FeCo/Co/MgO(7ML)/Co/
FeCo heterostructures.

Additionally, we would like to discuss how the energy levels of the various states were
determined and placed in the gap of MgO as represented in Figure 4.1. As it is discussed
above, configuration coordinate diagrams allow to qualitatively understand the excitation
and relaxation processes of point defects. We stress that PL. emission alone cannot be used
to locate ground and excited states relative to each other since the proportion of energy
lost to the crystal lattice during the excitation and recombination processes is unknown.
Some luminescence bands can be accompanied by zero phonon lines (ZPL) that occur due
to the direct relaxation between relaxed ground and excited states. The energy position of
ZPL allow to directly extract the energy difference between these states. However F' and
F* bands are not characterized by ZPL.

Nonetheless, in Figure 4.1 and in the rest of this chapter we assume that the relative
energy difference between ground and excited states of F' and F* states correspond to
the energy of their respective luminescence bands. As a qualitative estimate of the error
induced by this approximation, we can estimate the energy lost to the crystal lattice during
the relaxation process from the computed configuration coordinate diagram of Ertekin
et al.'”3. Typically, excited states can be ~ 0.6eV higher in energy compared to their
position in Figure 4.1

Finally, another source of incertitude concern the position of the charge neutrality level
(CNL) in MgO that will pin the electrodes Fermi energy to the MgO band gap. We choose
to pin the electrodes Fermi energy at midgap, which may be a good approximation for per-
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fect and isolated MgO. However, when MgO 1is sandwiched between metallic electrodes,
it is established that metal induced gap states (MIGS) might modify the position of the
CNL. Besides, the presence of localized states can also influence the position of CNL.

4.1.2 Temperature dependent photoluminescence of sputtered
MgO thin films

4.1.2.1 Photoluminescence spectra

The stack of the samples studied in this chapter are Ta(5)/Co(10)/IrMn(7.5)/FeCoB(4)/
MgO(2.5)/FeCoB(4.5)/Ta(5)/Pt(5) (numbers represent layers thickness in nanometer). All
layers are sputter deposited, a brief description of the sample growth is given in Sec-
tion 3.1.1. In order to determine which defect species are present in our MgO thin films
we performed photoluminescence experiment on Ta(5)/Co(10)/IrMn(7.5)/FeCoB(4)/MgO
(2.5) structures prepared under standard conditions.

A typical PL spectrum acquired at room temperature and using 3.81 eV (325 nm) light is
shown in Figure 4.2(a). We can see that excitation with 3.81 eV photons result in two broad
luminescence peaks centered around 1.7eV and 2.8 eV. The broadness and the complex
form of the higher energy peak suggest that it is a convolution of several luminescence
bands. The experimental spectrum (black line) is tentatively deconvoluted using a multiple
gaussian fit and result in four sub peaks located at 2.82, 2.56, 2.18 and 1.68 €V (color lines).
The cumulative peak (magenta) overlaps rather well with experimental points.
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Figure 4.2: Photoluminescence of rf-sputtered MgO thin films: A typical PL spec-
trum acquired at room temperature and using 3.81 eV (325 nm) photons energy is
shown in panel (a). The broadness and the complex form of the higher energy peak
suggest that it is a convolution of several luminescence bands. The experimen-
tal spectrum (black line) is tentatively deconvoluted using a multiple gaussian fit
(color lines). The temperature dependence of the PL spectra is plotted in panel (b).
See text for more details.
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The temperature dependence of the PL spectra is plotted in Figure 4.2(b). The energetic
position of all peaks is constant over the whole temperature range (10 K to room tempera-
ture). The two peaks at 1.7 eV and 2.2 eV (responsible for the shoulder of the experimental
peak) have a strong temperature dependence. Both luminescence bands decrease with in-
creasing temperature and are almost suppressed at room temperature (decrease of 70 % and
80 % compared to low temperature emission). The amplitude of the peak located at 2.6 eV
is constant while the magnitude of the peak located at 2.8 eV first increases between 10 K
and 140 K (+20 %) and then decreases between 140 K and room temperature (-20 %). In
the following section, we’ll briefly introduce the potential landscape proposed in our pa-
per ' in order to explain these PL spectra and discuss the limitations and approximations
of the model.

4.1.2.2 Interpretation

Similarly to Figure 4.1, we present another!*® potential landscape in the MgO band gap
in Figure 4.3 and discuss our initial interpretation of the PL spectra plotted in Figure 4.2
based on this model. We’ll first discuss the energy position of the various levels.

The F/F* ground states are located 5eV below the conduction band (1.2eV below
midgap), in line the literature and Figure 4.1.

F* centers are located 2.5eV above F/F* ground states, which is also consistent with
Rosenblatt’s model. However, we note that two possible luminescence bands are ascribed
to this state in Figure 4.3. This interpretation suggests that electrons can radiatively re-
combine between unrelaxed and relaxed excited state (while it is known that this process
is non-radiative) but also from the relaxed excited state to the ground state. This is in
contradiction with the well-established consecutive steps related to excitation and recom-
bination processes of point defects discussed in Section 2.4.3 and briefly summarized in
the beginning of this chapter (Section 4.1.1). We can see that ultimately, this interpretation
is consistent with the F* emission because it yields two emission bands at the same energy
and is compatible with the emission of F* states, nevertheless will see that it will be more
problematic for the emission of F'** states.

For similar reasons, we ascribed two emission bands to F** states. The first one is
supposed to result from the transition between the unrelaxed to the relaxed excited states
resulting in a 3.3 eV emission and the second one from the transition between the excited
state to the ground state, resulting in a 1.7eV band. However, all the studies related to
F~* states 195169207 " without exception, report a single emission band located at 3.3eV.
Additionally, no emission is reported at 1.7 eVfor this state.

Concerning the energy position of M centers in the band gap of MgO, we refer to the
theoretical work of Dominguez-Ariza et al. '8! in which the absorption band of M states is
calculated to be 4.4 eV. It is then supposed ' that the optical activity of M and F centers
are similar, i.e. we assume that the excited M* states are located near the conduction band
minimum and the ground state 4.4 eV below. We remind that F' centers can be located in
the band gap because of the long lived PL related to these bands, suggesting that unrelaxed
excited states are located near the CBM and thus the ground state 5eV below. However,
there is no report of time resolved PL of M bands to our knowledge, and thus there are
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Figure 4.3: Potential landscape in rf-sputtered MgO thin films: Potential land-
scape in rf-sputtered MgO proposed by Schleicher et al. '°. Differences between
this diagram and the potential landscape proposed in this thesis (see Figure 4.1) are
detailed in the text.

no experimental evidences that allows to locate the ground nor the excited state of these
centers with respect to the CBM or VBM. Moreover, Dominguez-Ariza et al. '8! emphasize
that their calculations are certainly overestimating the absorption energy of M centers, and
thus M* states will typically be lower in energy compared to their position in Figure 4.3.

Finally, the PL spectra measured on rf-sputtered MgO thin films and plotted in Fig-
ure 4.2 are interpreted using this (questionable) model. It is suggested that 3.8 eV photons
are sufficient to overcome the 7.8 eV gap of MgO by promoting electrons from the valence
band minimum to M centers located near midgap and in a second step exciting electrons
from M centers to their excited counterpart located near the CBM. The electrons in the
CBM can then successively relax to excited F* and F** centers, to ground F/F states and
finally to the VBM with the corresponding photon emissions.

Although the picture drawn in our paper!*° allows to explain the measured PL in terms
of F/F* emission, this interpretation is unrealistic for several reasons. To begin with,
we saw that the underlying process related to absorption and emission of point defects
were not interpreted correctly. Moreover, it is well established that F/F* centers have a
single absorption peak centered around 5eV 95716207 [t seems very unlikely that a 3.8 eV
excitation would result in F or F* luminescence. In particular, PL excitation spectra of

135



Chapter 4 Bias and temperature dependence of magnetotransport properties

F and F* emission bands measured by Uenaka and Uchino '®* show that these bands are

not excited by 3.8 eV photons. Besides, the fact that we suggest two emission bands for
F* centers located at 3.3eV and 1.7 eV while only the latter is present in the measured PL
spectra in also inconsistent.

Finally, it is interesting to note that absorption peaks in the 3-4 eV range are reported in
the literature '%%!77-180 but are related to absorption and emission of M centers. Actually, in
Figure 4.2 we can see that the higher energy peak in our PL spectra centered around 2.8 eV
is mainly composed of two sub-peaks located at 2.8eV and 2.6eV. Interestingly, the
absorption at 3.8 eV and these two emission peaks correspond very well to the emission of
M?*" and M™ centers (see Table 4.1). Only the lower energy peak at 1.7 eV is not explained
nor reported in the literature.

We’ll see that because magnetoresistive properties are interpreted in comparison to op-
tical measurements, the misinterpretation of the latter ones will also weakens the inter-
pretation of the former ones. In the following section, we’ll discuss in detail the bias and
temperature dependence of magnetotransport properties of our devices.

4.2 Magnetotransport experiments

4.2.1 Basic magneto-electric properties

Before device fabrication, the magnetic properties of samples are first characterized by
SQUID measurements. Figure 4.4 plots the magnetization curve measured at room tem-
perature on Ta(5)/Co(10)/IrMn(7.5)/FeCoB(4)/MgO(2.5)/FeCoB(4.5)/Ta(5)/Pt(5) (numb
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Figure 4.4: Magnetic properties of samples before optical lithography: All mag-
netic layers in our samples have in plane magnetization with the same easy axis
direction. We can see that the Co(10 nm) and CoFeB(4 nm) free layers are reversed
at small negative applied magnetic fields. The CoFeB(4.5 nm) electrode on top of
the [rMn(7.5 nm) antiferromagnetic layer is exchange biased and switches at larger
applied magnetic fields.
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Figure 4.5: Basic magnetoresistive properties of processed devices: The resistance
area (RA) product of many junctions with diameter ranging from 14 to 40 um is
shown in panel (a). The overall constant RA attests to the uniformity of our samples
and the quality of our fabrication process. Panel (b) plots the resistance of a typical
device as a function an applied magnetic field measured at room temperature and
for an applied bias voltage of V = 10mV. The typical room temperature TMR of
our devices is 110 % at 10 mV.

ers represent layers thickness in nanometer) stacks deposited on Corning 1737 glass sub-
strates.

The reversal of specific layers and the magnetic state of the CoFeB/MgO/CoFeB trilayer
are represented for clarity. All the magnetic layers have in plane magnetization with iden-
tical easy axis direction. Under a high positive magnetic field, all layers magnetization are
aligned in the direction of the applied field. The free Co(10 nm) and CoFeB(4 nm) layers
are reversed for very small negative magnetic fields, while the magnetization of the ex-
change biased CoFeB layer is reversed at larger values. The samples show good magnetic
properties required for TMR devices, i.e. well defined parallel (P) and antiparallel (AP)
device magnetic states.

Once the magnetic properties of samples are characterized, 144 magnetic tunnel junc-
tions with size varying between 14 um and 40 um are fabricated by standard UV lithogra-
phy. A detailed discussion of the fabrication process can be found in Section 3.1.3. The
resistance of each junction is measured using a probe station in 4-points mode and the
resistance area (RA) product is computed for each device. By definition, the RA product
is a quantity that depends only on the MgO layer thickness and the smoothness of the de-
posited layers, as such it is useful to control the uniformity of the samples as well as the
quality of the fabrication process. Figure 4.5(a) plots the resistance area product (RA) of
our sample. We can see that the RA product is uniform, attesting to the good quality of the
deposited layers and our fabrication process.

Finally, Figure 4.5(b) plots the resistance of the device as a function of applied magnetic
field. As expected from the magnetization curve, we can see that the device shows two
resistance states depending on its magnetic configuration and yields a TMR of 110 % at
room temperature and 10 mV applied bias voltage.
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Chapter 4 Bias and temperature dependence of magnetotransport properties

4.2.2 Considerations on the device barrier height

In addition to the basic magnetoresistive properties mentioned before, it is generally de-
sired to extract parameters related to tunneling barriers. These parameters can be obtained
by measuring the tunneling current (I) of a junction as a function of a bias voltage (V) ap-
plied across the device. The typical bias dependence of the tunnel current and the TMR of a
25 um magnetic tunnel junction measured at room temperature are plotted in Figure 4.6(a).

These curves are then fitted to theoretical models in order to extract the effective bar-
rier height of MTJs. The majority of works reported in the literature make use of models
based on the WKB approximation, namely Brinkman’s** and Simmons’*+% formulas,
that allow to extract the barrier thickness as well as the effective barrier height (see Sec-
tion 1.2.1.3). However, both formula are derived for perfect potential steps and within the
free electron approximation. In Chapter 1, we saw that the tunnel current depends on many
parameters such as the density of states in the electrodes and the electrical properties of
the tunnel barrier. Moreover, we saw in Chapter 2 that the electrical properties are also
very sensitive to many other intrinsic and extrinsic properties such as interfacial resonant
states, interfaces quality or localized states induced by impurities or defects in the tunnel
barrier. Although these models can yield satisfactory result for AIO (amorphous) based
MTJs?!%, they cannot be used to treat epitaxial devices and this is especially true for MgO
based MTJs in which the electrical properties of the insulating layer play a crucial role
in the transport properties. Actually, Miller et al. '* show that the use of such models in
MgO based MTIJs yield unphysical parameters.

