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Résumé en francais

L’électron fit au coeur de révolutions technologiques qui modifiérent profondément
la société dans la deuxiéme moitié du siécle précédent, avec notamment ’avénement
de l'ordinateur personnel et I'apparition de nouveaux moyens de communication.
Jusque récemment, deux propriétés intrinséques de I’électron furent utilisées dans
ces différentes technologies : i) la charge de I’électron, utilisée dans tout les disposi-
tifs d’électroniques classiques, controlée au moyen d’un champ électrique et ii) son
spin, utilisé a travers ses manifestations macroscopiques, pour des enregistrements
magnétiques par exemple. Cependant ces deux propriétés n’avaient jamais été utili-
sées en association pour accomplir un but précis. C’est précisément a ce croisement
qu’intervient la spintronique : son objectif est de modifier le mouvement des élec-
trons, et donc la conduction électrique, en agissant sur le spin a ’aide d’'un champ
magnétique extérieur.

Bien que le spin de I’électron soit connu et étudié depuis de nombreuses années,
jusque trés récemment son utilisation en terme d’application a été négligé. En 1988,
la découverte de la magnétorésistance géante (GMR) par Albert Fert, et indépen-
damment par Peter Gruenberg, a rapidement attiré 'attention de la communauté
scientifique sur le transport électronique dépendant du spin dans des matériaux
consistant en une succession de fines couches ferromagnétique et non magnétique
(F/NF/F) d’épaisseurs nanométriques. Dans de tels systémes, il est possible de
changer la résistance en modifiant la configuration de 'aimantation des électrodes
ferromagnétiques (d’un état paralléle P, & un état antiparalléle AP) en appliquant
un champ externe par exemple. En 1995 Moodera a observé un changement de
résistance encore plus important dans des structures composées d’électrodes ferro-
magnétiques séparées par une fine couche de matériau non conducteur. De telles
structures sont appelées des jonctions tunnels magnétiques (JTM). Le changement
de résistance dans ces systémes a été appelé la magnétorésistance tunnel (TMR),
car les électrons sont transférés d’'une électrode a une autre par effet tunnel. La ma-
gnétorésistance est définie comme la variation relative de la résistance entre I'état
paralléle et antiparalléle : TMR = (Rap — Rp)/Rp.

[origine de la magnétorésistance (MR) dans les JTM provient de la différence
de densité d’états (DOS) a ’énergie de fermi entre population de spin « up » et
« down » dans les matériaux ferromagnétiques. Cette différence est caractérisée par
la polarisation de spin définit par P = (Ny — N)/(Ny + Ny). Si nous supposons la
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conservation de spin lors du transport, un électron peut passer par effet tunnel a
travers la barriére seulement si un état possédant le méme spin est accessible dans
la deuxiéme électrode. La densité d’état accessible pour un électron varie avec la
configuration relative de 'aimantation des électrodes, paralléle ou antiparalléle, et
conduit & une différence de résistance entre ces deux états.

Avec 'amélioration des techniques expérimentales, il est possible aujourd’hui de
fabriquer des JTM totalement épitaxiées. Dans ces systémes les atomes sont empilés
de maniére ordonnée et les électrons peuvent étre décrits par les fonctions d’onde de
Bloch. De plus la théorie des groupes permet de classer ces électrons en fonction des
symétries des orbitales occupées. Les symétries des fonctions d’onde de Bloch jouent
un role important dans le transport tunnel dans les systémes épitaxiés, i) le fait que
la barriére soit elle aussi cristalline permet de conserver la symétrie des électrons
lors du transfert a travers la barriére, on parle de transport électrique cohérent;
ii) les différentes symétries des fonctions d’onde de Bloch sont atténuées de maniére
différente dans la barriére. Il est ainsi possible de filtrer les différentes symétries dans
la barriére et de concentrer le transport sur des symétries totalement polarisées a
I’énergie de Fermi. D’importantes valeurs de MR peuvent ainsi étre obtenues. Les
JTM avec des barriéres composées de MgO et SrTiO3 sont des candidats potentiels
pour la prochaine génération de dispositifs spintroniques.

En 2001 des travaux théoriques ont prédit des valeurs de magnétorésistances de
plus de 1000% dans les systémes totalement épitaxiés du MgO. Bien que ces pré-
dictions aient été validées expérimentalement, il existe encore de fortes différences
entre les valeurs prédites et les résultats expérimentaux. Cette différence est princi-
palement du au fait qu’il est extrémement difficile de créer un systéme parfait expé-
rimentalement, et plusieurs phénomeénes sont responsables des relativement faibles
valeurs de MR obtenues. Des phénoménes d’oxydations et de diffusions sont a l’ori-
gine de 'apparition de couches supplémentaire aux interfaces qui peuvent avoir des
effets indésirables et aussi réduire la magnétorésistance. Les défauts dans la barriére
cristalline peuvent également avoir un impact indésirable sur la magnétorésistance.
En effet ces défauts réduisent la hauteur moyenne de la barriére et créent des canaux
de conduction pour les électrons indépendamment de leurs symétries.

Comprendre la physique des défauts dans les JTM est donc trés important. En
effect, cela peut permettre de créer des jonctions de meilleures qualités avec des
propriétés optimisées et ainsi se rapprocher des valeurs théoriques. Mais il est égale-
ment possible d’utiliser ces défauts pour créer des dispositifs possédant de nouvelles
fonctionnalités, comme des jonctions avec des propriétés memristives par exemple.
Il existe différentes méthodes pour étudier les défauts dans les JTM. Les mesures de
magnéto-transport en température permettent d’accéder aux hauteurs de barriére
aux interfaces, ainsi qu’a d’autres phénoménes thermiquement activés. Des mesures
optiques permettent également d’obtenir de précieuses informations sur le type de
défauts. Cette thése a pour objectif d’ouvrir la voie a la compréhension de I'impact
des défauts sur le transport tunnel dans les JTM cristallines.
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Des jonctions tunnels avec des barriéres de MgO et Sr'TiO3 ainsi que des échan-
tillons contenant seulement des barriéres furent fabriqués par pulvérisation catho-
dique et par PLD (pulsed laser deposition). Certains des échantillons ont été fabri-
qués en collaboration interne avec d’autres départements a 'IPCMS, notamment
le DCMI pour les dépositions PLD, ou en collaboration externe, avec notamment
Michel Hehn du département P2M de l'institut Jean Lamour de Nancy pour des
échantillons CoFeB/MgO/CoFeB.

Des expériences effectuées sur des JTM fabriquées par pulvérisation cathodique
avec des barriéres de MgO montrent que certain types de défauts dans la struc-
ture cristalline de la barriére peuvent étre éliminés en fabriquant les échantillons
dans certaines conditions de dépot. Des barriéres MgO(001)//MgO(50nm) ont été
fabriquées avec différent taux d’oxygénes du dépot, et des expériences optiques ont
été effectuées. Les résultats montrent qu'une augmentation du ratio oxygeéne/argon
a pour effet de réduire les pics d’absorption a des énergies qui correspondent aux
absorptions optiques de défauts piéces.

Les pics d’absorption a 4.2 eV correspondent & la combinaison de deux lacunes
d’oxygéne (centres I), les pics a 5 eV correspondent a une lacune d’oxygéne neutre
ou ionisée (F', F'7), tandis que les pics & 5.6 €V correspondent a une lacune d’oxy-
géne doublement ionisée (Fy"). Les pics résultant des centres F'/F+ disparaissent du
spectre d’absorption pour un cristal de MgO déposé dans une atmosphére compo-
sée de 10% d’oxygene et 90% d’argon. Ces résultats suggérent la disparition de ces
défauts dans la structure cristalline.

Afin de confirmer cette hypothése, des échantillons Fe(20nm) /MgO(1.2nm) furent
fabriqués avec des ratios oxygene/argon de 0% et 10%. Des expériences de C-AFM
montrent que la couche de MgO ultrafine posséde moins de « hotspots », points plus
conducteurs, lorsque I'atmosphére est enrichie en oxygéne. Il a été vérifié que ces
résultats ne sont pas liés a des différences de topographie.

La disparition des pics F//FT du spectre d’absorption et ’amélioration des pro-
priétés des échantillons correspondants conforte I'idée selon laquelle les centres F'
sont responsables de la majorité du transport électronique dans la barriére de MgO
di aux défauts. Pour confirmer ceci, des courbe courant-voltage ont été mesurées
sur les deux types d’échantillons. La comparaison des données pour une tension
appliquée positive (correspondant a l'interface supérieure) donne des informations
pertinentes sur la présence des défauts et leur impact sur le transport tunnel. La
hauteur de barriére passe de 0.9e¢V a 2.3eV-4.1eV dans l'arriére-plan et de 0.4eV a
1.1eV sur les « hotspots ». Si on assume que I’énergie de Fermi se trouve au milieu du
gap du MgO alors la hauteur effective de la barriére serai de 1€V, a cause de centres
F et FT situés a 5eV dans la barriére. De plus, la disparition du pic de conduc-
tance a 0.9¢V dans les courbes I(V) sur I'échantillon fabriqué avec 10% d’oxygéne
confirme bien que la conductance excessive du MgO provient des sites F' et F'* qui
sont éliminés dans ces conditions de dépot.

Plusieurs échantillons ont été fabriqués en collaboration avec 'institut Jean La-
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mour de Nancy. Les premiers échantillons sont des hétérostructures du type Co-
FeB/MgO/CoFeB, sur lesquelles des mesures de magnéto-transport ont été effec-
tuées. Le second type d’échantillon concerne des hétérostructures ne possédant pas
de contre électrode (la barriére de MgO est alors la derniére couche de la structure).
Des mesures de photoluminescence ont été effectuées dans le but de déterminer I'im-
pact du recuit sur le transport électronique a travers de telles jonctions. Pour chaque
type d’hétérostructures, des échantillons recuits a 300°C ainsi que des échantillons
non recuits ont été étudiés et compareés.

Les pics observés lors de mesures de photoluminescence effectuées a différentes
longueurs d’onde permettent de déterminer I’énergie des défauts introduits pas des
lacunes d’oxygéne dans la barriére. Ces observations sont en accord avec d’autres
travaux/études présentes dans la littérature. La fabrication de jonctions tunnel ma-
gnétique a été effectuée avec par un protocole de lithographie standard. Les jonctions
ainsi obtenues, présentent un produit RA uniforme, ce résultat suggére que I’échan-
tillon est globalement homogéne. Les mesures magnétiques effectuées a température
ambiante sont cohérentes avec les mesures de magnétisation effectuée a ’aide d’un
SQUID. Dans le cas des échantillons non recuits, ’état antiparalléle n’est pas bien
défini, résultant en un signal TMR faible. En revanche, sur les échantillons recuit,
I'état antiparalléle est bien définit, et la MR observée est de plus de 100% (dans
ce cas, il faut également prendre en compte la cristallisation de la barriére lors du
recuit). De plus, nous observons sur les échantillons non recuits que la hauteur de
barriére est identique dans I’état paralléle et antiparalléle, alors qu’elle est inégale
dans le cas des échantillons recuits (0.7eV pour P et >0.8eV pour AP).

La dépendance en température de la résistance ainsi que de la magnétorésistance
(MR) montrent un changement de régime a 180K dans les deux cas (recuit et non
recuit), ce point sera discuter plus tard. On peut également observer un plateau
a partir de 40K jusqu’aux plus faibles températures, dans les cas des échantillons
recuits. La présence de ce plateau peut étre attribué a I’absence de défauts. Les
variations de la magnétorésistance en fonction de la tension et de la température,
MR(T,V), montrent que la MR diminue plus rapidement en tension et en tempéra-
ture dans le cas des échantillons recuits.

L’analyse des canaux de conduction thermiquement activé sur les jonctions re-
cuites montre une diminution rapide de la MR en fonction de la température, autour
de 1,1V, cette effet peut étre attribué aux sites ' et F'*. Afin de comprendre les
phénomeénes liés a 'activation thermique de la conductance ainsi que les différences
de la hauteur de barriére, une étude de la variation de conductivité en fonction de
la température a été effectuée (aussi appelé I chapeau ou T). La conductivité de
I’échantillon non recuit est dominée par la transmission de porteur de charges via
des centres F', F'*, et F™*, a partir 80K sa conductivité est dominé par des sites
F** jusque 180K, température a partir de laquelle le transport est dominé par des
centres Fy. Pour cette raison, une diminution significative de la résistance est obser-
vée au dela de cette température. Dans le cas des jonctions recuites, l’augmentation
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de la conductivité en dessous de 40K est dominée par des effets de structure de
bande dans le cas AP, alors qu’aucun effet similaire n’apparait dans le cas paralléle.
Ceci est une explication a la présence du plateau observé dans les R(T) ainsi que les
TMR(T). Cependant, au dessus de 40K, les centres F' et F'" commencent a dominer
le transport et ce régime persiste jusque 150K. Au dessus de cette température, les
centres '™ commencent a affecter le transport, résultant en une diminution rapide
de la résistance et de la MR. De plus, 'impact des centres F** n’est pas la méme
dans I'état P et AP, d’on une différence dans la hauteur de barriére dans les deux
configurations.

Nous avons également obtenu des résultats intéressants dans des dispositifs pos-
sédant des barriéres de SrTiO; (STO). Des jonctions CoFe,/SrTiO3/CoFeq ont été
fabriquées par PLD. Afin d’étudier 'impact de la température de dépo6t sur I'inter-
face CoFey/STO, la structure a été fabriquée avec une électrode inférieur déposée
a 300°C, tandis que la barriére a été déposée a 80°C ou 300°C (nommé échantillon
« basse-T » et « haute-T » respectivement). La couche supérieure a été déposée
a 80°C. Les deux échantillons ont été caractérisés, et possédent une bonne struc-
ture cristalline. Des mesures d’AGFM a température ambiante ont été effectuées et
montrent un retournement net de ’aimantation des électrodes, on remarque éga-
lement que le champ coercitif est supérieur pour I’échantillon « haute-T », ce qui
suggére que le dépot de STO a température élevée augmente le taux d’oxydation de
'interface CoFe,/STO.

