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Résumé

Introduction

Bien que les études relatives à l’influence du champ magnétique sur les processus élec-

trochimiques remontent à Faraday, un intérêt croissant pour la compréhension du mécan-

isme physique et l’exploration des possibilités d’applications dans le domaine de l’énergie et

de l’électrodéposition est notable depuis ces dernières années [1, 2]. Un champ magnétique

peut avoir un impact sur l’électrochimie sous deux aspects distincts, l’électrodéposition et le

processus électrochimique, principalement par le biais de la force de Lorentz et de la force

du gradient de champ, ou force de Kelvin [3, 4]. La force de Lorentz induit une magnéto-

convection si le champ est non colinéaire à la densité de courant. D’autre part, la force de

Kelvin sera active dans un champ non uniforme lorsqu’il existe un gradient de concentra-

tion orthogonal au gradient de champ. Indépendamment de la nature des forces impliquées,

dans la plupart des cas, l’influence d’un champ magnétique sur le système électrochimique

peut être expliquée par les effets convectifs induits par le champ sur la couche de diffusion.

L’influence du champ magnétique à l’interface solide/liquide est un sujet controversé.

Les estimations d’ordres de grandeur des énergies révèlent que l’énergie magnétique des

espèces est négligeable par rapport à l’énergie thermique qui régit la diffusion et l’énergie

potentielle électrostatique qui régit le transfert d’électrons. On pourrait donc s’attendre à

ce que le champ magnétique n’ait aucun impact sur la double couche électrochimique et

la cinétique des réactions à l’électrode. Les études de Koehler [5] et Devos [6] basées sur

la magnéto-impédance et la voltampérométrie à balayage linéaire ainsi que les données de

Tafel [7] confirment ce point de vue. Cependant, des études récentes ont montré que le

magnétisme de l’électrode peut en fait avoir une influence surprenante sur la polarisation

de spin des radicaux intermédiaires, favorisant ainsi la formation de triplet O2 [8]. Sam-

balova [9] a utilisé des électrodes Co/Pt pour étudier la réaction d’évolution de l’hydrogène

et a observé les effets du champ sur la double couche, mesurée au moyen de la réponse

magnéto-optique. Il a également été montré que le film d’alliage PtCo avec une anisotropie

magnétique perpendiculaire présente une activité plus élevée pour la réaction de réduction

de l’oxygène par rapport à l’aimantation dans le plan et l’amélioration est attribuée à l’ordre

chimique du [10]. En outre, Dunne et Coey [11] ont récemment signalé une augmentation de

la capacité de la double couche et de la constante de vitesse de réaction due à la contrainte
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de Maxwell lorsqu’un champ de 0.5 T est appliqué parallèle à la surface de l’électrode. Il

est donc nécessaire d’étudier en détail l’influence du champ magnétique sur l’interface élec-

trochimique.

Afin d’étudier les effets du champ à l’interface solide-liquide, il faudrait idéalement

que la force magnétique soit maximale à proximité immédiate de l’électrode mais minimale

ailleurs. Une telle configuration de champ peut séparer l’influence du champ de la région

de la couche de double de celle de la région de la diffusion couche. Si l’on considère la force

du gradient de champ de Kelvin, la diminution de la taille du système entraîne une aug-

mentation du champ de forces magnétique. Les structures magnétiques définies à l’échelle

nano permettent donc d’atteindre ou de dépasser les forces magnétiques les plus élevées

rapportées dans la littérature [12]. En particulier, les films minces magnétiques présentant

une anisotropie magnétique perpendiculaire (PMA) sont d’un grand intérêt en raison de

leur fabrication optimisée bien connue et de leur surface plane et stable. Le rapport d’aspect

est un paramètre important à prendre en compte pour la génération du gradient de champ

requis. Dans un film magnétique, les sources du champ magnétique sont les bords des do-

maines magnétiques. Par conséquent, un film mono-domaine avec des bords minimaux ne

générerait que des gradients de champ plus faibles par rapport au grand gradient de champ

près de la surface générée par les films magnétiques multi-domaines (Figure 1). Ainsi, les

films PMA multi-domaines ayant un rapport d’aspect approprié peuvent être considérés

comme une source de champ primaire pour générer un grand gradient de champ sur une

distance de quelques dizaines de nm.

FIGURE 1: Courbe de niveau du gradient de champ magnétique généré par des films PMA
avec différentes tailles de domaine : a) un seul domaine de 1.0 µm de largeur, b) quatre
domaines de 0.25 µm de largeur et c) plusieurs domaines de 0.1 µm de largeur. Les valeurs
de champ sont estimées en utilisant un modèle 2D. Les paramètres utilisés sont les suivants :
magnétisation = 1.4 T, surface de la couche morte = 10 %, épaisseur de la couche magnétique

= 20.0 nm, orientation = hors du plan.
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L’influence du champ magnétique sur la couche de diffusion est bien documentée alors

que les effets du champ sur la double couche électrochimique sont rarement rapportés.

Toutes les réactions de l’électrode se produisent dans la région interfaciale d’une épaisseur

d’environ 10 nm, où la tension de surface et la distribution des charges excédentaires devi-

ennent plus importantes [11, 13]. Notre motivation est de voir comment de grandes forces

magnétiques imposées à une interface électrode/électrolyte peuvent avoir un impact sur

la réaction électrochimique. Pour générer les conditions de gradient de champ requises,

des films minces magnétiques ayant une propriété PMA ont été fabriqués et étudiés. Deux

stratégies ont été suivies pour créer une configuration magnétique multi-domaines où le

champ de force peut être activé ou désactivé par des stimuli externes. Dans la première

approche, des multicouches de Co/Pt ayant un nombre différent de répétitions ont été fab-

riquées et l’état PMA multi-domaines a été obtenu à l’état déposé. Ces domaines ont été

manipulés à l’aide d’un champ externe qui a permis de réaliser un paysage de champ de

forces contrôlable magnétiquement. Une autre approche consiste à manipuler les domaines

magnétiques par des moyens électriques. Des hétérostructures à base de Pt/Co/W à ont

été fabriquées. Nous avons combiné la technologie de commutation d’aimantation basée

sur le coupl spin-orbite (SOT) induit par le courant avec la technologie d’irradiation ionique

focalisée afin de concevoir un réseau magnétique reprogrammable électriquement. Cela

permet un contrôle temporel des bits magnétiques individuels, ce qui ouvre la porte à des

expériences où l’évolution temporelle des effets du champ de gradient peut être explorée.

Influence du champ magnétique à grand gradient sur la
réaction électrochimique

Afin de générer un gradient de champ important à proximité immédiate de l’électrode,

des couches multiples de [Co/Pt]N avec différentes épaisseurs de Co et différents nom-

bres de répétitions N sont fabriquées. L’épaisseur et la qualité des films sont confirmées

par la réflectivité des rayons X (XRR) et la microscopie électronique à transmission (TEM).

Les propriétés magnétiques des multicouches sont déterminées à l’aide de magnétométrie

SQUID, de la microscopie à force magnétique (MFM) et de l’imagerie basée sur l’effet Kerr

magnéto-optique (MOKE) (Figure 2). L’état multi-domaines est observé à l’état rémanent,

qui sature lorsque le champ appliqué est >|250 mT|. L’évolution des domaines magné-

tiques avec le champ perpendiculaire externe est similaire ce qui a été rapporté par plusieurs

chercheurs [14, 15]. En combinaison avec les techniques de magnétométrie et d’imagerie
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magnétique, à l’état rémanent, le modèle de calculs 2D a permis d’estimer un gradient de

champ nanométrique intense de l’ordre de 107 T/m dans une région de < 10 nm près de la

surface du film. Pour l’étude électrochimique, un système modèle de réaction ferri/ferrocyanure

(Fe(CN)63−/(Fe(CN)64−) (Equ. 1) est choisi comme sonde redox standard en raison de sa

réversibilité électrochimique [16] et de sa stabilité. Dans cette réaction redox, les deux es-

pèces sont solubles dans l’eau et restent sous forme d’ions solvatés, ce qui minimise les

modifications de la surface de l’électrode pendant les mesures électrochimiques, contraire-

ment à l’électrodéposition ou à la corrosion qui altèrent nécessairement la surface. Les pro-

priétés interfaciales et en solution de la réaction sont pré-caractérisées pour l’électrode faite

d’un film de Pt en utilisant des techniques comme la voltampérométrie cyclique (CV), la

chronoampérométrie (CA) et la spectroscopie d’impédance (EIS).

[Fe(CN)6]4– ⇀↽ [Fe(CN)6]3– + e– (1)

FIGURE 2: Boucle d’hystérésis Kerr d’un film mince répétitif TCD N=20 Co/Pt sous un
champ appliqué hors du plan et (b) images Kerr de l’échantillon similaire sous différentes
valeurs de champ marquées en (a). Le contraste sombre et clair représente les domaines

aimantés dans des directions opposées.

Avant d’étudier les effets du gradient de champ à l’interface électrochimique, l’influence

de l’épaisseur de la couche de Pt sur l’activité électrochimique du film multicouche Co/Pt

est étudiée. La réactivité du film de Pt et des films de Co/Pt avec différentes épaisseurs de

couche de Pt de couverture est obtenue en utilisant la voltampérométrie cyclique (CV) et est

résumée dans le tableau 1. Comme on peut le voir, une dépendance claire de l’épaisseur

de la couche de recouvrement sur la vitesse de réaction des films peut être observée. Un

minimum de 5 nm de couche de Pt est nécessaire pour que le film Co/Pt présente un taux

de réaction atteignant celui des films de Pt pur. Toutes les CV sont obtenus sous un champ
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hors plan de 400 mT où les films de Co/Pt à l’état saturé peuvent être comparés au film de Pt.

Les effets convectifs induits par la force de Lorentz peuvent affecter de manière significative

l’estimation de la constante de vitesse en raison de sa dépendance au coefficient de diffusion.

Par conséquent, les effets de la force de Lorentz sont examinés en détail dans la configuration

de champ dans le plan et hors du plan. On observe que, lorsque le champ appliqué est

orthogonal au courant normal à la surface, la force de Lorentz peut être considérée comme

équivalente à une agitation mécanique de la solution. D’autre part, les effets convectifs sont

plus faibles dans la configuration de champ hors du plan, et peuvent donc être négligés.

Afin de comprendre l’influence de la couche de recouvrement sur le taux de réaction, la

composition chimique de la surface est analysée à l’aide de la spectroscopie de photons X à

résolution angulaire (ARXPS). Pour un film Co/Pt coiffé de 2.8 nm de Pt, l’ARXPS a montré

des traces de Co à la surface, suggérant une couverture imparfaite de la surface par une fine

couche de coiffe de Pt. La source de Co ou d’oxyde de Co dans le film est suggérée comme

étant liée à la structure colonnaire révélée par TEM du film Co/Pt, où la rugosité accrue

et la couverture partielle aux joints de grains peuvent laisser certaines parties de la couche

supérieure de Co non protégées.

Sample 103 k0 106 DR 106 DO SR
± 0.2 cm/s ± 0.1 cm2/s ± 0.1 cm2/s nm

HZDR samples

[Co/Pt]19/Co/Pt(0.0) 1.1 5.2 4.7 2.7 ± 0.4
[Co/Pt]19/Co/Pt(3.0) 3.1 5.8 5.2 2.2 ± 0.3
[Co/Pt]19/Co/Pt(5.0) 9.7 6.0 5.5 2.1 ± 0.3

[Co/Pt]19/Co/Pt(10.0) 10.0 6.1 5.6 2.1 ± 0.3
Pt 13.0 6.4 5.9 2.2 ± 0.2

TCD samples

[Co/Pt]19/Co/Pt(2.8) 4.5 5.4 5.1 1.4 ± 0.3
Pt film 11.2 5.8 5.4 1.3 ± 0.2

TABLE 1: Résumé de la caractérisation électrochimique et de surface des différentes élec-
trodes de travail. Les échantillons HZDR et TCD indiquent la laboratoire source des échan-
tillons. Dans les échantillons HZDR, les couches de Co et de Pt ont une épaisseur de 1.0
nm alors qu’elle est de 0,8 pour les échantillons TCD. L’épaisseur de la couche de Pt est en
nm. Le taux standard cinétique de réaction k0, les coefficients de diffusion de réduction et
d’oxydation, DR et DO, sont obtenus à partir de mesures CV sous un champ magnétique
hors plan appliqué de 400 mT, et la rugosité de surface, SR est calculée à partir de la micro-

scopie à force atomique.
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Pour étudier l’influence du fort gradient de champ sur la réaction électrochimique, les

mesures en régime permanent basées sur la chronoampérométrie sont choisies comme l’une

des principales méthodes. La figure 3 montre la mesure de l’hystérésis du courant en régime

permanent de la réduction du ferricyanure en utilisant un film de Pt et des films Co/Pt avec

différentes épaisseurs de la couche externe de Pt comme électrode de travail. Une aug-

mentation de la densité de courant avec un champ perpendiculaire appliqué est observée

sur les films Co/Pt recouverts d’une couche de Pt de 5.0 nm. Lorsque le champ passe de

±400 mT à 0 mT, l’augmentation de la densité de courant est d’environ 8, 7 et 5 % pour les

films Co/Pt avec une couche externe de Pt de 0.0, 3.0 et 5.0 nm d’épaisseur, respectivement.

D’autre part, aucune dépendance du champ sur la densité de courant n’est observée ni pour

le film de Pt ni pour le film Co/Pt recouvert de Pt de 10 nm d’épaisseur. Une estimation

approximative des champs de force estime une densité de force de Lorentz faible de l’ordre

de 25 N/m3 alors que la densité de champ de gradient de Kelvin peut être aussi élevée que

107 N/m3 à la surface de l’électrode sans couche de recouvrement de Pt. La force du gra-

dient de champ peut inhiber la convection des espèces paramagnétiques et peut modifier

localement le gradient de concentration. Une étude utilisant des nanofils de CoPt intégrés

dans une membrane d’alumine a vait montré que le courant de réduction de l’oxygène peut

être augmenté par l’inhibition convective des radicaux paramagnétiques à proximité de la

surface de l’électrode grâce au gradient de champ magnétique [17, 18]. Par conséquent, le

gradient de champ important créé par les films magnétiques multi-domaines à l’interface

électrochimique est supposé être la force motrice des effets observés.

La spectroscopie d’impédance (EIS) est également utilisée pour étudier les effets du fort

gradient de champ sur les propriétés de l’interface et de transport de masse du système.

Dans le cas de l’EIS, la réponse de l’impédance à une petite perturbation en courant alter-

natif est enregistrée et modélisée à l’aide d’un circuit électrique équivalent afin d’extraire

la résistance de transfert de charge Rct et la capacité à double couche Cdl qui dépendent de

l’interface, ainsi que l’élément de Warburg W qui dépend du transport de masse. Le résultat

le plus frappant se produit dans la région des hautes fréquences où la résistance de transfert

de charge et la capacité à double couche montrent une dépendance au champ magnétique

appliqué (Figure 4c et d). Les deux quantités sont réduites de 5 à 6 % lorsque le champ ap-

pliqué passe de ± 400 mT à 0 mT. La réduction de Rct est en accord avec l’augmentation du

courant observée dans les mesures de chronoampérométrie (Figure 3). Comme la tension de

polarisation continue appliquée est proche du demi potentiel E1/2, la capacité effective de la

double couche peut être traitée comme un condensateur de Gouy-Chapman correspondant
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FIGURE 3: Densité de courant en régime permanent en fonction du champ magnétique
hors du plan à une tension de 0.25 V (a) pour des films Co/Pt HZDR avec une couche de Pt
externe de 0, 0.3 et 5.0 nm d’épaisseur, et (b) pour un film Pt(20.0) HZDR et un film Co/Pt

avec une couche de Pt externe de 10 nm d’épaisseur.

à la région de la double couche diffusive. Un changement de Cdl avec le champ appliqué

impliquerait alors un changement dans la concentration des ions dans la région de la dou-

ble couche diffusive. Cela correspond à notre hypothèse de micro-convection entraînée par

le gradient de champ comme origine de l’augmentation du courant dans les films Co/Pt.

Cependant, aucune modification de la cinétique sous-jacente n’est observée.

Gradient de champ magnétique programmable électrique-
ment à l’aide d’une irradiation par un faisceau He+ fo-
calisé

Afin de créer un paysage magnétique contrôlable électriquement, nous avons adopté

une approche sophistiquée en combinant les phénomènes de SOT pour la commutation de

magnétisation et la technologie d’irradiation ionique focalisée sans masque pour définir des

domaines magnétiques. Nous discutons ici de la feuille de route pour la réalisation de la

commutation sélective de magnétisation de la région magnétique prédéfinie, et de la ten-

tative de créer un système modèle pour générer les champs de force magnétiques repro-

grammables électriquement.
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FIGURE 4: a) Spectres EIS à une tension de polarisation de 0.25 V sous différents champs
magnétiques externes normaux à la surface. b) Circuit de Randles utilisé pour l’ajustement
aux données EIS. c) Résistance normalisée de transfert de charge et d) capacité de la double

couche en fonction du champ appliqué.

Le SOT est un moyen efficace de manipuler électriquement l’aimantation d’objets mag-

nétiques à l’échelle nanométrique [19, 20]. Le courant nécessaire pour changer l’état mag-

nétique (± Mz) dépend de plusieurs paramètres, notamment l’aimantation à saturation

et l’anisotropie magnétique du film mince [21], qui sont difficiles à modifier localement

dans un film. L’irradiation ionique est connue pour provoquer le mélange des atomes de

l’interface, ce qui augmente la rugosité interfaciale [22]. Cela permet de contrôler les pro-

priétés magnétiques dépendant de l’interface, comme l’aimantation et l’anisotropie mag-

nétique [23–25]. La formation de motifs magnétiques à l’aide d’une irradiation à faisceau

large a été démontrée en utilisant des masques par lithographie [24], mais le plus petit bit

magnétique formé est principalement déterminé par la résolution des étapes de lithogra-

phie plutôt que par le volume d’interaction du faisceau d’ions. Par contre, le faisceau d’ions

d’hélium focalisé permet une définition de domaines à l’échelle nano sans masque où les

dimensions latérales des structures magnétiques sont limitées uniquement par la taille de la
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cascade de collision (≤ 10 nm) [26]. En plus de la précision nanométrique, cette approche

préserve également la topographie plane de l’empilement magnétique initial [24] qui est une

condition préalable majeure pour les applications électrochimiques [27].

Des films minces à anisotropie magnétique perpendiculaire (PMA) dont la couche mag-

nétique est prise en sandwich entre des métaux lourds à angle de Hall de spin opposé,

Pt/Co/W et Pt/Co/Ta, sont fabriqués pour cette étude. Les mesures de magnétométrie et

de magnéto-transport (figure 5a) ont confirmé la présence d’un PMA intact dans les films

minces tels que déposés et structurés. La commutation SOT déterministe est réalisée dans

les deux types de films sous champ magnétique de polarisation de rupture de symétrie

appliqué de manière colinéaire au courant (Figure 5b). Nous avons utilisé la mesure de

Hall harmonique pour estimer l’angle de Hall de spin effectif (SHE) du dispositif à base de

Pt/Co/W, qui s’avère être de 0.4, en bon accord avec la valeur de la littérature [28]. Comme

dans d’autres articles de la littérature [29], nous avons également trouvé un couple de type

amortissement comme couple dominant dans la commutation de magnétisation induite par

le courant du dispositif Pt/Co/W.

FIGURE 5: Mesures électriques basées sur l’effet Hall anormal sur des dispositifs à base
de Pt/Co/W. a) Boucle d’hystérésis sous l’application d’un champ normal qui confirme la
PMA du système. b) Commutation de magnétisation induite par le courant sous un champ
de polarisation de 150 mT. Toutes les mesures sont effectuées avec des barres de Hall non

irradiées.

Les films montrent une PMA façonnée localement sous irradiation He+ focalisée sans

masque. La mesure in-situ de la tension de Hall nous a permis de contrôler en temps réel

l’évolution de l’anisotropie avec l’irradiation. Comme le montre la figure 6a, pour la barre

de Hall Pt/Co/W, le signal de Hall diminue initialement avec la dose jusqu’à 38 ions/nm2,
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après quoi un changement notable est observé lorsque l’aimantation bascule dans le plan.

Sur la base de la courbe d’irradiation, les barres de Hall sont irradiées avec différentes doses

et sont caractérisées ex-situ pour obtenir leurs propriétés magnétiques et électriques. La

figure 6b montre l’évolution de l’aimantation à saturation et du champ d’anisotropie en

fonction de la dose d’irradiation. Après irradiation avec une dose presque critique de 35

ions/nm2, la densité de courant de commutation SOT et le champ d’anisotropie magné-

tique sont réduits d’environ 70 % par rapport aux échantillons non irradiés. Aucun change-

ment appréciable de l’angle de Hall de spin et de la résistivité longitudinale n’est noté avec

l’irradiation, ce qui suggère l’insensibilité de l’irradiation aux propriétés globales. Ainsi, la

commutation sélective de la croix irradiée par rapport au reste de la barre de Hall est réalisée

et un état multi-domaine contrôlable électriquement est démontré (Figure 7a).

FIGURE 6: a) Évolution in situ en temps réel de la résistance de Hall anormale en fonction
de la dose d’irradiation et b) champ d’anisotropie ex-situ Hk et aimantation à saturation Ms

en fonction de la dose d’irradiation pour l’hétérostructure à base de Pt/Co/W.

Dans le but d’améliorer le volume magnétique (et donc la stabilité thermique), les ef-

fets de l’irradiation des films ayant une couche de Co unique sont comparés à ceux des

films Pt/Co/W à trois couches de Co. Cependant, des états multi-domaines complexes

qui ne sont plus entièrement commutables par le courant électrique sont observés dans

l’échantillon à trois couches, et donc une optimisation supplémentaire pourrait être néces-

saire en termes de designs de domaines d’irradiation et de nombre de couches. En outre,

afin d’accéder à davantage d’états intermédiaires multi-domaines par le courant électrique,

l’irradiation est modifiée en termes de zones d’irradiations et de dose. L’imagerie Kerr nous

a permis de réaliser l’importance de séparation entre les régions irradiées pour une commu-

tation multi-niveaux bien définie, attribuée au blocage de la paroi du domaine magétique
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par le gradient d’anisotropie (figure 7b).

FIGURE 7: Figure 7 Démonstration du contrôle électrique de l’état multi-domaines magné-
tiques à l’aide de l’imagerie MOKE. a) Commutation sélective induite par le courant des
régions irradiées lors du balayage du courant de -35 mA à +35 mA. Les régions marquées
dans la boîte sont irradiées avec une dose de 37 ions/nm2. b) Géométrie de l’irradiation et
doses utilisée pour la commutation multi-niveaux. c) Commutation multi-niveaux à 4 états
induite par le courant montrant l’importance de l’espace entre les régions irradiées pour
la réalisation de la commutation partielle indépendante. Toutes les expériences SOT sont

réalisées sous un champ de polarisation de 100 mT.

Conclusion

Les champs magnétiques ont souvent une influence surprenante sur les réactions élec-

trochimiques. La plupart de ces effets peuvent être expliqués en termes d’effets convec-

tifs sur la couche de diffusion entraînés par la force de Lorentz et/ou la force de Kelvin.

L’influence du champ magnétique sur l’interface électrochimique est un sujet controversé.

Nous avons étudié, en détail, comment un grand gradient de champ à une interface élec-

trochimique peut influencer le mécanisme de réaction. Pour créer un grand gradient de

champ concentré uniquement à l’interface solide/liquide, des films minces nanomagné-

tiques présentant une anisotropie magnétique perpendiculaire (PMA) ont été utilisés.
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Des répétitions multiples de films Co/Pt ayant des domaines multiples ont été fab-

riquées et optimisées pour générer un gradient de champ maximal. Le couple redox ferri/ferro-

cyanure a été utilisé comme sonde redox pour l’investigation. L’influence de l’épaisseur de

la couche de Pt sur l’activité des films Co/Pt a montré qu’une couche externe d’au moins

5 nm est nécessaire pour éviter complètement les effets des impuretés de surface. En util-

isant la chronoampérométrie, une augmentation du courant a été observée avec le gradient

de champ créé par les films de Co/Pt. La spectroscopie d’impédance a révélé comment les

paramètres interfaciaux et de masse étaient affectés par la grande densité de force Kelvin à

l’échelle nanométrique.