In this thesis, we decided to take a different approach and based our analysis on a tech-
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Figure 4.6: Bias dependence of magnetoresistive properties and experimental
method to determine the effective barrier height: The bias dependence of tunnel
current of a MTJ in both P and AP magnetic states is plotted in panel (a). The bias
dependence of TMR is also shown (blue curve). Panels (b) and (c) illustrate the 1
hat method used in this thesis in order to determine devices’ barrier height. This
simple method consists in computing the temperature dependence between two I-
V curves measured at different temperatures (panel (b)) using 4.1. The resulting
peaks are located near the barrier height. See text for more details.
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4.2 Magnetotransport experiments

nique proposed by Rottlinder et al.>!! that allows to extract the effective barrier height
experimentally. This technique is free from the aforementioned deficiencies. The work-
ing principle is actually very simple and is represented in Figure 4.6 panels (b) and (c).
It consists in measuring two current-voltage characteristics at two different temperatures,
usually the lowest (7) and highest (7>) accessible to the system (Figure 4.6(b)) and then
compute the temperature dependence with the following formula:

1(T>)

I(T;Ty) = (—

T 1) x 100 4.1

The ensuing / (read I hat) curves are characterized by two maxima located at bias voltages
1.2 times larger the barrier height®!'! (Figure 4.6(c)).

The presence of peaks in the I curves can be understood by looking at Figure 4.7. As we
discussed in Section 2.2.1.1, applying a bias voltage on a MTJ result in a linear potential
drop in the insulating layer and a reduction of the average barrier height. As a conse-
quence, the tunnel current is increased. Besides, when the bias voltage becomes larger
than the barrier height (represented by grey dashed lines in Figure 4.7(a)), in addition to
the reduction of the barrier height the effective barrier thickness is also reduced and the
increase rate of / with increasing bias is further accelerated. It is this change in the tunnel
current increase rate that is actually probed by Equation (4.1). When temperature is in-
creased, the additional thermal energy provided to tunneling electrons causes the change

(a) (b) 1 T, (c)
= T,<T,

v

V,V, 4

v

Figure 4.7: Working principle of Rottlinder’s method: Applying a bias voltage
across a device cause a linear potential drop in the barrier and reduce the effec-
tive barrier height as shown in panel (a). As a consequence, the tunnel current is
increased. Besides, when the applied bias becomes larger than the barrier height
(dashed grey line in panel (a)), the tunnel current increase rate is further acceler-
ated. This is represented in the upper graph of panel (b) at V;. When the temper-
ature is increased (dashed red arrow in panel (a)), the additional thermal energy
provided to tunneling electrons causes the change in the increase rate of / to oc-
cur at slightly lower bias voltages. This is represented in the lower graph of panel
(b) at V,. The resulting temperature dependence computed using Equation (4.1)
and schematized in panel (c) is characterized by a peak, the position of which
corresponds approximately to the device barrier height. Adapted from Rottldnder
etal *'.
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Chapter 4 Bias and temperature dependence of magnetotransport properties

in the increase rate of / to occur at slightly lower bias voltages (see Figure 4.7(b)). As are-
sult, the relative current difference between two I-V characteristics measured at 7; and 7>,
with T} < T, is characterized by a peak, the position of which correspond approximately
to the device barrier height. This is schematized in Figure 4.7(c).

If we take a closer look at [, we can see that it is simply the relative change between
two currents measured at the same bias but different temperatures. More generally, the
presence of peaks in / can be viewed as the signature of thermally activated processes
between T, and T,. In this sense the interpretation of Rottlinder ef al.?!! is a particular
example of such processes. Actually, any process that would increase (or decrease) the
current upon temperature change would have an impact on I curves.

In Section 2.4, we discussed in detail the impact of localized states on tunnel current. In
particular, we saw that their impact was different depending on whether their energy was
close to the electrodes’ Fermi energy or not. Briefly, when tunneling electrons have an
energy close to that of the localized states, tunneling and localized electrons are resonant
and the current is greatly increased. Conversely, when they have distinct energies (nonres-
onant), localized states act as scattering centers, i.e. the properties of tunneling electrons
such as kj or the spin are not conserved and the symmetry filtering effect is deteriorated.

Put differently, localized states have exactly the same effect on / than the barrier height
discussed in Figure 4.7. When the bias voltage applied across devices is swept, tunneling
carriers can resonantly tunnel through the interaction with localized states in the band gap
of the insulating layer and the change in the tunnel current increase rate should induce a
peak in I curves.

In this respect, we decided to use Rottlander’s method in a more general way. We
actually measured the magnetotransport properties of our devices between 33 K and 250 K
with steps of AT = 3 K. Instead of calculating / between the lowest and highest accessible
temperature (absolute 1 hats or L), we did so between I-V characteristic measured at T
and T +AT (relative L hats or I,,;). This allows to probe the evolution of thermally activated
processes with a resolution of AT = 3 K. Besides, we also applied Equation (4.1) to TMR
spectra in order to probe the effect of temperature on TMR. Results are presented in the
following section.

4.2.3 Bias and temperature dependent measurements

In order to measure the bias and temperature dependence of our devices’ magnetoelectric
properties and explore the large parameter space involved by these measurements, we
used the magnetototransport experiment described in Section 3.2. We measured the bias
dependence of tunnel current of a 25 um MT]J in both parallel (P) and antiparallel (AP)
magnetic states from 7' = 33 K to 7 = 250 K with steps of AT = 3 K. We then computed
the temperature dependence between I-V characteristics measured at 7 and 7' + AT using
Equation (4.1). The resulting I, are plotted in the form of 2D color maps in the (V,T)
parameter space. Results for parallel (P) and antiparallel (AP) magnetic configurations are
plotted in Figure 4.8 panels (a) and (b) respectively.

In order not to alter or destroy our MTJs, we have found it necessary to limit measure-
mentsupto 7 = 150K at |[V| =2V andupto T = 250K at |V| = 1.3 V. In both P and
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Figure 4.8: Bias and temperature dependence of the tunnel current in the parallel
and antiparallel magnetic configurations: Following Rottlander’s technique and
using Equation (4.1), I,.; is computed for both P and AP magnetic states and plotted
in panels (a) and (b) respectively. We can see that a dominant peak impacts both
P and AP conductance at 0.8 eV. Both the bias position and amplitude of the peak
are extracted from these datasets and plotted in Figure 4.10(a).

AP, it is possible to distinguish the impact of a dominant peak centered around 0.8 eV at
positive and negative bias voltage. We remind that peaks in /,,; reveal thermally activated
processes due to an increase of temperature of AT = 3 K. Because the color scale of Fig-
ure 4.8 spans the whole temperature range, peaks with low amplitude at low temperatures
are not resolved. In order to circumvent this issue and get more quantitative information,
we extracted the peak maximum position and amplitude for both P and AP datasets. These
quantities are plotted in Figure 4.10(a), but will be discussed later, in parallel to similar
data extracted for TMR.

At each temperature, [-V characteristics are measured for both P and AP magnetic con-
figurations and the TMR is computed using Equation (1.12). The resulting TMR(V,T)
dataset is treated with the same approach. The temperature dependence of TMR is com-
puted with both

TMR (T)
TMR KT)=|————~ 1 1 42
abs 33 K T) (TMR(33K) )X 00, 4.2)
and
_ _ [TMR(T>)
TMRrez(T1,T2)—(TMR(T1) I)XIOO, 4.3)

Both TMR,;,; and T MR,,; are represented in figure Figure 4.9 panels (a) and (b) respec-
tively. The former dataset represents the TMR drop at a given temperature compared to its
value at the lowest temperature (33 K), while the latter corresponds to the TMR thermal
drop between T and 7 + AT with AT = 9K. Note that a AT of 9 K was chosen because
AT < 9K did not yield exploitable datasets owing to noise issues. Due to the fact that 1.
for P and AP are very similar, computing the TMR, T MR,;,; and T MR,,, is useful because
it generates more contrast to the effect of temperature on P and AP. From Figure 4.9(a) and
(b), we can broadly distinguish two temperature ranges. Between 33K < 7' < 140K the
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Figure 4.9: Bias and temperature dependence of TMR: The temperature depen-
dence of TMR is computed using Equation (4.2) and Equation (4.3). The absolute
and reltative TMR drops are represented in panels (a) and (b) respectively. We can
broadly distinguish two temperature ranges. First, between 33K < T < 140K the
maximal TMR drop occurs at 1.2eV and second, between 140K < 7" < 250K it
occurs at 0.8 eV. Similarly to I, datasets, the position and amplitude of the peak
are extracted and plotted in Figure 4.10(b).

maximal TMR drop occurs at 1.2 eV while between 140K < T < 250K it occurs at 0.8 eV.
Similarly to I, datasets, both the position and amplitude of the peaks in Figure 4.9(b) are
extracted and plotted in Figure 4.10(b).

We’ll now discuss in more detail the position and amplitude of peaks extracted from
I,.; and datasets T MR,,; plotted in Figure 4.10 panels (a) and (b) respectively. From Fig-
ure 4.10(a), we can see that both P and AP I, peaks shift rapidly from V = 1.1V to
lower bias voltage values within 33K < 7' < 80K. In the same temperature range, the

corresponding TMR thermal drop is centered at 1.2V, but its amplitude decreases, Fig-
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Figure 4.10: Peak positions and amplitude: Peak position and amplitude extracted
from (a) P and AP I, datasets and (b) the TMR relative thermal drop. Data for
both positive and negative bias voltage are shown. We remind that the position of

A

I,.; peaks corresponds to the energy position of a thermally activated process.
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ure 4.10(b).

Above 80K, the decrease in the I,.; peak position lessens, while the peak’s amplitude
start to increase markedly. Interestingly, the decrease of the peak position with increasing
temperature is not the same for the P and AP channels for 7 > 80 K. Concurrent to this
change in I,.; peaks at T = 80K is an abrupt change in the bias position of the maximum
in relative TMR thermal drop from 1.2 to 0.7 V. Moreover, the amplitude of the TMR
thermal drop, which was decreasing within 33 K < 7' < 80K, stabilizes before increasing
for T > 100K. This suggest the gradually increasing impact on magnetotransport of a
feature at V ~ +£0.7 V. Indeed, above 80K, this feature becomes more prominent in the
TMR thermal drop and at 100 K it totally dominates all other spectral signatures of TMR
decrease.

4.3 Discussion

In our paper!®, we interpret the temperature dependent magnetotransport experiment
based on the interpretation of PL spectra measured on our rf-sputtered MgO thin films.
However, our detailed discussion in Section 4.1.2.2 shows that a misconception concern-
ing the optical activity of point defects in crystals lead to the misinterpretation of the PL
spectra.

In this section, we first discuss in details the initial model proposed in the paper and
reveal deficiencies induced by the misconception of the optical activity of MgO. Secondly,
alternative models are tentatively proposed in order to explain the temperature dependence
of the magnetotransport properties.

4.3.1 Initial model and limitations
4.3.1.1 Model

Identification of peaks at 1.2 and 0.7 V: In our paper '°° we consider that the bias position
of I,.; peaks corresponds to the effective barrier height felt by tunneling electrons, i.e. the
barrier height is not defined by the intrinsic properties of the tunnel barrier, but by the
energy position of localized states. Datasets and results presented in Section 4.2.3 are
interpreted as follow (see Figure 4.10).

At low temperature, a feature located at 1.2 V dominates the transport properties. As
the temperature increases, an additional feature located at 0.7 V starts to impact the tunnel
current. This feature causes the shift of the I, peaks, or equivalently the shift of the
effective barrier height, to lower bias voltages within the 33K < 7' < 80K temperature
range. In this temperature range, the feature at 1.2V still dominates as inferred by the
maximum TMR thermal drop at 1.2 V. However, an abrupt change occurs at 7 = 80K
and the 0.7 V feature start to dominates. This is suggested by (i) the slowing down of the
I,.; peaks shift that stabilize around 0.7 V with the concurrent increase in peaks” amplitude
and (i1) the abrupt change in the bias position of the maximum in relative TMR thermal
drop from 1.2 t0 0.7 V.
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In this model, it is supposed that the aforementioned thermally induced changes are ex-
clusively caused by oxygen vacancies. In order to identify exactly which defect species are
involved, we proposed to compare magnetotransport experiments to luminescence bands
obtained in PL spectra. According to our interpretation of the PL spectra, discussed in
Section 4.1.2.2 and summarized in Figure 4.3, we can identify the 1.2 and 0.7 V features
to the ground F/F* and excited F** located at E — Ep = —1.1eV and E — Er = 0.7eV
respectively.

Moreover, we propose that at low temperature, excited F* states decay back to ground
F/F* states leading to little occupancy of these states. Increasing the temperature impedes
the decay from the excited to the ground states, leading to an increase in the occupancy
of these states. This would in turn explain both the reduction of the luminescence peak
related to the FF** — F* recombination (Figure 4.2) as well as the increasing weight of the
F** centers on the magnetotransport properties (feature at 0.7 eV in Figure 4.10). We’ll
discuss later why this picture is not realistic.