Cette oxydation devrait avoir un impact négatif sur le transport cohérent a tra-
vers la barriére et de ce fait devrait diminuer fortement le ratio de magnétorésistance.
Ceci a été confirmé en mesurant des courbes R(H) sur les deux échantillons. La TMR
observé est de 3% pour I'échantillon « low-T », et aucune TMR n’a pu étre observé
pour échantillon « high-t ». Cette différence peut s’expliquer ainsi : i) Le transport
tunnel est dominé pas les symétries électronique A, et Ay a travers le STO. Dans le
cas d’électrodes composées de Fer, la structure de bande pour ces symétries coupe
I’énergie de Fermi pour les spins majoritaires et minoritaires, donc le filtrage reste
faible. D’autre part, dans le cobalt, les bandes Ay and Aj existent seulement pour
les spins minoritaires, et sont donc totalement polarisé a ’énergie de Fermi, ce qui
permet d’obtenir des ratios MR importants. Pour obtenir cette polarisation, il faut
que la couche c¢ofe soit assez riche en cobalt, ce qui peut ne pas étre le cas dans nos
échantillons, d’ou le faible ratio MR ; ii) Un autre facteur peut étre la structure de
la barriére & I'interface. La barriére de STO consiste en une succession alternée de
couche SrO et TiOs. Bien que des expériences ont confirmé une structure de barriére
correct, les « marches » atomiques a 'interface sont extrémement difficile & éviter,
et le signe de la TMR peut dépendre de la couche de terminaison de la barriére de
STO. Dans le systéme étudié, la couche a I'interface peut consister en un mélange
de SrO et de TiO,, dont la polarisation combinée, positive et négative, résulte en
un ratio MR assez faible.

La raison pour laquelle aucune TMR n’est observée pour 1’échantillon « high-
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T » pourrait été la température de déposition elle-méme. Au fait, la pression dans
la chambre de dépot augmente d'un ordre de grandeur, ce qui peut contaminer la
surface de cofe. Cette hypothése est corroborée par la valeur de champ coercitif
plus élevé pour ces échantillons. Pour confirmer cette hypothése, on présente les
courbes I(V) pour chaque échantillon, & partir desquelles les hauteurs de barriére &
chaque interface a été extraite. Une hauteur de barriére supérieure de 0.61eV pour
les deux échantillons a ainsi ont obtenue, ce qui correspond bien au fait que ces
interfaces ont été déposées dans les méme conditions expérimentales. D’autre part,
une hauteur de barriére de 0.39¢V (0.51eV) a été obtenue a l'interface inférieure
pour « haute-T » (« basse-T »). Ceci montre I'impact de 'oxydation de ’électrode
inférieur, qui est plus importante pour I’échantillon « haute-T ». Le fait que la TMR
décroit plus rapidement lorsque les électrons sont injectés a partir de I’électrode
supérieure montre que 'interface supérieure soutient ici aussi I’hypothése d un état
d’oxydation plus avancé de ’électrode inférieure.

L’analyse des résultats suggere que 'amélioration des propriétés des jonctions
peut étre obtenue de deux fagons différentes; i) En controlant la terminaison de la
barriére de STO, on peut assurer la derniére couche a I'interface, et ainsi éliminer les
différents filtrages de symétrie dont la contribution combinée résulte en une faible
valeur de TMR. Remplacer la barriére de STO avec du TiOs peut également aboutir
a des résultats intéressants ; ii) L’insertion de cobalt a I'interface peut non seulement
permettre d’éviter la formation d’oxyde a 'interface mais aussi augmenter le filtrage
de symétrie, car les états Ay and As ne sont présents que pour une population de
spin a I’énergie de Fermi dans le cobalt.

En conclusion, ces travaux ont montré comment la présence de défauts dans la
barriére de JTM peut influencer les propriétés magnétiques et de magnéto transport
de ces dispositifs. Nous montrons notamment comment controler la nature et la
densité de ces défauts au sein de couches de MgO, et avons discuté de I'impact
de ces défauts sur les hauteurs de barriére du diélectrique. Nos études sur des JTM
intégrant des barriéres & base d’oxydes de métaux de transition montrent la difficulté
de maitriser le degré d’oxydation des électrodes ferromagnétiques a base de métaux
de transition qui composent ces JTM.









Introduction

Motivation

Since discovery of the electron and subsequently its practical application in the wide
scientific and engineering field of what we nowadays call electronics, the spin of the
electron was for a long time neglected in context of practical devices. Electronics
serves humanity very well, allowing to develop at an astonishing speed compared
to prior development. Obviously, computerization overtakes the duty of performing
most of calculations, allowing people to perform tasks more efficiently and, interest-
ingly, to accelerate the technological advancement even more. The global network
allows humanity to access and share information almost without any physical bor-
ders and this process is still expanding. The size of a single transistor, thus its power
consumption and time interval required between consecutive numerical operations is
shrinking year by year, fulfilling the hypothesis raised in 1965 by Gordon E. Moore
[1] which predicted that the number of transistors that can be placed on an inte-
grated circuit would double approximately every eighteen months. This applies to
the ratio between computing speed and the price as well. This hypothesis is still
valid, though it is slowly approaching a scale below which classical laws of physics
may not be valid anymore and quantum effects start to occur. In other words, it
is not possible to miniaturize elements endlessly. At a certain moment, one has to
start looking for alternative means of achieving better performances. Spintronics
is one of such research fields.

Spintronics, i.e. spin-electronics is a wide field of physics and electronics that
encompasses multiple subject studies worldwide taking advantage of the fact that
the electron has an internal angular momentum - spin. The fact that in presence
of magnetic field electrons with different spins may behave differently can have a
crucial impact on the behavior of prototypical or even commercial devices, thus
offering desired features like shorter response time, faster speeds, more error-free
data processing or higher capacity.

In 1988, a new effect was observed separately by Gruenberg and Fert |2, 3]. They
discovered that when a current flows through a thin structure consisting of a non-
magnetic (NM) copper sandwiched between two ferromagnetic (FM) iron layers, the
resistance of the system changes by a few percents when an external magnetic field
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switches the relative orientation of magnetization of the electrodes from parallel (P)
to antiparallel (AP). This difference in the device resistance between the P and AP
configurations is nowadays called Giant Magnetoresistance (GMR).

The idea of the device whose resistive state could be altered by applying an
external magnetic field seemed to be very promising and the GMR effect has already
been applied in hard disk read heads, increasing their storage by over one order of
magnitude [4]. The same effect was also applied to many magnetic field sensors.

The electron’s spin may also influence properties of a device in which the metallic
layer is replaced by an ultrathin insulator. Such device is called the magnetic
tunnel junction. Beyond initial proof-of-concept experiments in the 1970s [5,
6], Moodera et al reported the observation of spin-polarized tunneling across an
amorphous Al,O3 barrier at room temperature [7]. Interestingly, the tunneling
magnetoresistance (TMR) amplitude of these new devices (12% at RT) was much
higher than that typical of GMR systems (less than 10% at RT), and thus drew
strong applicative interest.

Those results, although promising, were still limited. The TMR ratio obtained
from the structures with amorphous spacers never exceeded 70% at the room tem-
perature [8]. Calculations performed in 1997 by MacLaren et al on structures with
ZnSe semiconducting barrier showed that epitaxial systems would yield higher values
due to their specific filtering mechanisms [9]. In 2001, the theoretical calculations
by Mathon and Umerski predicted up to 1000% TMR. for crystalline MgO-based
structures [10], shortly followed by first results of Bowen et al [11], Popova et al [12]
and Yuasa et al [13]. This was possible due to a coherent symmetry-preserving
tunneling of electrons through the crystalline barrier.

However, even TMR as high as 200% obtained for the systems with the MgO
spacers sandwiched between the Fe or CoFe electrodes, albeit satisfactory, would
not allow those structures to be used for practical applications. This is due to
the practical applications requirements for which the magnetization of one of the
electrodes needs to be "pinned’; thus remain fixed in space while the magnetization
of the free layer is switched between parallel and antiparallel [14]. Industry spent
more than a decade to create a structure of this type without any strain fields. The
solution, which incorporates CoFeB electrodes yields the TMR signal up to 604%
at the room temperature [15]. These issues are all presented within both theoretical
and the experimental part of this thesis.

To further the ends, the field of spintronics ideally requires a source of electrons
that is fully spin-polarized. The Fe/MgO accomplishes this through the filtering of
appropriate electron symmetries in the course of the solid-state tunneling process.
Another path is to use ferromagnets that provide electron conduction only of one
spin type. This class of materials is called half-metals. Beyond initial observations
[16], integration within tunnel junctions led to the observation of over 1800% TMR
ratio [17]. The problem arising from using half-metals is that their outstanding
properties, when integrated into magnetic tunnel junctions, vanish above the Curie
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temperature of the junction interface, which lies well below the room temperature
level due to the interfacial modification of the electronic structure. This is the case
for the most commonly studied half-metal, the Lag7Sro3MnO;3 [18].

However, all of the aforementioned magnetic tunnel junction systems face a prob-
lem shared by all crystalline structures, namely defects. Various dislocations and
vacancies in the atomic network can strongly affect the barrier properties. Being
insulators, their intrinsic band gap may be filled with defect states with energies
lying between the top of the valence band and the bottom of the conduction band.
Their presence effectively reduces the barrier height and affects the coherent trans-
port of electrons by promoting a hopping regime of transport. As will be presented,
interfacial oxidation, substitution of sites between sublattices, atomic diffusion and
uncertain termination of both barrier or electrode layers can also strongly affect the
spin-polarized transport.

An ability to control the defects during the device fabrication, and monitor their
activity during the tunneling process, would shine an additional light at their role
in the spin-polarized transport. Concurrently, the possibility to create specific types
of these defects would allow to classify their properties and potentially make an use
of them in order to further enhance properties of magnetic tunnel junctions, leading
to specific applications like memristors. In these devices, vacancies are driven by
the current flow, which results in alteration of the electronic transport properties
via the defect sites and consequently change the resistance of the system [19].

Defect-related research is widely acknowledged to be crucial for understanding
the performance of devices based on semiconducting materials like silicon, germa-
nium or gallium arsenide. However, the same level of defects control does not exist
for oxide dielectrics even though they are considered the base for future spintronic
and memristive materials. The aim of this thesis is to establish processes that lead
to the defect control in magnetic tunnel junctions based on MgO, SrTiO3 and TiO,
barriers. We will describe the growth, characterization, junction patterning and
magnetotransport results on stacks in which we focus on the nature of defect states,
and their role on spin-polarized transport.
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Manuscript Organization

The first part of the thesis, called "Theoretical Basis" is divided in two chapters:
In the first one, basics of the spin-polarized transport are explained. Within the
first three sections, starting from the simple case of the spin-independent electron
transport through the potential barrier, the spin-dependent picture is consecutively
introduced. The Julliere model, the majority and minority electron spin populations
and the local density of states concept in electrodes are explained. In section 4,
the impact of Bloch symmetries on the tunnel magnetoresistance is shown using
the example of the model Fe/MgO/Fe system, as it is well-understood and is a
pedagogical example. Section 5 describes differences in spin-polarized transport
across MgO and SrTiO3/TiOy crystalline barriers. The sixth section introduces
junctions with iron electrodes replaced by CoFe, Co, CoFeB and Lag7Srg3MnQOs3,
with a special attention given to the last two. This is due to two facts: 1) A
significant part of this thesis concerns devices incorporating CoFeB electrodes and 2)
half-metallic LSMO is an interesting candidate for the electrode material in magnetic
tunnel junctions so fabrication of devices based on this compound was also attempted
during this thesis. Section 7 introduces the LSMO/STO/LSMO system, on which
the highest TMR signal was observed up to date.

The second chapter of the theoretical part describes the impact of defects in crys-
talline systems on spin-polarized transport. The first section concentrates on defect
sites present within dielectric crystals and how they may be optically and electrically
probed, whereas the second section describes the origins and consequences of im-
perfections present at metal /insulator interfaces. The third section discusses issues
of electromigration and presents the phenomenon as a tool with which magnetic
tunnel junctions may be engineered in order to alter their transport properties. The
fourth section introduces defect-induced magnetism in dielectric insulators and its
promising possibilities of future technological applications.

The second part, "Ezperimental realization” describes equipment, materials and
procedures used for fabrication, processing and measurements of structures studied
within the timeframe of this thesis. The first chapter of this second part briefly
introduces several UHV pumping systems, while the second one discusses the proce-
dure of substrate preparation for the sputtering deposition which was performed by
our group. Thin films growth techniques and procedures of sputtering, evaporation
and pulsed laser deposition are presented in sections 3 to 6, respectively. Various
quality control systems for both fabrication and processing are also presented. As
the nature of this thesis is mostly experimental and both the fabrication of sam-
ples and their processing technique development were its essential tasks, many of
experimental results as well as failed attempts are presented in this section.

The second chapter of the second part (chapter 4) describes procedures to convert
entire multilayers into measurable devices. Its first section describes an in situ
shadowmask patterning technique introduced within our sputtering system during
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the timeframe of this thesis. It is followed by a long section 2 that describes principles
of multi-step optical lithography. Short sections 3 to 5 discuss initial probing of the
processed devices, precise cutting issues and the final on-chip mount and the wire-
bonding, respectively.

The third chapter of the second part (chapter 5) introduces our techniques to
measure devices. Capabilities of the custom-made "FERT" setup on which most
of device-related experiments were performed are presented in section 1. The sec-
ond section presents experimental techniques of the barrier height determination.
The third section presents properties of optical setups with which absorption and
photoluminescence spectra presented in the manuscript were obtained.

The third part, "Device study”, presents results obtained on dielectric crystals
and magnetic tunnel junctions studied within the timeframe of this thesis. The first
two sections of the first chapter (chapter 6) describe results related to SrTiO; and
TiO,y dielectric crystals and devices based on these materials. The third section
presents attempts to improve properties of these magnetic tunnel junctions by re-
placing their transition metal electrodes with Lag7Srg3sMnOs. The second chapter
(chapter 7) discusses results of experiments performed on MgO barriers (section 1)
and magnetic tunnel junctions in which the MgO barrier was sandwiched between
two types of electrodes, i.e. the Fe/MgO /Fe systems fabricated with the shadowmask
technique (section 2) and the CoFeB/MgO/CoFeB devices, on which experiments
were performed in the final months of this thesis (section 3). The latter section
is particularly long due to the detailed analysis of the voltage and temperature
dependence of the spin-polarized conductance.