Dans un effort complémentaire afin de créer des configurations magnétiques électrique-

ment reprogrammables, nous avons combiné le couplage spin orbite (SOT) et la technologie

des ions hélium focalisés. L’anisotropie magnétique du film a été modifiée localement par ir-

radiation. Des mesures électriques in-situ ont permis de suivre en temps réel le changement

des propriétés magnétiques avec l’irradiation, ce qui a permis de déterminer avec précision

la dose critique nécessaire pour atteindre l’état de transition d’aimantation hors du plan

vers une aimantation dans le plan. La réduction correspondante du courant de commuta-

tion nous a permis de commuter sélectivement la région irradiée. Ainsi, un état magnétique

multi-domaines piloté par un courant électrique a été démontré. En outre, la commutation

multi-niveaux a également été démontrée avec une irradiation partielle et sous différentes

doses de la barre de Hall.
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Chapter 1

Introduction

1.1 Electrochemical Phenomena

Electrochemistry deals with relationships between electricity and chemical reactions. In this

section, we will discuss the processes and factors affecting the charge transport between an

electronic conductor (electrode) and an ionic conductor (electrolyte).

1.1.1 Electrochemical Cell

An electrochemical cell is a device than can convert chemical energy into electrical energy

or vice versa . These are classified as either galvanic cells or electrolytic cells. In galvanic

or Voltaic cells, spontaneous chemical reactions convert chemical energy into electrical en-

ergy. An example is the Daniel cell which consists of copper and zinc electrodes immersed

in a solution of copper and zinc sulphate, respectively. Zinc oxidized at the anode and cop-

per reduced at the cathode generate a cell emf around 1.1 V. An electrolytic cell in contrast

requires external electrical energy to drive the chemical reaction. An example is the electrol-

ysis of water where hydrogen and oxygen gas can be produced by supplying an external

direct current to split the water.

FIGURE 1.1: An electrochemical cell in three electrode configuration
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FIGURE 1.2: a) IUPAC voltammetry convection. Example of b) standard hydrogen electrode
and c) Silver/silver chloride reference electrode.

A standard three-electrode configuration is commonly used in electrochemistry for a

better control and measurement of current and potential in the cell [1, 2] (Fig. 1.1). It consists

of a working electrode (WE) where the reaction of interest happens, a counter electrode (CE)

which supplies the current, and a reference electrode (RE) with respect to which the potential

of the WE is measured. The area of CE should always be greater than that of the WE so that

the reaction near WE won’t be limited by the CE supply. The purpose of RE is to provide a

sTable potential reference for the controlled regulation of WE. Standard hydrogen electrode

(SHE) is an internationally accepted primary choice for reference electrode (Fig. 1.2b). It

consists of a redox half reaction:

2H+(aq) + 2e ⇀↽ H2(g) (1.1)

and its standard potential is defined as E0 = 0.0 V at all temperatures. Hydrogen electrodes

are not very convenient to use in laboratory. Silver/silver chloride reference electrode is

another practical choice due to its simplicity and non-toxicity (Fig. 1.2c). The redox reaction

in saturated KCl/NaCl solution follows as:

AgCl + e− ⇀↽ Ag + Cl− (1.2)

where E0
Ag/AgCl = 0.197 V versus SHE (250C). It is also worthwhile to note that, through out

the present work, the European polarity convention adopted by IUPAC is followed, where

anodic (positive) potentials are plotted to the right of the origin and anodic currents are
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taken as positive (Fig. 1.2a).

FIGURE 1.3: Schematic of uncompensated resistance between working electrode and refer-
ence electrode.

The relative position of the reference electrode with respect to the working electrode is

also critical in the electrochemical system. In a three electrode configuration, the potential

of WE is measured with respect to the reference electrode RE and any measuring current

flowing in this circuit is reduced using a high impedance voltmeter. However, a small but

finite current can pass through the reference electrode which can shift the potential from the

true value. More generally, as a current always flow in a solution that possess an intrinsic

resistance, there will always be a difference in the effective potential experienced by the

WE when compared to the measured potential between RE and WE (Fig. 1.3). Hence, it is

important to correct for this so-called iR drop as it can significantly affect the measurement

and analysis.

The main approaches dealing with iR compensation are (i) impedance spectroscopy,

(ii) current-interrupt method and (iii) positive feedback method. Using impedance spec-

troscopy, Ru can be estimated and the potential is post-corrected for iR drop. But, it is a

relatively time consuming process and also demands a prior knowledge of equivalent cir-

cuit model for the EIS fit. In current-interrupt method, Ru is determined by switching off

the current and measuring the cell potential decay. When the current is switched off quickly,

the potential difference due to the uncompensated resistance drops to zero and Ru can be

estimated. Last but not least is the positive feedback method where solution resistance is
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compensated electronically using op-amps based feedback circuits. The measured potential

is made match with the applied voltage by adjusting the feedback resistance R f . A higher

R f will drive the electronics into oscillations. R f is adjusted to a value corresponding to the

threshold of the oscillations.

Consider a general electrochemical reaction of the type

O + ne− ⇀↽ R (1.3)

where O is reduced to R in an n electron transfer reaction. When an electrode is placed in an

electrolyte, thermodynamic equilibrium is achieved between the electrode and the solution.

In this condition, both forward and reverse reactions are balanced, and the interface is in

dynamic equilibrium. This equilibrium is characterised by the Nernst equation

E = E0′ +
RT
nF

ln
CO

CR
(1.4)

where E is the electrode potential, E0′ is the formal potential and CO, CR are the concen-

tration of oxidised and reduced species, respectively. The Nernst equation thus provides

the interrelation between the solute concentration and the cell potential in a system un-

der equilibrium. To illustrate this, the open circuit potential (OCP) is considered. OCP

is the potential established between WE and RE when the circuit is open. In the case of

ferri/ferrocyanide redox couple in electrolyte containing 0.2 M potassium ferricyanide and

1 M KCl, corresponding to experiments presented in chapter 3,

[Fe(CN)6]
3− + e− ⇀↽ [Fe(CN)6]

4− (1.5)

the OCP of the system is experimentally measured as 0.41 V. Using a value E0 = 0.26 V

obtained from cyclic voltammetry, the ratio of oxidized to reduced species can then be cal-

culated as

0.41V = 0.26V + 0.0257V ln
(
[Fe(CN)6]3−

[Fe(CN)6]4−

)
(1.6)

which gives the ratio of Fe(CN)3−
6 to Fe(CN)4−

6 as 12.6:1.0. Therefore, the solution contains

approximately 93% (0.185 M) Fe(CN)3−
6 and 7% (0.015 M) Fe(CN)4−

6 . OCP also indicates the

stability of the system. It has been reported that the magnetic field can shift the OCP of

metallic electrodes in Nitric acid solutions which is ascribed to the Lorentz force enhanced

corrosion current [3]. In the case of ferri/ferrocyanide, we observed sTable OCP for long

time which hints to the good stability of the redox system under study (Fig.1.4).
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FIGURE 1.4: Open-circuit potential of Pt thin film working electrode in 0.2 M potassium
ferricyanide and 1 M KCl.

1.1.2 Electrode Kinetics

Processes occurring at electrodes can be classified as faradaic and nonfaradaic in nature.

Faradaic process are those which are governed by Faraday’s law which states that the amount

of chemical reaction caused by the flow of current is proportional to the amount of electricity

passed. On the other hand, nonfaradaic process involves transient currents due to the spe-

cific adsorption and desorption at the solid-liquid interface. Here, we limit the discussion

to electron transfer mechanism that are faradaic processes without chemical transformation.

Ferri/ferrocyanide redox reaction is an example of such a reaction. A simple description of

the mechanism follows [2] as (Fig. 1.5):

1. Diffusion of species from bulk solution to electrode interface.

2. Rearrangement of the ionic atmosphere (10−8 s).

3. Reorientation of the solvent dipoles (10−11 s).

4. Alterations in the distances between the central ion and the ligands (10−14 s).

5. Electron transfer (10−16 s).

6.. Relaxation.

For any electrode reaction in solution, the Arrhenius expression relates the activation

energy EA and temperature of the system to the kinetic rate constant as,

k = A exp[−EA/RT] (1.7)

We consider a standard redox reaction with ka, kc are the forward and reverse reaction rate

respectively. From eqn.1.7, we obtain
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FIGURE 1.5: Schematic representation of electron transfer at electrode surface [1].

ka = k0 exp[αanF(E − E0)/RT] (1.8)

kc = k0 exp[−αcnF(E − E0)/RT] (1.9)

where k0 is the standard rate constant at equilibrium, and αa, αc are the charge transfer co-

efficients of the oxidation and reduction steps respectively. For a reversible one electron

transfer system αa + αc = 1. αa, αc represents the symmetry of the activation barrier for oxi-

dation and reduction, and can take values from 0 to 1 where 0.5 corresponds to a symmetric

barrier. In a first order reaction, the rate of reaction is proportional to the concentration of

reactants and the net current flow is given as

I = nFA(ka[R]∗ − kb[O]∗) (1.10)

At equilibrium, there is no net current flow and ka[R]∗ = kc[O]∗. In a special case if [R]∗ =

[C]∗, then ka = kc =k0 and using eqn.1.8 and eqn.1.9 in eqn.1.10 we get

I = I0

[
[O]∗
[O]∞

exp
(
−αcnFη

RT

)
− [R]∗

[R]∞
exp

(
αanFη

RT

)]
(1.11)

where η = E - E0 is the overpotential. At low overpotential or when the solution is

stirred so that the surface concentration won’t deviate much from the bulk concentration,

the current-potential relation reduees to Bulter-Volmer (BV) equation,
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I = I0

[
exp

(
−αcnFη

RT

)
− exp

(
αanFη

RT

)]
(1.12)

FIGURE 1.6: Current-overpotential curve for a reversible reaction. At low overpotential the
current magnitude rises rapidly because of the exponential current dependence to voltage
(Eqn. 1.12). At large overpotential, the current is limited by mass transfer [1] Note: Ameri-

can convection is used in this plot.

BV equations deals with the current-potential relation (Fig. 1.6). In a kinetically controlled

reaction, it tells that the current changes exponentially with the applied voltage. On the

other hand, it does not include any mass transport effects and assumes a infinite supply of

reactants near the electrode surface.

Kinetic rate (k0) is a measure of the kinetic facility of a redox couple. A system with large

k0 will achieve equilibrium on a shorter timescale compared to the one with lower k0 value.

Wide range of k0 has been reported in electrochemistry with a minimum of 10−9 cm/s for ir-

reversible methanol oxidation [4] to a maximum of 1-10 cm/s for reversible reactions involv-

ing hydrocarbons like anthracene and pyrene [5, 6]. For quasi-reversible ferri/ferrocyanide

redox couple, k0 value has been reported in the range of 0.01 to 0.4 cm/s depending on the

nature of electrode and supporting electrolytes used [7–9].

In order for the kinetic theory to be accurate, the kinetic equations should reach the the

thermodynamic relations in the limit of equilibrium. At equilibrium, the net current is zero

and from Eqn.1.11 we get,

[O]∗ exp
(
−αcnF(E − E0)

RT

)
= [R]∗ exp

(
(1 − αc)nF(E − E0)

RT

)
(1.13)
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Rewriting the equation yields,

E = E0 +
RT
F

ln
[0]∗
[R]∗

(1.14)

which is the Nernst equation. Even though the net current is zero, the equilibrium is en-

visioned as a flow is equal amount of cathodic and anodic current defined as the exchange

current.

1.1.3 Interfacial Region

In the previous section we discussed about the kinetics of the reaction but without consid-

ering the nature of solid-liquid interface. In fact, the interface plays a crucial role in deter-

mining the kinetic as well as the thermodynamic properties of the reaction. In this section,

we will discuss about the various models which describes the electrode-electrolyte interface

capacitance.

1.1.3.1 Double Layer Models

Experimentally, the double layer capacity at different potentials can be measured by impedance

spectroscopy and electrocapillary. Several models have been developed to predict the evo-

lution of the interfacial capacitance with the applied potential.

1.1.3.1.1 Helmholtz Model

The first model for interface capacitance was given by Helmholtz in 1879. He considered

the charge separation at electrode-solution interface as single rigid layer of counter ions in

the solution balancing the excess charge on the electrode surface.

FIGURE 1.7: Helmholtz model
of double layer with rigid ar-

rangement of ions [2].

In this model, the interfacial capacitance is treated as a

parallel plate capacitor, giving rise to the designation dou-

ble layer. The relation between stored charge density σ and

the voltage drop V in a parallel plate capacitor placed at dis-

tance d is given by

σ =
ϵrϵ0A

d
V (1.15)

The differential capacitance is then given as,

CH =
∂σ

∂V
=

ϵrϵ0A
xH

(1.16)
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where xH is the distance of closest approach of ions defined as the ionic radius even though

the ions are treated as point charges. Helmholtz double layer capacitance is independent

of applied voltage which is in contrast to the experimental observation. Furthermore, it

neglects any adsorption effects as well as does not take into account any dependence on

electrolyte concentration.

1.1.3.1.2 Gouy-Chapman Model

FIGURE 1.8: Gouy-Chapman model of double layer. a) Schematics of ions distribution in
diffusive layer [2] and b) variation of diffusive double layer capacitance with potential at

different electrolyte concentrations [1].

In order to include the influence of electrolyte concentration and applied potential, Gouy

and Chapman independently proposed the diffusive double layer model where the ions

in the solution side of the interface are considered distributed across a finite distance, in

contrast to the rigid layer Helmholtz model. Such a distribution would arise due to the

thermal energy as well as due to the electrostatic repulsion and attraction between ions.

In their model, the solution side is subdivided into laminae, parallel to electrode, and the

distribution of ions in any lamina is given by Boltzmann’s law as

ni = n0
i exp

(
−zieϕ∆

kT

)
(1.17)

where ni is the number concentration of ions i in bulk solution, zi is the ion charge and

ϕ∆ = ϕ − ϕs is the potential at the lamina. The total charge per unit volume in any lamina is

ρ(x) = ∑
i

nizie = ∑
i

n0
i zi exp

(
−zieϕ∆

kBT

)
(1.18)
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From electrostatics, ρ(x) is related to potential by Poisson equation

∂2ϕ∆

∂2x
= − ρ

ϵrϵo
(1.19)

which leads to the Poisson-Boltzmann equation

∂2ϕ∆

∂2x
= − e

ϵrϵo
∑

i
n0

i zi exp
(
−zieϕ∆

kBT

)
(1.20)

Solving this equation and assuming a symmetric z:z electrolyte (one which has only one

cation and anion, both of charge z), one would get the differential capacitance as

Cd,GC =

(
2z2e2ϵrϵ0n0

i
kBT

)
cosh

(
zeϕ∆,0

2kBT

)
(1.21)

The cosh tern in the Gouy-Chapman contains the potential dependence of the capaci-

tance. The minimum occurs at point of zero charge (Epzc). Similar V-shaped capacitance

function resembles the experimentally observed shape near Epzc but deviates at larger po-

tentials and also at higher electrolyte concentration.

1.1.3.1.3 Stern Model

The Gouy-Chapman capacitance will rise to an unlimited value when the potential is

far from Epzc. This is due to the fact that the ions are considered as point charges and are

not restricted with respect to their location in the solution. Far from Epzc, ions can be con-

sidered as arranged tightly attracted to the electrode surface with a separation equal to the

ionic radius. Thus, Stern combines the diffuse double layer and rigid layer models which is

mathematically equivalent to two capacitors connected in series. The effective capacitance

is given as

1
CS

=
1

CH
+

1
CGC

=
xH

ϵrϵ0A
+

1(
2z2e2ϵrϵ0n0

i
kBT

)
cosh

(
zeϕ∆,0
2kBT

) (1.22)

where CH, CGC represents the Helmholtz and Gouy-Chapman capacitance respectively. When

two capacitors are connected in series, the smaller one dominates over other. As we have

already seen, at potential far from Epzc, CGC rises to huge value which makes the CH dom-

inant term. On the other hand, close to Epzc, CH >> CGC and so CS ≈ CGC. This is one of
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the most accurate model so far to describe the interfacial capacitance dependence with the

applied voltage.

FIGURE 1.9: Stern’s model of double layer [2]. a) Schematics of ions distribution at the
interface and b) variation of Stern capacitance with potential [1].

1.1.3.1.4 Further Developments

In 1947, Grahame developed a double layer model which divides interfacial region into

three regions: the inner Helmholtz plane (IHP), the outer Helmholtz plane (OHP) and the

diffusive layer. The difference with the Stern model is the inclusion of the IHP which forms

the plane of specifically adsorbed ions. In contrast to a non-specifically adsorbed ion, a

specifically adsorbed ion can approach closer to the electrode surface by losing its solvation

layer. Besides, there is no restriction in the charge of the ions involved. The effect of specific

adsorption is more sensitive near Epzc as the ions are more tightly bound at larger potentials.

It causes a shift in the point of zero charge [10]. The extend of specific adsorption depends

on the electrolyte concentration as well as on the electrode material.

1.1.4 Mass Transport

As we discussed in section 1.1.2, the net current flow in a kinetic limited system is given by

Eqn. 1.10. The rate of charge transfer increases with the potential as the kinetic rate depends

on the electrode potential. Regarding the surface concentration, so far we only considered

reactions which have infinite supply of ions at the surface i.e, constant surface concentra-

tion irrespective of the applied voltage. Such an assumption is good when the kinetics of

the reaction is very slow compared to the transport time of species to and from the solution

(kinetically limited reaction). However, in electrochemistry, there are many reactions whose
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kinetics are fast and the net reaction depends on the surface concentration under the appli-

cation of a sufficiently high potential. Thus, it is important to discuss about the different

means of mass transfer which are diffusion, migration and convection. Diffusion refers to

the movement of ions due to concentration gradient while migration is caused by the move-

ment of charged particle in an electric field. Whereas convection deals with the ion transport

due to density gradient or mechanical stirring. The process of mass transport is described

by the Nernst-Plank equation as

Ji = −Di∇ci −
ziF
RT

Dici∇ϕ + civ (1.23)

where Ji is the flux of the species i at a given position from the surface, Di is the diffusion

coefficient, ∇ci is the concentration gradient, zi is the charge of species i, ∇ϕ is the electric

potential gradient and v is the fluid velocity of a volume element in solution. Electrochem-

ical analysis becomes complicated when all three modes of transport are present in the sys-

tem. In most of the measurements, migratory effects are minimised by adding an excess of

electroinactive species. The presence of this inert supporting electrolyte screens the electric

field at the interface which makes the field effects concentrated near to the electrode surface.

Furthermore, convection can be minimised by avoiding any stirring of solution, by adjusting

the working electrode position to minimize the natural convection and by minimising the

thermal gradient. Charge transfer and mass transport are two consecutive process, hence

the slowest process determines the overall reaction of the system. It is possible to write the

observed steady state current as
1
is
=

1
ik
+

1
im

(1.24)

where ik, im represents the kinetic and mass transport controlled currents respectively. At

low over-potential, ik < im and a steady current increases with potential. At large over-

potential, im < ik and the steady current will be independent of the applied potential ir-

respective of any improvement in the kinetic rate. Fig. 1.10 shows the example plot of

the limiting current as a function of applied voltage for ferri/ferrocyanide redox reaction.

When the potential is near OCP of 0.41 V, the system is kinetically limited, and becomes

mass transport limited when the applied potential is < 0.2 V.

1.1.4.1 Diffusion

As mentioned earlier, diffusion refers to the natural movement of species due to the concen-

tration gradient. Fick’s first law of diffusion can be expressed as
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FIGURE 1.10: Steady state current density as a function of applied potential to the Pt film
electrode in electrolyte consists of 0.2 M potassium ferricyanide and 1 M KCl. Steady state

current measured 5 min after the application of potential.

J = −D
∂c
∂x

(1.25)

where the proportionality constant between flux and concentration gradient is called the

diffusion coefficient D. In dilute solutions, typical values of D range between 106 and 10−5

cm2/s. The variation of concentration with time due to the diffusion is described by Fick’s

second law which can be expressed in a 1D simplest case as

∂c
∂t

= D
∂2c
∂x2 (1.26)

At steady state, the concentration is constant and the left side of Eqn. 1.26 becomes zero

which leads to the Laplace’s equation (1D)

∂2c
∂x2 = 0 (1.27)

1.1.4.1.1 Cottrellian system

Chronoamperometry is a commonly used technique to study the diffusion limited sys-

tems. In this technique, the WE potential is stepped from a value where no reaction occurs

to a value where all the electroactive species react. Evolution of diffusion limited current

(assuming no migration and convective effects) with time is recorded to find the diffusion

coefficient of the system. Assuming semi-infinite linear diffusion for planar electrode, the
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diffusion limited current can be expressed as

Id = nFAD
(

∂c
∂x

)
0

(1.28)

as Id = nFAJ. For simplicity, the oxidation with c = [R] is considered. We solve for the

Fick’s second law (Eqn. 1.26) with the following boundary conditions

t = 0, c0 = c∞ no electrode reaction (1.29)

t ≥ 0, lim
x→∞

c = c∞ bulk solution (1.30)

t < 0 and x = 0, c0 = 0 diffusion limited current (1.31)

where c0 is the surface concentration and c∞ is the bulk concentration. Solving this using

the Laplace transform and inverting it, we find the concentration gradient as

(
∂c
∂x

)
0
=

1
δ

(1.32)

where δ = (πDt)1/2 is the diffusion layer thickness. This leads to the Cottrell equation

I(t) = Id(t) =
nFAD1/2c∞

(πt)1/2 (1.33)

It must be noted that any capacitive or convective effects are not considered in the Cot-

trellian system. At short times there can be contribution due to the charging of double layer

and at long time, natural convection can perturbs the concentration gradients.

1.1.4.2 Convection

Convection is the motion of a fluid under the action of a force. It can be divided into natural

convection which arises due to the thermal or density gradient, and forced convection due

to mechanical or magnetohydrodynamic stirring. One of the relevant parameter is the hy-

drodynamic boundary layer δH within which all the velocity gradient occurs. It is related to

the diffusion layer δ as

δH =

(
v
D

1/3
)

δ (1.34)
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FIGURE 1.11: a)Variation of concentration with distance at planar electrode at different time
after the application of potential step [1] and b) variation of current with time in during the
reduction of ferricyanide to ferrocyanide in a solution of 0.2 M potassium ferricyanide and

1 M KCl (inset shows the linear nature of current with t−1/2).

For a typical aqueous solution, a diffusion coefficient D ≈ 10−5 cm2/s and a kinematic

viscosity v ≈ 10−2 cm2/s give δH = 10δ, which indicates that the hydrodynamic boundary

layer is larger than diffusion layer thickness.

In a Cottrellian system, the natural convection plays role at larger time scale and balances

the steady state. Natural convection can be minimised by adjusting the electrode position

with respect to the gravity in an otherwise unstirred solution. For ferricyanide reduction

reaction, it has been shown that the electrode at the bottom facing up is the position at which

the convective effects are minimum [11]. On the other hand, forced convection in a diffusion

limited system can be used to obtain a well-defined concentration profile with respect to

time. A well-documented example of such a hydrodynamic electrode is the rotating disc

electrode (RDE). In RDE, a disc electrode is rotated at a constant known rate around its

vertical axis which generates a well defined steady state [12].

1.2 Magneto-electrochemistry

The coupling of a magnetic field to electrochemistry share an interesting history started

with Faraday’s famous failed experiment. He tried to demonstrate the phenomena of elec-

tromagnetic induction by measuring the potential difference across the Thames river but

failed as his equipment was not sensitive enough and the river bed short circuited the sig-

nal. However, in later course of time, researchers found field induced effects on various

electrochemical process as well as on electrodeposition. In this section, we summarizes the
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various field effects and how they can influence the electrochemical reactions. A rough es-

timate of different force densities involved [13] are tabulated in Table 1.2. As can be seen,

the Lorentz and Kelvin magnetic force densities are not comparable to the force driving the

diffusion and migration. On the other hand, these forces are comparable in magnitude to

the natural convection and can influence the convective effects.

[htp!]