Other defect states: According to this model and to the potential landscape proposed
in Figure 4.3, ground M centers as well as excited F* states located at 0.4 eV below and
1.6eV above Er should also impact devices’ magnetotransport properties. We suggest
that subtle changes in the presented datasets might imply the presence of these states.
According to us, the low temperature spectral width of the TMR thermal drop shown in
Figure 4.915 0.9-1.6 eV at T = 50 K implies the presence of an additional state at higher
energies and could possibly reflect the impact of F™* centers. Secondly, it can be seen that
the bias positions of I~ peaks and relative TMR thermal decrease (Figure 4.10 (a) and (b))
shift to values below 0.7 eV. This might reflect the impact of M ground state.

Discussion: With this model, in which specific defects states are dominant in specific
temperature ranges, we proceed to discuss discrepancies reported in the literature '*°.

First, the low barrier height reported in the literature is explained in terms of tunneling
with respect to localized states that effectively reduce the band gap of the dielectric.

It is also suggested that the distinct impact of localized states on P and AP could be
induced by the electronic character of the localized state. For example, we know that
electrons in the F//F* have s-like characters, while electrons in excited states have p-like
orbitals. If localized states interact more efficiently with evanescent states with similar
symmetry, it would change the weight of F* and F** states on the A, (s-like) and As
(p-like) dominated tunnel current in the MTJ’s P and AP states respectively, potentially
explaining the lower barrier height in AP than in P.

Finally, it is suggested that M centers play a crucial role in devices with very high
TMR. Indeed, in our paper'®® we suggest that these states lower devices’ barrier height
to ~ 0.4 eV while promoting coherent tunneling '*°, and thus would yield very large TMR
values.

4.3.1.2 Limitations
In this section, we would like to discuss the deficiencies of the aforementioned model.

Identification of localized states: First, we remind that our initial interpretation of the

PL spectra and the potential landscape of MgO proposed in our paper'® is in contradiction
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with elements in the literature. As it was thoroughly discussed in Section 4.1.2.2, F and
F* centers PL are characterized by a single absorption peak at 5eV and two emission
bands at 2.3eV and 3.2 eV respectively. As it is shown in Figure 4.1, this would result
in F/F* and F* centers located 1.2¢eV below and ~ 1.2eV above midgap respectively.
However, F** centers would be ~ 2.1 eV above midgap and not 0.7 eV as suggested in our
initial interpretation'®°. This makes the whole interpretation in term of increasing weight
of F** on tunnel current irrelevant. In fact, the detailed bibliography made on the optical
activity of oxygen vacancies in MgO (see Section 2.4.3) suggests that our PL spectra are
characteristic of M centers, whose energy position in the gap is not known precisely.

Moreover, the fact the peaks in I, are actually located 1.2 higher in energy than the
barrier height?!! is not addressed in our paper?'!. We also discussed the fact that the
relative energy position between the ground and excited states cannot be determined with
PL absorption and emission bands only. This further impedes the possibility to compare
and relate peaks in the magnetotransport dataset to peaks in the PL spectra. In light of these
new elements, it is not possible to unambiguously identify the impact of a specific defect
population on magnetotransport properties, and the description in terms of tunneling with
respect to F//F* and F** states becomes irrelevant.

Impact of temperature: Another inconsistency concerns the effect of temperature on
the ground and excited F* centers. Indeed, we state that increasing the temperature im-
pedes the F** — F* recombination process, and result in a larger occupancy of the F**
excited state'”°. However it is difficult to conceive that an increase of temperature, that
typically increase the energy of electrons by tenth of meV, would result in the change of
occupancy between F* and F** centers that are separated by more than 3.3 eV.

Other crystal imperfections: In light of the detailed overview given in Chapter 2,
it would be surprising that other effects do not play an important role in the current in-
crease and TMR thermal drop. For instance it is well established that interface disorder,
Boron diffusion in the barrier (that most probably occur in our MTJs)2#12° misfit dislo-
cations?!2, grain boundaries?'® and other type of defects can result in localized states and
might strongly impact devices performance. We remind that our polycrystalline MgO thin
films are sputter deposited and most probably contain several of the aforementioned im-
perfections. In this sense, peaks in /,,; might actually be the convolution of many thermally
activated processes and do not necessarily yield the energy position of a particular defect
population.

Impact of double oxygen vacancies: Finally, we would like to discuss the prediction
that M centers actually play a crucial role in MgO based MTJs. Based on a theoretical
work of McKenna and Blumberger '® it is supposed that M centers would result in a
barrier height of ~ 0.4eV but still promote coherent tunneling and high TMR ratios. In
this theoretical paper, discussed in Section 2.4.3.4, McKenna and Blumberger calculate
the electrical properties of two adjacent F' and F* centers and shows that an electron of
the F center is actually delocalized on both defects site. Now, in order for M centers to
promote coherent tunneling in a CoFeB/MgO/CoFeB MT]J, it would require a very specific
arrangements of F center, i.e. they should be aligned in a specific direction in a straight
line across the whole MgO layer, configuration that seem very unlikely.

Moreover, we remind that in MgO based MTJs, TMR is due to the symmetry filtering
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effect. In order for this effect to occur, both electrodes and the oxide layer have to be
crystalline (to some extent). Any deviations from the perfect crystal should decrease the
effectiveness of the effect and reduce TMR. It makes no doubt that the effect of F' centers
is detrimental, because they break the symmetry of the crystal and introduce scattering
centers. Now, in order to create M centers, one has to increase the concentration of F
centers. It seems very unlikely, or least very counter-intuitive, that increasing F' centers in
order to create M centers would yield higher TMR.

One possibility to obtain high TMR is that the conduction channel opened by M centers
is strongly spin polarized. This suggest that (i) M centers actually conserve the spin and
the symmetry of tunneling electrons and that (ii) M centers effectively filter the As elec-
trons that dominate the AP conduction channel, similarly to the symmetry filtering effect.
Although it is possible, there are no experimental nor theoretical evidences that support
either of these two points.

4.3.2 Extended dataset

In this section, we would like to briefly discuss extended dataset measured after the up-
grade of our magnetotransport experiment (see Section 3.2.2.1). After the upgrade, the
base temperature accessible to the system dropped from 33 K to 16 K. We measured I-V
characteristics for both P and AP magnetic states between 7 = 16 K and 7' = 300 K with
steps of AT = 3K. We used the same data treatment that we used in the previous sec-
tion, i.e. we computed I, for both P and AP using Equation (4.1). At each temperature,
the TMR was computed and the relative TMR drop was calculated using Equation (4.3).
Again peaks amplitude and position were extracted and are plotted separately.

Figure Figure 4.11(b) plots /,.; peaks position and amplitude for both P and AP magnetic
states for positive applied bias voltage. In order to calculate /,.; (see Equation (4.1)) we
used a AT of 12 K in order to circumvents noise issues. T MR,,; and related peaks position
and amplitude calculated using AT = 12K are shown in Figure 4.11 panels (a) and (c),
respectively. Since we used AT = 12K, the first temperature plotted in these figure is
T = 28 K. This is not much lower that the previous datatset, but allows to get a better
signal to noise ratio.

From figure Figure 4.11(a) and (c), we can clearly distinguish a third temperature range
that wasn’t visible before. In the 28 K < 7' < 60 K temperature range, the peak amplitude
of the feature located at V = 1.2V increases with increasing temperature. The TMR
thermal drop induced by this feature then decreases in the 60K < 7' < 90 K temperature
range. This strongly suggest that the 1.2 V peak has a well defined temperature range, i.e
other intrinsic or extrinsic features should be visible at lower temperatures.

Besides, from panel (b) we can also clearly see the onset of the impact of the feature
located at V = 1.2 V. But we can also better determine where the TMR decrease comes
from. In general, the I peak amplitude, i.e. the current increase due to an additional
thermal energy, is larger in AP than in P. This effectively reduce the tunnel current asym-
metry between the P and AP conduction channels and the ensuing TMR. Additionally, we
can see that the TMR decrease around V = 1.2V seen in Figure 4.11 is due to an increase
of current of the AP conduction channel. Indeed, the I,.; peak position in AP rapidly in-
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Figure 4.11: Extended dataset of the magnetoresistive properties in the (V,T) pa-
rameter space: (a) 2D color map of the TMR relative thermal drop in the (V,T)
parameter space, (b) peak maximum position and amplitude extracted from I,
for both magnetic states and (c) peak maximum position and amplitude of TMR
relative thermal drop. Extended dataset measured between 16 K and 300 K.

creases to values close to 1.2V in the 28 K < T < 50K temperature range, concurrently
to the TMR thermal drop amplitude within the same temperature range. The AP I,,; peak
position then monotonously decreases and falls below the peak position in the P channel.
At T = 80K, the peak position of AP stabilizes and marks the onset of the impact of the
feature located at 0.7 V. Conversely, the I,.; peak position of the P channel varies more
smoothly.

Finally, we can see that both I,,; peaks position and the maximum thermal drop peak
position decreases with increasing temperature. At 300 K, the TMR thermal drop is max-
imum at 0.4 eV and the TMR thermal drop amplitude continues to decrease linearly with
increasing temperature. Following our initial interpretation'®, this would be ascribed to
M centers. However, contrary to the prediction that M centers may promote coherent tun-
neling and should yield high TMR, the TMR is actually greatly reduced. There are no
signs of resilient TMR, i.e. a decrease or a slow down in the decrease rate of the TMR
thermal drop.

In summary, this extended dataset suggest that the feature located at 1.2V has a well
defined temperature range. It also stress the need to perform similar measurements at
lower temperatures.

4.3.3 Alternative interpretations

Given the detailed overview made in Chapter 2, it is interesting to investigate other possible
explanations to our interesting magnetotransport results.

The effective mass of electrons in MgO: As it was already discussed in this thesis,
the low barrier height of MgO thin films extracted from I-V characteristics was puzzling
(typically 1eV). Indeed, independent optical '%¢ and STM¥>187:188 experiments determined
the band gap of MgO to be 7.8 ¢V in the bulk and in thin films. This discrepancy could
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be partially explained by the fact that in MgO, the effective mass of A, electrons is 0.37
times that of free electrons 12, Using this value yield a barrier height of about 1.4 eV,
that would be compatible with the 1.2 eV peak observed in our magnetotransport dataset.

As we mentioned before, I,,; peaks can actually represent the convolution of several
thermally activated processes. This is most probably the case because the resolution of
I(V)s and I, is poor and do not allow to precisely identify the impact of the various
localized states (or other thermally activated processes).

Below 80K, the .., and TMR thermal drop peaks at 1.2 eV could reflect the impact of
this reduced barrier height on tunnel transport. Above 80 K, extrinsic features (e.g. various
localized states) start to impact the tunnel current and dominate I.., and TMR thermal drop
but cannot be distinguished due to the poor resolution of the /,,; method. This explanation
is limited in several ways:

1. The effective mass of A; states should impact the parallel conduction channel only
because the related conduction channel is closed in the AP channel. However, our
extended dataset shows that the 1.2 eV feature mostly impacts the AP channel.

2. STM and CT-AFM (contact mode) experiments established that the gap of MgO is
close to the optical gap of 7.8 eV 188214, Moreover, these studies establish the presence
of pinholes where the gap is strongly reduced and ascribe their presence to oxygen
vacancies.

3. The barrier height is an intrinsic feature of the MgO barrier, as such its impact on the
electrical properties should be visible at low temperatures. However, our extended
dataset strongly suggest that the 1.2 eV feature disappears below 28 K.

Density of states effect: In Section 2.2.1.2 we discussed in detail the impact of density
of states features on tunnel current. In particular, we emphasized that around V ~ 1V of
applied bias the A; channel is opened in the AP conduction channel. This result in a
strong increase of the tunnel current in the AP magnetic configuration accompagnied by a
strong reduction of the TMR at this precise bias voltage. Although this explanation is very
appealing because it explains why the AP conduction channel is impacted and why P not,
it also has some limitations listed hereafter:

1. Similarly to the MgO barrier height, DOS effects are also intrinsic features of the
electrodes and their impact is expected to be visible at lower temperatures.

2. Our discussion of DOS features concerned Fe/MgO/Fe MTJs. In our case, after the
annealing step, we except to have an alloy of CoFe at the interface with MgO. More
precisely FeysCogs. Several works %1192 suggest that the minority A% lies closer to
the Fermi energy in Fe; ,Coy alloys and thus that the opening of the A; conduction
channel in the AP magnetic state should occur at lower bias voltages. However, the
precise composition of the alloy at the interface of our devices is not known.

Here, similar measurements at lower temperatures and a better knowledge of the interface
Fe, «Coy alloy composition would help to confirm or infirm this model with certainty.
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4.4 Conclusion and perspectives

In this chapter, we presented photoluminescence spectra as well as bias and temperature
dependent experiments measured on CoFeB/MgO/CoFeB MT]s.

We used an experimental technique in order to determine the effective barrier height felt
by tunneling electrons in our device. This technique is free of the deficiencies related to
fitting techniques but is limited by a poor resolution in both V and T parameter space. Our
magnetotransport dataset clearly shows that the potential landscape felt by tunneling elec-
trons is modified when the temperature is increased. Our goal was to identify the impact of
specific populations of localized state by comparing the magnetoresistive measurements
to photoluminescence spectra measured on our rf-sputtered MgO thin films.