The fourth and the final part, "Conclusions and perspectives” is divided in two
chapters - the summary and the roadmap. The first one briefly recalls experiments
and results obtained on both types of devices (transition metal oxides and MgO)
during this thesis in separate sections. The second one presents potential solutions of
fabrication, processing and transport issues encountered during the timeframe of this
thesis. Moreover, propositions of further experiments that would shine additional
light on impact of structural defects on spin-polarized transport are presented.
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Chapter 1

Basics of Tunnel Magnetoresistance

The first section of this chapter describes the way electrons tunnel across the po-
tential barrier. The second one explains origins of the non-zero spin polarization in
ferromagnets. The third one uses the information from the former two, presenting
a system composed of an insulator sandwiched between two ferromagnets in which
the current flow is spin-polarized. The principle of operation of this system (called a
Magnetic Tunnel Junction) is presented in the fourth section based on the example
of the Fe/MgO /Fe system. The influence of electronic Bloch wavefunctions arising
from the band structure of the materials is discussed, and theoretical calculations
of transport and intrinsic features which govern it are presented. The fifth section
presents properties of two crystalline barriers different than MgO, namely SrTiO;
and TiOs. The sixth one introduces several different electrode materials and de-
scribes why CoFeB electrodes are of interest in terms of practical applications, as
well as issues related to CoFeB-based devices and differences from the Fe/MgO/Fe
in terms of a spin-polarized transport. Lag;Srq3MnQO3 electrodes are also presented
in this section. A detailed mechanism of double exchange giving rise to the half-
metallic behavior and transport principles of the LSMO electrode is presented. The
last section of this chapter presents the magnetic tunnel junction on which the high-
est TMR up to date was observed - the LSMO/STO/LSMO system.

1.1 From simple to epitaxial barriers

It may seem impossible from the classical point of view that one may simply walk
through a wall. However, due to the wave-particle duality of matter, these things
are possible in nanoscale systems for which quantum laws of physics apply. As
illustrated on fig. 1.1, if one imagines an electron with energy E and wavevector k
approaching a simple barrier with potential V, there is a finite probability that it
will penetrate through the barrier with its amplitude attenuated exponentially with
the barrier thickness and its decay parameter x = (2m/h)(V — E), where V > E
[20].
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Figure 1.1: Schematic picture of an electron tunneling through a simple barrier.
The resulting conductance is related to the evanescent state of the electron and its
decay parameter within the insulator. If the barrier is thin enough so its amplitude
does not fall to zero, the electron may reach the other side with the probability of its
wavefunction diminished. [20].

Despite certain experiments that involve vacuum barriers (like non-contact mode
of scanning electron microcopy), this thesis deals with thin-film systems in which
the barrier is composed of atoms. Barriers in which these atoms are ordered are of
special interest of this study. In such crystalline case, the Bloch condition for states
propagating from site r to a neighboring site r + a may be written as Wi(r + a) =
cW(r) where ¢ = exp(ik - a).

The above equation describes motion in a periodic potential with a wavevec-
tor k, which is a real quantity for electron motion in a metal, but is imaginary
when the electron traverses a semiconductor through the tunneling process. In that
case, the wavefunction decays exponentially as the electron propagates through each
additional layer. The electron state is then called evanescent.

When an electric bias is applied to the structure, the energy levels are driven out
of the equilibrium. This is schematically shown on fig. 1.2. Simmons performed the-
oretical calculations on current flowing across potential barriers under different bias
voltages and established well-known equations of electronic tunneling through gener-
alized barriers [21]. His model was further extended by Brinkman, who predicted the
phenomena for asymmetric barriers by adding a A¢ = ¢yignt — Pie e parameter [22].
As expected, the amount of current tunneling through a potential barrier increases
with the applied bias, the crucial value being V' = ¢¢/e. In order to determine
parameters of an unknown barrier, one may fit its current-voltage characteristics at
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Figure 1.2: Schematic energy diagram for a barrier under the bias eV applied lower
(left) and higher (right) than the barrier height ¢o. Note that in the latter case, not
only the barrier height is reduced, but its effective thickness As as well.

lower and higher bias according to the model of Brinkman. However, this model
still suffers from disadvantages resulting from the omission of certain effects like the
zero bias anomaly (section 1.4.4.1). Whenever possible, an experimental procedure
called I was used in order to determine the barrier heights (see section 5.2).

Tunnel barrier

Figure 1.3: For most tunneling systems, the electron transmission probability is
independent of its spin orientation. Here, the spin polarization equals zero on both
sides of the barrier. [23].

In most of real systems, the current flow means not only one but a large number
of electrons. The electron as a fermion has its spin of 1/2 h. This value can be
positive or negative, which will be called spin-up (1) or spin-down (J) respectively.
For non-magnetic materials the amount of spin up and spin down electrons is the
same and one may say the spin polarization equals zero. In such case, no transport
properties depend on the spin (see fig. 1.3). The spin polarization in a material
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may be described with the equation below, N’ being number of the electrons at the
Fermi level with respective 1 or | spins.

— Ny — Ny (1.1)
Ny + Ny

1.2 Non-zero spin polarization in ferromagnets
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Figure 1.4: Exchange splitting of spin density of states for Fe(bce). Due to the
exchange splitting of spin sub-bands, the DOS at the Fermi level is different for spin
1 and spin | populations (top and bottom parts respectively) [24].

The electronic properties of materials can be represented by their band structure.
When averaged over k-space, the energy dependence of the band structure yields the
material’s energy-dependent Density of states (DOS). The conductance in metals
is obviously carried out by the electrons laying at the Fermi level Er or very close
to it. As noted before, for non-magnetic materials the DOS distribution is equal
for both spin populations so the spin polarization can be neglected. However, in
materials that exhibit ferromagnetic properties, their two spin subbands are affected
by the exchange splitting, as shown for the example of iron on fig. 1.4. This crucially
affects the electron population at the Fermi level. The number of states available
at Ep for electrons with respective spins is non-equal and one may talk about a
non-zero spin polarization.

At the macroscopic level, a ferromagnet is characterized by the spatial orientation
of its magnetization. This magnetization reflects the fact that, due to exchange
splitting, one spin subband is filled more than the other. The degree of filling
depends on the ferromagnet considered. This implies that one spin population, called



1.3. SPIN-POLARIZED TUNNELING IN MAGNETIC TUNNEL JUNCTIONS33

the majority spin or spin-up population is more numerous than the other. The
macroscopic magnetization of the material and the quantization axis of majority spin
electrons are defined to be identical. The spin quantization axis for the minority
or spin-down electrons, is therefore antiparallel to the magnetization axis.

1.3 Spin-polarized tunneling in magnetic tunnel junc-
tions

The structure in which a few-nanometers-thick insulator is sandwiched between
two ferromagnetic electrodes is called a Magnetic tunnel junction (MTJ). Tech-
niques used to fabricate such systems are extensively presented in the second part
of the manuscript. Here, the general information about a Ferromagnet-Insulator-
Ferromagnet (FM/I/FM) system is given.

Figure 1.5: Four different magnetization configurations of the ferromagnetic elec-
trodes in a magnetic tunnel junction.

If the coercive fields of the two FM layers are different, then, as an external
magnetic field is ramped from a positive value through zero to a negative value, the
magnetization of each FM layer will flip separately. In that case, the structure may
take one of four different configurations of ferromagnets, as shown on fig. 1.5.

In absence of any symmetry breaking (e.g. induced by the exchange bias field
of an antiferromagnet), the positive and negative directions of magnetization for
each layer are equivalent in energy. In that case, the four presented cases of the
relative magnetization of the ferromagnets can be simplified to two: Parallel (P)
and Antiparallel (AP).

At the very beginning of the spintronics field timeline, Julliere proposed that
electron conduction across a metallic system should be considered as occurring pri-
marily within two spin sub-channels [25]. This means that the total conductance of
the system in the P or AP configuration is the sum of the corresponding minority
and majority conduction channels, i.e. Gp = G + GY and G4p = GW + G,
Moreover, he proposed that current tunneling through each channel be proportional
to its DOS at the Fermi level for both electrodes. In these terms, their spin polariza-
tion can be written as P = (D+ — D|)/(Dy + D,). However, the two-current model
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Figure 1.6: Simple spin-conserving tunneling representation for both a) parallel and
b) antiparallel FM configuration. D’ denote densities of states of the respective
electrodes; Note that in the AP configuration, the spin-up states in the magnetization
referential of one electrode become spin-down states in the magnetization referential
of the other, and vice versa [14].

neglected the spin-orbit interaction, which was further extended by Slonczewski for
the case of tunneling across magnetic tunnel junctions with an amorphous barrier
|26]. The phenomena was later described in more detail for crystalline barriers by
Butler and Mathon [27, 28]. The spin-conserving tunneling is schematically shown
on fig. 1.6. Tt is important to note that these models apply to the perfect systems
and do not take into account additional effects like population mixing due to the
spin-flipping or collective excitations of spins known as magnons.

1.4 Symmetry filtering in Fe/MgO /Fe

A substantial part of this thesis is dedicated to the Fe/MgO/Fe system. MgO
deposited atop the perfect Fe monocrystal grows crystalline, however rotated by 45°
as the MgO lattice constant is roughly v/2 larger than that of Fe (2.886A) (fig. 1.7).
The lattice mismatch is around a few percent, which is not enough to distort the
MgO crystal [29]. It is also theoretically well-understood structure that can serve as
a pedagogical model to describe the spin-polarized tunneling through the magnetic
tunnel junctions. Thus, this section presents the impact of Bloch wavefunctions
and band structures on the tunneling-induced filtering of electrons with a particular
symmetry across the Fe/MgO /Fe magnetic tunnel junctions.

1.4.1 Electronic Bloch wavefunctions

In crystalline systems, which are exclusively studied within this thesis, the atom-
generated periodic potential felt by the electron as it traverses the lattice depends
on the direction of propagation within the lattice. Thus, both in the barrier and in
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Figure 1.7: a) Top and b) cross-sectional view of the MgO grown atop the Fe
monocrystal. Vectors below denote crystalline orientations of both materials [14].

Figure 1.8: Atomic-like orbitals grouped by symmetry properties in the direction of
propagation. Their transverse nodes are schematically drawn on the right of each

symmetry [30].

the electrodes, the electrons can be described with their components of the Bloch
wavevectors, parallel to the interfaces, i.e. perpendicular to the direction of propaga-
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tion: spd- pd- and d-like, usually called A, Ay and Ay /Ay, respectively. Depending
on the band structure of the material (either metal or insulator), electrons with spe-
cific transverse modes (symmetries) undergo their respective scattering rates. For
this reason one may speak about specific conduction channels (fig. 1.8).

1.4.2 Band structures impact

Figure 1.9: Bee Fe(100) bulk Brillouin zone with high symmetry points denoted. The
I'—H is the direction of the propagation of electrons. The (001) surface zone is also
drawn on the right with the T — X direction specified [30].

In order to understand the impact of electrode and barrier band structures on the
spintronic response of the Fe/MgO /Fe system, a Brillouin zone for bee (base-center-
cubic) system is presented on fig. 1.9. In bee systems like Fe/MgO/Fe, electrons are
made to propagate along the I'—H direction thanks to an external applied electric
field.

1.4.2.1 Magnesium Oxide

The general reason for using crystalline barriers is their ability to preserve the sym-
metries of electrons during the transport. This Coherent transport is the main
advantage over amorphous insulators like Al,Og, in which intermixing of symme-
tries within the barrier results in their poor filtering by the collector (fig. 1.10a).
In the case of a crystalline barrier (fig. 1.10b shows the MgO case), electrons of
each symmetry undergo their respective symmetry-dependent attenuation within
the barrier.
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Figure 1.10: Schematic comparison of a) an incoherent tunneling through the Aly O
amorphous barrier and b) a coherent transport trough the crystalline MgO. [14].
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Figure 1.11: Real (center) and complex (sides) band structure of [001] MgO. Numbers
denote respective A electronic symmetries [31].

As mentioned in section 1.1, wavefunctions become complex when tunneling
occurs. In order to understand the mechanism of decay within the insulator, one has
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to look at its complex band structure. This structure, calculated for the MgO crystal
along with contributions of its respective electronic symmetries, is shown on fig. 1.11
[32, 33]. The essential concept of the complex band structure is the interfacial
matching of wavefunctions at the boundary of the two crystals, which in case of
the metal-insulator interface are metal-induced gap states (MIGS). These states
are itinerant in the metal but decay exponentially in the insulator due to presence
of the band gap, forming the complex band structure of the insulator [31] (the
aforementioned evanescent states). Their key parameter is the decay parameter x
[20], whose dispersion is plotted as as a function of energy across the band gap of the
semiconductor. The complex band which connects the A; valence and conduction
real bands is smaller than any other and it does not extend towards the higher
values of the decay parameter s that drives the transmission probability (e=2r9).
This implies that it is the A; state that has the lowest decay rate. Thus, for a
current encompassing all symmetries that impinge on the MgO tunnel barrier, most
of the current tunneling across the barrier is effectively of the A; symmetry. For
the Fermi level lying in the center of the gap, there is only one (A;) k evanescent
state that connects conduction and valence bands symmetrically. x of the A5 band
is second to that of Ay, thus it decays within the barrier faster. The Ay complex
band extends further towards high x values so electrons of the Ay symmetry will
contribute to the tunneling current much less than these of A; and Aj symmetries.

Note that the case presented concerns the MgO crystal. The analysis of the
complex band structure needs to be performed for each type of the oxide barrier in
order to determine its attenuation rates for specific symmetries, as will be shown in
section 1.5 for barriers different than MgO.

1.4.2.2 Iron

Let’s take a look at the band structure of the bce Fe ferromagnet for both spin
populations (fig. 1.12). Along the I'—H (i.e. (100)) electron propagation direction,
one can see that states with certain wavefunction symmetries exist at the Fermi
level only for one of the spin populations. This is particulary true for A; and A,
whose bands cross Fermi level exclusively for majority or minority spin channel,
respectively. The Ay and Aj symmetries cross the Ex for both spin populations so
they do not give rise to spin polarization of the current, as they provide current flow
in any relative orientation of the ferromagnets.

Electrons tunneling across a perfectly crystalline system conserve both their spin
and symmetry. In each of the P and AP configurations, the total system conductance
is the sum of conductances resulting from electrons tunneling via both majority and
minority channels, which are in turn the sums of conductances of all symmetries
available in these channels. Thus, following fig. 1.12, the total conductance in the P
state is the sum of Ay, Ay and Aj in the majority channel and A,, Ay and Aj in
the minority channel, respectively. In the AP state, for which majority (minority)
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Figure 1.12: Exchange split band structure in bee Fe for both majority and minor-
ity spin. The I'—H is highlighted. % and A denote (110) and (111) propagation
directions in the real space, respectively [30].

electrons from the injecting electrode tunnel into available states in the minority
(majority) channel within the collecting electrode, the total conductance is the sum
of Ay and Aj in both majority-to-minority and minority-to-majority channels. The
absence of the tunneling of A; and A, symmetry electrons in the antiparallel case
yields a significant difference between P and AP configurations of the system. Thus,
the band structure of the ferromagnetic electrodes is yet another property of the
magnetic tunnel junctions that is responsible for the symmetry filtering.

1.4.3 Transport calculations

Butler et al performed calculations for the Fe/MgO/Fe system and described a
tunneling behavior of all the separate conduction channels. They are presented in
figure 1.13. One can see that the moderately decaying A5 symmetry is present in all
the cases. States capable of injecting (left electrode) or collecting (right electrode)
electrons with As symmetry exist at Fermi level for both majority and minority
populations of iron. The same applies to the Ay channel, yet due to its high decay
rate, it is not able to effectively tunnel across the barrier.