Force Expression Typical Valuea (N/m3)

Diffusion RT∇c 1010

Migration zFc∇V 1010

Forced convection at RDE ρ(rω)2/2δ0 105

Natural convection ∆ρg 102

Lorentz Force j ×B 103

Kelvin force µ0χcH∇H 102

Viscous drag ρν∇2v 102

Magnetic damping σ(v × B)× B 101

aEstimated f or T = 298K, c = 103mol/m3, δ = 10−4m, z = 1, V = 1V, ρ = 103kg/m3, d = 10−2m, ω =
102rad/s, ∆ρ = 10kg/m3, v = 10−1m/s, B = 1T, χ, = 10−8m3/mol,∇B = 10T/m, j =

103 A/m2, and σ = 102/ωm.

1.2.1 The Lorentz Force

In an electrochemical reaction, the current density j interacts with a magnetic field B through

the Lorentz force given by

FL = j × B (1.35)

The force is zero when j // B, and it is maximum when they are orthogonal. In a typical

electrochemcial system with B = 1 T and j= 103 A/m2, FL = 103 N/m3 which is compara-

ble to the magnitude of buoyancy driven convective forces (Table 1.2). Thus, Lorentz force

induced stirring modifies the convection and changes the ion concentration in the hydrody-

namic layer. This subsequently leads to the thinning of the adjacent diffusion layer within

which the concentration gradient is assumed to be linear. Under steady state (when suffi-

ciently large potential is applied), the relation between limiting current and diffusion layer

thickness δ0 is

IL =
nFAD

δ0
(1.36)
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Modifications of the limiting current with field strength and orientation has been re-

ported by several researchers [13–17]. Aogaki et al. [18, 19] analytically derived a set of

equations relating the limiting current density to the Lorentz force (for systems where mass

transport is the rate determining step) as

jL = j0 + αBβcγ
0 (1.37)

where j0 is the zero field current density, c0 is the ion concentration, α is constant that de-

pends on the cell configuration, and β and γ depends on the flow profile. An Aogaki cell

consists of two parallel plate placed at the wall of a tube with field applied perpendicular

to the flow profile. For a narrow channel, β = 1/2, γ = 3/2 and for a wide channel β = 1/3

and γ = 4/3. A similar relationship was obtained experimentally for the ferri/ferrocyanide

redox couple [20]. A much higher convective force on a larger scale can be achieved by me-

chanical stirring (Table 1.2), but the dependence of Lorentz force on the local current density

makes it possible to induce flow patterns [21] magnetically as well as avoids the need of

moving parts. When the applied field is perpendicular to the surface, vortexes can also be

formed due to the edge effects [22] of the local current density (Fig. 1.12b). During metal

electrodeposition, an applied magnetic field can influence the surface morphology [23–27],

deposition rate [13, 14], crystal structure and orientation [28], and magnetic properties [28].

FIGURE 1.12: Magnetohydrodynamic effects. a) Primary MHD parallel to the electrode as
field applied parallel to the surface, b) primary MHD flow and c)local MHD effect. [29].

Micro-MHD flow is another topic of interest (Fig. 1.12c) which results from the non-

uniformity in the current density or an irregular electrode surface. Deformation in local

current density has been reported in the case of bubble formation during the water elec-

trolysis [30, 31]. Bubble release in microelectrodes [32] can be strongly influenced by the
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direction and magnitude of the applied field. Other types of micro-MHD flows can be as-

sociated with electrodeposition during which physical quantities changes with location and

time. Aogaki formulated a theory describing the MHD flows inside the diffusion layer [33],

referred as micro-MHD effect. In this formalism, space-time dependence of physical prop-

erties during the electrodeposition results in non equilibrium fluctuations which in turn

interacts with the magnetic field. This theory of micro-convection is used to explain the

origin of the micro-mystery circles during copper deposition [34] under a magnetic field,

and modifications of fractal the geometry of Zn and Cu deposits [15, 35]. Micro-MHD flows

can affect the deposition even for an applied magnetic field parallel to the surface through

symmetric and asymmetric fluctuations [33]. Asymmetric fluctuations arises from the elec-

trical double layer and controls 2D nucleation while the symmetric fluctuations affects the

diffusion layer properties and controls 3D nucleation.

1.2.2 The Kelvin Force

The magnetostatic energy stored per unit volume in an electrolyte [36] is given by

Em =
1
2

µ0MH or =
1
2

µ0χH2 (1.38)

where M = χH is the magnetization induced by the field H. The molar magnetic suscepti-

bility χm of the species in the aqueous solution is given by Curie-law

χm =
µ0NAg2µ2

B J(J + 1)
3kBT

(1.39)

where NA is the Avogadro’s number, g is the g-factor, µB is the Bohr magneton, J is the

appropriate quantum number , and kB is the Boltzmann’s constant. It is related to the total

dimensionless susceptibility χ of the electrolyte as

χ = χwater + χmc (1.40)

where χwater = -9 × 10−6 is the diamagnetic susceptibility for an aqueous solution and c is

the molar concentration of paramagnetic species in solution. Typical values of χ at room

temperature ranges from 16 × 10−6 for 1 M Cu2+ to 594 × 10−6 for 1 M Dy3+. This also

implies that the magnetization of an electrolyte induced by the applied field is very small.
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The relation between H-field and the fundamental B-field follows as

B = µ0(H + M) (1.41)

In electrochemistry, with negligible induced magnetization M, the relation between B-field

and H-field reduces to B = µ0H.

The force density acting on the electrolyte can be calculated from the energy density

using the relation Fm = -∇Em which gives

Fm = µ0χmcH∇H +
1
2

µ0χmH2∇2c (1.42)

The first term is the Kelvin field gradient force,

F∇H = µ0χmcH∇H (1.43)

and the second term referred as the magnetic concentration gradient force or paramagnetic

force,

F∇C =
1
2

µ0χmH2∇c (1.44)

which is expected to be present in a uniform field. The paramagnetic concentration gradi-

ent was introduced by Waskaas and Kharkats [37, 38] to explain the magneto-convective

effects in systems where other field effects are assumed negligible. However, Coey et al. [39]

showed that this force can be ignored in aqueous solution where the demagnetising field is

small. A simple explanation follows the magnetic charge model, with imaginary positive

and negative magnetic charges qm introduced to represent the positive and negative poles.

Magnetic charge will arise whenever the magnetization is non-uniform, with charge den-

sity ρ= -∇ . M. The force acting on the charge qm is µoqmH and thus the force density can be

expressed as

Fm = −µ0(∇.M)H (1.45)

Using Eqn.1.41 and Maxwell’s equation ∇. B = 0 (no current), we get Fm = µ0(∇. H)H which

is zero when H is uniform. Therefore, there is no "magnetic concentration gradient force"

across the interface of a dilute system.

The Kelvin force, is a body force which acts on the volume of the electrolyte. When the

ion concentration is constant, it will be a potential force as ∇× F∇H = 0. The Quincke method

best illustrates the effect of the potential part (constant concentration and so conservative)
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of the Kelvin force: a thin U-pipe filled with a solution is exposed to a field gradient that can

be switched on and off. When the field gradient is present, the potential part of the force

acts against gravity and changes the height. Magnetic susceptibility can be estimated from

this height difference. If the same experiment is performed in a closed pipe, the potential

part of the force will be balanced by the wall pressure and no fluid motion will occur [40].

A force field is said to be conservative when ∇× F = 0, meaning it cannot induce con-

vection. In the case of field gradient force, ∇× F∇H = ∇ ×
(

1
2µ0

χmc∇B2
)

which can be

expressed as

∇× F∇B = (1/2µ0)χm(∇c ×∇B2) (1.46)

This tells that the field gradient force can influence convection only if there is a concentration

gradient component orthogonal to the field gradient. Hence, in bulk solution, the effect of

this force can be neglected as there is no concentration gradient. However, near to the elec-

trode where the concentration gradient exists in the diffusion layer, the field gradient force

induce local convective effects when both are orthogonal. In an electrolyte with paramag-

netic concentration c = 1 M, χm = 10−8 m3 mol−1, B = 1.25 T, ∇B = 100 Tm−1, we obtain F∇H

= 103 N m−3 which is similar in magnitude to the natural convection driven force. On the

other hand, one should not consider that the magnetic field gradient can pull paramagnetic

ions near to the region of larger B∇B. This is because, in aqueous solution, the magnetic

energy of ions is always far less than the thermal energy driving diffusion. For example, the

magnetic energy of Co2+ (J = 3/2) under 1 T field can be estimated as 7 × 10−7 eV which

is considerably less than the thermal energy kBT ∼ 1/40 eV. Hence, the non-uniformity in

the field hardly affect the equilibrium concentration of the ions in solution. Stabilization of

paramagnetic liquid tubes along a ferromagnetic track in the presence of a magnetic field

has shown that the field gradient can influence convection but not diffusion [41, 42]. Like-

wise, magnetic field gradient cannot compete with electrostatic forces driving migration as

the latter is orders of magnitude higher than the former force (Table 1.2).

Fig.1.13 summarizes the different situations that arise in an electrochemical cell with

uniform or nonuniform field and diffusive or sharp boundary. In a) field is uniform and

the interface is sharp, hence the field effects cane be ignored. In b) the interface is diffusive

but the field gradient effects will be minimum in this case as the field is uniform. In case

c) the field is non-uniform but there is no concentration and susceptibility difference. As

the magnetic energy is very small compared to the thermal energy of ions, there won’t be
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FIGURE 1.13: Schematics of various concentration profile of paramagnetic species under
various magnetic field distribution. a-c) situations where field has no effect on paramagnetic

interface, and d-f) where the paramagnetic liquid is influenced by the field [43].

any redistribution of ions due to magnetic field. The magnetic charge at the bottom is zero

as there is no field reaching the bottom of the cell. Hence, in the first three situations, the

field gradient has no effect in the electrochemical system. However, in case d) a nonuniform

field is applied to the solution with a free upper surface. Paramagnetic species are attracted

towards the high field region. If the liquid is diamagnetic, solution will be depleted at the

high field region, referred as Moses effect [44]. The effect arises due to the potential part

of the force as the ion concentrations are constant and the system is open. In e) and f), the

kelvin force will act as the field gradient and concentration gradient are noncollinear.

Several reviews discuss the influence of field gradient force on the electrochemical pro-

cess [30, 43, 45]. Henry white and co-workers investigated the effect of Lorentz and Kelvin

force in paramagnetic solution, and decoupled the effects by the variation of field homo-

geneity and electrode orientation [46]. Later, they stimulated the interest of magnetic field

gradient force by showing that the paramagnetic species can be focused near to the fer-

romagnetic microelectrodes [47, 48]. They observed that the convective flow of the para-

magnetic nitrobenzene species can be minimized by the field gradient, but not diffusion.

Recently, it has been illustrated that the paramagnetic solution in a diamagnetic medium

can be stabilized near ferromagnetic track in the presence of a magnetic field [41, 42] and is

further extended to create frictionless microfluidic channels [49]. The convective effects of
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the Kelvin force were used to pattern the deposits involving paramagnetic species [25, 50,

51]. Magnetic arrays can be arranged to create regions of non-homogeneous field gradient.

The paramagnetic ions (Cu2+, Zn2+) get deposited in the region where the field is concen-

trated. Inverse patterning is also possible when a strongly paramagnetic electroinactive

species like Dy3+ is added to the solution [50]. Another technologically relevant reaction

where magnetic field gradient force plays a relevant role is the oxygen reduction reaction

(ORR). In fuel cell, ORR is one of the major rate-limiting step that affects the efficiency of

the device. It has been reported that the paramagnetic O2 gas can be influenced by the field

gradient force [52]. Furthermore, the field gradient enhancement of oxygen reaction rates

have been reported using a permanent magnet placed behind a Pt working electrode [53],

using a superconducting magnet [54].

The Kelvin gradient force can be enhanced by reducing the size of the magnetic struc-

tures which generates the field. Reducing the system size increases the field gradient which

in turn enhances the kelvin force density. Thus huge field gradient can be achieved in micro-

or nano- magnetic structures [55, 56]. Enhancement of ORR in acid media has been reported

in electrodeposited magnetic nanowires embedded in porous alumina membrane [57, 58].

Field effects on hydrogen evolution reaction (HER) has been reported recently in Co/Pt

multilayer thin film electrode [59]. Nowicka et al. [60] showed the possibility of magnetic-

nanoparticle modified electrodes to improve the efficiency of fuel cells. Studies using model

ferri/ferrocyandie redox reaction reported an increase in the limiting current using similar

kind of surface modified electrode [61]. Artificial magnetic stay field surfaces created in

exchange-biased magnetic film has shown selective adsorption based on the field gradient

landscape [62]. Huge field gradient by micro- and nanomagnets find application not only in

surface chemistry [62] but also in biological field [63].

1.2.3 Other Related Effects

In addition to Lorentz and Kelvin force effects, it has been reported that magnetic stress can

also have substantial influence on the electrochemical reactions (Fig. 1.14a) [10]. It arises

from the interaction between a magnetic field and magnetic dipoles. For a paramagnetic

droplet surrounded by a diamagnetic medium, this stress can cause lateral or transverse

deformation depending on the direction of the magnetic field [41]. Dunne and Coey [10]

recently found that Maxwell stress can impact the shape of paramagentic ionic cloud near

the electrochemical double layer, modifying its capacitance and charge transfer resistance.

Such an effect can be explained by the shift in the outer-Helmholtz plane (OHP) potential
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due to the stretching/elongation of the paramagentic species at the electrode/electrolyte

interface. The effect of a magnetic field on the diffusion layer have been extensively studied

[29, 43] whereas its effects on the double layer is rarely reported [64, 65].

FIGURE 1.14: Schematics Maxwell stress [10] and chirality-induced spin selectivity CISS
effect [66]. a) Magnetic field parallel to the surface where paramagnetic droplet stretches
and improves wetting, and b) field normal to surface causing the elongation of droplet.
c) possible and d) hindered formation of hydrogen peroxide in relation to the spin or two

reacting hydroxyl radicals.

Spin dependent electrochemistry is another branch of growing interest which shows po-

tential application in the oxygen evolution reaction(OER) [30, 67–69]. The pathway mecha-

nism of OER is highly dependent on the pH of the solution [70]. At low pH (acidic), both

oxygen and hydroxyl radicals are crucial in the reaction pathway while at high pH (alka-

line), the interaction of adsorbed oxygen at the electrode surface becomes relevant. The

initial reports on spin selectivity effect dates back to the discovery finding that the chiral

molecules can be explored as spin filters (referred as chiral-induced spin selectivity effect

CISS) (Fig. 1.14b) [71]. Subsequently, the application of CISS to oxygen reaction kinetics

showed promising enhancement in the OER activity [68]. In addition, Garces-Pineda et al.

[67] reported an enhancement in the OER efficiency in alkaline conditions using the ferro-

magnetic mixed oxide based electrodes. By applying a 450 mT field using a standard NdFeB

cube magnet, they have shown that the current density can be improved as high as 100 %.

The observed effects were explained by the influence of external parameters on the spin

polarization of the intermediate radicals which then promote or obstruct the evolution of

ground state triplet O2 [67, 72].
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1.3 Magnetic Thin Films

For the electrochemical experiments planned in this thesis, we are in need of a magnetic

source which generates a large field gradient at the immediate vicinity of the electrode sur-

face. In order to create such a field source, we take advantage of the scale invariance of

the magnetic field. For a cube magnet magnetized along z-axis, the field above the magnet

along z- axis (Fig. 1.15a) is given by [73],

B(z) =
µ0M

π

[
tan−1

(
(z + a)

√
2a2 + (z + a)2

a2

)
− tan−1

(
z
√

2a2 + z2

a2

)]
(1.47)

where a is the size of the cubical magnet and the M is the magnetization of the material.

From Eqn. 1.47, we can see that the field generated by a 1 cm3 magnet at 1 cm away is same

as that of the field generated by a 10 nm3 magnet at 1 nm away, ie. the magnetic field is

independent of the scale. To discuss the consequence of this, we consider two magnets of

different dimensions as shown in Fig. 1.15 b and c. In case a) we assume a 1.0 T field at a

distance z1 = 1 cm away from the center of a 1 cm3 (a1 = 1 cm) cubical magnet. The field

gradient at point p ∇Bp would then be 102 T/m. In case b) the size of the magnet is reduced

from 1 cm to 10 nm. As the magnetization (moment per unit volume) is an intrinsic property

of the material, it is independent of the material size and hence M1 = M2. Furthermore, it

can be found that the field generated at the point p will be 1.0 T, same as in case a), as the

additional factors cancels out in Eqn. 1.47. As a consequence, the field gradient generated

at the immediate vicinity of the nanomagnet would be as large as 108 T/m! Thus, scale

independent property of the magnetic field can be explored to create large field gradient by

reducing the system size.

FIGURE 1.15: a) Schematics of the cubical magnet representing the magnetization axis and
field direction. Demonstration of scale independency of magnetic field by comparing the

field gradient of magnet with size a) 1 cm and b) 10 nm.
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Enhanced mass transport was reported in systems using magnetic nanoparticle modi-

fied electrodes [61]. But, these studies can be complicated by the agglomeration or non-

uniform distribution of nanoparticles which impact the distribution field gradient and its

range. Studies were also reported on exploring the magnetic nanowires embedded mem-

branes [57, 58] to improve the local field gradient but the leakage of solution through the

membrane and the subsequent corrosion of nanowires can adversely affected the stability

of the system. Here, we propose to use Pt coated magnetic thin films as the magnetic source

to study the field influence at the solid/liquid interface. Pt cap layer protects the bottom

magnetic layer from oxidation and ensures a surface exposed to the liquid which is a stan-

dard for sTable eletrochemcial behavior. The flat surface and long-term stability of the film

promises a reproducible electrochemical response. Moreover, the fabrication of these films

are well documented [74, 75] due to its application in the field of memory and data storage

[36].

A magnetic thin film is a layer or layers of materials (magnetic or combination of mag-

netic and non-magnetic) having nanometers to several micrometers thickness deposited on

a flat substrate. These structures are particularly interesting as the small dimension is of the

order of the characteristic magnetic or electrical length scales. For example, the mean free

path and spin-diffusion length of electron in magnetic metals are in the range of 1 - 100 nm

[36]. Recent advances in microfabrication technology and micromagnetic simulation along

with the interface effects such as spin-dependent scattering opens a new era for the applica-

tion of thin films in the field of magnetic sensors, memory and data storage. In this section,

some of the fundamental concepts on magnetic thin films are discussed.

1.3.1 Micromagnetic Energy

The magnetic configuration and domain structure at equilibrium state is a result of the the

minimisation of the total magnetic energy, expressed as

Etot = Eex + EZee + Ean + Emag (1.48)

where Eex is the exchange energy, EZee is the Zeeman energy, Ean is the anisotropy energy,

and Emag is the magnetostatic energy.

The exchange energy arises from the exchange coupling between two neighbouring

spins. In the continuum picture, it can be written as
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Eex =
∫

A (∇eM)2 d3r (1.49)

where eM = M(r)/Ms is the unit vector in the local direction of magnetization. A is the

exchange stiffness which is related to the Curie temperature TC and exchange constant J.

This exchange energy will be minimum when all the spins are aligned with each other for

ferromagnetic interactions.

The Zeeman energy arises from the interaction of magnetic moments with the external

magnetic field Hext. It favours the alignment of moments parallel to the field. The associated

energy is

EZee = −
∫

M(r).Hext d3r (1.50)

The magnetic anisotropy deals with the directional dependence of magnetic properties

of a ferromagnet. The uniaxial anisotropy energy can be decribed as

Ean =
∫

Ku

[
1 −

(
Mea

Ms

)2
]

d3r (1.51)

where Ku is the anisotropy constant and Mea is the magnetization component along easy

axis. This anisotropy energy favours a magnetization alignment along the direction of the

easy axis, directly related to the asymmetry of the atomic environment. This magnetocrys-

talline anisotropy is an intrinsic property which originates from the spin-orbit coupling

within the material. Due to this anisotropy, the easy magnetization axis depends on the

crystal symmetry. For example, in hexagonal YCo5 shown in Fig. 1.16, the magnetic easy

axis is along the c-axis. The c/a ratio is a key measure to obtain high anisotropy values.

Magneto-elastic anisotropy arises when a magnetic film is exposed to stress. During the

growth of a thin film heterostructure, the lattice mismatch between the different layer can

deform the interface atoms and act as a source of magneto-elastic anisotropy. Other types of

anisotropy can also be developed at the interface where the continuum of atoms is limited.

Néel pointed out the possibility of band structure modification at the interface symmetry

breaking, which can even stabilize the out-of-plane magnetization in ultrathin films (section

1.3.4).

Lastly, the magnetostatic energy emerges from the shape anisotropy of the material

which results from the long range dipole-dipole interaction. This interaction give rise to
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FIGURE 1.16: Magnetization as a function of applied field in single crystal YCo5 [36]

a demagnetising field Hd, given by

Hd = −NdM (1.52)

where Nd is the demagnetising tensor which is dependent on the geometry of the object.

The corresponding energy can be expressed as

Emag =
∫

M(r).Hd d3r (1.53)

For a thin film, the principle components of Nd are Nx = Ny = 0, Nz =1. Hence, to minimize

the demagnetising energy, the shape anisotropy favours the magnetization in the plane of

the film.

The magnetic state of the ferromagnetic object can be simulated by several micromag-

netic software packages like object oriented micromagnetic framework (OOMMF) [76]. A

length scale of importance here is the characteristic exchange length lex =
√

A
µ0 M2

s
which

defines the competition between exchange energy and the dipolar energy. A typical value

of łex is 3 - 5 nm. Hence, in micromagnetic simulation, while the FM sample is discretized

into small cells, the size of each cell must be smaller than the exchange length.

1.3.2 Macro-spin model

The micromagnetic approach is capable to simulate the spatial distribution of magnetiza-

tion of many systems at equilibrium. But, the process is time consuming, mathematically

complex and can even be sensitive to simulation parameters. The macro-spin model, on the

other hand, is an attempt to explain the experimental observations with reduced complexity.
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We use this model to explain the spin orbit torque effects which will be discussed later in

this chapter.

FIGURE 1.17: Schematics show-
ing the anisotropy easy axis, and
the direction of magnetization

and applied field.

The macro-spin model can successfully explain the hys-

teresis behaviour of the single domain magnetic particles. If

a coherent magnetization response to the applied field Hext

is assumed, the free energy of the FM upon the application

of external field Hext can be written as the sum of anisotropy

and Zeeman energy,

E = −M.Hex − Ke f f cos2 θ (1.54)

Solving for the energy minimization, the hysteresis be-

haviour of single domain magnetic entities can be obtained.

1.3.3 Domain theory

Domains constitute a fundamental concept in magnetism. Domain theory postulates the

existence of large regions of uniform magnetization in a macroscopic sample separated by

regions called domain walls. The domain formation reduces the magnetostatic energy but

it comes with the expense of the wall energy. Within a domain wall, the magnetization

rotates from one easy axis to another (Fig. 1.18a). In a 1800 magnetization rotation, the

exchange energy makes the wall wider so that moments changes direction gradually over

a long distance (or thickness) keeping the neighbouring spins almost parallel to each other.

On the other hand, as the spins within the wall are no longer aligned along an easy axis,

this creates an anisotropy energy. Hence, the domain wall thickness results from a balance

between the exchange energy and the anisotropy energy. The typical range of wall thickness

range 10 - 100 nm.

FIGURE 1.18: a)A wide and a thin domain wall and b) a Bloch and Néel domain wall [77]
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FIGURE 1.19: A 1800 Bloch do-
main wall [77].

Furthermore, depending on the plane of magnetization

rotation within the wall, two types of domain walls exist:

the Bloch wall and the Néel Wall (Fig. 1.18b). In Bloch wall,

the magnetization rotates in the plane of the wall. As it cre-

ates no divergence of the magnetisation due to the absence

of volume charge, the demagnetising energy due to volume

charge does not contribute.

The total energy can thus be expressed in terms of ex-

change and anisotropy energy as

Etot =
∫ [

A (∂θ/∂x)2 + Ku sin2 θ
]

dx (1.55)

Here Ku is assumed positive so that θ = 0 and π are easy axis. Magnetization is confined

to the plane ϕ = π/2 and the only variation is θ along the x-axis. Solving for the energy

minimization, the Bloch wall width can be estimated as

δw = π

√
A
Ku

(1.56)

which reflects the role of exchange and anisotropy energy for a finite domain wall width.

This type of domain walls are commonly found in bulk materials and thin films with perpen-

dicular magnetic anisotropy ( detailed discussion in next section 1.3.4). On the other hand,

in a Néel wall, the magnetization rotates along the plane of the magnetization. This creates

volume charges and resultant magnetostatic energy makes it energetically less favourable.