However, the excitation wavelength used in our PL experiments was not appropriate
to excite the F/F* states that were of interest. Instead, double oxygen vacancies, or M
centers, were excited. Unfortunatly, M centers are not investigated as much as F' states,
and their absorption and emission peaks are not unambiguously identified. Additionally,
we didn’t clearly understand the optical activity of localized states in crystals. Although
our PL spectra have a strong temperature dependence, both predicaments preclude the
possibility to compare or relate optical and electrical dataset and clearly identify the impact
of localized in our magnetotransport dataset as initially desired.

We also discussed two alternative explanations as well as their limitations. The Impact
of DOS features at low temperature is appealing because it explains why the 1.2V feature
impact the AP conduction channel only.

The initial goal of the project was to unambiguously identify the impact of specific
localized states. Obviously, our goal is not achieved. In the following, we would like to
discuss several points in our approach that can be improved.

First, both the optical activity of F and M centers should be carefully investigated with
temperature dependent and time resolved photoluminescence experiments using appro-
priate photon energies. Both absorption and emission band have to be investigated with
attention.

Moreover, we saw that many effects can result in localized states and impact the tunnel
current in our junctions. This is especially the case for exchange-biased MTJs with CoFeB
electrodes. Indeed, light elements present in the antiferromagnetic layer can easily diffuse
across the heterostructure. Similarly, during the post annealing step necessary to pin one of
the electrode and crystallize both interfaces, CoFe is created at both interfaces and Boron
might diffuse into the MgO barrier. Interface disorder, grain boundaries in polycrystalline
MgO, misfit dislocations and other crystal imperfections or impurities can result in local-
ized states. In order to identify the impact of specific defects, systematic studies of the
electrical properties of MTJs (using the same approach as we did in this chapter) as a
function of some parameter of the system can be considered. In this respect, more detailed
characterization of the sample should also be carried.

Finally, more powerful methods than simple I(V)s should be tried. For instance, time-
resolved electrical measurements could be used in order to characterize the dynamic re-
lated to localized states, or measurements in the frequency domain.
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CHAPTER 5 -

Optical excitation of localized states

5.1 Introduction

In the preceding chapter, we attempted to describe the transport properties of CoFeB/MgO
/CoFeB magnetic tunnel junctions in terms of electrons tunneling with respect to a spe-
cific population of localized states. Our approach is based on an experimental technique
that allows to directly extract the devices’ barrier height from temperature and bias depen-
dent magnetotransport experiments. The detailed investigation of the dataset revealed the
peculiar temperature dependence of the effective barrier height. This temperature depen-
dence underscores the impact of localized states at specific bias voltages and in precise
temperature ranges.

In order to identify the specific defect population responsible for these changes in the
electrical properties of our MTJs, we tried to compare photoluminescence spectra and
magnetotransport experiments. However, after a detailed analysis, we revealed a miscon-
ception concerning our understanding of the optical activity of point defects in MgO. More
precisely, we showed that the photoluminescence of our rf-sputtered MgO thin films was
not characteristic of F/F* centers and concluded that our initial model'®® was not consis-
tent.

In our initial model, two distinct temperature ranges are distinguished. Within 33K <
T < 80K, the changes induced by thermal energy are maximum at 1.2V and ascribed
to the impact of ground F/F™ states located £ — Er = —1.1eV below the Fermi energy.
With increasing temperature, an additional feature, that is located at 0.7 V, starts to impact
the electrical properties and eventually dominates above 7 = 80 K. This mechanism is
ascribed to the increasing weight of the excited F** states, located E — Er = 0.7 eV above
Er, on tunnel current. To briefly summarize, we supposed that the temperature depen-
dence of the magnetoresistive properties was caused by the occupancy switchover from
the ground F/F* to the excited F** states.

All the experiments presented in this chapter are based on the erroneous interpretation
of PL spectra. Based on our initial model, our aim was to craft the potential landscape
of MgO, and in a sense modify the effective barrier height felt by tunneling electrons,
by optically modifying the population occupancy of localized states. In order change
the population of defects, we tried to use photons with an energy corresponding to the
energy difference between ground and excited states of a specific population. The changes
induced by the optical excitation on the barrier properties were simultaneously probed with
bias and temperature dependent magnetoresistive experiments. The experiments involved

151



Chapter 5 Optical excitation of localized states

in this chapter are similar to that of the preceding chapter except that, in addition to the
temperature and bias degrees of freedom, the optical degree of freedom was concurrently
explored.

In order to promote the ground state of a specific defect population to its excited coun-
terpart, we used photon energies given by peaks in our photoluminescence (PL) spectra.
However, from our detailed discussion of the excitation and recombination processes of
point defects in MgO (see Figure 2.27(b)) we know that (i) excitation and relaxation pro-
cesses are always from relaxed to unrelaxed states (Franck-Condon principle) and thus (ii)
that the energy of PL emission bands (characteristic of the recombination from excited to
ground state) cannot be used to induce the reverse process, i.e. excite electrons from the
ground to the excited state. It is thus clear that our attempt to change the defect population
occupancy is not achievable.

We didn’t clearly understand the optical activity of point defects when these experi-
ments were made and although results presented in this chapter are negative, they will be
presented nevertheless. We’ll see that our attempts failed not only because of the afore-
mentioned lack of knowledge concerning point defects but also because of other funda-
mental limitations in our approach. These limitations should be carefully considered in
the perspective of future experiments, in which photons with appropriate energy should be
used.

Similarly to the previous chapter, we’ll first present the results from the point of view
of our original ideas. In the first part of this chapter, we’ll see that initial measurements
could be explained by two models. The first one suggests the excitation of electrons from
the ground to the excited state of a defect, but also the interaction between the electric field
of linearly polarized photons and the anisotropic charge distribution of Bloch states with
specific symmetries. The second one involves the effect of heating due continuous light
excitation. While the former effect could result in interesting photonic applications, the
second one is trivial.

Secondly, we’ll try to discriminate which of these two models is relevant. In order to
do so, we performed similar experiments using different photon energies in order to excite
different defect populations. These measurements show that all the photons energies used
in this thesis (ranging from 0.8 eV to 3.05eV) have the same effect on magnetoresistve
properties and strongly suggest that the first model is irrelevant. Additionally, we solved
the Fresnel equations for our heterostructures and showed that laser-induced heat could
qualitatively explain our dataset.

5.2 Initial results and models

5.2.1 Experiment

As it was it was mentioned earlier, the deficiencies of our model developed in Chapter 4
were not known before the writing of this manuscript. In this model, electrons are not tun-
neling with respect to the barrier intrinsic properties, but with respect to localized states
such that that potential landscape felt by tunneling electrons is defined by the energy po-
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CoEeB MgO CoEeB

Figure 5.1: Geometry of optical excitation: A current with dominant A; or As elec-
tronic symmetry tunnels between electrodes (red) across MgO (transparent blue).
The photon impinges the device at an angle «a relative to the MTJ normal. The
angle between the direction of junction current / and the light’s electric field is
denoted ¢.

sition of these localized states. We then suggested that the temperature increase induced a
change in the defect population occupancy from the ground F/F* to the excited F** states,
effectively modifying the potential landscape felt by tunneling electrons. The aim in this
chapter was to induce this population change optically.

Being able to optically modify the population occupancy of defects would allow to tune
the barrier height that governs the electrical properties of the device. This could result in
interesting applications in photonic or opto-electronic.

In order to optically excite our devices, we used the same experiment as in the previous
chapter (see Chapter 4) which is also described in Section 3.2. The presence of optical
windows on the skirt of the cryostat allow optical access on the device. Our optical line
consists of various laser sources, a Glan-Taylor polarizer to absolutely define the plane
of linear polarization and further enhance the polarization ratio, a zero-order half-wave
plate mounted on a motorized rotation stage and a mechanical shutter to obstruct the laser
beam as needed. Finally, a plano-convex lens focused the laser beam onto the sample. The
waist of each focused laser beam when focused onto the sample was determined along two
directions for each laser source by moving a knife-edge along the plane of incidence of the
laser beam while monitoring the transmitted power.

The experimental geometry is schematized in Figure 5.1. We consider linearly polarized
light impinging at a laser angle « relative to the MTJ normal and with an azimuthal angle
¢ between the direction of junction current / and the light’s electric field.

In order to ensure optimal optical excitation of the MgO barrier, we proceeded to two
modifications compared to devices investigated in the preceding chapter: (i) the top elec-
trode and the capping layers atop the MgO barrier were made as thin as possible. De-
vices measured in this chapter have the following stack Ta(5)/Co(10)/IrMn(7.5)/FeCoB(4)/
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MgO(2.5)/FeCoB(2.5)/Ta(1)/Pt(1) (numbers represent layers thickness in nanometer) and
(i1) we modified our technological process in order to define circular openings atop the
MT]Js in the top technological electrode (see Figure 3.5).

5.2.2 Basic magneto-electric properties

Because we modified our technological process, we first made sure that these changes
didn’t impact the devices’ properties. In particular, the inhomogeneous electrical contact
to the MT]J pillar could be suspected of generating an inhomogeneous current injection
that would alter magnetotransport properties!>2!°, To verify this point, we compared the
magnetotransport response of MTJs on the same chip with and without optical opening.
Not only were the RA products at V = 10mV and 7 = 300K similar for these two
MT]J designs, but essential characteristics such as the bias dependence of TMR remain
unchanged (see Figure 5.2 panel (a) and inset of panel (b)). In this sense, we conclude that
the optical access provided by the hole in the top technological electrode does not affect
the outcome of our magnetotransport study.

To optically address the MTJ, we use the resistance of the junction itself. In a first
step, we roughly align the laser beam onto the MTJ thanks to a CCD camera trained onto
the zone of interest. Then we use a two-axis motorized displacement stage to align the
MT]J onto the laser beam. Figure 5.2 panel (b) presents the example of aligning the 2.6 eV
source by following the evolution of resistance for V = 10mV and 7 = 33 K during the
two-axis displacement sweep. Repeating this process allows us to align the laser spot and
the junction with a precision of 10 um. Upon changing temperature, the MTJ’s absolute
coordinates are dynamically corrected through motor control to account for a calibrated
thermal dilation of the cryostat (see Section 3.2.2.2).
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Figure 5.2: Basic magneto-electric properties and alignment procedure: (a) RA
product of MTJs with and without optical opening on the same chip. (b) Examples
of aligning the 2.6eV source by following the evolution of resistance for V =
10mV and T = 33 K during the two-axis displacement sweep. The inset of panel
(b) plots the bias dependence of TMR for MTJs with and without optical opening.
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5.2.3 Bias and temperature dependence of optically excited
devices

5.2.3.1 Impact of 3.05 eV p-polarized light on magnetotransport

We first investigated the impact of shining continuous 3.05eV linearly polarized light.
This energy corresponds to the luminescence band induced by the F* — F recombination
process (see Figure 4.3). Following our initial understanding of the optical activity of point
defects, we wanted to use photons with the same energy in order to induce the reverse
process, i.e. the F' — F* excitation process.

Figure 5.3 plots the optical absorption of our 2.5 nm thick MgO and confirms that the
dielectric layer absorbs photon at 3.05eV. However, from our discussion on the optical
activity of MgO we know that the FF — F* cannot be promoted with 3.05eV photons
and consequently the 3.05 eV absorption has to be ascribed to another excitation process.
An important point to note is that there are no absorption band reported at this energy in
pristine MgO crystal, this strongly suggests that this particular absorption band is specific
to our sputtered thin films.

Our approach is very similar to that of the previous chapter. We measured I-V charac-
teristics from 16 K to 300 K with steps of AT = 3 K for both P and AP magnetic configura-
tions. Additionally, for each temperature, we acquired the same I-V characteristics while
exciting our device with linearly polarized light.

In order to probe the impact of optical excitation on the devices’ magnetoresistive prop-
erties, we use Rottldnder’s approach except that instead of computing the difference be-
tween [-Vs measured at different temperatures, we do so between I-Vs measured with and
without light excitation:

Ion(V,T)

M (W1 = (W

- 1) x 100 5.

where o represents the device magnetic state (P or AP), Ipy and Ippr are I-Vs measured
with and without light excitation, respectively. Moreover, at each temperature the TMR is
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Figure 5.3: Optical absorption of a 2.5 nm-thick MgO layer: Energy-dependent
absorbance of a 2.5 nm-thick sputtered MgO film.
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also computed and the impact of light excitation on TMR is calculated using:

TMRoy(V,T)
TMRorr(V,T)

where TMRpy and TMRorr are the TMR of the device with and without light excitation,
respectively. Similarly to the impact of temperature, Al (V, T) and AT MR (V,T) are char-
acterized by peaks, the position of which are interpreted as the energy position of optically
active localized states relative to Er.

We adopt the experimental geometry schematized in Figure 5.1 with light impinging
at a laser angle @ = 45° and an azimuthal angle ¢ = 0° (p-polarized light). We plot in
Figure 5.4 the impact of shining 3.05eV photons onto a 25 um MTIJ. Panel (a) plots the
2D color map of the TMR drop induced by light excitation (AT MR(V, T)). Panels (b) and
(c) plot the peaks position and amplitude of Alpsp(V,T) and ATMR(V,T).