The crucial difference lies in presence or absence of the A; symmetry and, to
a lesser extent, the Ay. The A; is the slowest decaying channel which implies
its responsibility for most of the total conductance. However, this symmetry does
not have states at the Fermi level among the minority population so it cannot be
injected into the barrier from the minority population of the injector. On the other
hand, in the antiparallel configuration A; spin-up electrons tunnel towards A; spin-
down states in the collecting electrode. Since there are no available A; spin-down
states, they continue to tunnel in absence of spin- or symmetry-scattering. Similarly,



40 CHAPTER 1. BASICS OF TUNNEL MAGNETORESISTANCE

Majority Density of States for Fe|MgO|Fe Minority Density of States for Fe|MgO|Fe

W

-

2 105
©
7 As (pd)
61010
27
%1015
()

1020

(d)

2 3 4 5 86 7 8 9 10 1112 13 14 2 8 9 10 11 12 13 14
Layer Number Layer Number

10725

Density of States for Fe(majority)|MgO|Fe(minority) Density of States for Fe(minority)|MgO|Fe(majority)

; r : 5 z =
H-&-—a_ﬁ }:m
1 w

§ 105 i \; L

5 5 (od)

51010 Fe MgO Fe {F Fe

P_." Ly &

£10-15

D

(]

10720 Ag (O)

10-25 1 1 1 1 L 1 1 L 1 1 L L L 1 L 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: Tunneling DOS (TDOS) for Fe(100)/MgO/Fe(100) system with the
MqgO barrier being 8 monolayers thick. The top two graphs show tunneling in the
parallel state, the left one for majority and the right one for minority spin popula-
tions. The bottom graphs depict the antiparallel configuration consisting of tunneling
from majority to minority states (left panel) and from minority to majority states
(right panel). Additional outer Fe layers are drawn in the antiparallel configuration
to show how, in absence of spin and symmetry decoherence, tunneling beyond the
MqO barrier can occur in the collecting metal layer as well if a symmetry is absent.
Each TDOS is labeled by the symmetry of the incident Bloch state at the Fermi level
of the injector. Note that the density of states scales are logarithmic [27].

minority A, states injected into the barrier are accepted at the collector in the P
configuration, but ‘rejected’ (i.e. they continue to decay) in the AP state.

By simply summing up all the symmetry channels measured at the end of the
collector for both parallel and antiparallel configurations, one may clearly see the
difference between conductances in both P and AP configurations. This difference,
most often shown as the difference in resistances, is called the Tunnel Magnetore-
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sistance (TMR) and described with the following formula:

Gp—Gap Rap—Rp
TMR = = % 1.2
G s (1:2)
G and R are the conductance and resistance of the system in the parallel (P)

and antiparallel (AP) configurations, respectively.

100

L | s N L N N s 1 N
-500 0 500
Magnetic Field (Oe)
Figure 1.14: Tunnel magnetoresistance ratio versus applied magnetic field reported

on 65195 um?* Fe/MgO/Fe junctions with 2.5 nm thick MgO barrier at room tem-
perature (full circles) and 80K (empty triangles) obtained by Faure-Vincent et al.

[34]-

Fig. 1.14 shows a typical resistance versus applied field curve (RH). The magnetic
field H is applied along the easy magnetization axis of the Fe layers so as to achieve
AP state. The easy axis is in plane, therefore the field is applied in plane, which is
perpendicular to the direction of current flow. One may see that, starting with the
high negative field, the relative magnetization of the ferromagnets is parallel (both
aligned along the negative field lines) and the resistance of the system is low. A
reduction of the field strength to 0 does not affect the magnetization of the system
until the value reaches positive 40 Oe when one of the ferromagnets switches its
magnetization and aligns along the positive field. The relative orientation of elec-
trode magnetization becomes antiparallel and the overall system resistance increases.
The magnetization of the second electrode remains unchanged at this point due to
its higher coercivity. Increase of the magnetic field strength towards higher posi-
tive values causes the magnetization of the second electrode to flip as well and the
configuration becomes parallel again (however this time aligned along the positive
field direction) resulting in the initial low resistance again. The mirror-like behavior
occurs on the return sweep of the field from positive towards negative values.

As the A; symmetry electrons are very weakly attenuated within the MgO bar-
rier, the absence of states with this symmetry within the minority spin channel
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drastically reduces its total conductance and even presence of additional, strongly
attenuated A, symmetry states does not compensate the former 'loss’. As one may
conclude from the fig. 1.13, the difference between majority and minority channel
conductances (and so the TMR ratio) increases with the barrier thickness, as the
Ay and As symmetries decay much faster than the A;. The sample thickness,
however, cannot be increased unlimitedly and while reaching a few nanometers the
decay across layers becomes so high that transport may be realized only across defect
sites which in turn disturbs its coherency. The incidence of these defects on trans-
port across magnetic tunnel junctions will be discussed in the 2 section. However,
even perfectly crystalline system contain certain intrinsic features which negatively
affect its spin-polarized tunneling.

1.4.4 Intrinsic issues

1.4.4.1 Zero bias anomaly

120 N C {120

110 | antiparalel & 42 K 210K {110

5 100} 1'%

% 90 | 190
/\

80 | aralol @ /(l;)\ 180
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Figure 1.15: Resistance dependence on applied bias of Co/Al,O3/CoFe magnetic
tunnel junction in a) and 4.2K b) 210K for AP (top) and P (bottom) alignment.
Resistance drop below 150mV is referred to the zero bias anomaly [35].

Zhang et al for the first time reported an unusually high, ’anomalous’” TMR
decrease across Al,O3-based MTJs within small bias range up to 150mV (fig. 1.15).
The effect was observed both at room temperature and at 4K, albeit much more
pronounced in the latter case (especially in the AP conductance channel). As the
energy scale of this zero bias anomaly was of the same order as that of the magnetic
excitations, it was assumed that the electrons just above the Fermi level produce
collective excitations of local interfacial spins which result in an additional factor in
lowering the TMR signal within this bias range (the first factor being the standard
barrier height lowering) [35]. The effect was for the first time observed and described
for amorphous barriers, but it is commonly observed in crystalline systems as well.
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1.4.4.2 Interfacial resonant states

Transmission X 1011

4.0r
3.0t

Transmission X 107
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Figure 1.16: Theoretical calculation of majority (left) and minority (right) conduc-
tance channels in Fe/MgO/Fe system with 12 monolayers thick barrier. The large
peaks at ky # 0 result from interface resonant states [27].
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Figure 1.17: Schematic surface energy bands dispersion for minority spin channel in
Fe(001). The grey zone depicts the bulk bands, whereas the dash line is the dispersion
of surface states (SS). When the two overlap, they form interfacial resonant states
(IRS) and contribute to the transport towards the bulk (example circles). [36].

Calculations performed by Butler et al [27] show that, even though minority
channel conductance across MgO-based devices is much lower than the one of the
majority, it is dominated by large peaks away from the k£ normal to the barrier
1.16. These features are directly related to the minority spin surface states (see
schematic fig. 1.17). The surface states cross Ep at certain k. Contributions from
this state become significant once it hybridizes with a bulk band. As these surface
states exist on both sides of the barrier, they may couple to each other, resulting in
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interfacial resonant states that are responsible for large conductance peaks in the
minority conductance channel. These intrinsic features lower the G4/ Gmin ratio,
which significantly affects the effective TMR value.

1.4.4.3 Impact of phonons

All of magnetic tunnel junctions show decrease of the TMR ratio with increasing
temperature. Apart from structural defects (described in chapter 2), this issue is
often attributed to thermally- or voltage-induced excitations of the barrier atoms,
i.e. phonons. Although relatively few works report their direct impact on the spin
polarized transport, barrier phonons with energy of 80meV and 120meV are re-
ported on several MTJ systems at corresponding bias in the second derivative of
current voltage characteristics d?I/dV?(V), so called inelastic electron-tunneling
spectroscopy (IETS) [37, 38].

1.5 Other barrier types

The MgO barrier was presented in the former sections as an easy example of solid-
state spin-polarized tunneling in the Fe/MgO/Fe system. However, due to interest-
ing symmetry filtering effects and to the relative accessibility of their optical studies,
devices based on SrTiO5 and TiO, insulators were also studied during this thesis.
This section presents properties of these materials from a spintronic standpoint.
Although several more complex compounds are proposed as MTJ barriers [39, 40|,
they lie beyond the scope of this thesis.

1.5.1 Strontium titanate

SrTiO3, abbreviated to STO, crystallizes in face center cubic (fec) perovskite ABO;
structure as shown in fig. 1.18, with its lattice constant being 3.905A. It is a stack
of alternating (200) SrO and TiO, planes [42].

The complex band structure for the cubic perovskite strontium titanate is pre-
sented on fig. 1.19. If compared with the respective calculation for MgO (fig. 1.11),
one can easily see that the electronic transport is not governed by the same elec-
tronic symmetries. SrTiO3 barrier exhibits a very different band structure profile
from that of MgO, as its valence band has A; and Aj symmetries resulting from
oxygen 2p orbitals, while the conduction band has Ay and As symmetries from Ti
sites. As the consequence, more than one x loop exists in the gap and the charge
neutrality level (CNL), defined as the intersection between these loops, lies closer
to the the conduction band, and so shall the Fermi level in case of contact with a
metal. This is because empirically the chemical potential of STO is found to lie close
to the conduction band, which means that Er can be at best lowered to the CNL,
not lower. For electron propagation along the (001) direction, the electron barrier
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Figure 1.18: Perovskite ABO3 structure. In case of SrTi03, A stays for Sr and B
for Ti site, respectively. The common octahedral BOg representation with the B site
in the center is shown in the bottom-left [{1].

6 L .‘]/ F 2 (b) 7]

- I 4 q

~ 4r -
> F ]
= 2k CNL 7
> <f ]
o0 L AR W Pl o ]
- /3
88 i ]
B 1
A4F -

r X
) K(2m/a) 0 ks 0 K(2m/a) 1

Figure 1.19: Complex band structures of SrTiOs. CNL stays for the charge neutrality
level. Numbers denote the A electronic symmetries [43].

height (Ay and Agj) is then lower than that of the holes (A, and Aj) [43]. Moreover,
the extension of the A; symmetry band is the one extending the least towards high
k values, resulting in the dominant conductivity of this channel within the barrier.
This in contrary to the MgO band structure profile, for which the charge neutrality
level lies in the center of the gap as only one (A1) k loop connects conduction and
valence bands symmetrically.
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1.5.2 Titanium dioxide

The alternating occurrence of SrO and TiOs planes within the SrTiOj3 crystal can
lead to an uncertain interface termination. Even though TiO, termination was
observed to be more energetically favorable than SrO, the interfacial mixing may
have a crucial impact on the tunnel magnetoresistance ratio, diminishing its value or
even switching the sign [44]. Such uncertain interfacial termination will be described
in chapter 2. In order to avoid the issue, the additional TiO, layer may be deposited
from a separate pure titanium oxide source. Such interfacial layer would ensure the
interfacial termination of the barrier. However, some groups have also predicted
that wholly TiOs barriers would be good candidates for the spintronic applications
[45]. The titanium oxide barriers might then serve as an alternative to the strontium
titanate.

Figure 1.20: Crystallographic three dimensional and planar structure of anatase

Ti05(001) [46]

Anatase phase TiO9 has a band gap of 3.2eV [47]. Bibes et al show that a 2.4nm
epitaxially grown layer shows both high resistivity and electrical homogeneity with
no conductive hotspots [45]. Its lattice parameters, 3.8A for a=b and especially
9.5A for the ¢ direction (fig. 1.20) promise small lattice mismatch with perovskite
materials.

The tunneling behavior of the anatase TiOy barrier is similar to that of the
SrTiOs3, due to their corresponding band structures - symmetries of the valence band
are of Ay and Ay types due to 2p orbitals, whereas the bottom of the conduction
band consists of symmetries resulting from Ti atoms - Ay and Aj [48].

The ease with which the anatase phase of TiOsgrows upon other perovskites
gives an additional suggestion that it can be well used as the forced termination
layer of the Sr'TiO3 barriers or may even become its replacement. For these reasons
and due to relatively scarce experimental results on TiOs-based structures, their
study was also approached within the timeframe of this thesis.
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1.6 Different electrode materials

Iron was described as the model electrode material because of its well understood
band structure and symmetry filtering properties in the Fe/MgO/Fe system. How-
ever, there are several disadvantages of the mentioned system due to properties of
iron, i.e. its easy oxidation and simultaneous existence of certain symmetry bands
for both spin populations. This section presents properties of different materials
that may be used as ferromagnetic electrodes in magnetic tunnel junctions.

1.6.1 Introduction of Cobalt

In this subsection cobalt-iron alloys and pure cobalt electrodes are presented, as they
proved to be great candidates for high TMR yielding magnetic tunnel junctions due
to their good symmetry filtering properties [29] and lower enthalpy of oxidation (see
table 2.6).

1.6.1.1 Cobalt-iron alloys

Energy (eV)

Figure 1.21: Schematic band dispersion of bee a) Fe and b) Co along the [001] T—H
direction. The solid and dotted lines represent magjority and minority spin subbands,
respectively. Bottom edges of the majority Ay subband were aligned in order to
compare the Ep position in both materials [49].

As presented before, magnetic tunnel junctions composed of iron electrodes suffer
from tunneling via certain symmetry channels (namely A; and to lesser extent the
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Figure 1.22: Total tunneling DOS for bec CoFe(100)/MgO/Coke(100) system with
the MgO barrier being 8 monolayers thick in P (left) and AP (right) relative orien-
tation of the electrodes [50.

Ay) that are present both in P and AP configurations, which results in a low con-
ductance difference. Parkin et al presents that by replacing Fe with CoFe electrodes
one may enhance the TMR ratio. This can be easily explained if one compares band
dispersions of bee Fe and Co (fig. 1.21). Contrary to the iron case, both Aj; and
Ay subbands in cobalt lay below the Fermi level in the majority-spin band. This
implies that electrons of these symmetries can contribute to the total conductance
only in the parallel configuration, which results in the TMR reported on CoFe-based
junctions being higher than for their iron counterparts [51]. The calculations of the
tunneling DOS performed by Zhang et al are shown on fig. 1.22.