These types of domain walls can be stabilized in thin films magnetized along the film plane.

1.3.4 Perpendicular Magnetic Anisotropy (PMA)

The magnetic anisotropy can have volume and interface components. The volume contribu-

tion results from the shape anisotropy and the bulk magneto-crystalline anisotropy. On the

other hand, the interfacial or surface magnetic anisotropy have multiple origins. The mag-

netocrystalline anisotropy from the interface can be different from bulk and the magneto-

elastic anisotropy resulting from the stress. The effective anisotropy Ke f f in a thin film can

be discussed in terms of volume anisotropy Kv and surface anisotropy Ks as

Ke f f = Kv + 2Ks/t f (1.57)
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where t f is the film thickness. The factor 2 is due to the fact that there are two interfaces on

either side of the film. Typical values of Kv and Ks are 1 MJ/m3 and 1 mJ/m3.

The most technologically relevant consequence of surface anisotropy arises when Ks

stabilize magnetization normal to the film surface. This is called perpendicular magnetic

anisotropy (PMA). Interfaces that generate PMA are found in combination of 3d based fer-

romagnets with heavy metals. Examples are Co/Pt, Co/Pd and Co/Au multilayers. Het-

erostructures based on 3d metals and oxides like Co/Mgo have also reported to exhibit per-

pendicular magnetization. The typical thickness value where the surface term in Eqn. 1.57

dominates and can result in PMA is of the order of 2.0 nm.

We deposited cobalt Co based magnetic thin films having thickness no more than 1.5

nm to obtain PMA single domain films. The relevant properties are discussed in chapter 4.

Upon increasing the magnetic layer thickness above 2.0 nm, the system will loose the PMA

property as the magnetization orientation turns in-plane due to the shape anisotropy. One

way to increase the magnetic layer thickness keeping the PMA of the film would be by in-

creasing the number of repeats N. As the number of interfaces (or the interfacial anisotropy)

scales with N, it has been observed that the PMA can be preserved even when N is as large

as 100 [78]. One of the consequence is the multi-domain formation, to minimize the shape

anisotropy. The properties of these alternating domains are well-documented (detailed dis-

cussion in Appendix A.1). We fabricated Co/Pt based mutlilayers with various N and

results are discussed in chapter 3.

In a perpendicularly magnetized media where the width of the film is greater than the

domain width, a Bloch wall is expected to be the ground state due to the magnetostatic

energy minimization. Nevertheless, the energy barrier between the Bloch and Néel wall is

lower in thin films and can be easily altered by the application of a small external magnetic

field of the order of a few mT or by interface engineering of the stacks [79]. Dzyaloshinskii-

Moriya interaction (DMI) can stabilize Néel walls of fixed chirality without the presence of

an external field [80–82]. DMI is a form of exchange energy that makes the neighbouring

moments lightly canted [83, 84]. This antisymmertic DMI field is related to the Hamiltonian

HDMI = −D12.(S1 × S2) (1.58)

where D12 is the DMI vector, and S1 and S2 are the interacting spins of atoms. The cross

product in the HDMI favours the orthogonal alignment of adjacent spins. The sign of D give

rise to preferential chirality to the system. The DMI is a negligible effect in most of the cases.
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But, in special cases like in an ultrathin film of 3d ferromagnetic metals deposited on heavy

metals, the strong DMI can leads to interesting magnetic configurations such as magnetic

skyrmions [85] and chiral domain walls [86].

1.4 Current Induced Magnetization Switching Via Spin-Orbit Torque

(SOT)

The magnetization of a thin film can be manipulated by an external magnetic field as well

as by an electric current. The influence of a magnetic field on the magnetic configuration

of thin film is well documented, with some aspect already summarized in the previous sec-

tion. On the other hand, the current induced effects on the thin film magnetism is a relatively

new topic with great technological importance due to its application in the field of memory

and logic devices. It has been recently observed that, upon passing a charge current across

a non-magnetic conductor having large spin-orbit coupling (SOC), an appreciable spin ac-

cumulation polarised transverse to the electric field can be generated around the lateral

interface of the conductor due to the spin-orbit torques (SOT) effect [87, 88]. The effective

SOT fields have been shown to influence the switching [89, 90], precession [91] and domain

wall motion of the adjacent ferromagnetic layer [86]. In this section, the fundamental under-

standing related to the current induced phenomena and different models of SOT switching

are discussed.

1.4.1 Theory of Spin-Orbit Torque

The SOT effects are attributed to the spin accumulation at the ferromagnetic/non-magnetic

(FM/NM) interface. The origin of this transverse spin accumulation is treated mainly with

two main SOC phenomena: the spin Hall effect (SHE) and the interface Rashba effect. They

are discussed in recent reviews by Manchon et al. [92, 93] and Ramaswamy et al. [94].

1.4.1.1 The Spin Hall Effect

The SHE was theoretically predicted by Dyakonov and Perel in 1971 [88], later discussed by

Hirsch in 1999 [87], and observed using Kerr microscopy in 2004 [95]. In the SHE picture,

when an unpolarized charge current flows through a spin Hall metal, it gets polarised and

give rise to a pure spin current due to the bulk SOC effects. In a non-magnetic layer, the

bulk SOC effects can arise either due to the intrinsic band structure [96, 97] or due to extrin-

sic impurities [87, 88]. Fig. 1.20a illustrates the spin accumulation generated at the FM/NM
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interface due to bulk SHE in the NM layer. As can be seen, the polarisation of the accu-

mulated spins, σ, the spin current, js, and the charge current, jc, are mutually orthogonal to

each other:

js =
h̄θSH

2e
(jc × σ) (1.59)

where θSH is the intrinsic property of NM called the spin Hall angle. θSH is a measure of

the spin current density that can be generated from a given charge current density and the

sign of it defines the direction of the spin accumulation at the NM/FM interface. These

accumulated spins or pure spin current further diffuse into the FM layer and exerts a torque

on the magnetization of FM layer.

FIGURE 1.20: a) Spin Hall effect (SHE) and b) Rashaba effect in NM/FM bilayer system [94]

1.4.1.2 The Rashba Effect

In another spin torque mechanism, the possibility of spin accumulation due to an interfa-

cial SOC phenomenon that arises in structures with broken inversion symmetry is consid-

ered[98, 99]. This is referred as Rashba effect or inverse spin galvanic effect (Fig. 1.20b). It

was initially proposed in the context of semiconductors [99] and two dimensional electron

gas [100], further extended to the FM/NM bilayers [101–103]. In this picture, an internal

electric field, E is generated at the interface along the direction of symmetry breaking. When

electrons with momentum p flow near to this interface having nonzero E, it experience an

effective magnetic field in the direction E × p. This magnetic field interact with the spin

magnetic moment of the conduction electrons and polarizes their spin moment along E × p.

This non-equillibrium spin density can exert a torque on the magnetization of the adjacent

layer via exchange coupling. The Rashba SOC is modelled using the Hamiltonian,
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HR =
αR

h̄
(E × p).σ (1.60)

where αR is the Rashba parameter.

1.4.2 Theory of SOT-induced magnetization reversal

1.4.2.1 Torque Decomposition of SOT

A promising and technologically relevant application of SOT is the deterministic magnetiza-

tion switching of nanomagnetic objects [104, 105]. SOT can be used to switch in-plane and

out-of plane magnetized multilayers [106]. However, as we mostly deal with the perpen-

dicular magnetic anisotropy (PMA) system throughout this thesis, the discussion is limited

to the current induced magnetization switching of a PMA system. Irrespective of the un-

derlying origin of the transverse spin accumulation at the NM/FM interface, the torque

exerted by the spin current on the magnetization of the adjacent magnetic layer M can be

expressed in terms of two effective fields namely, damping like- and field like- fields, BDL

and BFL respectively. They corresponds to the torque TDL,FL = M × BDL,FL [107–110]. The

advantage of this effective field formulation is that the SOT induced effective fields can be

compared to the the external field of known magnitude and direction. The torques acting

on the magnetization (Fig. 1.21) can be expressed as

TDL ∼ M × (σ × M) (1.61)

TFL ∼ M × σ (1.62)

In this work, harmonic Hall measurement is used to quantify the effective field. Typical

values of BDL,FL are in the range of 0.1 - 10 mT for a current density of jc = 1010 A/m2

(Table 1.4.3). TDL can be considered as the Slonczewski spin-trasnfer torque which acts on

the magnetization of a FM due to the injected spin current with the polarization σ [111].

Therefore, intuitively TDL is attributed to the spin currents generated from bulk SOC effects

like SHE. On the other hand, the effect of TFL on M is similar to that of a magnetic field which

makes M precess around σ. Thus, TFL can be attributed to the interfacial SOC phenomena

like the Rashba effect where the polarized spins at the NM/FM interface acts on the M

via an exchange interaction. The origin of SOT can be understood by comparing the SOT

effective fields. Quantifying the effective fields as a function of non magnetic layer thickness
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FIGURE 1.21: Illustration of two spin torque components and their effective magnetic fields
[107]

is another approach for distinguishing between the bulk and interfacial origin of SOT. In

the simplest model, one would expect no thickness dependence to the TFL whereas effects

emerging from bulk SHE should monotonically increase up to saturation [112]. An increase

in TDL with non-magnetic layer thickness is observed in Ta [113], W [114], and Pt [115] based

multilayers, which agrees with the SHE model assuming a spin-diffusion length of the order

of 1.5 nm for all metals [92]. However, recent works have pointed out that both bulk and

interfacial SOC effects can contribute and hence the thickness dependence study can’t be

taken as indicative to the origin of SOT [116, 117]. Consequently, the identification between

the bulk and interfacial contributions to the SOTs is not straightforward.

The SOT switching of a ferromagnetic entity with PMA is less trivial due to the fact that

the polarisation σ (along y) and the two sTable magnetization states (along z) are orthog-

onal to each other. This would imply that no deterministic switching can be achieved as

the current induced torques will continuously switch the magnetization from one state (lets

say z) to another (−z). In order to break the symmetry, an external magnetic field along

the direction of current has to be applied. This bias magnetic field allows the determinis-

tic switching of the magnetization of ferromagnetic entity via SOT. This need of external

magnetic field for deterministic switching is a bottleneck in a technological viewpoint [92,

94]. Recent studies have explored the possibilities of interlayer exchange coupling [118] and

tilted magnetic anisotropy [119] to achieve deterministic SOT switching without the need of

external magnetic field.
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1.4.2.2 The Macro-spin Model of SOT switching

The switching of PMA layer can be qualitatively explained using the macrospin model by

considering the damping like torque and the in-plane bias field Bx [120]. It assumes the

coherent switching of magnetization in a uniform manner upon the application of current

induced torques. In this model, a positive current of appropriate magnitude induces BDL

and subsequently switches the magnetization if BDL is initially parallel to the bias field.

The magnetic state when BDL opposes the bias field is the sTable one (Fig. 1.22). Upon

reversal of the current applied, a reversible switching can be achieved. Under a macrospin

FIGURE 1.22: Macrospin model showing a) unsTable and b) sTable magnetic configurations
depending on the sign of BDL relative to Bx.

approximation with the condition where bias field << anisotropy field (Bx << Bk), the

threhold current density for switching of a PMA layer is given by [120],

jc =
2eMst f

h̄θSH

(
Bk

2
− Bx√

2

)
(1.63)

where e is the electron charge, h̄ is the reduced Planck’s constant, t f is the ferromagnetic

layer thickness, and Bk is the anisotropy field. When the applied field is comparable to the

anisotropy, the critical current density can be instead written as [120]

jc =
2eMst f

h̄θSH

√B2
k

32
[8 + 20b2 − b4 − b(8 + b2)3/2

 (1.64)

where b = Bx/Bk. The macrospin model assumes that the in-plane spin competes with the

anisotropy field. This model qualitatively explains the ferromagnetic layer thickness depen-

dence on switching current and the requirement of bias/assisted field for the deterministic

switching. However, the switching current estimated using this model is 10 - 100 times



36 Chapter 1. Introduction

higher than that of the experimentally observed values [121], which hinted the role of do-

main nucleation and expansion in the realisation of SOT switching.

1.4.2.3 SOT Switching via Domain wall motion

As discussed on the previous section, the macrospin coherent rotation model failed to qual-

itatively estimate the SOT switching current density of a ferromagnetic PMA layer. Lee et al.

[122] pointed out the possibility of using SOT induced domain wall motion to describe the

current induced magnetization switching of the PMA film. In this picture, the domain nucle-

ation and the damping like torque acting on the domain wall plays an important role in the

realisation of SOT switching. The action of SOT on the magnetic film strongly depends on

the internal structure of the domain wall (DW). A simple one dimensional model of domain

wall is considered with the chain of magnetic moment along the x axis and the easy axis

along the z axis. Based on the relative switching axis of the moments in the domain wall,

two wall types such as Bloch and Néel types (section 1.3.3) are illustrated in Fig. 1.23. When

current is applied along x, a spin polarisation along y will exert a damping like torque on

local moments. Without the presence of a bias field, a Bloch wall with its moments aligned

along y cannot be moved using damping like torque.

FIGURE 1.23: Illustration of a) Bloch wall with internal structure pointing to y axis and b)
Néel wall with internal structure pointing to x axis. The spin polarisation is along y axis and
the damping like effective field is represented by blue arrows. The effective field is expected

to deform the Bloch wall, while it drives a Néel domain wall.

The influence of current induced field on the Néel wall depends on the chirality of DW

[123]. Depending on the DW internal structure, the SOT field can either results in the DW

motion or expansion. Chirality, which deals with the magnetization rotation of DW inter-

nal structure, can be altered using an external magnetic field or by interface induced DMI

engineering (section 1.3.4). The presence of a bias/assisted magnetic field is attributed to

breaking the chirality imposed by the DMI field [122]. This is illustrated in Fig. 1.24 (initial
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-blue and reversed state -red) in which the presence of DMI leads to stabilization of chiral

Néel walls (Fig. 1.24a). Without an assisted field, the SOT effective field due to the damping

like torque acts in opposite direction on the two sides of the reversed domain, which results

in the domain displacement. In the presence of a bias field larger than the DMI field, all the

moments at the domain wall points along the field direction and a deterministic switching

can be realised.

FIGURE 1.24: (a) Schematic of a reversed domain with chiral Néel domain wall stabilized by
DMI at zero external bias field. The SOT effective field due to damping like torque (HSH,z)
causes the domain wall motion. (b) Illustration of a reversed domain in the presence of an
assisted bias field strong enough to overcome the DMI field. Moments at the domain wall

are aligned along the field direction which causes the domain expansion [122]

1.4.2.4 Spatial and Time Resolution of SOT Switching

Spin orbit torque switching has been studied in detail to understand the spatial and tempo-

ral resolution of current induced magnetization switching. A recent study on 500 nm diam-

eter Pt/Co/AlOx dots has used a 25 nm spatial resolution and 100 ps temporal resolution

X-rays to study the dynamics of SOT switching [124]. Fig. 1.25a shows the spatial evolution

of SOT switching process at every 100 ps for a 2 ns current pulse with different direction

of bias magnetic field. As can be seen, the switching proceeds via domain nucleation and

propagation, which is determined by the combined action of DMI, bias field, and damping

like and field like SOT fields. The evolution of jc as a function of dot size has been inves-

tigated for CoFeB based dots and jc was found to be increased by one order of magnitude

when the device size was reduced from a few micron down to 30 nm [125]. This increase

was attributed to the single domain nature where the jc is expected to be large compared to

the domain expansion based switching.
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FIGURE 1.25: a) Images of the reversal process of a Pt/Co/Alox circular dot (500 nm
diameter) of for different configurations of bias field and the current measured by time-
resolved X-ray microscopy [124] b) Critical current density as a function of pulse duration
for Pt/Co/AlOx dot (90 nm diameter). The green solid line fit corresponds to the short time
regime (< 1 ns), and the red dashed line fit in the thermally activated regime (> 1µs). The

blue dash-dotted line represents the intrinsic critical current. [125]

The timescale of the magnetization switching is one of the salient features of the SOT

switching. Sub-ns switching was demonstrated in 90 nm sized Pt/Co/AlOx nanodots [125].

The threshold switching current was characterized for long and short timescale regimes as

shown in Fig. 1.25b [125]. Above 10 ns, jc weakly depended on pulse duration τp, as expected

for a thermally-assisted switching process. However, τ−1
p scaled linearly with time in region

below 1 ns, which indicates the strongly dependence of switching dynamics on the current

induced torques. An additional feature that adds to the fast switching dynamics of SOT is

its negligible incubation time (∼ 10−20) []. In a related current induced switching technique

called spin transfer torque (STT), the switching time is delayed by several ns due to the

dependence of thermal fluctuations to trigger the reversal [126, 127]. On the other hand, in

SOT geometry, damping like torque acts immediately on the magnetization, leading to ultra-

fast switching. Recent studies on Pt/Co/Cu/Ta based PMA film reports a deterministic

current induced magnetization switching of a nanometer thick cobalt layer using a single

electrical pulse of of width as small as 6 ps and of magnitude ≈ 600 × MA/cm2 [128, 129].

1.4.3 Material Survey

A large number of different materials have been studied for the purpose of generating spin

currents from charge current flowing through them. The spin Hall angle θSH, which gives

the measure of the spin current generated, is used to quantify the spin Hall effect (SHE) in

the materials. In SHE, the spin current is generated through the spin orbit coupling (SOC)
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effects where the conduction electrons undergo asymmetric scattering with opposite spins

of the material. Consequently, the magnitude of SHE can be enhanced by increasing the

strength of SOC and it is natural to expect high SHE in heavy metals as the SOC is propor-

tional to Z4 (atomic number). In addition, the strength of SOC also increase with the product

of angular momentum and spin momentum L.S. These conditions are satisfied by 5d heavy

metals in particular Ta (5d36s2) [104], W (5d46s2) [130] and Pt (5d96s1) [131, 132]. Among

these heavy metals, W in β-phase shows the largest spin Hall angle of -0.3. On the other

hand, elements with half filled or full filled valence shell (e.g. Re, Ag, Au) shows negligible

SOC as in this case L = 0. From Table 1.4.3, one can observe not only the magnitude but also

a sign dependence of θSH to the heavy metal, which can be explained using the SOC. For

example, in the case of Pt which has positive θSH, the d orbit is greater than half filled (3d9)

and resultant L = +2. Whereas, for W having negative a θSH, the L = -2 as the d orbital is less

than half filled.

Samples |BDL/j| θSH Comment Ref.

mT/(MA/cm2)

Pt(3.0)/CoFe(0.6)/MgO(1.8) 0.5 0.06 Pt based [86]

Ta(4.0)/CoFeB(1.0)/MgO(1.6) 0.35 -0.12 Ta based [104]

W(6.0)/CoFeB(5.0) - -0.3 W based [130]

Pt(5.0)/Co(0.8)/W(3.0) 0.8 0.24

FM layer sandwiched

between NM of oppo-

site θSH

[133]

Bi2Se3(7.4)/CoTb(4.6)/SiNx(3.0) 0.6 0.16
Topological insulator

based
[134]

Another approach to boost the SHE would be to enhance the scattering events by means

of extrinsic scattering [135, 136], which is proportional to the SOC contrast between host

and impurity elements. To probe this effect, SOT studies have been performed on metal

alloys like Ir-doped Cu [137], Bi-doped Cu [138] and W-doped Au [139]. Notably, Cu99.5Bi0.5

shows a large θSH of -0.24, which is larger than the reported θSH value of heavy metals like

Pt and Ta. Furthermore, it has been recently found that sandwiching a ferromagnetic layer

between two nonmagnetic layers having opposite θSH would improve the SOT efficiency as

parallel damping like torques acts at both interfaces [133, 140, 141].
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It should also be noted that SOT have been reported in other class of materials including

anitiferromagnets [142] and topological insulators [143]. A detailed discussion is beyond

the scope of this thesis.

1.5 Light Ion Irradiation on Magnetic Thin Films

Ion irradiation is an advanced technology that can be used to manipulate the interface de-

pendent magnetic properties of ultrathin magnetic films and multilayers[144, 145]. As we

discussed in section 1.4.2, the spin orbit torque (SOT) induced magnetization switching of

the magnetic multilayer depends on several properties of the magnetic film such as magne-

tization and anisotropy field, which are intrinsic to the material. In addition, the perpendic-

ular magnetic anisotropy (PMA) of the magnetic thin film (e.g. Co/Pt multilayer) strongly

depends on the magnetic layer thickness and the interface quality. Hence, ion irradiation,

which can modify the interfaces of magnetic films, is a suiTable method to gain spatial con-

trol over the PMA and therefore SOT switching properties.

FIGURE 1.26: Graphical representation of the ion beam induced intermixing of a single Co
layer in a Pt/Co/Pt sandwich

When a magnetic thin film is subjected to an energetic ion beam, intermixing will be

promoted at the interface (Fig. 1.26). It has been reported that, upon irradiating a film with

He ions with suiTable energy range, in average an energy of 100 – 500 eV is transferred by

the ions, which is sufficient enough for the small atomic displacement of the atoms (1-2 inter

atom shifts) [146]. This interfacial intermixing is large enough to influence the interfacial

anisotropy supported PMA in Co/Pt multilayers [145, 147]. Depending on the beam energy
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and the external parameters, the irradiation can influence chemical composition [148] and

interface modification [144, 149, 150].

An ion beam passing through a material will have an interaction volume associated with

it. The interaction volume depends on the beam energy and the mass of ions. Fig. 1.27

schematically represents the interaction volume of different beams. For a similar beam en-

ergy, Ga+ ion beam has a larger interaction volume as compared to the He+ beam due to

the larger scattering cross section of former ions. For a low energy electron beam -needed

to get the similar resolution and surface sensitivity- the penetration depth is limited due to

the electron-electron scattering. He+ ions are also subjected to scattering due to the nuclei of

the sample atoms but, the smaller cross-section of helium effectively reduces the scattering

compared to that of the Ga ions which results in the minimal beam divergence inside the

sample.

FIGURE 1.27: Monte-Carlo simulation showing the interaction volume with silicon for dif-
ferent beams [151]

Most of the studies using light-ion irradiation to tailor the magnetic properties of ultra-

thin films have been performed using broad beam of He+ ions [144, 152, 153]. In this method,

magnetic patterning is achieved with the help of photoresist mask. The area which is cov-

ered by mask effectively stops the ions interacting with the sample while the exposed region

of film interacts with the beam. Sub 50 nm magnetic Co/Pt arrays have been patterned using

broad beam He+ ions combined with high resolution lithography[154]. However, this mask

based exposure can result in over irradiated regions between irradiated and non-irradiated

area due to ions escaping from mask edges and can act as pinning sites [152].

In order to avoid the limitations set by photoresist mask and lithography patterning, a
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focused helium ion beam (FIB) can be used to locally tailor the interface dependent prop-

erties of the thin film [147, 151]. In this method, a focused helium beam having a spot

size no larger than 2 nm raster multiple times through a predefined region on the sample

surface, with a resulting uniformly irradiated region over a predefined area. The focused

helium beam also allows one to pattern much smaller features as compared to the tradi-

tional focused Ga+ beam and photoresist assisted patterning whose resolution is limited by

the beam size and lithography process.

1.6 My PhD project

The aim of my PhD project is twofold. The first aim is to design a large intensity magnetic

field gradient source where the field effect can be confined within a region of a few nm

(< 10 nm). The second aim is to investigate the influence of a large field gradient on the

electrochemical reactions at the solid/liquid interface. In order to achieve this goal, two

approaches have been taken and the results are organised in two chapters of the thesis.

In chapter 2, the experimental techniques used for the realization of the present work

are discussed. Various electrochemical characterization techniques along with the magnetic

thin film fabrication and characterization methods are detailed.

In chapter 3, the influence of a large gradient magnetic field on the electrochemical re-

action is presented. In order to generate such field gradient at the immediate vicinity of the

electrode, [Co/Pt]N multilayers with different Co thickness and various number of repeats

N are fabricated. Thickness and quality of the films are confirmed using X-ray reflectivity

(XRR) and transmission electron microscopy (TEM). Magnetic properties of the multilayers

are determined using super-conducting quantum interference device (SQUID), magnetic

force microscopy (MFM) and magneto-optical Kerr effect (MOKE) based imaging. Using a

simplified 2D magnetized sheet model, it is estimated that a gradient field of order of mag-

nitude 107 T/m can be reached within a region of < 10 nm next to the film surface. For

electrochemical investigation, an electrochemically reversible and sTable ferri/ferrocyanide

reaction is chosen as a standard probe. Interfacial and bulk properties of the reaction are

pre-characterized on Pt film electrode using cyclic voltammetry (CV), chronoamperometry

(CA), and impedance spectroscopy (EIS) techniques. Prior to the investigation of field gra-

dient effects at the electrochemical interface, the influence of the Pt cap layer thickness on

the electrochemical activity of the Co/Pt multilayer film and the Lorentz force effects are
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studied in detail. To investigate the large field gradient influence on electrochemical reac-

tions, steady state measurements based on chronoamperometry is opted as one of the key

method. Impedance spectroscopy measurements also confirmed the field gradient effects

observed using chronoamperometry.