We immediately note the striking similarities between Figure 5.4 and the dataset pre-
sented in the previous chapter that probe the impact of thermal excitation (see Figure 4.11).
Indeed, we can see that the Alp,p and AT MR peaks position both follow exactly the same
trend as IAP,AP and T MR,,, peaks induced by thermal excitation. We can distinguish two
feature located at 1.2 V and 0.7 V as well as their well-defined defined temperature ranges.
Between 20K < T < 80K the 1.2V feature dominates. Above 80K, the second fea-
ture, located at 0.7 V, starts to impact the tunnel current. This is supported by the shift of
Alpp peaks to lowed bias values (see panel (b)) and the abrupt switchover in the AT MR
peak position from 1.2V to 0.7 V (see panel (c)). As the temperature increases, the peaks
positions monotonously decrease and reach 0.5 eV at room temperature.

The only major difference between the impact of thermal and optical excitation resides
in the peaks amplitude in the 100K < T < 300 K temperature range. In the case of optical
excitation, the peaks amplitude first start to increase between 100 K and 180 K and then
decrease up to room temperature (see Figure 5.4). In the same temperature range, the
peaks amplitude related to thermal excitation increase monotonously (see Figure 4.11).

ATMR(V,T) = ( 1]x100 (5.2)

@ 16 I H | 1| ! ATMR 1.2p o~
s 121 Rk IFRE s =08 )
< 0.8 (R SO Es < | s
3 04 | | 1 G504 3
o ) ' i | = A . =
- 901 ”I ! Wit 8. ~%%e
2 -04 3 o812 14 €
o
a -0.84 5 © %
<200 K & 0.6} 128
qel (1N — AR S R
50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K) Temperature (K)

Figure 5.4: Impact of 3.05 eV linearly polarized light on bias- and temperature-
dependent transport properties: (a) 2D color map of the TMR drop induced by
3.05eV photons excitation in the (V,T) parameter space, (b) peaks position and
amplitude extracted from Al, (V,T) for both P and AP device magnetic state and
(c) peak position and amplitude of TMR drop extracted from panel (a).
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5.2.3.2 Impact of varying light’s polarization on magnetotransport

We now consider the impact on tunnel transport of varying the polarization of the imping-
ing photons. We use 3.05eV photons with an angle of incidence @ = 70°. In order to
continuously vary the azimuthal angle ¢ between light’s electric field and the direction of
the current flow in our device (see Figure 5.1), we use a zero-order half waveplate mounted
on an automated rotation stage. Given our experimental geometry, ¢ = 0° and ¢ = 90°
correspond to p- and s-polarized light, respectively.

For a given temperature, we measure the tunnel current as a function of ¢ for various
applied bias voltages. In order to probe the impact of continuously varying ¢ from p to
s, we use the same approach as for thermal and optical excitation. In order to probe the
current changes upon varying ¢, we calculate:

1(¢, V)

0+ 75 S5

1) x 100 (5.3)

where o designates the device magnetic state (P or AP). In order to probe changes induced
on TMR we compute:

TMR($, V)
TMR($ = 0°,V)

ATMR? (V) = ( - 1) x 100 (5.4)
In other words, we normalize our dataset to the current of the device when excited by
p-polarized photons (¢ = 0°).
Figure 5.5 plots the 2D color maps in the (¢, V) parameter space of Alf, AI%, and
ATMR? (V) measured at T = 33 K in panels (a), (b) and (c) respectively.
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Figure 5.5: Impact of varying light’s polarization on bias- and temperature-
dependent transport properties: 2D color maps in the (¢, V) parameter space of
the changes induced by continuously varying the polarization of impinging photons
(¢) on (a) the tunnel current in the parallel magnetic state, (b) the tunnel current in
the antiparallel magnetic state and (c) the TMR. The changes induced on magne-

toresistive properties are similar to that induced by thermal excitation, except that
the sign are opposite. See text for more details.
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In the parallel magnetic configuration (P), we distinguish two bias regions. At low bias,
i.e when |V| < 0.5V, varying photons’ polarization from p to s slightly increases the tunnel
current of the device. The increase is maximum at ¢ = 90° (+0.23 %). In the high bias
region, when |V| > 0.5V, the current decreases when the polarization is continuously
varied from 0° to 90°. The decrease is maximum at ¢ = 90° and V = 0.95V (-0.34 %).

In the antiparallel magnetic state, the tunnel current decreases in the whole bias range
as ¢ is increased from 0° to 90°. The decrease is maximum at ¢ = 90° and V = 1.05V
(=0.8 %).

Finally, varying from p to s-polarized light increases the TMR in the whole bias range.
The maximum of TMR increase is located at ¢ = 90° and V = 1.22V in the (¢,V)
parameter space.

Although these result look somewhat different from the result presented until now, they
are in fact very similar. Indeed, the bias position of the maximal current decrease in P
and AP is 0.95V and 1.05V, respectively. These values correspond very well with the
peaks position of [ and AI induced by thermal (see Figure 4.11) and optical excitation
(see Figure 5.4) in the same temperature range. Similarly, the maximum TMR increase is
located at a bias V = 1.22'V, precisely the bias position of peaks minimum in AT MR,,;
and ATMR?. The only difference compared to thermal and optical datasets presented
previously resides in the sign of the current change induced by light’s polarization. While
the current is increased when the temperature is increased or when the device is optically
excited, it decreases when the polarization is changed from p to s. Similarly, the TMR is
decreased when the device is thermally or optically excited while it is increased when the
polarization is switched from 0° to 90°.

At first, we didn’t have any physical explanation for these differences. That’s why we
proposed a model based on the interaction between light’s electric field and the anisotropic
charge distribution of Bloch’s states in our device. We then found out the that reflection,
transmission and absorption of p- and s-polarized light are not the same when the angle
of incidence is not normal to the sample’s surface. Both models will be described in the
following section.

5.3 Discussion

To briefly summarize, the impact of optical excitation on tunnel current is very similar to
changes induced by thermal excitation. Only two points could not be explained at first:
(i) while peak positions are similar for thermal and optical excitation, the amplitude of the
tunnel current increase as well as the amplitude of the TMR decrease don’t have the same
behavior (see Figure 5.4) and (ii) there was no physical process, to our knowledge, that
could explain the current change induced by varying the polarization of impinging photons
(see Figure 5.5).

In this section, we’ll detail two models that could explain these experimental observa-
tions.
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5.3.1 Model I: Optical addressing

In our first model, we propose a defect-mediated electron-photon interaction. The con-
cept is schematized in Figure 5.6. First, upon absorption of 3.05eV light, an electron is
excited from the ground F state to its excited F* counterpart. Equivalently, we can view
the process as the excitation of a photo-hole from the ground F* state to the excited F
center as represented in Figure 5.6. We then suppose that light’s electric field interacts
with the anisotropic charge distribution of electrons. Upon absorption, photo-carriers are
generated within orbitals that point along the direction of light’s electric field. Accord-
ing to the transport in CoFeB/MgO MTIJs (see Section 1.3.4) we know that A; and As
electronic symmetries mostly point along and perpendicular to the direction of the current
flow, respectively. At @ = 70° (see Figure 5.1), we suggest that ¢ = 0° and ¢ = 90° mostly
promote A; and As photo-electrons.

When the bias voltage equals the energy position of the defect in the gap of MgO, the
tunneling regime becomes resonant and holes (or electrons) can cross the tunnel barrier
by hopping onto the localized state. We then assume that the localized state convolutes
the photo-current induced by the absorption 3.05 eV photons with the current induced by
Bloch states emerging from the emitting electrode. Moreover, we remind that P and AP
conduction channels are dominated by A; and As electrons respectively.

Within this model, our dataset is interpreted as follow. Both the current decrease and
TMR increase are explained by the fact that the localized state convolutes the photo-current
with Bloch states emerging from the emitting electrode. When As photo-electrons are pro-
moted onto the localized state, both P and AP conduction channels will be little impacted,
because the conduction channel of the corresponding symmetry is opened in both chan-

AP state
Cg/h 0844

N N
1eV IeV
N —FE S —F
F/F+ A1 FI F/F+ AS FI

Figure 5.6: Optical addressing: Schematic of the defect-mediated electron-photon
interaction. First the absorption of a 3.05eV photons excites holes from F* to
F states. When the applied bias voltage brings the Fermi energy in the emitting
electrode close to the energy of the localized state in the MgO band gap, the tunnel
transport becomes resonant and Bloch states can hop onto the localized state. The
localized state then intertwines the photo-current and the current induced by Bloch
states. See text for more details.
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Chapter 5 Optical excitation of localized states

nels. When A, photo-electron are promoted, it will have little effect on the P conduction
channel because the related conduction channel is already opened. However, the impact of
A, photo-carriers will have more effect on the AP conduction channel because this channel
in normally closed. This picture of defect-mediated electron-phonon interaction explains
why the tunnel current decreases and TMR increases when the polarization of impinging
photons is switched from p (A; photo-carriers) to s (As photo-carriers).

The main limitation to this model concerns the optical excitation. We know that the
photon energy used in our experiment cannot induce the desired photo-excitation process,
ie. the F — F* transition. Indeed, we saw that electrons trapped in localized states
interact with the crystal structure of MgO (see Section 2.4.3) and that the excitation and
recombination process are not symmetric. In other words, it is not possible to use the
energy of emission band of PL spectra, that result from the recombination between excited
and ground states, in order to induce the reverse process.

Nevertheless, an easy way to test this model is to excite MTJs with photons energy
related to another excitation process, or photons for which the MgO barrier is transparent.
We carried that kind of experiments, they will be briefly discussed in Section 5.3.4.

We remind that we first proposed this model because we couldn’t consistently explain
our results otherwise. We soon noticed that a fundamental property of optics could explain
our dataset in terms of heat. This interpretation will be detailed below.

5.3.2 Model lI: Heat

When light encounters an interface between media of differing refractive indices, it can be
reflected, refracted or absorbed. The angles between the incident, reflected and refracted
rays are given by the well-known Snell-Descartes law. Additionally, the Fresnel equations
allow to compute the proportion of light that is reflected and refracted at the interface.
Moreover, in multilayer planar stacks (as it is the case for our samples) the light can make
multiple reflections between parallel surfaces and induce interferences effects that will de-
pend on impinging light wavelength. It is well established that the reflection, transmission
and absorption of p- and s-polarized light is not the same when the angle of incidence is
not normal to the surface of the sample.

Our second model is based on the Fresnel equations and on the fact that p- and s-
polarized photons are not reflected and transmitted with the same amplitude. If we assume
that the optical excitation induces some heat in the device, which is suggested by the sim-
ilarities between thermal and optical dataset (see Section 5.2.3.1), then the heat induced
by p- and s-polarized light will not be the same. As a consequence, switching between p-
and s-polarization will impact the tunnel current in the same way that thermal excitation
would. In order to solve the Fresnel equations for our thin films heterostructure, we used
the tmm python package?!”. The tmm package is based on the transfer matrix method and
allows to compute quantities such as the reflected, transmitted or absorbed light intensity.

Figure 5.7 plots the fraction of transmitted and reflected intensity and the local absorp-
tion at a given depth in the heterostructure in panels (a), (b) and (c), respectively. All these
quantities are computed as unitless fraction of the total incoming power. From panel (a)
and (b), we can see that the fraction of refracted and transmitted light is not the same for the
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Figure 5.7: Reflection, transmission and local absorption of 3.05 eV p- and s-
polarized light: The proportion of reflected and transmitted light for both po-
larization are plotted in panels (a) and (b), respectively. The local absorption as a
function of the depth in the multilayer stack is ploted in panel (c). These quantities
are computed as unitless fraction of the total incoming power.

two polarizations. More precisely, p-polarized light is less reflected and better transmitted
than s-polarized light. We also note that these differences are maximum when the inci-
dent angle is close to 70°. This is precisely the experimental geometry we choose when
we probed the impact of light’s polarization on magnetotransport (see Section 5.2.3.2).
Finally, from panel (c) we can see that the p-polarized light is better absorbed than s-
polarized light.

In the model considered in this section, we suppose that optical excitation actually heats
the sample by a quantity AT. However, we just discussed the fact that the quantity of p-
and s-polarized absorbed by the system is not the same. We can thus argue that the amount
of heat induced both polarization is not the same, AT, # AT,. More precisely, we saw
that p-polarized light was less reflected and better absorbed by the multilayer stack, hence
AT, < AT,,.

If we now go back to the experiment that probes the impact of light’s polarization (Sec-
tion 5.2.3.2), we can see that switching light’s polarization from p to s induces a tempera-
ture change AT’. Since the temperature change induced by p-polarized light is bigger than
that of s-polarized photons, switching from p to s actually decreases the sample’s temper-
ature. We can thus write /(¢ = 0°,V) = I(T,,V) and I(¢,V) = I(T',V) (' = T, when
¢ = 90°) and Equation (5.3) used to probe the impact of light’s polarization becomes:

,v)
I(Ts, V)

AI? (V) = ( l) x 100 (5.5
which is exactly the same formula used in order to compute [ and probe the impact of
thermal excitation (Equation (4.1)). The only difference resides in the fact that 7, > 77 in
Equation (5.5), while it is the other way around for .