As previously mentioned, Fe crystallizes in the bee structure with a lattice con-
stant that can form a crystalline interface with MgO. Cobalt, on contrary, takes the
hexagonal-close-packed (hep) form, disallowing the correct lattice matching with the
MgO barrier. However, it is well known that the CoFe compound retain the iron-like
bee structure up to 70/30 Co/Fe ratio, with its lattice constant being very similar to
that of iron, i.e. 2.82A [50]. Even though intermixing of Co and Fe band structures
in CoFe is inevitable, reports show that it is the Co interfacial termination that
is energetically more favorable, which results in the desired more cobalt-like band
structure at the interface [50]. On the contrary, very recent results by Bonell et al
show that x=0.25 within the Co,Fe;_,formula may also lead to an enhanced TMR
ratio due to specific band structure modification at this ratio [52].

1.6.1.2 Interfacial cobalt layers

As it is the Co band structure that forbids As and Ay electrons from tunneling in
the AP state, even more pronounced effects are expected for the Co/MgO interface.
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Figure 1.23: TMR ratio for bee Fe/Co,Fey_,/MgO/Fe structures fabricated under
same conditions and measured at room temperature as well as at 4K with 10mV bias
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Figure 1.24: Total tunneling DOS for bec Co(100)/MgO/Co(100) system with the
MgO barrier being 8 monolayers thick in P (left) and AP (right) relative orientation
of the electrodes [50].

The problem resulting from the aforementioned hcp crystalline structure of cobalt
is not present in case of up to a few monolayers thick (0.6nm) interfacial Co lay-
ers, which follow the bcc structure of the Fe or CoFe electrode they are grown on,
with the lattice constant being 2.86A [53]. Yuasa et al compared the tunnel mag-
netoresistance ratio for several structures fabricated with comparable conditions,
i.e. Fe/Co,Fe;_, /MgO/Fe systems, with the 'x’ value being 0, 1/2, or 1. The re-
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sults are presented on fig. 1.23. The TMR values obtained for the pure Co lower
electrode are clearly better than for the others. The relatively low TMR value for
the CoFe-based system is explained by the need of to perform electrode annealing
at 600°C in order to obtain the lattice planes with alternating Co and Fe occupation
[54]. Calculations performed by Zhang et al on hypothetical systems with bee Co
electrodes show similar results as these performed on the bce CoFe-based system
(fig. 1.24).

1.6.2 CoFeB based textured systems

As the MgO-based systems show reasonably high TMR signals at room temperature,
they are promising candidates for entering the industrial stage. However, the stack
structure required for potential applications requires only one of the ferromagnetic
layers to be able to switch with the magnetic field applied, while the other has to
remain fixed. This cannot be done with traditional iron or cobalt-based systems.
The desired possibility to 'pin’ one of the layers forced researchers to look for another
solutions.

Free layer <mum or sl

Tunnel barrier

-~
Pinned layer #
Synthetic
(

SyF) structure

Textured

fee(111) structure< | FM (Co-Fe) h

(3-fold symmetry)

AF layer (Ir-Mn or Pt-Mn)

for exchange-biasing

~

Figure 1.25: Stack structure of a magnetic tunnel junction required by the industry.
The synthetic ferrimagnet (SyF) acts as a ‘pinned’ layer of the structure, which
ensures strong exchange-bias and small stray magnetic fields acting on the top layer.
Only the top ’free’ layer can switch its magnetization while the field is applied [1]]

The pinned lower electrode can be created as a synthetic ferrimagnet (SyF) com-
posed of antiferromagnetically coupled Ferromagnet /Non-ferromagnet /Ferromagnet
(F/NF/F) structure, exchange-biased by the antiferromagnetic layer. An example
of such a structure is shown on fig. 1.25.

For more than 15 years material engineers were looking for an AF/SyF struc-
ture with a strong exchange-bias and minimum stray magnetic fields acting on the
free layer. So far the most promising candidates are IrMn or PtMn as the anti-
ferromagnets and CoFe/Ru/CoFeB as the synthetic ferrimagnet |14]. However, the
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main obstacle in application of these materials into the magnetic tunnel junctions
was that their crystalline orientation does not follow the NaCl(001) structure of the
MgO barrier. Instead, the fcc(111) is formed, yielding large lattice mismatch that
does not allow the MgO barrier to grow atop this AF/SyF multilayer as the desired
monocrystal. A solution to this problem was found in form of the CoFeB electrodes.

Cap layer (Ta or Ru) Cap layer (Ta or Ru)

Textured
Amorphous CoFeB 1 bce CoFeB(001)

Textured Mg0O(001) | SrYstal |:> Textured MgO(001)
'l' | Textured
bcc CoFeB(001)

Amorphous CoFeB

Ru (spacer of SyF) Ru (spacer of SyF)

Figure 1.26: Schematic picture of the CoFeB/MgO(001)/CoFeB structure recrystal-
lization during the annealing [14].

CoFeB is an amorphous material so the first few monolayers of MgO grow amor-
phously on top of it. However, once certain number of MgO layers is grown amor-
phously, the crystalline structure starts to appear [55]. This MgO is not epitaxial
but rather a 'textured’ crystal, composed of (001) crystalline domains separated by
grain boundaries and amorphous regions. The upper CoFeB electrode again grows
on such textured MgO amorphously. As presented before, the crystallinity of the
magnetic tunnel junction is essential for a reasonable TMR ratio. The crystalliza-
tion is therefore achieved by annealing the entire stack at temperature not lower
than 300°C, which results in a spread of the crystalline structure originating from
the textured areas of the MgO barrier [55, 56]. Once the crystallization reaches the
insulator /ferromagnet interface, the latter starts to form the bee structure as well,
adapting to the MgO(001) NaCl structure, instead of forming its stable fcc(111)
phase (fig. 1.26). Mizuguchi et al showed that, despite the polycrystalline nature
of the barrier, there is very little or no influence on the electron transport by the
grain boundaries [57]. As could be expected, the tunnel magnetoresistance value is
very small on the non-annealed amorphous systems as compared to the annealed
ones, because of the symmetry mixing resulting from the incoherent transport that
is typical for amorphous barriers [56].

CoFeB-based magnetic tunnel junctions proved to be not only promising can-
didates for industrial applications, but the tunnel magnetoresistance observed in
these structures is much higher than that in standard Fe- and Co-based systems
[15]. This is believed to be due to the impact of the texturization process on quality
of the interfaces (discussed in section 7.3). On the other hand, very recent work by
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Duluard et al surprisingly shows that up to 140% high TMR ratio may be achieved
also from the textured Fe/MgO/Fe system [58|. Moreover, Schreiber et al report
that replacing the lower CoFeB electrode with the CoFeB/CoFe bilayer improves
both crystallization and and thermal stability of the junction, which consequently
leads to its better performance in comparison to the standard CoFeB-based system
[59].

1.6.3 Lay;Sr;3MnO3; Half-metallic electrodes

The TMR in defect-free Magnetic Tunnel Junctions rely on three factors: a) spin
polarization in the injector, possibly for a specific electron symmetry, b)difference in
symmetry-dependent decay rates within the barrier and c¢) acceptance or rejection
of symmetry-dependent states available inside the collector (analogy to the point
a)). Even a slight system modification leading to a larger spin polarization may
enhance the tunnel magnetoresistance value. Unfortunately, the spin polarization
within the ferromagnets has certain finite value, which does not allow to enhance
the TMR ratio further.

In 1983, de Groot et al introduced materials with band structure exchange split
the way that one of their spin populations would be conducting whereas the other
one would be semiconducting or insulating [60]. They were subsequently named
Half-metals.

Within the timeframe of this thesis, a process of obtaining junctions with half-
metallic lanthanum strontium manganite Lag7Sro3MnOj3 electrodes (abbreviated
LSMO) was approached. This sections describes fundamental properties of this
structure.

1.6.3.1 Crystal field splitting

In order to understand the half-metallic behavior of certain materials, their phys-
ical properties need to be described. The Lag7Srg3MnO3 compound is essentially
the Sr-doped lanthanum manganite (LaMnOs or LMO) which crystallizes in the
perovskite ABOj structure already presented for the SrTiOj3 barriers on fig. 1.18.
In the LMO case the A and B spheres correspond to lanthanum and manganese,
respectively. Upon doping the LMO with strontium, a specific proportion of the La
sites is replaced by Sr.

Manganese, being a transition metal, has its 3d-level modified in a periodic
structure. In case of the octahedral ABOj3 symmetry of manganites, two of its
fivefold degenerate 3d levels (named e,) are directed towards the negatively charged
oxygen sites, while three of them (called ty,) are facing diagonals between those sites
(fig. 1.27).

Due to the Coulomb repulsion between the 3d Mn orbitals and negatively charged
ligands (O sites), the energy of the e, orbitals directed towards the O sites rises as
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Figure 1.27: The shape of the Mn site wave functions. (From left to right) Top: The
eg orbitals dy2_ .2, d.2. Bottom: The ty, orbitals dy,, d,., d,.. The external circles
depict ozygen sites [61].
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Figure 1.28: Energy level splitting of a 5-fold degenerate d-level in octahedral crystal
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compared to the energy of the ty,. This is called Acp - ligand field splitting of
energy levels due to the crystal field (fig. 1.28).

According to Hund’s rule, electrons fill orbitals so as to minimize the overall
energy of the system. For an ion with four 3d electrons (which is the case for the
Mn?T) this can be done two-way. First three electrons always occupy the lowest
degenerate to, levels with all of their spins directed one way. But the behavior of
the fourth electron is driven by the ratio between the Acpr and the Hund’s rule
stabilization energy Jgy. If Agrp > Jpy, it is more favorable for the electron to
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Figure 1.29: Possible a) low-spin and b) high-spin states of Mn*% in octahedral
crystal, the latter being favored in transition-metal oxides [61].

switch its spin and occupy the lowest ty, level. However in the opposite Jg > Acp
situation, the electron chooses the e, level. These two situations are respectively
called low-spin and high-spin states (fig. 1.29). In case of most of transition-metal
oxides (Mn®* being no exception), the high-spin state configuration is energetically
more favorable. The ty, electrons form the electrically inert core spin, while the e,
electron is coupled to it by Hund’s rule coupling.

1.6.3.2 Double exchange mechanism

In order to explain the half-metallic nature of the LSMO, it is important to under-
stand the impact of the LMO doping with Sr atoms. LMO is an antiferromagnetic
material and its Mn ionic state is as shown on fig. 1.29b. Without dopants, the x in
the La;_,Sr,MnOs formula is zero and its ionic composition is La**Mn3*t*O2%~. How-
ever, replacing one trivalent cation of lanthanum with bivalent strontium removes
one electron from the system. As result, the Mn3* ion becomes quadruply charged
(Mn**), leaving a hole in the e, subband. Because of the crystalline symmetry of
the system, the Mn ions are too far apart to overlap and an electron cannot be trans-
ferred directly between two differently ionized Mn sites. An O%~ site has to play a
role. Zener showed that the electron transfer between two Mn sites is realized by
hopping of one electron from the Mn site to the O?~ site and the simultaneous jump
of another electron from this O?~ site to the other Mn site [62]. This phenomenon
is called Double exchange. Moreover, he found that the spin of the transferred
electron would couple with both Manganese ion cores. The hopping amplitude thus
strongly depends on the relative spin orientation, being zero for the antiparallel
case [63]. As even in the parallel alignment of spins there is only one spin-type of
electrons among the the e, levels, this results in the material being conductive for
the majority spin population only, giving rise to the Half-metallic behavior. The
Zener model was further extended by Anderson and Hasegawa |64].
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Millis et al points out that the double exchange mechanism is not the only
reason for the carrier hopping [65]. They found a solution to the discrepancy between
certain aspects of the data by proposing a strong electron-phonon interaction arising
from the Jahn-Teller degeneracy lifting of the outer Mn d levels |66]. Essentially
speaking, the Jahn-Teller level splitting arises from the geometrical distortion that a
crystalline system undergoes in order to lower its overall energy. It is this distortion
that lifts the degeneracy.
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Figure 1.30: Left: Schematic picture of the double exchange mechanism 1in
Lag 7519 3 MnOs between Mn*t and Mn** sites assisted by ozygen 2p orbitals. The eg
levels split in Mn®* is caused by the Jahn-Teller crystalline lattice distortion, labeled
JT. Right: Spin-resolved band structure of the Lag7SrosMnOs. [41].

The schematic picture of double exchange between Mn3*™ and Mn** sites via the
Oxygen 2p orbitals, depicting the Jahn-Teller degeneracy distortion of both e, and
ta, levels of Mn®* is shown on fig. 1.30, along with the resulting half-metallic band
structure of the LSMO material.

As LaMnOj is an antiferromagnetic material with the nearest neighbors having
opposite spins, an electron cannot simply hop to the other site because the strong
Hund rule coupling forces it to keep its spin parallel to the one of the site. The ef-
fective hopping of the electron is then drastically reduced for the sites with the spins
antiparallel relatively to that of the electron. As shown by de Gennes, increasing
the amount of free carriers within the material causes the original antiferromag-
netic structure to become canted and ferromagnetically ordered components start
to appear [67]. At certain concentration of dopants, the structure becomes fully
ferromagnetic. This x doping ratio was found to be between 0.2 and 0.4, so it is this
Sr-to-La ratio that is commonly used in LSMO compounds. The LSMO abbrevia-
tion is usually used to describe such Sr doping of the structure and such notation
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will be used within this manuscript. It may be interesting to note that overdoping
the LaMnOj3 system with strontium yields insulating state which is unwanted for
the experiment [68].

1.6.3.3 Temperature dependence

The main obstacle in implementation of half-metallic materials within commercial
magnetic junctions is the temperature dependence of their properties. The high
TMR value of manganite-based junctions decreases rapidly with temperature and
disappears below the room temperature, way below Curie temperature of the bulk
LSMO, which is 360K [69]. The effect is explained in form of a premature loss
of polarization at LSMO interfaces, as it is the interfacial spin polarization that
determines the tunneling properties. Park et al show [70] that the spin polarization
of a free LSMO surface decreases much faster with increasing temperature than
the magnetization of the bulk material. A Curie temperature lowering, smaller
magnetization and reduction of the metallic character in a few nm thick manganite
layers were reported to result in their weakened ferromagnetic properties. |71, 72|.
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Figure 1.31: Temperature dependence of the interfacial spin polarization for different
barriers combined with LSMO compared to that of the free LSMO surface and to its
bulk magnetization obtained by Park et al [69].

Garcia et al performed measurements on the temperature dependence of polar-
ization for different LSMO /insulator interfaces [69] and compared them with these
obtained by Park for the bulk and free surface of the LSMO (fig. 1.31). The result
shows that the interfacial polarization curves resemble the one of the bulk magne-
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tization rather than surface polarization, indicating that the LSMO magnetism is
preserved not just at the surface but in the vicinity of the interface, although the
critical temperature is around 60K lower.