In chapter 4, we discuss a more sophisticated approach to create a model system with

an electrically controllable magnetic landscape, with related force field. We combine the

spin orbit torque phenomena for magnetization switching and the maskless focused light

ion irradiation technology for magnetic patterning. Perpendicular magnetic anisotropy thin

films having magnetic layer sandwiched between heavy metals of opposite spin Hall an-

gle, Pt/Co/W and Pt/Co/Ta, are fabricated for the study. Magnetic and magneto-transport

measurements confirm an intact PMA in the as-deposited and the patterned thin films. De-

terministic SOT switching is realized in both films with the help of a symmetry breaking

bias field applied collinear to a current. Harmonic Hall measurement is used to estimate the

effective spin Hall angle (SHE) of the Pt/Co/W based device. PMA films are locally pat-

terned using maskless focused He+ irradiation. Selective switching of the irradiated region

is achieved and are characterized using the magneto-transport and the Kerr imaging tech-

niques. In an attempt to improve the magnetic volume and thus by the field gradient, the

irradiation effects are studied in heterostructures with more than single Pt/Co/W repeat.

Furthermore, in order to access more intermediate multi-domain states by electric current,

partial junction irradiation with improved irradiation design is explored.

In chapter 5, the thesis is concluded by summarizing the research outcomes of my PhD

and proposing perspectives of the work.
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Chapter 2

Experimental Methods

In this chapter, we discuss about experimental methods and techniques used in this re-

search work. The initial section discuss about the well known electrochemical experiments

like cyclic voltammetry, chronoamperometry and impedance spectroscopy. Later, the mag-

netic thin film preparation technique and lithography based patterning are discussed. After

introducing the helium beam irradiation source, the final section of the chapter talks about

various magnetic and magneto-transport measurements, magnetic domain imaging meth-

ods and surface analysis techniques.

2.1 Electrochemical Measurements

2.1.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is the most commonly used potential sweep method to get in-

sight into the mechanics of governing electrochemical reactions. It is useful to identify the

number of electrons transfer in a reaction, as well as to determine the kinetic and diffusion

parameters of the reaction [1]. In this method, the current is monitored while sweeping

the working electrode potential under defined constant rate in the specific range of interest.

Fig. 2.1 shows the potential waveform and the resultant cyclic voltammogram correspond-

ing to the ferri/ferrocyanide redox reaction. The shape can be understood with the help

of the Nernst equation and diffusion mediated mass transport. As we discussed in section

1.1.1, the Nernst equation relates concentration of species to the applied and formal potential

E0 of the reaction. E0 is specific to the experimental conditions. Using CV one can estimate

E0 which is related to the CV half potential E1/2 as

E1/2 = E0 − RT
nF

ln
(

DO

DR

)
(2.1)
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where DO and DR represents the diffusion coefficient of oxidised and reduced species, and

E1/2 is the halfway potential between the two observed peaks. In the case of ferri/ferrocyanide

redox reaction used in the current study, DO/DR = 1.08 which implies E1/2 ≈ E0.

FIGURE 2.1: a) Cyclic potential sweep [2] and b) a typical CV of Pt film electrode in solution
consists of 0.2 M potassium ferricyanide and 1 M potassium chloride.

Fig. 2.1 can be used to qualitatively understand the evolution of the electrochemical sys-

tem with respect to the applied potential. When electrode potential is scanned from A to E,

the O species are reduced to R species locally at the electrode, resulting in the depletion of

O species concentration and a current flow. In the region A to B, the flat region corresponds

to the capacitive contribution arises due to the potential sweep. With further advance in

potential (B-D), the current increases as the system is in kinetically limited region. At point

D, where the peak cathodic current is observed, the rate of reduction of O species equals the

rate of its replacement by the mass transport. With further increase in the potential from D

to E, the current decreases with potential as the current in this region is more dependent on

the mass transport compared to the kinetic rate. The diffusion layer thickness grows in this

region as the potential increases, which reduces the concentration of O species near elec-

trode surface. Upon changing the potential sweep direction (F to H), the R species near the

electrode surface oxidises to O species completing the curve.

Electrochemical reversibility describes the rate of electron transfer. If the kinetic rate is

fast enough, the system will attain thermodynamic conditions immediately after the appli-

cation of the potential. Thus electrochemically reversible systems are also referred as ners-

tian systems as it obeys the Nernst equation.For a reaction to be reversible, the conditions

required to obey are:
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• the peak current Ip and the scan rate v are related Ip ∝ v1/2

• the peak potential Ep independent of v

• the peaks potential difference |Ep,a − Ep,c| = 57.0/n mV

• the peak current ratio |Ip,a/Ip,c| = 1

The evolution of the peak current would be then given by Randles-Sevcik equation

ip = 2.69 × 105n3/2AD1/2
0 [O]∞v1/2 (2.2)

where n is the number of electrons transferred, A is the area of electrode, and D0 and [O]∞

are the diffusion coefficient and bulk concentration of oxidized species respectively. Plotting

peak current as a function of v1/2, one can find the diffusion constant of the reaction.

Scan rate is an important parameter in cyclic voltammetry. Faster scan rate implies thin-

ner diffusion layer which then increases the current flow. Reversibility can also be influ-

enced by the scan rate. By increasing the scan rate, it is possible to drive a reversible system

to quasi-reversible (rate constant in the range of 10−4 - 10−2 cm/s [3]). Kinetic rate constant

of such a quasi-reversible system can be estimated using Nicholson approach [4] based on

the relation,

ψ = k0[πDnFv/RT]−1/2 (2.3)

where ψ can be obtained in terms of X = ∆Ep × n using the empirical relation,

ψ = (−0.6288 + 0.0021X)/(1 − 0.017X) (2.4)

2.1.2 Chronoamperometry

Chronoamperometry is a potential step method which refers to the study of the current

response with time under potentiostatic control. The potential is stepped from a value where

there is no reaction to one corresponding to a mass transport limited region (Fig. 2.2) . The

current response with time for a planar electrode can be expressed by Cottrell equation as

I(t) =
nFAD1/2c∞

(πt)1/2 (2.5)

At shorter timescale: Under the application of a potential, the solid-liquid interfacial re-

gion can be modelled as a parallel capacitor-resistor circuit. The resistor denotes the charge
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FIGURE 2.2: a) Waveform for a step experiment in which species O is electroinactive at E1,
but is reduced at a diffusion-limited rate at E2. b) Concentration profiles for various times

into the experiment. (c) Current flow vs. time. [2]

transfer resistance of a reaction while the capacitive part is referred as the double layer ca-

pacitance. Complications can occur at shorter timescale due to the double layer charging

current. For a potential step of ∆E, the capacitive current in an RC circuit follows as Ic =

∆E/R exp(−t/RsCdl) where Rs represents the electrode area independent solution resistance

and Cdl the area dependent double layer capacitance. At smaller timescale, the capacitive

current can significantly contribute to the total current but will dies off quickly with time.

Another complication might be related to the compliance of the potentiostat as the current

can initially rise to large values.

FIGURE 2.3: a) Current response to the potential step from OCP 0.41 V to diffusion limited
region 0.15 V applied to planar Pt film electrode in solution containing 0.2 M potassium

ferricyanide and 1 M potassium chloride and b) normalised current vs t−1/2

At longer timescale: Natural convection can disturb the growth of the diffusion layer.

This invalidates the assumptions of the Cottrell equation and the current decrease will no

longer follow t1/2. At long enough time, the system will reach a steady state where the

further development of the diffusion layer will be restricted by the density gradient driven
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convective motion. Fig. 2.3 shows the current response with time highlighting the Cottrell

region and the steady state region corresponding to ferricyanide reduction.

2.1.3 Electrochemical Impedance Spectroscopy

Impedance spectroscopy is an ac technique which can be used to investigate the properties

of the electrochemical reactions. In this method, the impedance response corresponding to

a perturbation with a small amplitude alternating signal is measured when the system is at

equilibrium or steady state. The perturbation can be an applied current or given electrode

potential .

FIGURE 2.4: a)A sinusoidal voltage perturbation and the current response and b) the
impedance representation in the complex plane

Consider a sinusoidal ac voltage signal which has the form

Et = E0 sin(ωt) (2.6)

where ω = 2π f . In a linear system, the current response will be shifted in phase ϕ and can

be represented (Fig. 2.4a) as

It = I0 sin(ωt + ϕ) (2.7)

Analogous to Ohm’s law, the impedance can be defined as,

Z =
Et

It
(2.8)

Euler’s relation allows to express impedance as amplitude and phase of a complex num-

ber. From the potential E = E0 exp(jωt) and current response It = Io exp(jωt − ϕ), the
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impedance can be represented (Fig. 2.4b) as

Z = Z0(cos ϕ + j sin ϕ) = Z0 exp(jϕ) = Z
′
+ jZ

′′
(2.9)

Element Impedance

R R

L jωL

C - 1
jωC

CPE - 1
(jωC)α

Series RC R - 1
jωC

Parallel RC 1
Z = 1

R − jωC

Warburg Z = W√
ω
+ W

j
√

ω

TABLE 2.1: Common circuit elements and corresponding impedance

FIGURE 2.5: Nyquist plots for some circuit elements [5]

2.1.3.1 Equivalent Circuits

An electrochemical cell can be modelled as a network of electrical circuit elements (Ta-

ble 2.1). Such a network is called an equivalent circuit. In an EIS measurement, the measured
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impedance of the electrochemical cell at different frequencies is compared to the response

of the equivalent circuit. Hence, a prior knowledge of the reaction will be always useful

to design the equivalent circuit. All the elements in the circuit should have some specific

activity in the electrode reaction. The Randles circuit is one of the commonly used circuit

which consists of charge transfer resistance Rct in series with the Warbug diffusion resis-

tance ZW , both in parallel with double layer capacitance CDL and all three elements in series

with solution resistance Rs (Fig. 2.5e). At very high frequency, capacitor act as short and

solution resistance can be extracted. By reducing the frequency, the parallel Rct and CDL

forms a semicircle. Warburg impedance dominates at low frequency range with a signature

curve of 450 slanted straight line in Nyquist plot representation. Thus, a single wide fre-

quency impedance spectra gives information not only about the reaction kinetics but also

about the mass transport properties. EIS is normally represented as Bode plot or Nyquist

plot (Fig. 2.5).

In Nyquist plot, the high frequency region is commonly characterised by a depressed arc

instead of a semi-circle corresponding to parallel resistance Rct and an ideal capacitor CDL.

One approach to model this behaviour in experimental data is to replace the double layer

capacitor CDL with a constant phase element CPE. The impedance of CPE is given by

Z = − 1
(jωC)α

(2.10)

where α is the distribution factor and can vary between 0 to 1.0. CPE can be thought of as

an effective impedance of the distribution of capacitance over the electrode surface. Even

though a particular theory may not give exactly CPE behaviour, several explanations were

put forward such as surface roughness [6] and non-uniform current distribution [7].

2.1.3.2 Kramers-Kronig Relations

The Kramers-Kronig (KK) test is used to check the validity of the EIS data. Electrochemical

impedance spectroscopy (EIS) is built on linear systems theory which requires that the sys-

tem satisfy conditions of linearity, causality, and stability. A system is defined linear when

its response to a sum of input signal is a sum of individual responses. Causality will be sat-

isfied if the measured system response is entirely caused by the applied perturbation signal.

Stability implies the equilibrium state of the system unless excited by an external pertur-

bation. These requirements can be validated using KK relations which consist of a set of
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transformations that can be used to predict one component of the impedance from the other

over the wide frequency range. The imaginary component is related to real component as

Z
′′
(ω) = −2ω

π

∫ ∞

0

Z
′
(x)− Z

′
(ω)

x2 − ω2 dx (2.11)

and the real component from the imaginary component as

Z
′
(ω) = Z

′′
(ω) +

2
π

∫ ∞

0

xZ
′′
(x)− ωZ

′′
(ω)

x2 − ω2 dx (2.12)

Any deviation from the measured component and the KK transformed component is due to

the non-linearities in the system either due to the non-stationary behaviour of reaction or by

instrument artefacts. In the case of ferricyanide reduction reaction discussed in this thesis, a

good agreement with the measured EIS spectra and KK transformed data is obtained which

confirms the validity of the measurement(Fig. 2.6).
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FIGURE 2.6: EIS spectra measured and calculated with the Kramers-Kronig relations in a
solution of 0.2 M potassium ferricyanide and 1 M KCl at bias voltage 0.175 V applied to a

Pt film working electrode (Vs Ag/AgCl)
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2.2 Magnetic thin film deposition and device fabrication

2.2.1 DC Magnetron Sputtering

Sputtering is a physical vapour deposition technique for depositing thin films. Because of

its ability to produce high quality films with uniform thickness, it is a preferred industrial

deposition technique. The mechanism mainly consisted of the ejection of surface atoms

from a source material (target) when exposed to an energetic atoms (usually Ar) bombard-

ment, which deposits on the substrate placed in the path of ejected atoms or cluster of atoms

(Fig. 2.7). Prior to the deposition, high vacuum of the order of 10−8 Torr should be achieved

in the deposition chamber to avoid any contamination. The chamber will be then filled with

noble gas (typically Ar) with the pressure maintained in the range of 1 - 100 × 10−8 Torr.

Upon the application of a large potential difference between target (-ve) and substrate (+ve),

the Ar gas get ionized creating plasma in the chamber. The positively charged Ar+ ions are

accelerated towards negatively biased target which results in the ejection of atoms from the

surface of target material. These neutral atoms land on the substrate and the chamber walls.

FIGURE 2.7: Schematic representation of the sputtering process. Atoms ejected from the
target material when subject to ion bombardment are deposited on the substrate.

In order to improve the efficiency of the process, a magnetron sputtering technique has

been developed. In this technique, permanent magnets are placed behind the target which

not only traps the electrons involved in sputtering but also helps to concentrate the plasma
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near to the target. Under the presence of the magnetic field, the cycloid-like motion of elec-

trons near the target surface results in an enhancement of the ionisation rate. The deposi-

tion parameters like pressure, power and sputter rate can significantly influence the quality

and magnetic properties of the thin films [8]. Adjusting these parameters will affect the

mean free path, and control the energy of the deposited atoms which influence the degree

of reorganisation of the atoms when deposited. This in effect can influence the interfacial

roughness, dead layer formation, anisotropy, coercivity, to name a few.

During the course of the present work, two sputtering machines are used to fabricate

magnetic heterostructures. Initial samples are sputter deposited using a Shamrock chamber

A machine in the CRANN cleanroom, TCD1. The sputtering of samples are done at a base

pressure of 2 × 10−8 Torr and an Ar pressure in the range of a few 10−3 Torr. Later, more

samples are fabricated using ATC 2200 from AJA International, located at HZDR2. The de-

position is done at base pressure of 4 × 10−8 Torr and an Ar pressure 3 × 10−3 Torr.

2.2.2 Hall Bar Patterning

For electrical measurements, thin films are patterned into Hall bars using the combination of

the laser lithography and ion etching tools 3. Laser lithography allows patterning of devices

down to sub-µm sizes. A standard procedure for the lithography is illustrated in Fig. 2.8.

Clean and flat wafer surface is an important requirement for accomplishing high resolu-

tion lithography. In general, before the pattering process, the substrate (thin films deposited

on Si or glass wafer) is rinsed in acetone and ethanol followed by isopropanol. N2 is blown

on the wafer for drying purposes. Once a cleaned wafer is obtained, a suitable photoresist

(positive or negative) is spread uniformly over the film surface using a spin coater. The film

has to have a minimum size ( 5 mm × 5 mm but depends on the size of pattern structure

too) for the photoresist to spread uniformly over the surface. Non-uniformity in resist dis-

tribution can results in over and under exposed regions. After spin coating, the substrate

is baked at high temperature (around 1000 C) to drive out excess solvent from the photore-

sist. This process is called soft baking. One should be careful with the baking time as any

excess solvent in the resist can interfere with the exposure of photoresist eventually affect-

ing the lithographic patterns. The sample is then loaded into the Heidelberg µPG 101 laser

lithography machine. The alignment of the sample can be done with the help of the -inbuilt

1Thanks to Prof. Michael Coey and Dr. Gwenael Atcheson
2Thanks to Prof. Olav Hellwig, Dr. Ruslan Salikhov and Aleena Joseph
3Thanks to STnano for the cleanroom facility, and also to Dr. Hicham Majjad, Romain Bernard and Sabine

Siegwald for the help and support with the cleanroom equipment
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FIGURE 2.8: Lithography process

microscope. The machine can automatically correct for the spatial offset. The lithography

pattern designed using software like Klayout is now uploaded to the system. After optimiz-

ing the parameters (exposure dose, direct or invert, humidity check), the laser will raster

over the specified area. After exposure, the substrate is then placed in a solvent solution for

development. During the development, the laser exposed area of the positive resist will be

dissolved. The exposed region of the sample can be then etched using Ar+ ions to obtain

specific patterns.

In this work, a combination of positive and negative resists are used during different

steps of lithography. Fig. 2.9a shows the Klayout design of the Hall bar used in this work. In

order to pattern the Hall bar structure from the film, a negative resist (AZ5214) is used. The

structure is obtained after Ar+ etching the unwanted region in the sample. Ti(3.0)/Au(47.0)

(numbers in nm) is deposited for electrical contact followed by the patterning using positive

resist - AZ1505.

2.2.3 Helium ion microscope (HIM)

We employed a state-of-the-art Carl Zeiss Helium-Ion Microscope (HIM) facility at HZDR4

for magnetic patterning of multilayer systems [9]. It is based on the gas field ion source

4Thanks to Dr. Gregor Hlawacek and Dr. Ciaran Fowley
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FIGURE 2.9: Klayout design of a) Hall bar having transverse length 10 µm and longitudinal
length 300 µm and b) electrical contact used to pattern the thin film.

technology which can generate focused ion beams for ultrahigh resolution and nanofabri-

cation applications [10]. HIM uses the apex of tungsten tip to ionize the helium gas. The

control over the tip sharpness allows one to use only the last three of the apex atoms for the

purpose of extremely focused beam production. As a result, a beam spot size of diameter of

only 0.5 nm can be achieved. The beam can be rastered over a predetermined region over

the specimen. The microscope is also equipped with 4 Kleindiek MM3A micromanipulators

which in our case can be used to perform Hall resistance measurements in situ with the ir-

radiation. We used the focused beam of ions to study the effect of local irradiation effects

on the perpendicular magnetic anisotropy of Pt/Co/W based multilayers. The results are

discussed in chapter 4.

2.3 Characterisation of magnetic thin films

2.3.1 SQUID magnetometry

Superconducting QUantum Interference Device (SQUID) is a non-destructive and high sen-

sitivity technique to measure the absolute magnetic moment of a magnetic sample [11]. The

operational principle of SQUID is based on the Josephson junction and flux quantization

in superconducting ring. A Josephson junction consists of two superconducting rings sep-

arated by an insulator. The current density across the junction is sensitively influenced by

the magnetic flux through the ring. In SQUID magnetometer, the sample is moved along
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the vertical axis of the pick up coil which is forming a second order gradiometer as shown

in Fig. 2.10. The current passing through the pick up coil is detected by the SQUID and

converts it into voltage. The voltage measured by the SQUID depends also on the sample

position in the gradiometer. After mounting a new magnetic specimen, the center position

is determined using a long scan to properly adjust the sample position with respect to the

pickup coils.

FIGURE 2.10: Schematics showing the setup of SQUID magnetometer. A second order gra-
diometer is used to limit the external disturbances. Inset shows the voltage response of the

specimen to the vertical position in the gradiometer.

In this work, SQUID measurments are mostly performed at TCD 5 and at IPCMS6. Non-

magnetic straws are used for holding the thin film samples during the measurement. Sam-

ples are diced into ≈ 4 mm × 4 mm for both in-plane and out-of-plane magnetic measure-

ments. Even though a maximum of 5 T can be achieved, most of the measurements are

performed only up to 2 T as the magnetization of all samples are saturated well below this

field value.

2.3.2 X-ray Reflectivity (XRR)

Grazing-incidence X-ray reflectivity (XRR) is a non-destructive thin film characterization

technique which can be used to evaluate the surface roughness, film thickness and structure

of the thin film multilayers [12]. The technique is based on the analysis of reflection intensity

5Thanks to Prof. Michael Coey and Dr. M. Venkatesan
6Thanks to Dr. Jérome Robert
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and pattern of a grazing-incidence X-ray beam. XRR can measure a film thickness ranging

from several hundred of nm to as small as a few angstroms (A0).

FIGURE 2.11: A summary of information provided by an XRR profile [12].

When an X-ray beam incident on an ideal flat surface at a small angle θ lower than the

total internal reflection angle θc, the intensity of reflected beam will be larger as shown in

Fig. 2.11. When θ ≈ θc, the intensity of reflectivity started reducing and with further increase

in θ the reflected intensity decreases proportional to θ4. In XRR, the obtained spectra is

the sum of the reflected beam from all the interface. The oscillations, which are inversely

proportional to the layer thickness, are the result of the interference of the reflected beam

from multiple interfaces. The decay rate of the reflected signal is related to the interfacial

roughness. Rougher the interface, faster will be the decay of XRR.

2.3.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is one of the commonly used surface sensitive tech-

nique which allows the quantitative determination of the elemental composition, chemical

specificity (oxidation state) and film thickness [13]. The working principle of XPS is based on

the photoelectric effect. When an X-ray beam of known energy energy hν falls on the spec-

imen, the energy is absorbed by a core of valence electron. If the incident energy is larger

than the binding energy BE of the electron, then the electron is emitted from the sample with

a kinetic energy KE which will be related to other energies involved as
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BE = hν − KE − ϕ (2.13)

where ϕ is a correction factor to the detector which is related to the threshold energy for

the electron emission (work function). The emitted electrons are analysed by the spectrom-

eter to obtain the XPS spectra. Since each element exhibits a characteristic peak in XPS spec-

tra, the chemical composition of the surface can be determined qualitatively. Even though

X-rays can penetrate into the sample op to hundreds of nanometer or more, the scattering

of photoeletrons limit the probe depth to a maximum of a few nanometers over the typical

kinetic energy range of 10 - 1000 eV used in XPS studies. As the emitted photoelectrons

can also undergo scattering along its way to the detector, XPS is mostly performed under

ultrahigh vacuum conditions. The XPS measurements on Co/Pt multilayers are done using

Al source with 1486.6 eV energy and step size 0.1 eV, under an ultrahigh pressure range 1.0

- 4.8 × 10−9 Torr 7.

2.3.4 Magneto-Optical Kerr Effect (MOKE) Imaging

Magneto-Optical Kerr Effect (MOKE) can be used to characterize and image the magnetic

properties of the thin films using polarized light. This method is based on the rotation of

the polarization plane of the incoming light during the reflection from a magnetic sample

[14]. The incident light is normally a linearly polarized light i.e, the plane of polarization is

similar to the plane of electric field of the light. With such a light incident on a specimen, the

oscillating electric field of the incident light interacts with the sample magnetization via the

Lorentz force and results in the rotation of the polarization plane of the reflected light. This

rotation, or Kerr rotation, can be analysed to image the magnetic state of the sample.

According to the magnetization direction of the specimen with respect to the plane of the

incident light, the MOKE geometry is divided into three geometries: the polar, longitudinal

and transverse, as shown in Fig. 2.12. In polar geometry, the magnetization of sample is

perpendicular to the sample surface but in the plane of polarization of incident light. While

in longitudinal geometry, the magnetization lies in the plane of incident light as well as

in the plane of sample surface. Whereas in transverse geometry, the magnetization of the

sample will be in the plane of sample surface but perpendicular to the plane of polarization

of incident light. Since thin films having perpendicular magnetic anisotropy are presented

in this research, polar MOKE is used as main imaging technique8.