Using this model, we can interpret the dataset presented in Section 5.2.3.2 as follows.
Switching the impinging photons polarization from p to s actually reduces the heat induced
by light’s excitation. Normalizing our dataset to the current of the device when excited by
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Chapter 5 Optical excitation of localized states

p-polarized light is equivalent to compare I-V characteristics to one measured at higher
temperature. As a consequence, we expect the impact on tunnel current to be exactly the
same that of thermal excitation except that the sign of the induced change on the tunnel
current and TMR should be opposite.

From Figure 5.5, we saw that the impact of varying the photons’ polarization is maxi-
mum at 0.95V, 1.05V and 1.22V for Alﬁ, AIZ)P and AT MR? respectively. These values
correspond very well to the peak position of Ip, I,p and the position of the maximum
TMR thermal drop located at 0.92V, 1V and 1.16 V in the same temperature range (see
Figure 4.11). Moreover, we can see that the changes induced on tunnel current and TMR in
Figure 5.5 and Figure 4.11 have opposite sign, in agreement with our preceding discussion.

Finally, in order to explain all the changes induced by light excitation, we have to discuss
why the amplitude of the peaks maximum induced by light excitation is not the same that
of thermal excitation (see Section 5.2.3.1). This point will be detailed in the following
section.

5.3.3 Estimation of laser-induced heat

In order to get an estimate of the heat induced by optical excitation, we used the the re-
sistance of the technological electrode placed on top of the device (see Figure 3.5). We
measured the resistance of the electrode in 4-point mode without optical excitation from
T = 18K to T = 300K with steps of AT = 3K. The temperature of the system (Sec-
tion 3.2.2.1) was then calibrated to the resistance of the top electrode. In order to deduce
the heat induced by optical excitation, we monitored the resistance decrease of the top
electrode when the laser spot was aligned on the device at each temperature.

—
(o)) (o) N
——

Induced Heat (K)

w
—_—

0 50 100 150 200 250 300
Temperature (K)

Figure 5.8: Heat induced by 3.05 eV photons excitation: Heat induced by laser
excitation as a function of the sample’s temperature. See text for more details.

From Figure 5.8, we can see that the heat induced by 3 mW 3.05 eV photons excitation
is not constant. At 7 = 18 K, the heat induced by optical excitation is AT = 11 K. As the
temperature increases, AT first decreases rapidly and reaches 4K at 7 = 75 K. AT then
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decreases more slowly and monotonously and A7 = 2K at room temperature. Note that
we manually verified that this change is not due to the misalignment of the laser spot.

The fact that the laser-induced heat is not linear allows to explain the last discrepancy
observed between optical and thermal excitation. The difference between the two dataset
resides in that the AT used in order to probe the impact light is not constant. The fact
that AT decreases with increasing temperature explains the decrease of peaks amplitude in
Figure 5.4.

With this last discrepancy between optical and thermal dataset explained, we can con-
sistently explain all the results presented in this chapter in terms of laser-induced heat. In
the section below, we’ll see that we used various photons energies in an attempt to excite
other defect populations.

5.3.4 Impact of 0.8 eV photons on magnetotransport properties

In order to definitely infirm the interpretation in terms of optical addressing, we measured
similar dataset for various photon energies, that is 0.8eV, 1.85eV, 2.33eV and 2.62¢eV.
We will first focus on the the impact of 0.8 eV light on the magnetotransport properties of
our devices. This photon energy is of particular interest because it doesn’t correspond to
any optical transition between ground and excited localized states. This is true for both the
potential landscape described in this thesis (see Figure 4.1) and the erroneous one initially
proposed in our paper'®° (see Figure 4.3).

We plot in figure Figure 5.9 the impact of shining 0.8 eV photons onto a 25 wum MT]J. The
quantity plotted are exactly the same that of Section 5.2.3.1 related to the impact of 3.05 eV
light. We can see that the impact on TMR as well as the peaks position and amplitude
are similar for both wavelength excitation. We can thus conclude with confidence that
the impact on tunnel current result from laser induced heat and not optical addressing as
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Figure 5.9: Impact of 0.8 eV linearly polarized light on bias- and temperature-
dependent transport properties: (a) 2D color map of the TMR drop induced
by 0.8 eV photons excitation in the (V,T) parameter space, (b) peaks position and
amplitude extracted from Al, (V,T) for both P and AP device magnetic state and
(c) peak position and amplitude of TMR drop extracted from panel (a).
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initially proposed.

Finally, we would like to mention that similar datasets that of Figure 5.4 and Figure 5.5
were measured for 1.85eV, 2.33 eV and 2.62 eV (data not shown). All the results obtained
for the various photons energies are characterized by the same features located at 1.2V
and 0.7 V and can be consistently explained by laser-induced heat. Additionally, we tried
various experimental configurations. In particular, when the angle « is reduced to 0° (in-
cident angle normal to the sample’s surface) both Alﬁ (V) and ATMR? (V) are canceled.
This is conform to our picture of laser-induced heat because s- and p- polarized light are
reflected and transmitted with the same amplitude at this angle (see Figure 5.7), and thus
varying the polarization from p to s do not change the sample’s temperature.

5.4 Conclusion

In this chapter, we attempted to use photons with specific energy in order to promote an
electronic transition between ground and excited states of a specific defect population. We
first showed that initial results could be explained by two models.

The first model is based on a defect mediated photon-electron interaction. It describes
how photo-electrons and Bloch states emerging from the emitting electrode are mixed by
the localized state. However, we discussed several limitations of this model, and con-
cluded that it was unrealistic. Moreover, we saw that the thermal and optical dataset were
very similar, strongly suggesting that the optical excitation was in fact just increasing the
sample’s temperature. Two differences in the optical dataset couldn’t be explained by the
laser-induced heat scenario. More precisely, the peaks amplitude in the case of optical
excitation didn’t have the same behavior that of thermal excitation. But the main features
that couldn’t be explained were the changes induced by continuously varying the polariza-
tion of light from p to s, and especially the fact that the amplitude of the changes induced
on tunnel current and TMR was opposite to that of thermal excitation.

In the second model, we focused on how light propagates in multilayer planar stacks.
We solved the Fresnel equations for our thin film heterostructures and showed that p- and
s-polarized light are not reflected, refracted and thus absorbed with the same amplitude.
Assuming that the optical excitation actually results in heat, we argued that the heat in-
duced by p- and s-polarized light was not the same. Based on this assumption, we resolved
the apparent contradiction in the peaks amplitude and showed that the impact of varying
the polarization of light is exactly the same that of thermal excitation. Finally, we also es-
timated the heat induced by optical excitation by calibrating the temperature of the sample
to the resistance of the technological electrode atop our devices. We showed that the laser-
induced heat was decreasing as the temperature increased. This is expected to effectively
reduce the peak amplitude of thermally activated processes in our dataset, and explains
why the trend of the peaks amplitude was different in the case of optical excitation.

Our goal in this chapter was to use light as an additional degree of freedom in order
change the occupancy of localized states in MgO and to craft the MTJ’s potential land-
scape. Obviously, our attempt failed for two main reasons.

Firstly, we didn’t really understand the optical activity of localized states in MgO. For
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this reason, we used photons with an energy corresponding to emission bands in the pho-
toluminescence spectra of MgO. However, our detailed discussion of the photolumines-
cence of F centers showed that luminescence bands are characteristic of recombination
from the excited to the ground states of a specific defect population, and that it was not
possible to use photons with the same energy in order to induce the reverse process (see
Section 2.4.3.1). In addition to that, results obtained with the 0.8 eV laser (which is sup-
posed to be transparent to localized states) definitely support the scenario of laser-induced
heat.

Secondly, our experimental approach was too naive because we didn’t consider basic
effects induced by optical excitation (difference between p- and s-polarized light, heat. . .).
Besides, even if we would have used the appropriate photon energy, we wouldn’t have
been able avoid the effect of laser-induced heat. If the experiment is headed toward time
resolved pump-probe experiment, with optical excitation as the pump and electrical mea-
surements as the probe, the time resolution of the setup should be lower than the typical
timescale of phonon processes. This makes the realization of such experiment challenging
because electrically measuring below the nanosecond timescale is very difficult.
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CHAPTER 6 -

Synchrotron experiments

6.1 Introduction

During the timespan of my PhD, I had the chance to work on the newly installed versatile
variable temperature insert (V2TI) on the DEIMOS beamline at the synchrotron SOLEIL.
The V>TI was designed to allow electrical access on samples exposed to soft x-rays (see
Section 3.3.2) and offers the possibility to perform operando studies. The principle of
operando studies is to use the capabilities of x-rays to probe some properties of a sample
under external stimulus, applied in situ. While usually one has to separate the materi-
als science and device studies, operando measurements offer the possibility to probe the
devices’ properties in real operating conditions.

In this chapter, we’ll discuss how we used the capabilities of V>TI in order to combine
x-ray absorption spectroscopy (XAS) and magnetotransport experiments.

X-ray absorption spectroscopy (XAS) measures the absorption coeflicient (or a quantity
proportional to the absorption coefficient) of a sample as a function of impinging photon
energy. When the energy of photons equals the energy necessary to excite core electrons
to available empty states, it results in a sharp increase in the absorption spectra. Because
this absorption is related to the excitation of core electrons, XAS is chemically selective,
i.e. the energy of impinging photons can be tuned to probe a specific chemical element in
the sample. XAS spectra can provide detailed information on the electronic and magnetic
properties of a specific atomic species as well as its chemical environment. Moreover, the
large brilliance of modern synchrotron facilities makes the technique very sensitive (see
Section 3.3.1).

As it was discussed in Chapter 1, spin dependent tunneling is also extremely sensitive to
a subset of atoms in the sample. We saw that the properties of MTJs were very sensitive to
the electrode-barrier interfaces. In particular, we discussed the importance of the interface
Fe-O bond in Fe/MgO MTlJs.

Measuring the magnetoresistive properties of a device (atomic-selectivity) and concur-
rently probing its material properties with XAS (chemical selectivity) could provide a di-
rect experimental insight on how exactly a subset of atoms influence the device properties.

We’ll mainly focus on the experimental realization of the experiment. In particular,
we’ll see how the magnetotransport bench and the synchrotron control station were in-
terfaced and synchronized. The approach used to process our dataset will also be briefly
detailed. In the second part of the chapter, we’ll discuss results obtained on our magnetic
tunnel junctions. We’ll see how interface oxidation impact the performance of our de-
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Figure 6.1: Experimental setup: X-ray photons interact with an operating device.
Simplified schematic of the experimental setup combining the magnetotransport
bench and DEIMOS beamline end-station control.

vice, but we’ll also discuss changes induced by x-rays on the MgO tunnel barrier from a
theoretical point of view.

Results and interpretation discussed in this chapter are presented from the point of view
of a recently submitted paper?'®.

6.2 Experiment

6.2.1 Experimental setup

In order to combine XAS and electrical measurements on magnetic tunnel junctions, we
interfaced our mobile magnetotransport setup to the DEIMOS beamline control station
station (see Figure 6.1).

The mobile setup (mFert) features the same elements than the regular setup discussed
in Section 3.2 and used in the preceding chapters, that is a Keithley 2636 sourcemeter, a
multiplexor and an analog/digital input/output board (DAQ). The DAQ is used to control
the multiplexor that is designed to protect the sample’s devices from the noisy synchrotron
environment but also to interface the magnetotransport bench to the DEIMOS beamline.

Due to the complexity of the beamline experimental architecture, we couldn’t incor-
porate the apparatus of the magnetotransport bench directly into the beamline’s control
program. Instead, the DEIMOS station was programmed to trigger the magnetotransport
experiment by sending voltage pulses with specific amplitudes to mFert’s DAQ.

In order to relate electrical and XAS measurements, the clock of both experiments were
synchronized with the Network Time Protocol (NTP). The electrical and XAS measure-
ments were then related during data analysis by interpolating their values to absolute points
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Figure 6.2: MTJ alignment with the x-ray beam: Example of mapping a sample
containing MTJs using x-ray absorption at 788 eV (Co L3 edge). (a) Large-scale
map of the sample on the chip with the region of interest (containing 20 MTJs)
within a yellow rectangle. (b) Fine alignment of the junction with (1) bottom elec-
trode pad, (2) top contact and (black “x”) the exact position of the MTJ of interest.
Dark areas represent the regions covered by metal thus with attenuated x-ray ab-
sorption.

in time.

The total fluorescence yield (secondary photons emitted by the sample) was measured
by a photodiode connected to a NOVELEC MCCE-2 high-sensitivity low-current elec-
trometer. The XAS spectra were systematically normalized to the initial x-ray intensity I,
measured by a separate electrometer on a gold plated grid located before the end-station.

In order to align the samples under the x-ray beam, the end station is equipped with
motors that allow two dimensional displacement in the plane perpendicular to the direction
of photons propagation. To precisely align our micrometric size junctions under the x-
ray beam, we took advantage of patterned surface of our sample. Indeed, after the last
lithography step (Section 3.1.3.4), the surface of our samples present metallic and oxide
features. We thus tuned the x-ray energy in order to obtain as much contrast as possible
between these two features, and XAS spectra as a function of the sample’s position were
measured. Examples of these intensity maps are presented in Figure 6.2. The drawback of
this method is the time required to map the entire sample.