The difference in the spin polarization decay between the surface and the in-
terface lies in the preservation of the BOg octahedra at the surface (B sites being
manganese, see fig. 1.18), where the outermost layers may be oxygen deficient, which
results in large splitting of the e, levels. As a result, the double exchange mecha-
nism is weakened and the mentioned temperature dependence shows a very different
character from that of the interface [73]. On the other hand, the continuity of these
octahedra is preserved at the interfaces with the mentioned STO, LAO or TiO, and,
even in the presence of distortions, its impact on the electronic structure is lower
than in the case of the free surface which results in more bulk-like character at the
fig. 1.31. It is the decrease of the charge carrier density and the alteration of the
BOg structure geometry at the interfaces that are responsible for the T reduction
[74].

1.7 LSMO/STO/LSMO system

te 1t

LSMO STO LSMO

Figure 1.32: Density of states of the LSMO/STO/LSMO system at equilibrium. P,
and @5, denote electron and hole barrier heights, respectively. ty, corresponds to the
Ay and As symmetries, while the e, represents Ay and Ao, as previously shown on

the fig. 1.19 [43].

The schematic equilibrium alignment of the aforementioned bands for the com-
plete, (001)-oriented LSMO/STO/LSMO system is shown on fig. 1.32. As explained
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Figure 1.33: LSMO/STO(2.6)/LSMO resistance dependence on magnetic field ap-
plied for 5.6um? at 4.2K [17].

in section 1.6.3, at sufficiently low temperature there are only majority spin states
available at the Fermi level of LSMO electrodes, whereas the material is insulat-
ing for the minority spin. The spin polarization of the electrons tunneling through
the structure was determined to be 95% at 4.2K, and can reach 99% [41]. The
resulting nearly total spin polarization at low temperatures gives rise to large TMR
values, dubbed Colossal tunnel magnetoresistance or shortly Colossal magnetoresis-
tance (CMR). The TMR measurement yielding 1800% is shown on fig. 1.33. Such
high value decays rapidly with the temperature and the TMR disappears at 280K
due to the loss of the spin-polarization at the LSMO/STO interfaces [69].



Chapter 2

Role of defects

All crystalline systems presented in the previous chapter may suffer from imper-
fections resulting from the growth of succeeding layers one atop one another. This
implies that the efficiency of the spintronic response predicted theoretically is often
suppressed by additional effects arising from the presence of defects. As the defect
control and characterization are crucial to obtain devices showing desired behav-
ior, it is therefore essential to understand their origin and properties. This chapter
focuses on several types of defect-induced situations that lead to the depressed mag-
netoresistive response. The first section encompasses the field of defect study within
crystalline dielectrics that we use as tunnel barriers, and the incidence of these de-
fects on the spin-polarized transport, with an emphasis on optical means to identify
these defects. The second section concentrates on deviations from nominal crystal
structure at interfaces. It also describes well-established methods of suppressing or
diminishing the role of these structural imperfections. The third section describes
phenomena of electromigration and how one can use it as a tool to influence the
spintronic properties of dielectric junctions. The last section introduces a rise of
research on magnetism within crystalline dielectrics due to presence of defects in
undoped insulators.

2.1 Bulk imperfections

This section describes properties of bulk structural defects. Its first subsection
concentrates on their impact on spin-polarized transport and resulting discrepancies
between theoretical predictions and experimental observation, whereas the second
one presents optical properties of the defect sites.

2.1.1 Impact on spin-polarized transport

The reason for which experimental results on magnetic tunnel junctions rarely match
the theoretical expectations lies partially in presence of defects within their crys-

29
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Figure 2.1: Schematic picture of local lowering of the effective barrier height due to
presence of a defect state.

talline networks. Indeed, a defect present within a barrier creates an addition energy
level in the band gap, locally reducing the effective barrier height of the material
(fig. 2.1). Electrons crossing the barrier would tunnel via these states of lower energy
with reduced scattering, thus diminishing the overall junction resistance. Yet apart
from the higher system conductance, defects affect yet another important property
of magnetic tunnel junctions - spin polarization and symmetry filtering [75].
Figures 1.11 and 1.19 presented in the first chapter of this manuscript show com-
plex band structures of crystalline insulators which are of the interest of this thesis.
It was presented beforehand how the symmetry of bands determines the symmetry-
conserving coherent electronic transport across the barrier. In general, a state lying
in the valence or conduction band of the insulator shall adopt the symmetry of that
band. As one energetically traverses the band gap, e.g. in the case of a defect state,
the symmetry character of that defect state shall evolve from that of the valence
to that of the conduction band, much as would a metal-induced gap state arising
from charge transfer at a metal/dielectric interface [76]. Thus, at a given energy
level, a defect state will adopt the character of the valence and conduction band
states. The proportion of each of these characters is, in turn, inversely related to
the x value of the complex band loop of the character considered. Since the defect
is at least partially of the incoming electron symmetry, it may accept this electron.
Once the defect state is occupied, the time evolution of the defect state shall pro-
ceed as a linear combination of the two valence and conduction band symmetries.
Transport away from the defect state shall then proceed as a linear combination of
the two symmetries that describe the defect state, thus effectively leading to mix-
ing between symmetry-polarized conduction channels. Depending on the density
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of the defect states within the barrier, such processes may happen multiple times,
resulting in significant reduction of the spin-polarized transport coherency and con-
sequently of the TMR signal of the system. Moreover, in order to overcome the
energy difference, such hopping via defect states may be accompanied by phonon
emission or absorption during the transition [77]. This introduces an additional
inelastic temperature-dependent conductance channel which may be responsible for
spin-flipping events [30, 78].
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Figure 2.2: TMR (top) and resistance (bottom) as the function of the MgO barrier
thickness for CoFe/Mg(0.4)/MgO(t)/CoFe MTJs grown on different buffer layers

[79].

Even though the theoretical calculations predict that there is no limit of TMR
ratio in a perfectly epitaxial junction with a very thick MgO barrier [80] and even
for a few nm thick barriers the theory predicts very high signals for various systems,
properties of their real counterparts are significantly less satisfactory. Figure 2.2
shows that even though resistance of the junction almost linearly increases with its
thickness, the TMR ratio observed reaches certain maximum after which it starts to
decrease and eventually reaches zero. It is until this maximum that the coherent tun-
neling described in section 1.4 dominates the conductance. Afterwards, remaining
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electrons tunnel dominantly via defect sites, which gradually mixes their symmetries
and eventually results in the disappearance of the TMR signal.

Group TMR RA product | barrier height | tyzo | Tanneal | ref.
K |Qpm?| |eV] [nm] | [°C]

Coey 255 50-100k - 2.5 350 | [81]
Dieny 130 30 - 1.1 REY]
Freitas 165 (22390k) | 10k (12kgok) 0.59 (F*) 3.0 340 | [83]
Moodera 300 - - 1.5-3.0 | 500 | [84]
Montaigne 150 - - 3.0 300 | [85]
Petroff 79 (1363Kk) 100k - 2.5 450 | [78]
Petroff 11 (1083k) 1.5G - 4.0 450 | [78|
Tkeda | 604 (11445x) | 1k (1.4ksk) - 2.1 | 525 |[15]
Ikeda 500 (10105k) 280-700 - 2.1 475 | [86]
Ikeda 478 (8045k) | 1.3k (1.9ksk) - 1.5 450 | [87]
Yuasa 230 (29420}() 420 (44020[{) - 2.2 360 [88]
Ikeda 124 18 - 0.9 300 | [89]
Aliev 160 19 - 0.8 360 | [90]
Xiao 230 - - 3 380 | [91]
Thomas | 230 (34513k) - - 2.1 400 | [38]

Table 2.1: Comparison of recent highest TMR ratios reported by several groups on
CoFeB-based systems along with their respective annealing temperatures.

Group TMR RA product | tamgo barrier height ref.
7] [2pm?] [nm] leV]
Gaudin 142 - 2.3 - [92]
Tiusan 140 30M 2.5 - [93]
Yuasa 180 (24790k) 7k 2.3 - [53]
Moodera | 130 (190;k) 200k 2.5 | 0.384ef / 0.82p, (M/F) | [94]
Montaigne 150 - 3.0 - [36]
Yuasa 180 (24790k) | 1.8k (3.2kgok) | 3.0 0.39gT (M) [95]
Tiusan 150 1.6M 3.0 - [58]
Wang 7548 - 1.7 - [29]

Table 2.2: Results for Fe/MgO/Fe systems vs theoretical predictions by Wang et al.

Many groups with outstanding experience in thin films growth and fabrication
of the magnetic tunnel junctions report TMR values definitely lower than these
predicted by the theory. Tables 2.1-2.4 summarize recent reports on several types
of MgO-base magnetic tunnel junctions from different groups.

In the case of non-CoFeB-based devices, for which theoretical calculations were
performed, one may see a large discrepancy between the experiment and the theory.
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Group TMR RA product | tygo | barrier height | ref.
7] [Qum?| | [eV] [nm]

Parkin | 220 (3005x) Ak 2.0 | LI-L.7 (F-F") | [51]

Andrieu | 300 (53020k) - 2.5 - [52]

Zhang 33950%* - 1.7 - [50]

Table 2.3: Results for CoFe/MgO/CoFe systems vs theoretical predictions by Zhang
et al. The TMR value resulting from the calculations may be overestimated as the
authors do not include interface resonant states in the minority channel (see section

1.4.4.2).

Group TMR RA product | tygo | barrier height | ref.
7] [Qum?] | [eV] [nm]

Yuasa | 410 (5079k) | 3k (4dkook) 2.2 - [49]

Zhang 12920%* - 1.7 - [50]

Table 2.4: Results for Co/MgO/Co systems vs theoretical predictions by Zhang et
al. The TMR wvalue resulting from the calculations may be overestimated as the
authors do not include interface resonant states in the minority channel (see section

1.4.4.2).
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Figure 2.3: Combined TMR dependence on the RA product for various MgO-based
magnetic tunnel junctions extracted from tables 2.1 - 2.4

Moreover, barrier heights (if reported) show values much lower than expected from
MgO. Even though it is well-known that the bandgap of the thin film insulator can
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be lower than of its bulk counterpart due to finite size effects [96], the reported values
are still surprisingly low. Figure 2.3 summarizes the general TMR dependence on
the resistance-area product!. Magnetic tunnel junctions with RA product close to
103u2m? seem to show somewhat higher TMR values. Most of them incorporate
CoFeB electrodes. We will refer to the graph while performing analysis of our results
in section 7.3.
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Figure 2.4: Several calculated or experimentally-observed defect energy levels of the
MqgO, TiOy and SrTiOsz systems studied within this thesis. Their detailed analysis
15 performed in the text. Energy gaps are given on the right side of each picture
and the symmetries of valence and conduction bands - below and above, respectively
[97, 98, 99, 100, 101, 102].

The energy positions of certain well-known defect levels in the band gap of stud-
ied dielectrics are schematically shown for bulk crystals in fig. 2.4. As an important
note, the type and density of defects can affect the pinning strength of the charge
neutrality level, and thus alter the effective barrier heights, whether relative to these
defect levels or to the conduction/valence band edges. Furthermore, as the presence
of defects within the energy gap introduces additional channels of electronic trans-
fer, they may be electrically probed. Moreover, if the crystalline semi-conducting
system becomes exposed to the light of an appropriate wavelength, an absorption oc-
curs on defects sites resulting in an excited state. The consecutive relaxation of the
system leads to an emission of photons with corresponding energies. This suggests
that both absorption and emission spectra may give essential information about the
identity and density of the structural defects. The schematic figures 2.4b,c show that
doping of these insulators may also lead to the appearance of certain energy levels.

Tt would be elegant within this study to take into account variations in barrier thickness, but
1) this thickness is at best nominal and 2) it is analytically difficult to consider the barrier height
and barrier thickness parameters, which enter into the RA product, separately.
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Studies on doping of these materials in order to obtain additional functionalities are
extensively performed worldwide. However, doping will not be addressed (at least
explicitly) within this thesis, which rather aims to gain deeper insights into defects
of the dielectric matrix rather than these resulting from explicit dopants.

Within this thesis, we will try to relate the low effective barrier heights to cor-
responding structural defects in the crystalline barriers. Next to reported barrier
heights in the above tables, we propose possible corresponding defect types respon-
sible for the values observed. It is indeed possible that barrier heights of 0.4eV
reported by groups of Moodera [84] and Yuasa [88], as well as 1.1eV observed by the
group of Parkin [51| correspond to tunneling via defect centers of F; and F'/F* type,
respectively. The properties of these defect sites will be explained in the following
subsection.

2.1.2 Optical activity in crystalline systems

2.1.2.1 Magnesium oxide
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Figure 2.5: Schematic representation of crystalline MgO lattice vacancies along with
their nomenclature. White atoms are O atoms, while black ones depict Mg [100].

The MgO monocrystal is composed of alternating Mg and O atoms as previously
shown on fig. 1.7b. Vacancies within the crystalline lattice can be grouped as single



66 CHAPTER 2. ROLE OF DEFECTS

oxygen or magnesium vacancies (called F' and V centers, respectively), oxygen di-
vacancies (named F» or M) and neighboring oxygen /magnesium vacancies (marked
as P) [100]. Their geometrical position within the crystal is schematically shown on
fig. 2.5.

Defect | Formation energy [eV]
F 1.82%
FT 3.67*
F2F 5.47*
Fy/M 3,237
V 13.82
V- 14.83
V2 16.35
P 3.48%*

Table 2.5: Defect formation energies in MgO crystals. The * (**) superscripts
denote the energy required to remove an O atom (two O atoms) minus the cohesive
energy (twice the energy) per formula unit [100].

F and V centers may exist in their neutral states, as well as in the charged or
doubly charged (e.g. written F'*, F*" V= V2?7 in case of the F and V centers).
Calculated formation energies of the defects are presented in table 2.5. Thus, the
creation of a F' defect is energetically more favorable than that of a M defect. The
presence of these additional states in the crystal creates additional energy levels
between the minimum of the conduction band (CBM) and maximum of the valence
band (VBM).

The calculations of the formation energies of the these defects, as well as their
position within the energy gap, have been extensively studied. As shown by Rosen-
blatt et al, F and F'" centers lie close to the middle of the MgO barrier bandgap
[97], which is of crucial importance, as the defects can be optically studied with light
of energy approximately half that of the 7.8eV bandgap (160nm) of the MgO. This
circumvents the need, at such low wavelength, for the measurement to be performed
in high vacuum in order to avoid intense optical activity of the atmosphere.

Recently, Uenaka and Uchino published a detailed analysis of the time-resolved
photoluminescence from the MgO system, especially regarding the F and F'* centers
[103]. The optical absorption on both defect types occurs at 247nm (5.03eV) for F
and 251nm (4.96eV) for F'* center, usually observed as the convoluted peak around
250nm. Given such a small difference, their excitation usually occurs simultaneously
[98].