7Thanks to Prof. Peter A. Dowben, Thilini Kumari Ekanayaka, Gauthami Viswan and Archit Dhingra
8Thanks to Dr. Salia cherifi-Hertel
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FIGURE 2.12: Different geometries of MOKE. (a) Polar MOKE, (b) longitudinal MOKE and
(c) transverse MOKE.

2.3.5 Magnetotransport Measurement

Local magnetic properties of the thin film can be determined using electrical transport mea-

surements. In a magnetic thin film, the transverse resistivity ρxy can be empirically ex-

pressed as

ρxy = R0Hz + Rs Mz (2.14)

where R0 is the ordinary Hall coefficient, Rs is the anomalous Hall coefficient, and Hz, Mz

are film normal magnetic field and z− component of the magnetization. Ordinary Hall effect

(OHE) is due to the Lorentz force acting on charge carriers and is quite small in metals due

to its high carrier concentration. On the other hand, in transition metal ferromagnets, the

anomalous Hall resistance (AHE) has been reported to be an order of magnitude higher than

the OHE [15]. Unlike OHE, AHE will be present even in the absence of external magnetic

field.

The anomalous behaviour of Hall effect in ferromagnetic metals has been explained in

relation to the intrinsic and extrinsic origins. The intrinsic mechanism is related to the band

structure of the conducting material, and is still controversially discussed. Here, the Hall

resistivity will scale with the longitudinal resistivity ρxx as ρxy = ρ2
xx. On the other hand,

extrinsic mechanism (skew scattering) is related to the asymmetric scattering of conduction

electrons due to spin orbit coupling (SOC) . If the scattering is due to the SOC with the

impurity, it is referred as side jump mechanism. In skew scattering, ρxy = ρxx, whereas the

side jump results in ρxy = ρ2
xx.

In this research, we measure the transverse voltage evolution with respect to the mag-

netic field to characterize the magnetic state of the perpendicular magnetic anisotropy (PMA)

thin films. Films are patterned into specific geometry structures called Hall bar for the pur-

pose of Rxx and Rxy electrical measurement (Fig. 2.13). The current is applied along the long
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axis of the Hall bar, while the voltage is measured across three different junctions marked

TC, MC and BC. For the magnetic hysteresis loop, the transverse voltage corresponding to 1

mA dc current is obtained by sweeping the magnetic field both in-plane and perpendicular

to the sample surface. For spin orbit torque (SOT) switching measurements, the Hall voltage

is measured after applying electric current pulses of various amplitude.

FIGURE 2.13: Hall bar pattern and the schematics of measurement setup of Rxy

2.3.6 Harmonic Hall Measurement (HH)

Recently, it has been shown that the current induced spin orbit torques in magnetic multi-

layers can be characterized by quantifying the effective fields [16, 17]. In this section, we

will discuss how the SOT effective field can be obtained using harmonic Hall (HH) mea-

surement.

2.3.6.1 Magnetization modulation due to current induced fields

We consider an out-of-plane magnetic system (magnetized along z) made of a heavy metal-

ferromagnetic metal bilayer system. The current is applied along the longitudinal direction

x of the Hall bar. The direction of the external field in polar and azimuthal angles can be

expressed as H = H (sin θH cos θH, sin θH sin ψH, cos θH). The magnetization can be defined

as M = Ms (sin θ cos θ, sin θ sin ψ, cos θ). Based on the macrospin model (section 1.3.2), the

magnetic energy of the system, neglecting in-plane anisotropy, can be written as

E = −Ke f f cos2 θ − M.µ0H (2.15)
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FIGURE 2.14: Schematic illustration of the experimental setup. Patterned Hall bar consists
of a magnetic layer (middle) sandwiched between a non magnetic metal layer (bottom) and
an insulating oxide layer (top). Coordinate systems of the magnetization M, current and

external field H are illustrated.[16]

If we apply a sinusoidal excitation current I(t) = I0 sin ωt along x, the spin Hall effect re-

sults into the bottom heavy metal generating an oscillating spin current. The consequence is

that this spin current diffuses through the interface and gives rise to time dependent SOT ef-

fective fields, ∆H(t), which modulates the magnetization M (∆θ(t), ∆ψ(t)) around its equi-

librium position. Note that the frequency of the applied current is small enough ( a few

kHz, in our case it is 1234.56 Hz) so that the phase difference between the effective fields

and magnetization modulation can be ignored. The effect of the ac applied current can be

summarised as,

∆H(t) = ∆Hi sin ωt (where i = x, y, z) (2.16)

∆θ(t) = ∆θ sin ωt ; ∆ψ(t) = ∆ψ sin ωt (2.17)

2.3.6.2 Expression for Hall voltage

The Hall voltage can contains contributions from anomalous Hall effect (AHE) and planar

Hall effect (PHE). When the current is applied along x, the Hall resistance Rxy can be ex-

pressed as,

Rxy =
1
2

∆RA cos θ +
1
2

∆RP sin2 θ sin 2ψ (2.18)
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where ∆RA and ∆RP represents the Hall resistance change due to AHE and PHE. If we

assume that the SOT fields are small perturbations to the system,i.e. ∆ H « Hk (anisotropy

field), then ∆θ << 1 and ∆ψ << 1. Eqn. 2.18 can be now written as

Rxy ≈ 1
2

∆RA(cos θ0 −∆θ sin θ0)+
1
2

∆RP(sin2 θ0 +∆θ sin 2θ0)(sin 2ψ0 + 2∆ψ cos 2ψ0) (2.19)

In the presence of an ac excitation current I = I0 sin ωt, replacing ∆θ and ∆ψ with

∆θ sin ωt and ∆ψ sin ωt in Eqn. 2.19, the measured Hall voltage can be expressed as

Vxy = Rxy(t)I0 sin ωt = V0 + Vω sin ωt + V2ω cos 2ωt + ... (2.20)

Combining Eqn. 2.19 and Eqn. 2.20, the Hall voltage harmonics can be written as

Vω = AI0

V2ω = −
Bθ + Bψ

2
I0

(2.21)

where

A =
1
2

∆RA cos θ0 +
1
2

∆RP sin2 θ0 sin 2psi0

Bθ =
1
2

∆θ(∆RA sin θ0 +
1
2

∆RP sin 2θ0 sin 2ψ0)

Bψ = ∆RP∆ψ sin2 θ0 cos 2ψ0

(2.22)

Note that Vω, which is the in-phase first harmonic, is the ac analogue of the dc Hall

voltage. Terms that are linear with ∆θ and ∆ψ will give rise to the out-of-plane second

harmonics

2.3.6.3 SOT effective field quantification

When an electric current is applied to the HM/FM heterostructure, spin accumulation at

the interface exerts field like and damping like fields on the perpendicularly magnetized

adjacent layer. Slonczewski-like field (HSL) acts along the direction of σ× M while the field

like (HFL) acts alongσ. These effective fields can be quantified by monitoring the evolution

of first and second harmonic Hall resistance as a function of applied field along x and y.
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In the limit, when the applied field is small compared to the perpendicular anisotropy field

and when the PHE can be neglected, the effective fields can be estimated as

∆µ0HSL ≈ −2
(

∂V2ω

∂Hx
/

∂V2
ω

∂H2
x

)
; ∆µ0HFL ≈ −2

(
∂V2ω

∂Hy
/

∂V2
ω

∂H2
y

)
(2.23)

where Hx(y) is the field swept along x(y) direction. However, when the contribution of

Hall resistance to the Hall resistance is comparable to AHE, the SOT field equation will be

modified as

∆µ0H′
SL ≈ −2

Bx ± 2ζBy

1 − 4ζ2 ; ∆µ0H′
FL ≈ −2

By ± 2ζBx

1 − 4ζ2 ; Bi=x,y =

(
∂V2ω

∂Hi
/

∂V2
ω

∂H2
i

)
(2.24)

where ζ = ∆RP/∆RA and ± denotes the magnetization pointing +z or −z respectively.

In the limit where the spin transport at the heavy metal / ferromagnetic metal interface

is transparent and the spin current from the heavy metal will be entirely converted into

Slonczewski-like effective field, the spin Hall angle θSH can be estimated as

θSH =
2e
h̄

µ0HSL Mst f

j
(2.25)

where t f and j are the ferromagnetic layer thickness and the current density through

the Hall bar respectively. Other relevant parameters (like the spin diffusion length) can be

obtained by studying the thickness dependence of spin Hall angle [18].
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Chapter 3

Influence of Large-Gradient Magnetic

Field on the Electrochemical Reaction

In this chapter, we will discuss the influence a of large magnetic field gradient applied at the

electrochemical interface. Our study aims to find an answer to the controversial question:

can a magnetic field influence the interfacial properties of electrochemical reactions. De-

creasing the magnet size enhances the field gradient. Hence, nanomagnetic thin films made

of Co/Pt repeats are used as the source for extreme field gradient. Thin films with per-

pendicular magnetic anisotropy (PMA) are fabricated to generate large field gradient near

to the film surface of magnitude estimated assuming PMA films as magnetised 2D sheets.

Ferri/ferrocyanide redox couple is used as a model system to study the field gradient effects

at the electrode/electrolyte interface. In order to better understand the redox system and re-

veal unambiguously the influence of a magnetic field source, the reaction is characterised

initially using non-magnetic Pt film electrodes. Prior to the field effect studies, the influ-

ence of the Pt capping layer thickness on the activity of Co/Pt multirepeats is discussed.

Then, the Lorentz force effects on the mass transport limited reaction is explored, and its the

equivalence to the mechanical stirring is illustrated. Finally, the influence of extreme field

gradient at the electrochemical interface is studied in greater detail.

3.1 Introduction

Although studies related to magnetic field influence on electrochemical process date back

to Faraday, the growing interest in understanding the physical mechanism and exploring

the possibilities for application has increased since 40 years [1–3]. Magnetic field can impact

electrochemistry in two distinct aspects, electrodeposition and electrochemical process, by

means of mainly the Lorentz force and the Kelvin field gradient force [4]. In most of the

cases, the effect of a magnetic field on the electrochemical system can be explained by the
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field effects on the diffusion layer. The Lorentz force will be active when current density

and magnetic field have orthogonal components. This magnetohydrodynamic (MHD) force

induces an electrolyte flow perpendicular to the electrode surface and results in thinning of

the diffusion layer. MHD effect is complex in nature and can generate vorticity due to edge

effects [5], generate patterns in deposits [6] and can even affect the bubble formation due to

micro-MHD flows induced by local change in current density [7]. On the other hand, the

Kelvin force acts in a non-uniform field when there exists a concentration gradient orthog-

onal to the field gradient. Unlike Lorentz force, this force can be enhanced by reducing the

magnetic source size. The different applications of the field gradient force includes levita-

tion of diamagnetic materials in paramagnetic media [8], direct and inverse patterning of

deposits using magnetic arrays [9, 10], enhancing efficiency of oxygen reduction reaction

[11, 12], and even in microfluidics stabilizing frictionless flow tubes [13].

The influence of a magnetic field at the solid/liquid interface is a controversial topic.

Energy estimates reveal that the magnetic energy of species is negligible when compared

to the thermal energy driving diffusion and the electrostatic potential energy driving elec-

tron transfer. Hence, one would expect no effect of magnetic field on the electrochemical

double layer and electrode kinetics. Magneto-impedance and linear sweep voltammetry

based investigations by Koehler et al. [14], Devos et al. [15] along with the Tafel data [6]

supports this view. However, recent studies have shown that the magnetism of a working

electrode can in fact influence the spin polarisation of intermediate radicals enhancing the

formation of triplet O2 [16]. Sambalova et al. [17] used Co/Pt electrodes to study hydrogen

evolution reaction and has observed field effects on the double layer measured by means of

magneto-optic response. It has also been reported that PtCo alloy film with perpendicular

magnetic anisotropy shows higher activity towards oxygen reduction reaction compared to

the in-plane magnetization and the enhancement is attributed to the chemical ordering of

the PMA film [18]. Dunne and Coey [19] have reported an enhancement in both the double

layer capacitance and the rate constant due to Maxwell stress when a field of 0.5 T is applied

parallel to the electrode surface. The effects are ascribed to the shift in outer Helmholtz

plane and no true shift in kinetics is observed.

Decreasing the system size makes the magnetic force field density increase. Nanopat-

terned magnetic structures therefore make possible to achieve or exceed the highest reported

magnetic forces in literature [20]. In particular, we use magnetic thin films having perpen-

dicular magnetic anisotropy (PMA) as the large field gradient source. Aspect ratio is an

important parameter to be considered for the required field generation. In a magnetic film,
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the sources of the magnetic field are the edges of the magnetic domains. Hence, a mono-

domain film with minimum edges would generate smaller field gradient compared to the

large near surface field gradient generated by the multi-domain magnetic films (Fig. 3.1).

Co/Pt multilayer stack is a well known and well studied heterostructure which exhibits

PMA property under appropriate growth conditions [21–23]. Incorporation of Pt not only

ensure the proper magnetic anisotropy but also protects the stack from oxidation. Magnetic

layer thickness and number of repeats can be optimized to tune the magnetic domain size

so that maximum field gradient can be obtained at the film surface (Fig. 3.2). Moreover,

relative size and orientation of ‘up’ and ‘down’ domains can be manipulated using external

magnetic field which helps to realise a magnetically controllable force field landscape.

FIGURE 3.1: Contour plot of magnetic field gradient generated by magnetic films with dif-
ferent domain sizes a) mono-domain of width 1.0 µm b) four domains of width 0.25 µm and
c) multi-domain of width 0.1 µm. Field values are estimated using 2D model (section 3.2.3).
Parameters used are magnetization = 1.4 T, dead layer area = 10 %, magnetic layer thickness

= 20.0 nm, orientation = out-of-plane.

FIGURE 3.2: MFM images (2.5 µm × 2.5 µm) of (Co90Fe10/Pt)n multilayer stacks showing
the variation of domain size with the number of repeats n [24].

The influence of a magnetic field on the diffusion layer is well documented whereas the

field effects at the electrochemical double layer is rarely reported. All electrode reactions

happen within a 10 nm thickness of interfacial region (Fig. 3.3) where the surface tension
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and excess charge distribution becomes more relevant [19, 25]. Our motivation is to see

how extreme magnetic forces imposed at this electrode/electrolyte interface can impact the

electrochemical reaction (Fig. 3.3). Ferri/ferrocyanide redox couple is used as a chemical

redox probe to investigate how chemical reactions can be impacted at these interfaces. The

reasons for choosing this particular reaction will be discussed in a section below (section 3.3).

Information about the field effects are extracted using various experimental methods like

chronoamperometry, cyclic voltammetry and impedance spectroscopy.

FIGURE 3.3: (a) Contour plot of field gradient above the multi-domain magnetic film with
magnetic layer thickness of 20 nm and domain width 0.13 µm. Field gradient as high as ∼
107 T/m can be achieved in a region of < 10 nm near to surface. (b) schematic showing the
concept of using multi-domain magnetic thin film as the source of large force field to study

the influence of magnetic field at the electrode/electrolyte interface.

3.2 Fabrication and Characterization of large Field Gradient Source

Thin films are deposited using DCA magnetron sputtering. The quality of surface and in-

terface plays a crucial role in determining the magnetic properties of thin films [26]. Hence,

techniques based on atomic force microscopy (AFM) and grazing angle X-ray reflectivity

(XRR) are utilised to check the surface and interface quality of films. Magnetic properties

are characterized using superconducting quantum interference device (SQUID) magnetom-

etry, magneto-optical Kerr effect (MOKE) based imaging technique and magnetic force mi-

croscopy (MFM). Magnetic field and the field gradient magnitudes near the film surface are

also estimated.
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3.2.1 Sample Fabrication

Multi-repeats of Co/Pt thin film samples were fabricated from TCD 1 and HZDR2. In TCD,

high vacuum sputtering technique is used to deposit Ta, Pt and Co on thermally oxidised Si

wafer at a rate of 0.012, 0.016 and 0.014 nm/s respectively. The structure of TCD thin film is:

• Si/SiO2//Ta(5.0)/Pt(2.0)/[Co(0.8)/Pt(0.8)]N/Co(0.8)/Pt(2.8)

• Si/SiO2//Ta(2.0)/Pt(20.0) (all thickness in nm)

where N = 9, 19 and 49. A Ta/Pt layer is used as a buffer layer to grow Co/Pt repeats,

followed by a capping Pt layer to avoid oxidation. It has been reported that changing the

thickness of individual Co layer will change the interfacial properties [27]. Thus, our ap-

proach has the advantage that we do not change the interface induced PMA of the system.

On the other hand, N can be optimised to enhance the field gradient by adjusting the do-

main width and magnetic volume.

Similar Co/Pt multilayers were grown in HZDR, but with N fixed to an optimum value

of 20, in order to study the influence of the Pt capping layer thickness on the electrochem-

ical activity. Thermally oxidised Si wafer is used as substrate on which Ta, Pt and Co are

deposited at a rate of 0.476, 0.116 and 0.075 nm/s respectively. It is worthwhile to note that

HZDR deposition rates are higher than the TCD deposition rates. The HZDR film structure

with tPt = 0.0, 3.0, 5.0 and 10.0 nm follows as:

• Si/SiO2//Ta(1.5)/Pt(5.0)/[Co(1.0)/Pt(1.0)]19/Co(1.0)/Pt(tPt)

• Si/SiO2//Ti(2.0)/Pt(20.0) (all thickness in nm)

To characterize the surface and interfacial roughness, X-ray reflectivity (XRR) measure-

ments were performed in TCD Co/Pt sample with N = 20 repeats (Fig. 3.4). We observed

short wavelength oscillations in the low incident angle region and long wavelength oscil-

lations at high angles. At low incident angles, the period of oscillation is inversely propor-

tional to the number of Co/Pt repetitions N [21]. In wider angle range, the high wavelength

oscillations corresponds to the Ta/Pt buffer whose layer thickness are comparatively larger

than the individual Co and Pt layer in the superlattice. A slightly higher interface rough-

ness is obtained from the XRR fit (3.4b). It is worthwhile to note that fitting of XRR data can

be error-prone in our system due to the complexity of the multilayer stack. However, XRR

1Thanks to Prof. Michael Coey and Dr. Gwenael Atcheson
2Thanks to Prof. Olav Hellwig and Dr. Ruslan Salikhov
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measurements provided an initial indication of multilayer growth in Co/Pt film and also

approximates the surface and interface quality of the the film.

FIGURE 3.4: (a) XRR of TCD Co/Pt thin film with N=20. Blue line represents the data and
red line is the fitted curve. (b) relevant parameters obtained from the XRR fit.

FIGURE 3.5: Cross sectional high resolution TEM image of the HZDR Co/Pt multilayer (N
= 20) with 10.0 nm Pt cap layer thickness. The blue dashed lines indicate the columnar

structure.

The thin film multilayer is also imaged using a high resolution transmission electron

microscopy (TEM). Fig. 3.5 shows the cross-sectional bright field TEM image of the HZDR

Co/Pt film having Pt cap layer thickness 10.0 nm3. The focused ion beam (FIB) technology is

used to prepare the lamella for the TEM imaging. In bright field TEM mode, elements with

3Thanks to Dr. Corinne Bouillet for her help with TEM imaging of the multilayer sample
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high atomic number (Z) appear darker (such as Ta and Pt) whereas lighter elements (such

as Co) appear lighter. We can clearly see the stacking of both Co and Pt layers having 1.0 nm

thickness each. Columnar grains, originating from the Ta/Pt seed layer and extending to

the Co/Pt multilayers, are also visible from the images. One such pattern is highlighted in

blue lines. These columnar grains promotes the interface roughness and its effect increases

with the number of repeats. Similar observations of columnar grains have been reported in

synthetic anitiferromagnetic (SAF) based multilayers [28] and Co/Pt multilayers [29].

3.2.2 Magnetic Thin Film Characterization

Both TCD and HZDR samples are characterized using SQUID magnetometry. Volume mag-

netization of sample is measured by applying field in-plane and perpendicular to the sample

surface. Fig. 3.6 confirms the perpendicular magnetic anisotropy (PMA) in all thin films as

perpendicular field easily saturates the film magnetization as compared to the parallel field.

For example, N=10 TCD Co/Pt film saturates along surface normal under an out-of-plane

field of < 0.15 T while the same film needs about 0.7 T to saturate when the field is applied

in-plane. HZDR samples are also characterized using SQUID and the extracted parameters

are listed in table 3.1. Magnetic dead layer thickness is quantified using the linearized Ms

plot as shown in Fig. 3.7. The dead layer thickness is determined to be negligible from the

x-intercept of the linear fit, while the slope corresponds to a saturation magnetization of 1.47

MA/m, larger than 1.44 MA/m expected for bulk Co. This suggests a partial magnetization

of the neighbouring Pt layers is induced by the Co layers. Presence of PMA and absence of

magnetic dead layer indicates a high quality Co/Pt interface in our Co/Pt repeats. Similar

results on Co/Pt repeats has already been reported by other groups [24, 27].

Magnetic force microscopy (MFM) is used to image the magnetic domains of the thin

films at remanent state. Fig. 3.8 shows the MFM images of multi-state maze like domain

patterns of TCD samples with different number of repeats. The multi-domain formation

and the change of domain width with the number of repeats can be well understood within

the model of periodic stripe domains with uniaxial magnetic anisotropy developed by Kittel

[30] [31] and further extended by Kooy and Enz [32]. According to this model, the total

magnetic energy of film at remanent state can be expressed in terms of magnetostatic energy

as well as domain wall energy. Upon increasing the number of repeats, the demagnetising

energy increases. To reduce the total energy, the uniformly magnetized film breaks into

multi-domain at the expense of introducing domain wall energy. In order to estimate the

domain width, the contrast difference across stripes at different positions are fitted using
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a Gaussian function and the FWHM of the fit is taken as the average domain size. In our

case, as can be seen in Fig. 3.8, a minimum of domain width of 130 ± 25 nm is observed

when N = 20 (Table 3.1). Similar observation has been reported by Diao and Coey et al. for

Co90Fe10/Pt based multilayer stacks [24].

FIGURE 3.8: MFM images (5.0 µm × 5.0 µm) of TCD samples at tip lift height 50 nm with
(a) N=10, (b) N=20 and (c) N=50 Co/Pt repeats at the remanent state.

Table 3.1 summarises the relevant parameters of the TCD and HZDR Co/Pt thin films.

Anisotropy field, HK, is defined as the field required to saturate the sample along its hard

axis. As all the mentioned Co/Pt samples have PMA, the HK can be considered as the in-

plane field required to saturate the magnetization parallel to the film surface. The effective

anisotropy can be found using the relation,

Ke f f =
MsHk

2
(3.1)

In terms of shape anisotropy Kv and surface anisotropy Ks,

Ke f f = Kv +
2Ks

t
(3.2)

Using Kittel’s magnetic domain model, the Bloch wall width can be estimated using the

relation λw = π
√

A/Ku (section 1.3.3) where A is the exchange stiffness taken to be of the

order of 10 pJ/m [33] and Ku is related to surface anisotropy as Ku = Ks/tCo. Thus the

domain wall thickness is found to be about 5 – 10 % of the domain width, depending on the

number of Co/Pt repeats N. These values will be relevant in the estimation of field and field

gradient, which will be discussed detail in the next section (section 3.2.3)

To further understand the evolution of magnetic domains with the applied out-of-plane

field, magnetoptical Kerr microscope is used (thanks to Dr. Salia Cherifi-Hertel). Hysteresis

loops are acquired using Kerr imaging (Fig. 3.9a) and corresponding magnetic states under
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N
Total
tCo

Ms HK Ke f f λw D

nm ± 0.03 MA/m ± 0.03 T kJm−3 nm nm

10∗ 8.0 1.53 0.7 535 ± 14 12.5 250 ± 40
20∗ 16.0 1.52 0.79 600 ± 17 12.1 130 ± 25
50∗ 32.0 1.54 0.97 746 ± 23 11.5 200 ± 25
20† 40.0 1.5 0.9 675 ± 19 11.8 150 ± 30

TABLE 3.1: ∗TCD Co/Pt samples, †HZDR Co/Pt sample with 3 nm Pt cap layer. Relevant
parameters are saturation magnetization, Ms, anisotropy field, HK, effective anisotropy,
Ke f f , Bloch domain wall width, λw, are calculated based on SQUID data, and domain width,

D, estimated from MFM images.

different magnetic field are imaged (Fig. 3.9b). The dark and bright contrast represents the

domains magnetised in opposite directions. Under -450 mT, the film’s magnetization is

saturated along the field direction (state 1). When the field is reduced to -137 mT (state 2),

isolated nucleation of a few domains with opposite polarity can be observed. These domains

are initially observed as bubble like which further becomes small stripes when the field is

reduced. SQUID or MOKE-obtained hysteresis loop are not sensitive to this small domain

formation as the macroscopic magnetization change due to these domains is negligible. With

further decrease of reversal field to -127 mT (state 3), a sudden expansion originating from

the nucleation points results in the formation of labyrinth stripe domains. A further decrease

in the field causes reversed domain expansion (state 4) and the magnetic configuration of

film reaches a minimum domain size near to 0 mT (state 5) where up and down domains

have almost equal width and the net magnetic contrast difference will be zero. With further

increase in field to +196 mT (state 6), the reversed domains expands. Near to the out-of-plane

saturation field of +250 mT, a few stripes of reversed domains are still visible suggesting that

the macroscopic saturation state is not equal to the real magnetic state of the film. At +292

mT, number of reversed domain stripe reduces and true saturation is achieved at +322 mT.