We’ll see that similarly to experiments presented in Chapter 5, MTJs can also be aligned
by monitoring the device’s resistance change induced by x-ray excitation. This method has
the advantage of being much faster than mapping the whole sample. More details about
the sample alignment can be found in a separate technical publication on the electrical
insert’s capabilities >,

6.2.2 X-ray absorption reference spectra

Within the sample containing our MTJ devices, oxygen is present not only within the
MgO of our MTJ’s tunnel barrier, but also in the form of interfacial Fe oxides, in the
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Figure 6.3: Reference XAS spectra: XAS O K edge reference spectra of as-grown
and annealed MgO, and SiO,. The peak identification is based on the literature

and reflects the allowed transitions from oxygen 1s core to final states assigned in
red219’220.

glass substrate and in the dielectric SiO; layer that insulates the top and bottom electrodes.
Finally, during MTJ technological processing, the MTJ pillar’s flanks and lower electrode
are exposed to air.

Since we used a larger photon beam to address MTJs than the typical junction diameter
of 20 um, XAS data at the O K edge, which were acquired in fluorescence mode during the
transport measurement, reflect all these contributions. Therefore, we separately measured
spectra on Glass//Ta(5) /Co(10) /IrMn(7.5) FeCoB(4) /MgO(2.5) reference samples (with
numbers in nanometers) that were either annealed or not, but were not lithographically
processed. This allowed us to obtain reference spectra for MgO.

A Glass//Si0,(150) sample was measured to obtain a reference for the SiO, used to
encapsulate our devices. The ensuing reference spectra with the peaks assignment based
on available literature are presented in Figure 6.3.

6.2.3 Synchronized electronic transport measurement

As it was mentioned previously, the electronic transport measurement across the MTJ was
performed while sweeping the photon energy E,,. This yielded two separate records of
current vs. timestamp and photon energy vs timestamp. Using the timestamp common
variable, which was synchronized prior to the measurement using the Network Time Pro-
tocol of the synchrotron facility, the records are then merged. We may thus examine the
MTJ’s current flow as a function of photon energy.

Examples of raw MTJ current while sweeping E,;, across the O K edge are presented
in Figure 6.4(a). Additionally, we show in panel (b) how the position of the sample can
also be synchronized and used concurrently to the MTJ’s resistance to align the sample
with precision. The oscillations visible in the normalized XAS spectra arises from equally
spaced top electrodes that yield attenuated x-ray absorption (see Figure 6.2).

We find that the MTJ current is directly impacted by the photocurrent generated by x-
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Figure 6.4: Synchronized measurements: (a) Raw data of current flowing through
the MTJ while sweeping the energy of photons with linear vertical polarization
across the O K edge for (left) negative bias voltage —10 mV, and (right) positive
bias voltage 10 mV. Note a strong variation beginning at ~ S7535¢V due to the
generated photocurrent, which is of negative sign in both cases. (b) The motors’
position and the resistance can also be synchronized and used to align the sample
with precision.

ray absorption at the O K edge. To investigate how the device transport is altered, or to
investigate pre-edge structures, therefore requires subtracting away the photocurrent. Not-
ing that the photocurrent contributes always in the same direction, we remove its impact
by noting that the magnetotransport response of our MTJs is bias-symmetric at low bias
(but not perfectly). We acquired two curves for the same bias voltage sign which are then
3pt-smoothed and averaged to reduce the noise level. The acquisition time of a single
sweep is 1 h. We repeat the acquisition for the opposite sign of bias voltage and we use the
following relation to remove the photocurrent:

R(E,;) = 2V 6.1

L(Epp) = 1-(Ep)

where V is the absolute value of bias voltage and I, _(E,,) correspond to the photon
energy-dependent current flow through MTJ for positive and negative bias voltage. This
isolates the effect resulting purely from electronic modifications to the junction’s matter
while removing the photoelectron contribution to the current across the device. Note that
because our MTJ’s are not perfectly symmetric to the sign of applied bias voltage, this
treatment introduce a systematic error. However, we argue that this introduce at most an
offset in the final data, which is not critical to our discussion.

6.2.4 Noise management

One of the most challenging experimental aspects of measuring magnetotransport on a
beamline is noise management. The complexity of the experimental setup and the elec-
trically noisy synchrotron environment makes studies of such electrostatically sensitive
devices as MTJs challenging. We therefore devoted considerable time to reducing elec-
tronic noise. First, we improved the cleanliness of the mFert power line using an online
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undulator. Care was taken to avoid ground loops, and enhance electromagnetic shielding,
between the mFert bench components. These measures resulted in MTJ measurements
with ~ pA noise level. While this can be accomplished within the electrically noisy en-
vironment of a synchrotron facility, e.g. when measuring the total electron yield current
arising from XAS, doing so for a magnetotransport experiment remains very noteworthy.
Future improvements to the DEIMOS beamline may involve improving the shielding of
the electrical connections to the samples, and rationalizing the magnetotransport bench im-
plantation onto the beamline so as to reduce cable distances. The error bars of our R(E ;)
results are obtained from the smoothed data as the standard deviation at the tail of the scan
(593 — 605 eV). The region was selected as it is the least influenced by modifications to
magnetotransport due to x-ray absorption by oxygen sites. In other words, we selected a
region essentially devoid of features in the XAS spectrum. The resulting error bars are
calculated with an exact differential of the form:

2V (AL +AL)
(I_(Epn) = L.(Epn))®

Both I_(E,;) and I,(E,;,) are calculated as the averages of two contributing errors from
consecutive measurements. As a note, the larger error bars within the R4p(E ;) data for
linear vertical x-ray polarization reflect the use of fewer raw scans due to measurement
artefacts.

AR(E,,) = (6.2)

6.2.5 Principle of concurrent electrical and XAS measurements

In the theoretical part of this thesis, we discussed in detail the mechanism of symmetry
filtering effect across Fe/MgO/Fe heterostructures. The relative difference in the device’s
resistance R upon switching from a parallel (P) to antiparallel (AP) alignment of electrode
magnetization defines the tunneling magnetoresistance (TMR) ratio (a standard metric of
device performance). Although the atoms of the ferromagnetic electrodes contribute to
define its macroscopic magnetization, the spin- and symmetry-polarized density of elec-
tronic states that tunnel across the MTJ is that of the interface between the FM electrode
and the tunnel barrier and in particular the interaction between interface Fe and O atoms.

We show in Figure 6.5 how combined electrical and XAS measurements can probe the
impact of a particular subset of atoms on devices’ magnetoresistive properties. We show in
panel (a) how the atoms of a given species can selectively absorb a soft x-ray photon if its
energy is tuned to match the energy difference between that atomic species’ core state and
an unoccupied state. The example of oxygen is shown. The photon energy dependence of
x-ray absorption around this energy edge, i.e. XAS, reveals the electronic properties of all
the irradiated oxygen atoms.

Panel (b) represents a FM/MgO/FM sample, with Mg (O) atoms in green (red). XAS
at the O K absorption edge excites the O atoms (yellow contour). Blue rectangles isolate
possible traces of interfacial Fe oxides that would appear in XAS just prior to the edge.

Panel (c) is a schematic of a MTJ encapsulated with a SiO, dielectric layer. Within
the MgO barrier, defects such as oxygen vacancies form a pinhole that can funnel all the
MTJ’s current between the interfacial atoms facing the pinhole.
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Figure 6.5: Probing a device’s active atoms using x-ray absorption spectroscopy
(XAS):(a) Atoms of a given species can selectively absorb a soft x-ray photon if
its energy is tuned to match the energy difference between that atomic species’
core state and an unoccupied state. (b) Schematic of the atoms excited by XAS
at the O K in a FM/MgO/FM sample. Blue rectangles isolate possible traces of
interfacial Fe oxides. (¢) Schematic of a MTJ encapsulated with a Si0, dielectric
layer. (d) XAS alone on a MTJ probes all the O atoms within and around the MT]J.
(e) The combined magnetotransport/XAS technique probes only those O atoms that
contribute to transport.

In panel (d) we show that XAS alone on a MTJ probes all the O atoms within and
around the MT]J, including Fe and Si oxides (delimited in salmon). Panel (e) shows that
the combined magnetotransport/XAS technique probes only those O atoms that contribute
to transport: across pinholes, and potentially around the MTJ pillar periphery. Blue and
salmon rectangles delimit those Fe and Si oxides to be probed.

6.2.6 Results and discussion
6.2.6.1 Combined XAS and magnetotransport measurements

Characterization studies of magnetic tunnel junctions, including XAS, have focused on in-
terfaces in full stacks, either by studying the atoms of ultrathin FM layers??!2?? at these in-
terfaces, or by examining the bonds between these atoms and the barrier’s atoms 29223224,
In similar fashion, we present in Figure 6.6(a) XAS at the O K edge of reference stacks
for our MTJs with FeCoB FM electrodes and MgO tunnel barrier that are either as-grown
(black line) or annealed (red line).

We first focus on the pre-edge region in the 537 < E(eV) < 541 energy range that
reveals the oxygen sites’ chemical environment. As we can see from Figure 6.6(a), we
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Figure 6.6: Combined XAS and magnetotransport measurements: (a) XAS scan
of the O K edge acquired atop a reference heterostructure terminated by the MgO
barrier that is as-grown (black) or annealed (red). Annealing reduces the spectral
weight of pre-edge features, which are associated with Fe oxides (blue lines). A
reference spectrum for the SiO, that encapsulates our MTJs is shown in salmon.
Photon energy dependence of the annealed MT]J resistance R at 10mV and T =
20K in the (b) P, (c) AP magnetization states and (d) of the TMR ratio.

observe pre-peaks in the XAS data on the non-annealed sample (black line) whose energy
positions relative to the main 543.5eV peak are quantitatively identified?!*?2>226 as the
spin- and symmetry-polarized bands of Fe oxides, with a 1.4eV crystal field splitting
(between A; and As states) and a 2.3 eV spin-splitting (between spin up and down states).
Annealing the sample results in a strong decrease in the Fe oxide peaks’ spectral intensity.

The reduction of these interfacial Fe oxides inferred from XAS studies>!® represent one
microscopic explanation as to why annealing increases TMR within separately conducted
magnetotransport studies. However, the link between these spectroscopic studies and mag-
netotransport is indirect.

We propose to focus XAS studies onto only those atoms involved in the annealed
MTJ’s operation by measuring its magnetotransport properties as it absorbs x-rays (see
Figure 6.5). Since x-ray absorption generates the emission of secondary electrons, our raw
magnetotransport data upon reaching the O K edge includes a photocurrent. We detail in
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Section 6.2.3 how we removed the photocurrent contribution. We plot in Figure 6.6(b) and
(c) the resulting photon energy dependence at T = 20 K, upon reaching the O K edge, of
the device’s resistance for a 10 mV applied voltage in the parallel and anti-parallel con-
figurations (Rp and R,p) of electrode magnetization. We remind that the MTJ’s P and
AP magnetic states respectively probe the dominant transmission of electrons with A; and
As symmetries (see Section 1.3.4.3). This dataset, obtained for x-ray photons with linear
polarization within the plane of the MTJ’s interfaces, is representative of other datasets
acquired for other photon polarizations (not shown).

We’ll essentially distinguish two energy regions: (i) the pre-edge region in the 537 <
E(eV) < 541 energy range and (i) the main O K edge maximum at 543.5eV.

6.2.6.2 Impact on magnetotransport: Pre-edge region

As discussed previously, in the pre-edge region photons are exciting core electrons of O
atoms present in interfacial Fe oxide to empty A{ and Aé states (marked by blue lines in
Figure 6.6). Upon addressing these states, we note the change induced on the resistance
of the device in the parallel magnetic state Rp (see panel (b)). More precisely, we can see
that Rp exhibit a minimum upon addressing the A% state and an extremely weak minimum
(actually within the error bars) upon addressing the Aﬁ state.

This decrease upon exciting a core electron to the A{ and Aé can be explained as fol-
low. Recent XAS calculations carried in our group?!'®, that reproduce experimental XAS
spectra, show that the generated core photo-hole can be neglected (Born-Oppenheimer ap-
proximation) and that the excited atomic site could simply be described with an additional
photoelectron. We suggest that the extra electrons in this excited state promote enhanced
electrical transport across the otherwise insulating Fe interfacial oxide. We suppose that
both interface are oxidized, and that the tunneling of excited photo-electrons proceed be-
tween Fe oxide at both interfaces. The enhanced metallic nature of the MTJ’s interface
thereby explains why resistance may decrease.

However, because the decay rate of electrons in MgO depends on their orbital character
(symmetry filtering effect), the impact of these additional photoelectrons will depend on
their symmetries. More particularly, we know that the decay rate of A; states is much
slower than the decay rate of As states. Within this picture, we expect the impact of A{
states on Rp to be larger than that of Aé photo-electrons. Regarding R4p, the Fe oxide spin
down states have no impact on transport because the corresponding spin up states are fully
occupied (no available states in the counter electrode).

This leads to concurrent changes to the MTJ’s TMR at 10 mV (see Figure 6.6(d)) within
the O K pre-edge due to altering the electronic structure of Fe oxides at the MTJ’s inter-
faces.