The schematic representation of the F'™ absorption study is schematically drawn
on fig. 2.6 and is briefly described below. For the complete analysis one should refer
to the article.
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Figure 2.6: A time-resolved model of events related to absorption of a photon at a F*
center. a) The ground state level of F. b) The excited-state level. ¢) The emission-
state level. d) the F™ center excited due to recombination with a free electron from
the conduction band. Note the events occur from left to right on the time-scale [103].

The absorption process involves a 250nm photon that is absorbed at the ground-
state of the F'™ center and promoted to the excited-state level. The center may (1)
quickly thermalize directly to the emission-state level and emit the photon or (2)
become shortly trapped before its relaxation, which results in a delayed emission.
However, if the activation energy is much smaller than that of the two mentioned
processes, it may (3) thermally ionize from its excited state and release the electron
to the conduction band leaving the bare F?T center. The released electron can tunnel
through the shallow traps by thermally-induced trapping and releasing. Eventually,
the electron recombines with the F'?* center resulting in formation of the excited F'*
center, which in turn relaxes to its virgin form and emits a photon. This emission
would be observed in the time-resolved spectroscopy within the millisecond time
scale.

The equation describing the absorption chain of events along with the resulting
emitted photon energies for the F'* center absorption for scenarios 1 and 2 may be
written as (* being the excited state of the respective center):
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F* + hv(250nm) — F**
F™ — F™ + hv(390nm)

Whereas for the 3rd scenario, when the electron is released to the conduction
band:

F* + hv(250nm) — F*™*
F+ kT — F*"4e
F* " e — F™
F* — F" + hu(390nm)

All three scenarios lead to emission of the 390nm photon.

A similar scheme applies to absorption on the F' center, albeit no emission within
the ns-to-ps time region is observed, which suggests that most of the excited F
centers easily ionize by promoting an electron to the conduction band due to very
small thermal activation energy, thus becoming F'* centers.

The equation describing the F' luminescence can be written as follows:

F + hv(250nm) — F*
F*+ kT — F"+ep
Ft+e— — F*
F* — F+ hv(~ 500nm)

The emission peak of the photon resulting from the absorption on the F' center
is reported between 490nm (2.5¢V) and 530nm (2.3eV) [97].

The F'* centers may be considered as shallow electron traps, because even if
reversed ionization of the F'™ center results in creation of the F* center, the excited
electron may be promoted to the conduction band again due to the very small energy
needed. Uenaka and Uchino conclude that weakly coupled single-vacancy F-type
center pairs, meaning not F, or Fy" but rather a) F,F* ; b) F'* F; ¢) F™ FT pairs
may contribute to thermally assisted tunneling via the defect sites. On the other
hand, the F5" and FZ" centers are considered to behave as deep electron traps, as
the energies of the aggregates of the excited vacancies tend to be lower [104].

Rosenblatt et al show that the excited electrons may be also trapped at shallow
hydride ions H™ close to the conduction band minimum. These H™ centers result
from the diffusing hydrogen trapped by the F' centers. Similarly to trapping at the
sites mentioned before, the delay in the luminescence will be proportional to the
concentration of those traps within the barrier. The authors also show that the
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luminescence is additionally enhanced by an electron excitation from the valence
band into the empty ground F?* or excited F't centers, resulting respectively in
ground F'" and excited F centers, both of which eventually recombine to F' centers,
yielding the F-type luminescence [97].

Multiple theoretical studies describe the energy levels of different types of defects,
notably F» (or M) neutral and charged centers [99] or magnesium vacancies (V'
centers) [100]. Results of these calculations are schematically shown on fig. 2.1a.

2.1.2.2 Strontium titanate

Optical studies of STO crystals are easier to perform due to the lower bandgap of
3.27¢V [105]. Studying a material with a photon energy lower than 5eV allows to
avoid deep ultraviolet absorption by air, such that the experimental setup is greatly
simplified. In this sense STO crystals are more optically accessible.

It is known that properties of Sr'TiO3 strongly depend on its stoichiometry, espe-
cially on the oxygen species. The oxygen vacancy levels are determined to be formed
at 0.5eV below the conduction band edge [106], so very little energy is needed in order
to ionize such sites and promote the electron to the conduction band. Moreover, the
O-vacancy can bind with other O, Sr or Ti vacancies, forming defect clusters [107].
These facts, combined with the low STO bandgap result in much more abundant
photoluminescence comparing to MgO.
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Figure 2.7: Schematic picture of the STO luminescence after absorption of a photon:
Trapping of electron/hole (1/2), polaron formation (3), delayed formation of self-
trapped exciton (4/5); alternative direct STE formation (6) [101].
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The time-resolved-spectroscopy-based model describing the luminescence from
STO was presented by Leonelli and Brebuner (fig. 2.7). It is shown that, due to
a photon absorption, an electron may be promoted from the valence band to the
conduction band and form a small polaron - a local lattice polarization and defor-
mation around the charge carrier. The polaron interacts with a hole trapped near a
crystal defect or an impurity and forms a self-trapped exciton (STE), whose difficult
recombination results in delayed luminescence. The STE-based photoluminescence
mechanism is often observed from compounds containing titanate octahedra [101].

a) b) C)
1 4 \\x Io.4ev 0 !

3.2eV

Figure 2.8: Schematic representation of recombination processes between: a) conduc-
tion electrons and excited holes (room temperature luminescence); b) excited holes
and electrons in the self-trapped excited state c) doped or excited electrons and ex-
cited holes through the shallow defect level. Green and blue bands depict the O 2p
valence and 10 3d conduction bands respectively. White, black and grey circles stand
respectively for excited holes, excited electrons and doped electrons in the T4 3d band.

[108].

One of the more prominent results was published by Kan et al [108], who created
oxygen-deficient STO samples using the Ar™ irradiation and compared their proper-
ties with the pure strontium titanate crystals. They found that the Sr'TiO3; metallic
behavior appears even after a relatively small dose of radiation, which they attribute
to the creation of oxygen vacancies. The STO conductivity that appears starts to
saturate as the irradiation time increases. It is accompanied by the respective ap-
pearance and saturation of the 430nm (2.9e¢V) blue luminescence peak observed at
room temperature. The same peak is observed in originally oxygen-deficient SrTiO;
layers, which relates the photoluminescence feature directly to the oxygen vacancies.
This luminescence results from recombination of conduction electrons with excited
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Figure 2.9: Temperature dependence of the photoluminescence spectra obtained from
Art irradiated SrTiOs crystals after He-Cd 325nm laser beam excitation. [108].

holes (fig. 2.8a).

Temperature-dependent photoluminescence measurements on the Ar™ irradiated
SrTiO3z show that while the temperature decreases, the intensity of the 430nm line
gradually increases, reaching its maximum at 160K, after which it starts to disappear
and two peaks at 550nm (2.4eV) and 380nm (3.2eV) begin to arise (fig. 2.9).

The green 550nm peak results from the aforementioned recombination of excited

holes and electrons in self-trapped exciton states and is commonly observed even in
the stoichiometric STO crystals [109] (fig. 2.8b).
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The narrow but intense 380nm (3.2eV) peak is not observed in the stoichiometric
SrTiOg3 so it is supposed to be related to the oxygen vacancy sites. As its energy
is less than 0.1eV lower than the band gap of the STO, it should result from the
recombination of electrons with holes through very shallow defect levels (fig. 2.8¢).

2.1.2.3 Titanium dioxide

Yet another set of defects are observed within the TiO, crystals. Despite extensive
study of properties the material acquires upon doping, [110]| research on defects
in its undoped matrix remain relatively scarce. General gradient approximation
calculations performed by Osorio-Guillen et al [102] on anatase TiOgreveal that
neutral vacancies of both titanium and oxygen introduces deep states in the gap (ca
0.7 to 0.8 eV below the conduction band) that cannot ionize easily (fig. 2.10).

[VBM] [CBM]
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Projected local density of states

|
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Figure 2.10: Calculated local density of states for neutral vacancies of a) oxygen b)
titanium [102].

2.2 Interface Issues

Not only bulk defects have an important impact on the spin-polarized transport.
As shown in the previous chapter, apart from the decay rates for specific electronic
symmetries within the barrier (which are influenced by bulk defect states), the
TMR signal in crystalline tunneling systems depends on one more factor: the type
of symmetry states within the electrode that are injected into the insulator and
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the ability of the counter-electrode to collect them. The areas within the structure
that ensure the correct matching of the electron symmetries from the conduction
regime within the electrode to the tunneling regime across the ultrathin dielectric
are the interfaces. The former chapter described mechanics behind these processes
in ideal systems. This section presents impact of interfacial imperfections on the
spin-polarized transport.

2.2.1 Oxidation

Let’s concentrate on the MgO barrier, which was well-described in section 1.4.2.1 and
extensively studied in terms of its interfacial issues. Its interfacial lattice matching
is crucial for the coherent electrons injection into the barrier. As will be explained
within the experimental section of this thesis, the perfect Fe/MgO interface is not
easy to obtain due to a risk of oxidation. This is particulary true for the lower
Fe/MgO interface. Exposing the lower Fe electrode to any oxygen causes topmost
Fe monolayers to oxidize and form the iron oxide layer at the interface resulting in
the Fe/FeO/MgO/Fe system. Another reason for the FeO layer appearance is the
oxygen interdiffusion from MgQO into interfacial layers of the Fe electrode.

% “w® o Tvg

%gé Mg %

] §
Fads

Figure 2.11: Interfacial Ay symmetry DOS at the Fermi level in the majority spin
channel for Fe/MgO interface without (left) and with (right) the FeO layer formation
due to the Fe ozidation [28].

As calculated by Zhang et al [28], at the ideal Fe/MgO interface the Fe A; states
effectively couple to the MgO A; evanescence states in the kj = 0 direction, resulting
in coherent tunneling of these states through the barrier (fig. 2.11a). However, in the
presence of even one FeO monolayer, the density of states at the interfacial region
is drastically reduced, resulting in the A; Fe to MgO wavefunction hybridization
that is much less effective (fig. 2.11b). Due to the O 2p orbital nature, oxygen
sites dominate the tunneling density of states within an oxide [28]. However, as
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Figure 2.12: TDOS for k in Fe/MgO/Fe without (left) and with (right) iron oxide
layer at the lower interface. Open squares correspond to the magnesium or iron
spheres in the MgO or FeO respectively. Crosses (barely visible, close to the circles
connected with the line) are contributions from the O spheres. Circles (connected
with the line) are summed up contributions from both. [28].

the oxygen site wavefunction symmetry of the MgO layer is very different from that
of the FeO (3d anti-bonding nature of conduction band in transition metal oxides
[111]), coherent transport across the barrier is drastically suppressed (fig. 2.12).
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Figure 2.13: First-principle study of tunneling density of states in parallel configu-
ration of Fe(100)/MgO/Fe(100) system for ky with a) Mg monolayer inserted and
b) FeO formation at the Fe(100)/Myg interface. [29].

One possibility of avoiding the appearance of the undesired FeO interfacial layer
is the introduction of the Mg layer atop the lower Fe electrode [29]. The (001)
in-plane Mg lattice is fixed on the bulk iron electrode lattice constant, ensuring
epitaxial matching of the layers. Magnesium as a fast oxidizing element may absorb
oxygen and form an additional MgO layer. This would block the oxygen diffusion
into the iron and prevent the formation of the iron oxide. As shown by Wang et
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al, the presence of the interfacial Mg layer (oxidized or not) does not alter the
junction resistance significantly but it may enhance the transport properties as it
preserves the A; transmission in the P configuration, while the non-preferred Ao
and Aj; symmetries (which exist for both P and AP configurations) decay within
the magnesium layer rapidly (fig. 2.13).

2.2.2 Consequences of annealing
2.2.2.1 Interfacial oxide layer formation

It is known that appearance of the interfacial oxide barrier may be as well a conse-
quence of annealing of the stack, as the temperature boosts the oxygen migration
from the barrier towards the electrodes. Such studies were also performed within
the timeframe of this thesis and the annealing impact on device properties will be
presented in section 7.3. The presence of specific oxides is directly related to their
formation enthalpy (see table 2.6). However, even though annealing is regarded as
a trigger for the interfacial oxide formation, studies performed by Hindmarch et al
show that in some cases (here the CoFeB/FeO/MgO) the annealing process may
reduce the interfacial iron oxide layer by the Fe diffusion towards the bulk of the
electrode [112].

Oxide | Formation enthalpy (kcal/mol)
A1203 -404
TiO, -228
MgO -144
SrO -142
FeO -65
CoO -57

Table 2.6: Formation enthalpy of selected oxides [113].

2.2.2.2 Diffusion of materials among the layers

The technologically required presence of boron in CoFeB electrodes and the need
of their annealing gives rise to an additional interface-related question. There were
contradicting experimental reports whether during annealing of the stack the Boron
atoms diffuse towards the bulk of the electrode or in the direction of the interface
[114]. Burton et al used ab initio calculations to show that it is the latter case that
gives rise to the similar weakening of the wavefunction hybridization as in case of the
FeO appearance (fig. 2.14, compare with fig. 2.12). On the other hand, some groups
show that the boron diffusion into the barrier results in the Mg-B-O formation,
which does not suppress the TMR ratio significantly [115|. For example, Han et al
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Figure 2.14: Layer projected probability density for Ay symmetry in the majority-spin
at Ep for the Co terminated interface. White and black circles denote absence and
presence of Boron, respectively. The interfacial Boron coverage used for calculations
is 25%. The supercell chosen is 11 monolayers for MgO and CoFeB each [11/]].

show that boron diffusion into the barrier during annealing forms the stoichiometric
B>0O3 which does not create any mid-gap states in the barrier, but reduces the barrier
height with increasing concentration of B [116].

The annealing temperature is the key parameter to obtain correctly crystalized,
high-TMR yielding junctions. As shown by Karthik et al [117], annealing above
500°C leads to the diffusion of atoms from outer layers into the barrier and loss of the
bee-CoFe textured structure in the bottom CoFeB electrode. Moreover, such high-
temperature annealing leads to the diffusion of material from the AF layer (mostly
Mn) into the barrier which results in substoichiometry of the former, yielding its
reduced pinning strength. Appearance of the diffused material within the barrier
also significantly affects the TMR ratio (fig. 2.15) [84]. On the other hand, recent
experiments by Larson et al show that annealing at up to 350°C does not cause the
Mn diffusion from the AF layer into the barrier, but rather its segregation at the
interface, which does not alter the TMR signal greatly [118].