These observations are similar to the well documented Co/Pt switching pathway that has

been reported by several researchers [23, 32, 34, 35].

3.2.3 Magnetic Field Calculation

Estimation of magnetic field and field gradient as a function of distance from the film sur-

face is key for understanding the field effects on the electrochemical reaction. To calculate

the magnetic field, thin films are considered as 2D sheets magnetised along z (Fig. 3.10).

Considering a single magnetic domain, it can be assumed as an infinitely long rectangular
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FIGURE 3.9: (a) Kerr hysteresis loop of TCD N=20 Co/Pt repeat thin film under out-of-
plane applied field and (b) Kerr images of the similar sample under similar field conditions

marked in (a).

magnet as the domain width (∼ 0.1 µm) is comparatively smaller than its length (∼ 0.5 – 1

µm) as shown in Fig. 3.10. Using the Amperian current model, the field components can be

FIGURE 3.10: (a) Rectangular magnet and (b) cross-sectional view with reference frame

estimated using the equations [36]:

B = Bx x̂ + Bz ẑ (3.3)

Bx =
µ0Mr

4π

[
ln
(
(x + a)2 + (z − b)2

(x + a)2 + (z + b)2

)
− ln

(
(x − a)2 + (z − b)2

(x − a)2 + (z + b)2

)]
(3.4)

Bz =
µ0Mr

2π

[
tan−1

(
2b(x + a)

z2 − b2 + (x + a)2

)
− tan−1

(
2b(x − a)

z2 − b2 + (x − a)2

)]
(3.5)

where 2a is the width of domain and 2b is the thickness of magnetic layer.
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Fig. 3.11 illustrates the average field and the average field gradient variation near the

perpendicular magnetic anisotropy thin film surface obtained using the parameters Ms =

1.44 T, domain size = 0.12 µm, tCo = 20.0 nm and magnetic dead layer = 16 %. The python

code for the calculation is available in ref [37]. It is worthwhile to note that the field gra-

dient values can have local maxima and minima compared to the plotted average values.

When the perpendicular magnetised film is in mono-domain state, the field outside the film

is zero as the demagnetising field is maximum. On the other hand, in multi-domain state,

a large field gradient of the order of 107 T/m can be achieved near the film surface. At the

film surface, field gradient is maximum near to the domain wall where the magnetization

changes its direction from up to down or vice versa. It is worthwhile to note that this field

calculation is based on assumptions such as (1) domain wall region with tilted magnetiza-

tion is considered to be a magnetically dead region, (2) equal width for domains which in

real case consists of the distribution of widths, and (3) perfect interface and flat surface.

FIGURE 3.11: Example of (a) magnetic field gradient contour plot and (b) line plot of the
average field and the average field gradient magnitude as a function of distance from film
surface. Relevant parameters: magnet thickness = 20.0 nm, domain size = 0.13 µm, magne-

tization = 1.44 T, dead layer = 16 %

3.3 Standard Ferri-ferrocyanide Redox System

In order to study the large field gradient effects in the electrochemical reaction, the one-

electron transfer outer sphere ferri/ferrocyanide redox couple [38, 39] is chosen as model

system. It is commonly used as a standard redox probe [40, 41] due to its electrochemi-

cal reversibility [42], well-known structure [43], and electrochemical stability [44, 45]. In
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this redox reaction, both species are soluble in water and remain as solvated ions, mini-

mizing the changes to the electrode surface during electrochemical measurements, unlike

electrodeposition or corrosion. The reactions redox potential ensures that gas generation

due to water splitting (hydrogen or oxygen evolution) is negligible during electrochemical

measurements, thus suppressing micro-convective effects due to bubble formation [7, 16].

The reaction follows:

[Fe(CN)6]4– ⇀↽ [Fe(CN)6]3– + e– (3.6)

where the ferrocyanide anion, [Fe(CN)6]4–, is reversibly reduced to form the ferricyanide

anion, [Fe(CN)6]3–. Ferrocyanide is diamagnetic species having low spin ferrous (Fe2+) ion

while ferricyanide is paramagnetic ion with iron in high spin ferric (Fe3+) state. Both the oxi-

dized and reduced forms of the complex are well soluble in water based solvents. Compared

to main group cyanides like potassium cyanide (KCN), ferricyanides are much less toxic be-

cause of the strong bond between the cyanide ion (CN–) and the Fe3+ ion [46]. Table 3.2 lists

the magnetic susceptibility (χmol) of the relevant ions.

Compound χmol Magnetism
10−9 m3/mol

Potassium ferricyanide +28.8 paramagnetic
Potassium ferrocyanide -2.2 diamagnetic

TABLE 3.2: Magnetic properties of ferri-ferrocyanides

3.3.1 Experimental setup

A three electrode system is used in the entire experiments to characterize the electrochem-

ical redox reaction. The electrochemical cell is specially designed and 3D printed using a

Formlabs Form 3 (design shown in Fig. 3.12). Either Pt or Co/Pt films are used as work-

ing electrode (WE), Pt mesh as counter electrode (CE), and Ag/AgCl electrode in 3 M KCl

as reference electrode (RE). The standard potential of this RE is 0.197 V versus the normal

hydrogen electrode (NHE). The WE area is typically 1 – 10 mm2 in a cell having 5 mL vol-

ume. The WE area is defined using electroinactive epoxy used to mask the sides of the thin

film sample to avoid any oxidation and magnetic fringe field effects. The geometric area is

determined from the analysis of microscopy images in ImageJ [47].
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FIGURE 3.12: (a) Schematic diagram of the electrochemical cell setup. (b) Cross-section view
of the cell

The electrolyte consists of 0.2 M potassium ferricyanide (K3[Fe(CN)6], 98+ % purity) as

electroactive species and 1 M potassium chloride (KCl, 99 % purity) as supporting elec-

trolyte, and is freshly prepared each day of measurements. For all experiments, we used

the same high concentration of supporting electrolyte as the measured kinetic rates are sen-

sitive to the supporting electrolyte concentration [48–50], to increase the conductivity, and

to reduce the migration effects. All chemicals are used as delivered without any further

processing.

Natural convective effects can arise due to the electrochemically generated density dif-

ferences [51] and thermal gradients. Reduction of [Fe(CN)6]3– results in a solution near the

electrode with a higher density due to increase in the concentration of charge-balancing K+

cations [52]. This means the diffusion layer has a higher density compared to the bulk so-

lution. Without proper positioning of WE, the convective flow can be significant at macro-

electrodes and can affect the stability of long timescale measurements. These effects can

also be enhanced or depressed in the presence of nonhomogenous magnetic field [53]. In

our system, in order to minimize the convective effect during ferricyanide reduction [52],

WE is positioned at the bottom of the cell so that a stable condition can be achieved for the

measurements.

3.3.2 Electrochemical system

In order to understand the diffusion and double layer properties, it is important to charac-

terize the redox reaction under no magnetic field conditions using non-magnetic working

electrode. This section discusses the ferri/ferrocyanide redox reaction near Pt film electrodes

and the reaction characterisation using sweep, pulse and AC techniques. All experiments

in this section are performed at room temperature (confirmed by thermocouple) and un-

der zero applied magnetic field. Measurements are performed using a Metrohm Autolab
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potentiostat PGSTAT 302.

3.3.2.1 Cyclic Voltammograms

Prior the redox system characterization, it is important to clean the WE surface to avoid any

possible surface related effects. It is known that the gold electrodes are not the best choice

to study the ferri/ferrocyanide redox couple due to the possible adsorption and corrosion

on the electrode surface [54]. Hence, we used Pt thin films as the WE to characterize the re-

dox system. The kinetics of [Fe(CN)6]3–/[Fe(CN)6]4– electrode process is known to be highly

dependent on the cleanliness of electrode [48]. In the current set of experiments, the redox

peaks in cyclic voltammogram are found absent when an uncleaned film is used as working

electrode (Fig. 3.14a). Thus, the pre-treatment of thin film WE plays a critical role in the

reproducibility and the kinetics of the reaction under study. Various cleaning procedures

have been reported in the literature to improve the electrode activity [55]. We followed the

procedure discussed in [48]. The procedure starts with sonication of thin film in acetone for

2 min followed by a rinse using ethanol and isopropanol. For the electrochemical cleaning,

the electrode is kept in a solution of 0.1 M KCl solution and the potential is swept between

-1.0 V and +1.3 V at scan rate 100 mV/s until a steady state response is observed (Fig. 3.13).

Peaks corresponding to the formation and oxidation of both adsorbed hydrogen and ad-

sorbed oxygen can be observed in the current-potential curve [56]. The potential range is

chosen such that Pt surface undergo both oxidation and reduction which is known to im-

prove the reaction rate and surface cleanliness [48].

After the pretreatment, the ferri/ferrocyanide redox reaction is characterized using cyclic

voltammetry. The potential is swept between 0.0 V and 0.6 V (Fig. 3.14b), chosen based on

the pretreatment i-V curve (Fig. 3.13) where no active species are present. The solution re-

sistance, Rs, is found to be 21.5 Ω using both positive feedback method and electrochemical

impedance spectroscopy. iR compensation is applied prior to the measurements. Open cir-

cuit potential, OCP, of the system is measured as 0.41 V. When the potential is swept from

0.6 V to 0.0 V, reduction of ferricyanide occurs while oxidation of the reduced species occurs

in the reverse sweep. According to the Randles-Sevcik equation for a reversible system of

the type O + ne–→R as discussed in section 2.1.1 , the peak current at room temperature is

ip,c = −2.69 × 105n3/2 AD1/2
0 [O]∞v1/2 (3.7)

where v is the scan rate in V/s, A is electrode area in cm2, D is analyte diffusion coefficient
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FIGURE 3.13: Cyclic voltammogram of Pt thin film electrode in 0.1 M KCl solution: potential
scan rate = 0.1 V/s; temperature 298 K

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
- 4 0
- 2 0

0
2 0
4 0

0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6
- 0 . 0 4
- 0 . 0 2
0 . 0 0
0 . 0 2
0 . 0 4

j (m
A/c

m2 )

E  -  i R  ( V  v s  A g / A g C l )

 5 0  m V / s
 6 0  m V / s
 7 0  m V / s
 8 0  m V / s
 9 0  m V / s
 1 0 0  m V / s

b )
A f t e r  p r e - t r e a t m e n tB e f o r e  p r e - t r e a t m e n t

 1 0 0  m V / s

j (m
A/c

m2 )

E  ( V  v s  A g / A g C l )

a )

FIGURE 3.14: Cyclic voltammogram of Pt thin film electrode in solution containing 0.2 M
K3[Fe(CN)6] and 1 M KCl (a) before pre-treatment and (b) after pre-treatment of electrode.
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in cm2/s, [O]∞ is the bulk analyte concentration in mol/cm3, and n is number of electrons

transferred in the redox reaction.

The other characteristics of a reversible reaction includes:

1. ip ∝ v1/2

2. redox peak potential independent of scan rate, Ep ̸= Ep(v)

3. |Ep − Ep/2| = 56.6/n mV

4. |Ep,a − Ep,c| = 57.0/n mV (Vs Ag/AgCl)

In the case of a quasi-reversible system, the individual peaks will be widely separated. Irre-

versible systems are characterized by a shift in the peak potential with the scan rate and the

characteristics follows:

1. ip ∝ v1/2

2. |Ep − Ep/2| = 47.7/(αn
′
) mV

3. redox peak potential dependent of scan rate,Ep = Ep(v)

and the peak current is now given by

ip,c = −2.99 × 105n(αn
′
)1/2 AD1/2[O]∞v1/2 (3.8)

As can be seen in Fig. 3.15a, |ip,a/ip,b| ̸= 1 can be due to quasi-reversibility, loss of reactant

to adsorption, or follow up chemical steps. Furthermore, the peak separation ∆Ep increases

from 77 mV at scan rate 50 mV/s to 88 mV at 100 mV/s. A higher ∆Ep value compared

to the 57 mV separation for a reversible reaction might be related to the slow kinetics [57],

electrode surface purity [58], or the influence of the supporting electrolyte concentration

[49, 50] in the ferri/ferrocyanide system. The dependence of ∆Ep on the scan rate v further

indicates the quasi-reversibility of the system. In order to find the diffusion coefficient,

ip is plotted against v1/2 and is fitted assuming a linear relation (Eqn. 3.8). The diffusion

coefficient of the ferricyanide reduction reaction is found to be 6.4 × 10−6 cm2/s and that of

ferrocyanide oxidation is 5.9 × 10−6 cm2/s. As the diffusion coefficient indicates the amount

of diffused particles per unit time, the observed difference is ascribed to the lower density of

ferricyanide compared to that of the ferrocyanide [52]. The obtained values are comparable

to the literature values 5 – 7.2 × 10−6 cm2/s for ferricyanide and 4.5 – 6.4 × 10−6 cm2/s for

ferrocyanide [59, 60].
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separation ∆Ep versus scan rate v
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ficient calculation, and (b) dimensionless parameter ψ obtained from Eqn. 3.9 as a function

of inverse square root of scan rate for kinetic rate constant calculation.
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The heterogeneous standard kinetic rate constant for a quasi-reversible system can also

be extracted from the CV curves [57], using the empirical equation

ψ = (−0.6288 + 0.0021X)/(1 − 0.017X) (3.9)

where X = ∆Ep × n, the rate constant k0 can be obtained using the Nicholson approach [57]

where ψ is given by

ψ = k0[πDnFv/RT]−1/2 (3.10)

To estimate the standard rate constant, ψ is calculated using Eqn. 3.9 and is plotted

against v−1/2 (Fig. 3.16b). Fitting the plot with a linear function and using Eqn. 3.10, k0

is obtained as 0.013 cm/s. This result is within the wide range of k0 values 0.01 – 0.4 cm/s

reported for ferri/ferrocyanide systems [58, 61, 62].

3.3.2.2 Chrono-amperometry

Chronoamperometry can be used to measure the diffusion coefficient of the reaction. Re-

calling the Cottrell equation for reactions limited by mass transfer, the decay of current after

the application of a potential step is

i =
nFAD1/2

0 c0

π1/2t1/2 (3.11)

In order to perform the measurement, a step voltage of 0.15 V is applied from the OCP

0.41 V. At this potential, the reaction will be in the diffusion limited as evidenced from the

CV measurements (Fig. 3.14b). The resulting current is plotted against t−1/2 as shown in

Fig. 3.17. Fitting the curve using the linear equation, the diffusion coefficient for ferricyanide

reduction, DR, is found to be 6.2 × 10−6 cm2/s. The obtained DR is in good agreement with

the value found using CV measurements and the literature [59] [60].

3.3.2.3 Electrochemical Impedance Spectroscopy

Impedance spectroscopy is further used to quantify the diffusion and kinetic properties of

the ferri-/ferro-cyanide redox system. Measurements are performed under potentiostatic

control in frequency range 100 kHz to 10 Hz. A Pt wire is coupled to the reference electrode

through a 0.1 µF capacitor (Fig. 3.12a) to avoid the high frequency artifacts of reference elec-

trode [63, 64]. Fig. 3.18b shows the Nyquist plot for the reduction of ferricyanide at the
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FIGURE 3.17: Chronoamperometry of Pt thin film electrode in electrolyte with 0.2 M
K3[Fe(CN)6] and 1 M KCl when a step potential from OCP 0.41 V to 0.15 V is applied.

potential of 0.25 V indicated by the red line in CV curve Fig. 3.18a. As expected for a stan-

dard redox reaction, the Nyquist plot consists of a semi-circle in the high frequency region

and a slanted straight line in the low frequency region. Impedance data is fitted with a

Randles circuit of a charge transfer resistance (Rct) in series with a semi-infinite Warburg

diffusion resistance (Zw), both in parallel with the double layer capacitance expressed as a

constant phase element (CPE), and all in series with the solution resistance which includes

uncompensated as well as cable resistances (Fig. 3.18b inset). Fitted parameters are tabu-

lated in Table 3.3. Prior to Randles fit, all impedance spectra are checked for linearity using

the Kramers-Kronig transformations.
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FIGURE 3.18: (a) cyclic voltammogram of Pt thin film electrode in electrolyte consists of 0.2
M K3[Fe(CN)6] and 1 M KCl and (b) impedance spectrum at potential 0.25 V shown in (a)

In order to characterize the bulk and double layer properties of the redox system, impedance
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Rs Rct Cdl ZW
Ω Ω µF Ω/s1/2

21.5 11.7 0.54 48.1

TABLE 3.3: Randles circuit fitted parameters of impedance spectra at potential 0.25 V

spectra are recorded at different dc bias voltage (Fig. 3.19a). At 0.41 V (OCP) there is no sig-

nificant reduction of ferricyanide, and the majority of the impedance is dominated by diffu-

sion, shown by a near 45° slope, with a small high frequency semi-circle related to the charge

transfer kinetics and double layer capacitance. As the DC bias voltage is reduced, the semi-

circle gradually dominates the impedance response, as expected when driven to reduction

conditions. Assuming a reversible reaction that can be described by Nernst equation, the

Warburg coefficient W can be written as [65]

W(E) =
RT

n2F2
√

2

[
1√

DoC0
+

1√
DRCR

]
(3.12)

which is related to Warburg impedance as Zw = 1/(Wω1/2)− j/(Wω1/2) and C0, CR are the

oxidised and reduced species surface concentration, respectively. Assuming that only the

oxidized form is initially present in the solution, the Nernst equation modifies the expression

for W as,

W(E) =
RT

n2F2c0
√

2Do

[1 + exp [n f (E − E1/2)]]
2

exp [n f (E − E1/2)]
(3.13)

where f = F/RT. The Warburg coefficient has a maximum (Warburg impedance has a

minimum) at E1/2. The diffusion coefficient can be extracted from this relation by fitting W

for various dc bias potential. Likewise, the kinetic rate constant can be obtained from the

potential dependent Rct values obtained by fitting the EIS spectra at various voltage and

using the equation [65],

Rct =
RT

n2F2k0c0

1 + exp [n f (E − E1/2)]

ςγ exp [(1 − γ)n f (E − E1/2)]
(3.14)

where ς = DO/DR = 1.08 (from CV). Furthermore, the effective double layer capacitance

(Ce f f ) at each voltage can be estimated from constant phase element (CPE) using the follow-

ing relation [66],

Ce f f = P1/N
[

1
Rs

+
1

Rct

](N−1)/N

(3.15)
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FIGURE 3.19: (a) Impedance spectra at different dc bias voltage of a Pt thin film electrode
in 0.2 M K3[Fe(CN)6] and 1 M KCl solution and (b) Warburg element extracted from the

Randles circuit fit as a function of dc bias voltage.

where P is related to CPE impedance as Z( f ) = 1/[P(j2π f )α] where f and α are frequency

and distribution factors respectively (section 2.1.3.1).

FIGURE 3.20: (a) Charge transfer resistance obtained from Randles circuit fit as a function
of dc bias voltage and (b) double layer capacitance estimated using Eqn. 3.15 as a function

of DC bias voltage.

Area normalised Warburg element obtained from the impedance fit is plotted against

potential (Fig. 3.19b) and is fitted using the Eqn. 3.13. The diffusion coefficient, D, is obtained

as 6.08 ± 0.02 × 10−6 cm2/s which is in good agreement with that of the value calculated

using cyclic voltammetry and chronoamperometry. The double layer capacitance is found

using the Eqn. 3.15 and its variation with dc bias voltage is shown in Fig. 3.20b. Similar
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behaviour of the double layer capacitance has been reported in other model systems like

nitrobenzene [19]. The behaviour of capacitance-potential curve can be explained using the

Gouy-Chapman-Stern (GCS) model (section 1.1.3.1). According to this model, the V-shape

region corresponds to the diffusive double layer capacitance having a minimum near the

point of zero charge (PZC), while the voltage independent capacitance at voltage < 0.175V

represents the Helmholtz layer.

Rct vs potential is fitted using Eqn. 3.14 and the resulting standard kinetic rate constant is

found to be 0.88 ±0.02× 10−2 cm/s. The k0 estimated using EIS is 32 % lower than that of the

one obtained using cyclic voltammograms. The reason for this difference might be manifold.

Even though ferri/ferrocyanide is considered as a model system, many reports suggest that

the reaction mechanism is not as simple as expected. Several studies reported the presence of

specifically adsorbed intermediates [67], and decomposition of reactants which leads to the

formation of Prussian Blue coverage [68]. As the EIS requires a longer time frame compared

to the voltammetry, the adsorption and passivation effects can be enhanced in EIS compared

to CV measurements. However, multiple EIS measured for 1 hr in an interval of 10 minutes

found that spectra is almost stable and reproducible. This suggests that the aforementioned

effects might be mostly affecting the electrode surface only in the initial few minutes of

measurement.

Technique 103 k0 106 DR
± 0.2 cm/s ± 0.1 cm2/s

CV 13.0 6.4
CA – 6.2
EIS 8.8 6.1

TABLE 3.4: Comparison of kinetic rate and diffusion coefficient obtained using different
measurement techniques.

3.4 Capping Layer Thickness Dependence on the Electrochemical

Activity of Co/Pt Films

Studies of the effects the of the Pt cap layer thickness on the electrochemical activity of Co/Pt

thin films allows us to decouple the surface related– and field gradient related– effects. Sur-

face sensitive measurements like X-ray spectroscopy (XPS) and atomic force microscopy

(AFM) are incorporated in this discussion in order to explain the electrochemical observa-

tions.
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In order to investigate the surface purity and reactivity of the films, cyclic voltammo-

grams (CV) at various scan rates are obtained for Co/Pt films with different Pt capping

layer thickness. Primarily, Pt and Co/Pt films sputter deposited from HZDR are used for

this investigation. All the measurements are performed under an applied out-of-plane field

of 400 mT so that the Co/Pt films will be in the saturated state at which the field and field

gradient effects will be minimum near the electrode surface. Micro-MHD [25, 69] and edge

effects [70] driven stirring can influence the diffusion coefficient values under a surface nor-

mal field. But, we will see in section 3.5 that the convective effects are minimum under

the field parallel to current configuration. Thus, measurement under 400 mT perpendicular

field allows us to compare the reaction rate of monodomain Co/Pt films with that of the Pt

films.

From the CV curves (Fig. 3.21), it is found that the peak separation of the Co/Pt CV

curves depends on the outer Pt capping layer thickness. At a scan rate 50 mV/s, Co/Pt

films with a top Co layer exposed to the solution has a maximum ∆Ep of 137 mV while a 5

nm Pt cap reduced it to 77 mV, comparable to the 75 mV of bulk Pt films (Fig. 3.22a). For

a Co/Pt film with outer Pt layer thickness of 3 nm, an intermediate ∆Ep value of 98 mV

is observed. Similar behaviour in ∆Ep can be observed irrespective of the scan rate. As

discussed in Section 3.3.2.1, ∆Ep is related to the standard kinetic rate constant (Eqn. 3.10).

ψ values corresponding to ∆Ep are calculated using Eqn. 3.9 and plotted in Fig. 3.22b. The

slope of the curve is proportional to the kinetic rate, with a larger slope for Pt films implying

a higher rate constant. Table 3.5 summarises the diffusion and kinetic parameters obtained

from CV measurements for all the films under investigation. After testing on many Pt and

Co/Pt films, it is found that a minimum of 5 nm Pt cap layer thickness is required for the

kinetic rate of the Co/Pt film to be comparable to that of Pt films. The measurement is

reproducible, with similar results seen in TCD films. For example, k0 of TCD Co/Pt films

with 2.8 nm outer Pt cap is about 60 % smaller than that of the Pt films. The observed k0

dependence on the Pt cap layer, being quite reproducible, suggests that it might be related

to the surface purity of the films. Furthermore, these results are particularly interesting

because a Pt cap layer of 2 – 3 nm is commonly used as a protective layer to avoid oxidation

in heterostructure films used for spintronics applications [21–24, 71].