Thus, contrary to the qualitative indications provided by XAS-only spectra, which sug-
gest an annealing-induced disappearance of interfacial Fe oxides, our combined magne-
totransport/XAS technique reveals how the TMR of our MTJs is unambiguously limited
by interfacial Fe oxides. This ability to ascertain the microscopic origin of a device’s
performance can help detail novel effects at the MTJ’s interface.
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Also, by comparing the data of see Figure 6.6(b) and (c) with the XAS corresponding
to the SiO, that encapsulates the MTJ, we find only a very minor deviation in Rp and R4p
from their background levels upon charging the Si-O bonds through x-ray absorption that
is well within our error bars. This explicitly demonstrates that the chemical environment
of our MT]J pillar plays at best a secondary role in the device’s operation/performance, as
do any other possible short-circuits across SiO,.

Limitations: The main limitations to our discussion are the the noise level of our dataset
and the very small amplitude of the changes induced by x-rays. As we discussed in Sec-
tion 6.2.5, future developments on the beamline may involve a better shielding of the
electrical connections to the samples and a better environment for the magnetotransport
bench. Moreover, due to a failure of the main cryomagnet, we had to carry our experi-
ment far away from the focal point of the x-ray beam. Using a focused x-ray beam should
increase the changes induced by x-ray on the electrical properties of MTJs, and greatly
improve the signal-to-noise ratio.

We can also note that the large resistance drop in Rp upon addressing the A% states of
interface FeO (Figure 6.6) corresponds to a very sharp peak in the I(E,;,) spectra used to
calculate Rpsp (see green arrow in Figure 6.4(a)). One could argue that the small system-
atic errors induced by our data manipulation (e.g. interpolation) should be maximum at
this precise energy, and that the peak in Rp could arise from such errors. On the other
hand, if this was the case, there is no reason for this peak to be present in Rp and not in
Rup.

6.2.6.3 Impact on magnetotransport: Oxygen K absorption edge

Turning from this focus on the atoms at the MTJ’s interfaces and periphery, we now discuss
how a device’s operation is impacted by absorbed x-rays. Upon reaching the K absorption
edge for all O atoms (530eV — 545eV), Rp is mostly unaffected, with a decrease of
0.02-0.1 %. In contrast, R4p increases by 0.2 %. The ensuing TMR ratio, which reaches
~ 180 % in our MTlJs at 20 K, thus increases by ~ 0.5 %.

In order to understand the impact of x-ray absorption on magnetotransport, we present in
Figure 6.7 complex band structure calculations (CBS) for MgO in both its ground state (see
Section 1.3.4.2) and in the aforementioned ‘excited’ state. The additional electron is mod-
eled by replacing all O sites with F atome according to the so-called Z+/ method??"-2%°,
We unsurprisingly observe an increase in band gap for the excited state, which can in
turn artificially increase the complex loop amplitudes. At the energy corresponding to the
MTJ’s Fermi level, we observe a moderate increase in the rate «; of tunneling attenuation
for A, electrons, which dominate transmission in the MTJ’s P state. On the other hand,
we witness a considerable increase in the rate ks of tunneling attenuation for As electrons,
which dominate transmission in the MTJ’s AP state.

If we model R, (R) as the MTJ resistance without (with) the x-ray photoelectron, such
that R = Rype ™ (d is the barrier thickness), then the absolute changes dx; = —0.05 and
0k; = —0.15 in the tunneling attenuation (see Figure 6.7) lead to a three times smaller im-
pact on Rp compared to R4p, conform to our experimental results (within the experimental
noise level of Rp). This supports experimental observations of a sizable increase in R,p
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Figure 6.7: Complex band structure of MgO under x-ray excitation: Complex
band structure of MgO in its fundamental (black) and excited (red) states. Excited
MgO is modeled by replacing all the O atoms by F atoms. This could artificially
increase the band gap and the complex loop amplitudes, we nevertheless observe
an increase in ks that is much larger than for «;.

and a much lower impact on Rp.

6.3 Conclusion

In this chapter, we discussed how we combined the chemical selectivity of XAS and the
atomic selectivity of MTJs electronic properties. We showed that the tunnel current was
mainly modified by two mechanism when the device was excited by x-rays at the O K
edge.

First, in the pre-edge region, we showed that the electrical changes were related the ex-
citation of core electrons in Fe oxide at the interface. We explained the resistance drop in
the parallel magnetic state by the participation to the tunnel current of excited Af and Aé
photo-electrons. The fact that the impact is stronger upon exciting Af states is explained
by the fact that these states have the slowest decay rate in MgO. We suggested that these
photoelectron tunnel between Fe oxide sites present at both interfaces. Because the cor-
responding spin up states are fully occupied, these photo-electrons are not expected to
impact the current in the antiparallel magnetic configuration.

Secondly, at the O K absorption edge, we explained the change in device operation
induced by x-rays by the modification of the properties of the MgO barrier itself. Our
calculations showed that the decay constant of A; and As states was increased in the MgO
excited state. The calculations suggest that the absolute change induced on the decay con-
stant is three time larger for As than for A, explaining the smaller impact on Rp (dominated
by A; electrons) compared to R,p (dominated by As electrons).
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Finally, we saw that our interpretation was not conclusive, at times, due to small signal
to noise ratio of our dataset. But improving the samples’ environment and using a focused
x-ray beam should partially solve this issue.

178



ciaeree /

Conclusion and perspectives

In this thesis, our first objective was to characterize the impact of localized states induced
by oxygen vacancies on the electrical properties of MgO based magnetic tunnel junctions.
More precisely, we wanted to unambiguously identify the impact of the specific defect
population responsible for the changes induced on the electrical properties of the device.
In order to do so, we mainly used two type of probes, that is electrical measurements and
optical excitation.

In Chapter 4 the two techniques were used separately and results obtained from both
experiments were related indirectly. In Chapter 5 and Chapter 6 our approach was different
in that we attempted two combine the two experimental techniques, i.e. probe the changes
induced by optical excitation on the devices’ properties with electrical measurements.

7.1 Bias and temperature dependence of
magnetotransport properties

In order to identify the impact of specific localized states responsible for the changes in the
devices’ properties, we attempted compare the photoluminescence spectra induced by the
optical activity of localized states in the gap of MgO and magnetotransport measurements.

Photoluminescence is a powerful technique that allows the get useful information on
the characteristics of localized states. However, the technique also has its limitations.
For example, it is not possible to determine the energy position of relaxed excited states
with precision. Besides, the optical activity of oxygen vacancies in MgO is particularly
complex, and although the literature is consequent, a clear interpretation of the photolumi-
nescence spectra is still not available. In order to determine the electrical properties of our
device, we decided to use an experimental technique in order to extract the effective barrier
height directly from magnetotransport experiments. This technique consists in probing the
current change induced by thermal excitation and is free of the deficiencies inherent to
fitting techniques based on semi classical tunneling models.

Our temperature and bias dependent magnetotransport results strongly suggest the im-
pact of two types localized states in specific temperature ranges. At low temperature, the
changes in the electrical properties are maximum at 1.2 V. Around 7 = 80K an abrupt
switchover occurs, and a features located at 0.7 V dominates the tunnel current.

We then tried to identify these features by comparing their energy positions to the lu-
minescence bands of temperature dependent photoluminescence data measured on our rf-
sputtered MgO thin films. However, we showed that our initial interpretation of these PL
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spectra was not consistent. The difficulty to interpret our PL spectra stems from the fact
that (i) we misconceived the excitation and recombination processes between the ground
and excited states of a specific localized state and (ii) the excitation energy used to measure
our PL spectra was not appropriate.

As a perspective to this work, it is clear that the optical activity of our MgO thin films
has to be better understood. In order to do so, time-resolved and temperature dependent
photoluminescence spectra should be acquired, with the appropriate photon energy, i.e.
5eV photons to excite F' centers and 3-4 eV photons to excite M centers. Both the excita-
tion and luminescence bands should be investigated carefully. Additionally, the technique
used to measure the tunnel current in the device could also be upgraded in order to obtain
a better signal to noise ratio and improve the resolution of the measurements.

7.2 Optical excitation of localized states

The work carried in this chapter was based on our initial understanding of excitation and
recombination processes of localized states in MgO and on our initial interpretation of
the results obtained in the preceding chapter. To briefly summarize, we supposed that the
temperature dependence of the magnetoresistive properties of our devices was caused by
the occupancy switchover from the ground F/F™* to the excited F** states.

Our objective was to induce the change in the population occupancy of defects opti-
cally. Being able to optically change the defect population, which in turn drive the devices
properties, could have interesting applications in photonics.

We mainly carried two types of experiments. We first investigated the impact of ex-
citing our junctions with 3.05 eV p-polarized light and found that the results were mostly
identical to the impact of thermal excitation, suggesting a laser-heating effect.

We then focused on the impact of smoothly varying the polarization of light from p
to s. At first, the impact of varying light’s polarization couldn’t be explained by laser-
induced heat. We thus proposed an initial model in which the excited photo-electrons
are characterized by orbitals that points mostly along the direction of light’s electric filed.
Because the decay rate of charge carriers in MgO depends their electronic symmetry, we
supposed that the impact of excited photo-electrons on the tunnel current was different
depending on their orbital character.

However, we then focused on how light propagates in multilayer planar stacks. We
found that p- and s-polarized light are not reflected, refracted and thus absorbed with the
same amplitude. Assuming that the optical excitation actually results in heat, we showed
that our results could consistently be explained in terms of laser-induced heat.

The main difficulty arises from heat induced by the optical excitation. This effect will
be difficult to circumvent. Time resolved experiments could help, but will require a major
upgrade of the magnetotransport bench. Using a tunable laser source could also help to
enter resonant and non-resonant regimes and ease the identification of the excitation energy
of specific localized states.
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7.3 Synchrotron experiments

In the last chapter of this thesis, we briefly introduced our work carried on the DEIMOS
beamline at the synchrotron SOLEIL. Our goal was to combine the chemical selectivity
of x-ray absorption spectroscopy and magnetotransport experiments in order probe the
devices’ properties in real operating conditions.

We found that the current was mainly modified by two mechanism. First, in the pre-
edge region, we showed that the electrical changes were related to the excitation of core
electrons in Fe oxide at the interface. We showed that, contrary to the qualitative indica-
tions provided by XAS-only spectra, which suggest an annealing-induced disappearance
of interfacial Fe oxides, our combined magnetotransport/XAS technique reveals how the
TMR of our MTlJs is unambiguously limited by interfacial Fe oxides.

Secondly, at the O K absorption edge, we explained the change in device operation
induced by x-rays by the modification of the solid-state tunneling properties of the MgO
barrier itself. Our calculations showed that the decay constant of A; and As states was
increased in the MgO excited state. The calculations suggest that the absolute change
induced on the decay constant is three time larger for A5 than for A;, explaining the smaller
impact on Rp (dominated by A, electrons) compared to R4p (dominated by As electrons).

Finally, we saw that our interpretation was not conclusive, at times, due to small signal
to noise ratio of our dataset. But improving the samples’ environment and using a focused
x-ray beam should partially solve this issue.
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Résumé

L’étude de I'impact des défauts sur les propriétés électriques des semi-conducteurs a joué
un rdle crucial dans la révolution des technologies de I’information dans le milieu du
20eme siecle. Jusqu’ici, la course a la miniaturisation a permis de répondre a la demande
croissante en termes de puissance de calcul. Cependant, cette stratégie est vouée a ren-
contrer des limites physiques qu’il ne sera pas possible de surpasser, c’est pourquoi de
nouvelles approches sont nécessaire. Dans ce nouveau paradigme de recherche, les dis-
positifs électroniques a base d’oxydes sont des candidats prometteurs afin de réaliser de
nouveaux dispositifs multifonctionnels. L'importance des défauts sur les propriétés no-
minale des oxydes n’est pas autant reconnue que dans le domaine des semi-conducteurs.
Notre projet de recherche tourne autour de deux objectifs principaux, le premier a pour but
d’identifier explicitement I’impact de défauts spécifiques sur les propriétés €lectrique de
dispositifs a base d’oxydes. Le second a pour but de tirer avantage des propriétés induites
pour les défauts pour des applications optoélectroniques.

Mots clés : spintronique, TMR, jonctions tunnels magnétiques, défauts, états localisés,
photoluminescence

Abstract

The study of the impact of defects on the electrical properties of semiconductors played a
crucial role in the revolution of information technologies in the middle of the 20th century.
Up to now, the race to miniaturization allowed to meet the increasing demand in terms of
processing power. However, this strategy is predicted to encounter physical limits impos-
sible to overcome and new approaches are necessary. Within this new research paradigm,
oxide based electronic devices are promising candidates to fabricate new multifunctional
devices. The importance of defects on the nominal properties of oxides is not acknowl-
edged as much as it is in the field of semiconductors. Our research project revolved around
two primary objectives, the first one aimed to explicitly identify the impact of specific de-
fects on the properties of oxide-based electronic devices. The second one aimed to actually
take advantage of properties induced by defects for optoelectronic applications.

Keywords: spintronic, TMR, magnetic tunnel junctions, oxide, defects, localized states,
photoluminescence