2.2.3 Uncertain interfacial termination

Materials composed of alternating planes present yet another challenge regarding
the interfacial quality. In case of SrTiOj, the interfacial TiOy termination was
calculated to be more energetically favorable than the one of the SrO [119]. However,
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Figure 2.15: Annealing impact on the TMR ratio of a) anneal-
ing at 500°C  for different time durations and b) different tem-
peratures  and  times of  annealing. The  structure  studied was
CoFe(2)/IrMn(15)/CoFe(2)/Ru(1.7)/CoFeB(3)/MgO(3)/CoFeB(3). Horizon-
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Figure 2.16: TMR versus applied voltage at 90K for TiOy (left) and SrO (right) ter-
minated STO/Co interface in LSMO/STO/Co junctions. Solid triangles represent
data from I-V curves, open circles refer to magnetic field sweeps at given bias. The
SrO graph shows data for two different junctions. [44].

the uncertainty of this layer has a crucial impact on the behavior of the system.
Studies performed on LSMO/STO/Co systems by Vera Marun et al show that,
depending on the termination layer, the magnetoresistance value may even switch
its sign (fig. 2.16), suggesting that the mixed TiOy and SrO interface would yield a
total TMR being an average of both positive and negative components, obviously
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much lower than expected. They also find that the effect is strongly affected by the
interfacial oxygen concentration [44].

2.3 Electromigration and bias-crafting

In case of perfect epitaxial systems, the momentum transfer between propagating
electrons and atoms forming the crystal network is negligible, such that the electron
wavefunction symmetry is conserved. However, the symmetry is not conserved at
grain boundaries and defects within lattices of both metal and insulator. It is at
these places that the bonding energy of atoms is much lower than in the perfect
crystal, which results in the transfer of momentum of a propagating electron to
an ion, which in turn yields a force affecting it in the direction of electron flow.
As this force rises due to the bombardment by electrons, it may become sufficient
enough to overcome the bonding energy of the ion and relocate it. This drift of
atoms within the material is called electromigration. The phenomenon is especially
pronounced when high current densities flow through the material, which is true in
case of micrometer-sized magnetic tunnel junctions. The transport of the material
is crucial for both bulk and interfacial regions of junctions. For example, it is
known that the electromigration causes a redistribution of oxygen vacancies within
perovskites [120].

The term memristor was coined to describe a device whose resistance changes
as the consequence of an applied current and persists after the current flow stops.
Strukov et al described a Pt/TiO9(10nm)/Pt device, in which half of the thick
barrier is initially oxygen-deficient [121]. Oxygen vacancies act as charge carriers,
meaning that the depleted layer has a much lower resistance than the stoichiometric
one. When an electric field is applied, oxygen vacancies begin to drift, changing
the boundary between both TiO, layers. In these terms, the memristance effect is
defect-based.

Bowen et al studied LSMO/STO/Co;_,Cr, junctions with x being between 0.04
and 0.2. Junctions were electrically unstable even at low temperature and succes-
sive voltage cycling led to a reversible change in amplitude and sign of the TMR.
The authors find an evidence of Cr segregation to the STO/CoCr interface and its
oxidation [122|. The interfacial modification is suggested to be the reason of of the
TMR sign inversion (fig. 2.17), while the lower system resistance may result from
the formation of O vacancies. This suggests an appearance of a conducting filament
within the barrier which could result from the electrons trapping at oxygen-deficient
sites [123, 124]. The observed effect is reversible, so the bias-crafting of junctions
by applying larger currents can become a tool to engineer properties of devices.
Moreover, these results were the first to demonstrate the possibility of incorporating
memristance and magnetoresistance within a single device.

The research field of memristance is developing fast and gives many interesting
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Figure 2.17: RH measurements on LSMO/STO/CogyCry in 4K (a) in ils virgin
state and (b) after subsequent high-bias crafting towards the negative and (c) positive
currents [122].

results [125]. A colleague of mine, Nabil Najjari, performed an extensive study on
resistive switching in MgO-based devices with Cr [126, 127| and V [128] added at
interfaces or in the bulk of the barrier. His group assumed an interesting hypothesis
that the memristance in these systems is an effect of charging, rather than of the
electromigration [129].

2.4 Defect-induced magnetism

Recent studies show that the presence of vacancies within crystalline insulators or
semiconductors may result in the appearance of yet another phenomenon - mag-
netism. This was previously attributed exclusively to an explicit doping of ma-
terials and the associated research fields of diluted magnetic semiconductors and
oxides abbreviated DMS and DMO, respectively [130]. The first one emerged once
the low-temperature interplay between magnetization texture and dynamics with
carrier population and currents were discovered in (Ga,Mn)As, p-(Cd,Mn)Te and
similar structures [131]. The second field is generally acknowledged to have started
when the first report of the room-temperature magnetism on Co-doped TiOy was
published by Matsumoto et al [132].

In a recent experiment, Martinez-Boubeta et al observe 460nm (2.7¢V) emission
from Mg-deficient MgO crystals, whose delay results from trapping of holes at mag-
nesium vacancies [133, 134|. Samples from which the emission occurs also exhibit
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Figure 2.18: Projection of DOS (PDOS) simulation around a Mg vacancy for its oxy-
gen nearest neighbor (top), magnesium nearest neighbor (middle) and oxygen next
nearest neighbor (bottom) shown as continuous lines, decomposed in major (posi-
tive) and minor (negative) components. Dashed lines show respective non-spin de-
composed PDOS in absence of the vacancy. Magnetic moment 'mm’ of respective
atom is given in Bohr magnetons; @ stands for partial atomic charge (Mulliken
population) given in |e| and is compared to its bulk values (in parenthesis) [133].

room-temperature ferromagnetic behavior, which in turn arises from the spin po-
larization of 2p electrons of oxygen atoms around magnesium vacancies (fig. 2.18).
The ferromagnetic ordering is almost independent on the sample thickness within
the 10-40nm range (fig. 2.19). Moreover, despite the magnetic properties, it re-
mains transparent in the visible region, which makes it an intresting candidate for
magneto-optical applications.

2.5 Conclusions

Microstructural features are of crucial importance for unconventional magnetic prop-
erties of both magnetic tunnel junctions and dielectric crystals. Despite multiple
doping experiments yielding excellent results on diluted magnetic semiconductors
and oxides, it becomes clear that the ability to create, control and engineer defect
states within the oxide barrier is of utmost importance for further progress within
the wide field of spin-filtering across inorganic oxide-based devices. This thesis aims
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Figure 2.19: Low (main) and room temperature (top-left inset) magnetization mea-
surements on MgO(001) thin films of different thickness grown atop the SrTiOs
substrates. Magnetic field was applied in the film plane. Data were corrected for
contribution of the substrate. Bottom-right inset picture shows that the sample re-
mains transparent in the visible region [133].

to shine additional light on defect-related issues in magnetic tunnel junctions and
materials on which they are based, with the hope that it may reveal yet elusive as-
pects of these structures and help the extensive worldwide studies to make a further
step ahead.
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Chapter 3

Sample growth techniques and
development

This chapter describes different growth techniques used in order to fabricate samples
studied within the timeframe of this thesis. The first section briefly introduces
the pumping systems used in order to create and maintain the ultra-high vacuum
required for the desired growth of the structures. The second section describes the
procedure and results of substrate preparation before The Hybrid System deposition,
with which the IPCMS is equipped. This system is composed of different deposition
chambers: sputtering, evaporation and OMBE (organic molecular beam epitaxy).
The sputtering deposition chamber of The Hybrid System was extensively used for
the fabrication and optimization of the growth conditions and defect control. The
CoFeB based junctions were grown at the Institut Jean Lamour in Nancy as result
of a collaboration with M. Hehn. Both of these sputtering protocols are presented
in the third section. The evaporation chamber of the Hybrid System was to a lesser
extent used for the sample capping so this thin film deposition is described in section
four. During this thesis, magnetic tunnel junctions containing SrTiO3; and TiO,
barriers were also studied, as were structures including Lag 7519 3MnQOj electrodes, all
deposited by pulsed laser deposition (PLD) through an internal IPCMS collaboration
with Silviu Colis from the Departement de Chimie et des Materiauz Inorganiques
(DCMI). The PLD deposition is described in the fifth section of this chapter.

3.1 Ultra-high vacuum pumping systems

In order to fabricate ultra-thin structures of high quality, the deposition has to be
performed in the ultra-high vacuum (UHV) range, preferably of at least 10~ mbar
order, guaranteeing minimum presence of undesired particles in the chamber during
the growth. Along with the standard, mechanical rotary pumps that yield pressures
down to 1073 mbar, a number of specialized UHV dedicated pumping techniques
were used within the timeframe of this thesis.

85
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Turbomolecular pumps contain very rapidly (up to 90000Hz) spinning rotors,
with which molecules and particles from the inlet side of the pump collide, thus are
given a momentum in direction of the exhaust. These pumps are usually designed to
operate below 1072 mbar and are capable to reduce pressure in the chamber down
to 107 mbar range.

Ton pumps use a high electrical potential (more than 3kV) in order to ionize
gases. A strong magnetic field, induced by permanent magnets within the walls of
the pump, then accelerates the ionized species and embeds them into the walls of
the pump. Ionic pumps do not require neither moving parts nor oil, thus they are
not only dry but vibration-free as well. Under ideal conditions, ionic pumps are
capable of reaching pressures even down to 10~'® mbar range.

Titanium sublimation pumps contain titanium filaments from which Ti atoms
sublimate once a high (up to 40A) current is applied to them. Sublimated titanium
is then deposited on internal surfaces of the chamber and starts to attract and trap
particles. The most common reaction is the attraction of oxygen and the formation
of solid TiOs, leading to the pressure reduction. Obviously, saturation is reached af-
ter a certain time, so repetitive titanium sublimations have to be performed in order
to ensure presence of clean and active Ti getter on internal walls of the chamber.
The drawback of the titanium sublimation is that it cannot be performed in a direct
vicinity of the sample, as do to so would cause the Ti atoms to be incorporated into
the sample being grown.

Bake-out of the entire system is performed each time the chamber is opened and
exposed to external atmosphere. Normally, contamination and particles adhered to
surfaces can degas for extended period of time. As outgassing is much faster in
higher temperature, the chamber needs to be wrapped up with a resistance heater
wire and baked out for a few of days at high temperature (100°C was used during
the thesis so as to address the main contaminant, i.e. water). Additional external
aluminium layer covering all the parts being baked out is recommended in order to
prevent the heat from dissipation into the environment.

3.2 Substrate preparation

Ahead of any deposition, various organic and inorganic contaminants should be
removed from the surface on which the structure is to be grown. This should be
done especially because cutting the substrate to the desired size could cause the cut
material to be redeposited on top. The MgO substrates were initially cleaned in
subsequent acetone then ethanol baths, at least 10 minutes each, both enhanced by
ultrasonic vibrations.

The extended study of MgO substrates used within The Hybrid System showed
that such basic form of cleaning was not sufficient to guarantee perfect surface. After
the initial cleaning and insertion into the hybrid system, the substrates were first
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Figure 3.1: Atomic Force Microscopy topographical maps of the raw (top), annealed
(center) and etched then annealed (bottom) MgO substrate. Atomic steps are visible
on the latter two.

in-situ Ar™ etched for 10 minutes. During this procedure, the sample is rotated in
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order to ensure uniformity of the etching. This was followed by subsequent 200°C
1h pre-bake and 550°C 4h annealing, finally resulting in contamination-free surface.
All of these steps were carefully studied and confirmed by Atomic Force Microscopy
(AFM) measurements. As shown on the fig. 3.1, annealing alone is not sufficient
to remove the surface contamination. On the other hand, the etching procedure
increases concentration of up to Inm deep holes within the MgO crystal which had
to be averaged out with the buffer MgO layer, as described in section 3.3.1.

3.3 Sputtering

Sputtering is a thin film UHV deposition method in which argon gas arriving in the
chamber becomes ionized and Ar™ ions are accelerated towards the target - a solid
disc of a pure material. Incident ions hit the target surface and cause cascades of
collisions inside, exchanging momentum among the particles. If the energy that a
target atom gains is larger than its binding energy, it can be ejected from the target,
can propagate towards the duly placed sample holder and deposited on the sample
upon arrival.

Magnetrons are used as the sputtering ion sources inside the system [135|. These
devices consist in a magnet placed below the target. Incoming Ar™ ions are trapped
along helical magnetic field paths, leading to a multiplication of sputtering col-
lisions with the target material. In case of magnetrons containing an insulating
target, radio-frequency power supplies have to be used in order to avoid the charge
accumulation. The high rate at which the bias between the electrodes is varied, as
well as the its impedance-matching, can lead to high-quality insulating films. The
advantage of the sputtering is that even materials with high melting points can be
deposited with this deposition method. Moreover, a large and thick target contains
an amount of material sufficient for a long period of maintenance-free usability.

3.3.1 The hybrid System sputtering

The custom-made sputtering setup used within the timeframe of this thesis is capable
of deposition of iron, cobalt (thus CoFe as well) and magnesium among metals, as
well as the MgO insulator. Due to the chamber design, only three sputtering sources
may be installed in the chamber at the same time, which implies that besides the
compulsory Fe and MgO targets, only one out of Mg or Co could be used as the
third one within the same fabrication batch. The system is equipped with the UHV
sample heater and the Ar' etching gun, both extensively used for the aforementioned
in-situ substrate preparation before the deposition. The sputtering deposition rates
were calibrated using the Sigma SQM-160 quartz balance monitor. The system is
also equipped with a residual gas analyzer (RGA), allowing the precise control of
partial gas pressures within the chamber. The base pressure of 2 - 107 mbar is
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achieved by simultaneous usage of rotary, turbomolecular and titanium sublimation
pumps.

Material | Deposition speed | Deposition pressure | Magnetron power
(nm/m) (1073 mbar) (W)
Co 1.2 1.3 20
Fe 1.2 1.3 20
Mg 2.4 1.3 20
MgO 0.18 1.0 50

Table 3.1: Optimized Hybrid System deposition speeds and conditions for specific
materials.

On clean substrates, a 6nm thick MgO buffer layer was deposited. This was in
order to further ensure sample flatness and crystallinity but also to trap any possible
carbon impurities underneath. All of the depositions (excluding the ones requiring a
shadowmask as explained in section 4.1) could be performed with the sample wafer
rotating in order to ensure uniformity of the deposited material. Details of the
optimized deposition conditions for all of the sputtered materials are presented in
table 3.1.

Atop the MgO buffer layer, the iron bottom electrode material is deposited.
Studies performed at the IPCMS showed that it is essential to anneal the lower
electrode at this point [136], that is before the MgO barrier deposition. Indeed,
since the lower Fe layer growth is of Volmer-Weber type (island formation instead of
layer-