In order to investigate the electrochemically observed Pt cap layer dependence on the

kinetics of Co/Pt films, the sample surface is imaged by atomic force microscopy (Fig. 3.23)

at room temperature and pressure. Roughness is estimated as the peak position correspond-

ing to the maximum of the Gaussian height distribution. Surface roughness RA of HZDR
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FIGURE 3.21: CV curves of HZDR Co/Pt samples with different Pt cap layer thickness and
Pt film at scan rate (a) 50 mV/s and (b) 100 mV/s in solution of 0.2 M potassium ferricyanide

and 1 M KCl.
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FIGURE 3.22: (a) Peak separation as a function of scan rate and (b) ψ evaluated using
Eqn. 3.9 as a function of inverse square root of scan rate for HZDR Pt film and Co/Pt films

with different Pt cap layer thickness.
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Sample 103 k0 106 DR 106 DO SR
± 0.2 cm/s ± 0.1 cm2/s ± 0.1 (cm2/s) nm

HZDR samples

[Co/Pt]19/Co/Pt(0.0) 1.1 5.2 4.7 2.7 ± 0.4
[Co/Pt]19/Co/Pt(3.0) 3.1 5.8 5.2 2.2 ± 0.3
[Co/Pt]19/Co/Pt(5.0) 9.7 6.0 5.5 2.1 ± 0.3
[Co/Pt]19/Co/Pt(10.0) 10.0 6.1 5.6 2.1 ± 0.3

Pt 13.0 6.4 5.9 2.2 ± 0.2

TCD samples

[Co/Pt]19/Co/Pt(2.8) 4.5 5.4 5.1 1.4 ± 0.3
Pt film 11.2 5.8 5.4 1.3 ± 0.2

TABLE 3.5: Electrochemical and surface characterization summary of different working
electrodes. Pt cap layer thickness in nms.Kinetic rate, k0, reduction and oxidation diffusion
coefficient, DR and DO are obtained from CV measurements under an applied out-of-plane

magnetic field of 400 mT, and surface roughness, SR is calculated from AFM imaging.

samples is found to be larger than the TCD samples. This is possibly due to the higher sput-

ter deposition rate of the HZDR samples (see Section 3.2.1). The surface roughness of TCD

samples is estimated to be lower than 1.5 nm and that of the HZDR samples below 2.5 nm,

with the exception of Co exposed Co/Pt sample (Table 3.5).

FIGURE 3.23: (a) AFM image of TCD Co/Pt film with 2 nm cap layer, and (b) height distri-
bution and Gaussian fit corresponding to the area enclosed in box as shown in (a)

Angle-resolved X-ray photoelectron spectroscopy (ARXPS) is used to further character-

ize the chemical properties of the sample surface (Fig. 3.24). The inelastic mean free path of

Pt 4f and Co 2p photoelectrons is about 1.5 and 1.2 nm respectively [72] with an expected

information depth of 4 nm at the normal emission [18]. Photoemission spectra of Pt 4f and
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Co 2p levels are recorded to study the oxidation states at the film surface. In TCD Pt films,

the existence of pure Pt at 70.8 ± 0.2eV, Pt2+ at 72.9 ± 0.2eV and Pt4+ at 74.1 ± 0.2eV is

confirmed. For the case of TCD Co/Pt film with an outer 2.8 nm Pt layer, XPS of 2p3/2 core

level reveals the presence of cobalt oxide at the surface. The peak corresponding to metallic

Co measured at 777.9 ± 0.2eV, Co3+ or Co2+ components measured at 780.7± 0.2 eV and the

satellite peak of Co3+ at 785.0± 0.2eV. At normal emission, the spectra can contain the sig-

nal from the buried Co layer, but, the angle resolved measurements confirms the presence

of oxides and metallic forms of Co at the sample surface. The inconsistency in the peaks as

the angle increases highlights the non-uniformity of both Pt and Co oxides layers [73]. The

source of Co or Co oxide in a 2.8 nm Pt capped Co/Pt film might be related to the columnar

structure of the multilayer films (section 3.2.1). The columnar structure enhances the rough-

ness and the partial surface coverage at the grain boundary can leave some parts of top Co

layer unprotected.

FIGURE 3.24: Angle resolved X-ray photoemission spectra corresponding to (a) Pt 4f7/2 core
level of TCD Pt film and (b) Co 2p3/2 core level of TCD Co/Pt film. Black line represents
the final fit and the coloured lines are the expected spectra for different oxidation states

mentioned.
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To summarize the capping layer study, it is found electrochemically that the reactivity

of Co/Pt electrodes depends on the thickness of outer Pt cap layer. As per the CV measure-

ments, a minimum of 5 nm Pt cap layer is required for Co/Pt multilayer film to be as reactive

as Pt films. Surface analysis using AFM technique measure a surface roughness about 1.5

nm for TCD samples and 2.5 nm for HZDR films. To obtain the chemical composition of the

film surface, XPS technique is explored. Angle resolved XPS confirm the presence of metal-

lic and oxidised forms of Co at the Co/Pt film surface having 2.8 nm Pt cap layer. Thus, it is

shown that electrochemical methods can be used as an alternative for other surface purity

analysis. Unlike ARXPS which demands special sample preparation steps, high precision

hardwares and high vacuum conditions, the electrochemical technique can be performed at

room temperature and pressure, and requires no patterning or special sample preparation.

3.5 Convection Effects - Lorentz Force and Mechanical Stirring

It is known that the Lorentz force influences the mass transport of the system through

forced convection near the electrode surface [74–76]. We show in the following section how

in-plane field induces MHD stirring equivalent to mechanical stirring by means of cyclic

voltammetry and impedance spectroscopy.

FIGURE 3.25: (a) Schematic of electrode under in-plane magnetic field and (b) electrochem-
ical cell arrangement used for mechanical stirring study.
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3.5.1 Lorentz Force

Fig. 3.26 shows how a magnetic field impacts the cyclic voltammetry on Pt and Co/Pt film

electrodes for two orientations, (a) the field applied in the plane of the film (IP) or perpen-

dicular to the current, and (b) the field applied out of plane of the film (OP) or parallel to

the current as the direction of current is defined normal to the electrode surface. Consider-

ing OP alignment (Fig. 3.26a and b), it is observed that convective effects are minimized in

this configuration. This would imply that micro-MHD (section 1.2) and edge effects driven

convective effects are minimum in the system. For TCD Co/Pt films, a small change in re-

duction current can be observed with the perpendicular field which might be due to the

field gradient effects (detailed discussion in section 3.6). However, no appreciable shift in

peak current or peak separation is observed in the OP field geometry.

To probe the Lorentz force induced effects, a uniform magnetic field is applied parallel to

the electrode surface. Fig. 3.25a schematically represents the measurement setup. Fig. 3.26c

and d shows the MHD effect of both Pt and Co/Pt under IP magnetic field. During the

reduction of ferricyanide, Lorentz force effects are negligible in a potential range 0.6 V to

0.25 V which corresponds to the kinetics limited region. As expected, the diffusion lim-

ited region is influenced by the in-plane magnetic field. We can also observe from cyclic

voltammograms that the Lorentz force effects are asymmetrical on the two reaction peaks

which can be explained by the difference in absolute current density values. As the elec-

trolyte consists of ferricyanide solution, the current density is higher in the reduction region

(left) compared to the oxidation region (right) resulting the difference in the Lorentz force

magnitude. Natural convection also plays a role in the field induced effects based on the

density of the species involved [77]. Similar in-plane field behaviour is observed for both

Pt and Co/Pt film electrodes and therefore indicates the magnetic domains configuration of

the Co/Pt samples does not play a significant role in this field configuration.

Cyclic voltammogram gives qualitative description about the mass transport response

to the magnetic field. In order to better understand the Lorentz force effects on the diffusion

layer, impedance spectroscopy is further used. A DC bias voltage of 0.15 V is chosen from

the CV curves where the reaction is expected to be mass transport limited. Fig. 3.27a shows

the evolution of the impedance spectra with the in-plane magnetic field. Spectra are then

fitted with a Randles circuit as discussed in Section 3.3.2.3 and the relevant parameters are

estimated as a function of field (Fig. 3.27 b,c,d). We found that the Warburg element, related

to the diffusion layer, is very sensitive to the field with a power law dependence of B1/3, as

predicted by Aogaki [78] for the Lorentz force induced magneto-convection. The change
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FIGURE 3.26: Cyclic voltammograms of (a) TCD Pt and (b) TCD Co/Pt with 2.8 nm cap
layer under different out-of-plane magnetic field. Similar set of c) Pt and d) Co/Pt film

under different in-plane magnetic fields. Scan rate of all CV is 50 mV/s.
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FIGURE 3.27: (a) Evolution of impedance spectra of TCD Co/Pt (2.8 nm Pt cap layer) with
in-plane magnetic field at bias voltage 0.15 V. Randles circuit fit parameters (b) inverse of
Warburg element, (c) charge transfer resistance and (c) effective capacitance as a function of

in-plane field.
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of Rct and Cdl with the in-plane field suggests that both interfacial and diffusion regions

are sensitive to the bulk convection. To confirm that the observed effects originate from the

convective effects induced by the Lorentz force, the system is further studied under forced

convection induced by mechanical stirring.

3.5.2 Mechanical Stirring

In order to characterize the effect of mechanical stirring, the solution is agitated using the

motor as shown in Fig. 3.25b. This setup is different from the rotating disk electrode (RDE)

where the working electrode itself act as a pump for flowing.
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FIGURE 3.28: Cyclic voltammograms of Pt film under mechanical stirring when the voltage
sweep rate is a) 10 mV/s and b) 100 mV/s

We expect that mixing the bulk solution sheds some light into the bulk convective effects

of the system. Fig. 3.28 shows the response of cyclic voltammograms to the mechanical

stirring. CV recorded at slower scan rate is comparatively more sensitive to stirring than

the one with higher scan rate. This can be explained by the dependence of diffusion layer

thickness on the scan rate. During a slow potential scan rate, the diffusion layer grows

thicker as compared to a fast scan rate. Based on our earlier discussion (section 1.2), it

is known that the concentration gradient inside the diffusion layer can be influenced by

convective effects. Hence, a thicker diffusion layer developed at slower scan rate condition
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will be more influenced by the forced convective effects due to stirring, as compared to a

thin diffusion layer at larger scan rates.

FIGURE 3.29: (a) Evolution of impedance spectra of Pt film with mechanical stirring at bias
voltage 0.15 V. Randles circuit fit parameters (b) inverse of Warburg element, (c) charge

transfer resistance and (c) effective capacitance as a function of stirring.

Fig. 3.29 shows the impedance spectra and the Randles fit parameters evolution with

mechanical stirring. Similar to IP MHD effect, it is found that the mass transport and inter-

face properties are sensitive to the mechanical stirring of the solution. It is estimated that

the application of a 0.6 T is equivalent to a rotation of 136 rpm. It is worthwhile to note that

this relation can be influenced by several parameters like electrolyte concentration, electrode

area, cell volume and motor blade dimensions.

To summarise this section, we found that convective effects are minimum when the field

is applied normal to the electrode surface. we also observed that the bulk and interface

properties of the reaction is very sensitive to the convective effects induced by Lorentz force

in B // j geometry. Additionally, the equivalence of in-plane field driven MHD effect to the

mechanically stirring of solution is also shown.
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3.6 Effect of large Magnetic Field Gradient at the Electrochemical

Interface

In this section, we will study in detail how a large field gradient imposed near to the elec-

trode surface will impact the electrochemical reaction, by means of chronoamperometry and

impedance spectroscopy.

3.6.1 Chronoamperometry

Chronoamperometry is used as one of the main methods for detecting steady state effects

by the field gradients. It is known that, for a Cottrellian system, the diffusion limited current

decreases with time (t) as t−1/2 as the current depends on the concentration gradient devel-

oped between the electrode-electrolyte interface and the bulk solution. However, at longer

timescale, natural convection arising from the density differences in the solution perturbs

the concentration gradient and results in a steady-state current. Sugiyama and Aogaki et al.

[76] theoretically treated the magneto-convection due to non-uniform magnetic field and de-

rived the relation for microelectrode diffusion current density to the field and concentration

gradient as

j = 0.0969nFD0

(
1

µ0D0ϱ

)1/3 (∂χ

∂c

)1/3

× |∆cs|4/3
∣∣∣∣B(dB

dz

)
z=0

∣∣∣∣1/3

(3.16)

where n is the number of electrons transferred, F is Faraday constant, D0 is the diffusion

coefficient, µ0 is the magnetic permeability, ϱ is the viscosity, χ is the magnetic susceptibility,

and ∆cs is the difference between surface and bulk concentration. This equation assumes

magnetic field B and field gradient (dB/dz) in the z-direction. Similar to the discussion in

section 1.2.2, Eqn. 3.16 explains the necessity of orthogonal components of both field and

susceptibility gradients for the magneto-convection to be active.

In our case, to attain the steady state, a potential of 0.25 V (0.16 V step from the OCP

0.41 V) is applied for 10 minutes. Field is then swept between ± 400 mT in steps of 10

mT. Once the applied field is stabilized (in < 5 s), the current is measured after waiting for

10 s, implying a delay time of total 15 s between two consecutive current measurements.

Fig. 3.30 shows the steady state current hysteresis measurement of ferricyanide reduction

with Pt film and HZDR Co/Pt films with different outer Pt cap layer thickness as working

electrode. As can be seen, Co/Pt films with up to 5 nm thick Pt cap show a change in

current density with applied out-of-plane field, having a maximum magnitude at 0 mT and
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a minimum when the field is > |200| mT. When the field is changed from ± 400 mT to 0 mT,

the current density enhancement is about 8, 7 and 5 % for Co/Pt film with outer Pt cap 0.0,

3.0 and 5.0 nm, respectively. On the other hand, no such field dependence on the current

density is observed wen the working electrode is a Pt film or a 10 nm thick Pt capped Co/Pt

film(Fig. 3.30b).
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FIGURE 3.30: Steady state current density vs out-of-plane magnetic field at voltage 0.25V
(a) for HZDR Co/Pt films with outer Pt cap thickness 0.0, 3 and 5.0 nm, and (b) for Pt film

and HZDR Co/Pt film with 10 nm outer Pt cap thickness.

The influence of a magnetic field on electrochemical reactions has been controversially

discussed when the field is applied normal to the electrode surface. Lorentz force flows are

complex in nature, involving micro-MHD flows generating macro and micro vortexes at the

electrode surface. In micro-disk electrodes, MHD stirring due to non-uniform edge current

distribution has been reported in the case when the field is applied perpendicular to the

surface [53, 79]. Even when the current distribution is uniform, other types of MHD and

micro-MHD effects induced convection originating inside the diffusion layer can influence

the reaction [69]. During electrodeposition, physical quantities changing with time and lo-

cation result in non-equilibrium fluctuations. These fluctuations can interact with the field

normal to the surface creating characteristic morphologies called the micro-mystery circles

[53, 69, 80]. Furthermore, when the field is non-uniform along the direction normal to the

surface, the gradient force can induce magneto-convection if the paramagnetic species are

involved [53, 81, 82].
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FIGURE 3.31: Force field estimation at the immediate vicinity of thin film obtained using
2D magnetized sheet model. (a) Contour plot of field gradient above the magnetic array
having opposite magnetization in the alternate bits. Estimation of (b) magnetic field, (c)
field gradient and (d) force field gradient near the electrode surface. The parameters used
are magnetic thickness = 20 nm, domain width 0.13 µm, dead layer = 16 %, magnetization=

1.5 T and ferricyanide concentration = 0.1 M.
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Returning to the steady current - OP field hysteresis loop, the micro-MHD and edge ef-

fect driven convective effects can be assumed to be negligible as no field effects are observed

in the Pt and 10 nm capped Co/Pt electrodes. Hence, the external field cannot be considered

as a primary source of steady current field dependence in Co/Pt films. Another source of

interest is the stray field due to the magnetic multi-domains which is concentrated in the

immediate vicinity of the electrode surface. In this few tens of nanometers thin interfacial

region, the influence of magnetic field is expected to be negligible as the electrostatic and

thermal diffusion driving forces are order of magnitudes higher that of the field induced

forces. However, Aogaki et al. has reported that the field can in fact induce convection

inside the diffusion layer [69] and can influence the morphology of electrodeposits.

To estimate the magnitude of the thin film multi-domain generated force fields involved,

the field and field gradient are calculated assuming the thin film as a magnetised 2D sheet.

Fig. 3.31 shows the approximated field and gradient field values as a function of distance

from the surface of the Co/Pt film. For the Co/Pt film electrode without a Pt cap layer,

an average field of 0.26 T is expected at the film surface. As the current density involved

is small, the average Lorentz force density at the surface is rather small as 25 N/m3 (j = 5

mA/cm2, B = 0.5 T) compare to the force driving natural convection (∼ 103 N/m3). On the

other hand, the field gradient force can act as driving force of micro-convection. As we al-

ready discussed, unlike Lorentz force, the Kelvin force can be enhanced with the reduction

of the system size. Hence, field gradient is expected to be maximised in the nano and micro-

magnetic objects. From the 2D model of magnetic thin films, it is estimated that the field

gradient of the order of 107 T/m can be produced at the surface by the multidomain mag-

netic thin film (Fig. 3.31c). The resultant gradient force density is also of the similar order

(Fig. 3.31d) taking χmol = 28.8 × 10−9 m3/mol for potassium ferricyanide, and c ≈ 0.1 M.

The field gradient force can inhibit the convection of paramagnetic species and can locally

alter the concentration gradient. A study using CoPt nanowires embedded in an alumina

membrane has showed that the oxygen reduction current can be enhanced by the magnetic

field gradient driven convective inhibition of paramagnetic radical near electrode surface

[11, 12]. Therefore, the large field gradient created by the magnetic multi-domain films at

the electrochemical interface is assumed to be the driving force of the observed field effects.

To further confirm the assumption, the OP field dependence of the magnetic multi-

domain is compared to the steady state hysteresis behaviour of Co/Pt films. It can be seen

from the magnetization curve (Fig. 3.6a) and MOKE imaging (Fig. 3.9) that the Co/Pt films

are in multi-domain state when the field is < |200| mT and is saturated at higher fields (at
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around|200| mT). As we already discussed, the field gradient due to the Co/Pt film will be

maximum in the multi-domain state and will be minimum at the saturated state. The be-

haviour of steady state current (Fig. 3.30a) follows the evolution of the field gradient due

to the Co/Pt film. The dependence of Pt capping layer on the field induced current en-

hancement can also be explained by the reduction of field gradient with distance from the

electrode surface. The current enhancement is maximum in Co/Pt film with no Pt cap and

reduces with the Pt cap thickness which eventually vanishes when the cap is 10 nm thick.

Similarly, at 10 nm away from the electrode surface, the field gradient reduced by an order

of magnitude might be lower than the threshold required for the field-induced microcon-

vection.

3.6.2 Impedance Spectroscopy

Chronoamperometric measurements shows a change in the steady current under the in-

fluence of a large field gradient imposed at the electrochemical interface. Electrochemical

impedance spectroscopy (EIS) is further used to decouple the influence of field gradient on

the interface from bulk properties of the system. As we already discussed, EIS allows to

study the fast processes such as kinetics and double layer charging, along with the slow

mass transport effects. Pt and Co/Pt films with 3 nm Pt cap are used as working electrodes

to compare the field effects. Measurements are carried out under different field applied per-

pendicular to the film surface. First, a DC bias voltage of 0.25 V is applied for 10 minutes to

reach a steady state. Impedance spectra in the frequency range of 100 kHz – 10 Hz are then

recorded under different perpendicular magnetic fields. Steady state current response to

the applied perpendicular magnetic field is also recorded as a function of time (Fig. 3.32a).

From the current response to the magnetic field, about 10 – 20 s current response delay to

the applied field is estimated. Hence, all impedance measurements start after a waiting time

of 30 s after changing the magnetic field value.

Impedance spectra Fig. 3.32b shows the evolution of the Nyquist plot of a Co/Pt film

under various perpendicular magnetic field. The semicircle corresponds to the high fre-

quency charge transfer resistance and double layer capacitance whereas the low frequency

straight line on the right side represent the diffusion Warburg impedance. The data is fitted

using the Randles circuit to extract the relevant parameters and plotted as a function of mag-

netic field (Fig. 3.33). The bath resistance Rs is almost invariant with the field as expected

(Fig. 3.33d). The low frequency Warburg response is also unaffected by the applied field
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FIGURE 3.32: (a) Chronoamperometry of HZDR Co/Pt (3 nm cap) electrode at potential
0.25 V (vs Ag/AgCl), and (b) impedance spectra at bias potential 0.25 V under different

surface normal fields.

(Fig. 3.33c) indicating that the diffusion layer is insensitive to the magnetic field at this bias

potential.

The most striking result happens in the high frequency region where the charge transfer

resistance (Rct) and double layer capacitance (Cdl) shows a clear dependence to the applied

magnetic field (Fig. 3.33 a,b). Both quantities are reduced by 5-6 % when the applied field

changes from ± 400 mT to 0 mT. A reduction in Rct is in accordance with the enhancement

of current observed in the chronoamperometry measurements (Fig. 3.30a). As the applied

DC bias voltage is close to the half potential E1/2, the effective double layer capacitance can

be treated as a Gouy-Chapman capacitor corresponding to the diffusive double layer region.

A change in Cdl with the applied field would then imply a change in the concentration of

ions in the diffusive double layer region. This matches to our assumption of field gradient

driven micro-convection as the origin of current enhancement in Co/Pt films.

For comparison, EIS at different perpendicular field are measured for a pure Pt film, and

the relevant parameters are extracted using a similar Randles circuit fit. Fig. 3.34 shows the

Nyquist plot and the evolution of the impedance data fitted parameters for a Pt film under

different OP magnetic field values. Similarly to the chronoamperometric observations, the

Pt film shows no field dependence for the impedance fitted parameters. The average change

in the Rct and Cdl is about 1 – 2 % per measurement, irrespective of the applied field. This is

attributed to the partial surface coverage [68] and specific adsorption effects [67] which has

already been reported for ferri/ferrocyanide reactions. However, EIS measurements on Pt
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FIGURE 3.33: Randles circuit fitted parameters of Nyquist plots in Fig. 3.32b. (a) charge
transfer resistance, (b) double layer capacitance and (c) warburg diffusion impedance and
(d) solution resistance evolution as a function of magnetic field applied normal to the Co/Pt
film surface. For comparison, y-scale of all plots is chosen such that the total change is

around 10%.
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FIGURE 3.34: (a) Nyquist plot of Pt film at dc bias voltage 0.275 V under different magnetic
field applied normal to the film surface. (b) charge transfer resistance, (c) double layer
capacitance and (d) Warburg diffusion impedance evolution as a function of magnetic field.

For comparison, y-scale of b, c and d is chosen such that the total change is around 10%.
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films confirms comparatively better reproducibility and stability, and also confirm that the

external field induced effects are minimum in the system under investigation.

FIGURE 3.35: Randles circuit fitted parameters of Co/Pt impedance spectra. (a) Warburg
diffusion element, (b) charge transfer resistance and (c) double layer capacitance as a func-
tion of dc bias voltage under different perpendicular field. (d) Kinetic rate constant and

diffusion coefficient calculated for Co/Pt and Pt film under different field conditions.

To better understand the interfacial and bulk effects due to the near electrode large field

gradient, multiple impedance spectra are recorded at different DC bias voltages between

OCP 0.41 V and the active reduction voltage 0.125 V in steps of 0.025 V. At each DC bias

voltage, impedance spectra are recorded under perpendicular fields applied in order: 400

mT, 0 mT and 400 mT. It is worthwhile reminding that, in Co/Pt films, the field gradient due

to the multi-domains will be minimum at 400 mT and maximum at 0 mT. Thus, comparison
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of impedance spectra recorded for Pt and Co/Pt film in such field configurations should

help us to distinguish the field gradient and other surface related effects at different dc bias

voltage values. Fig. 3.35 a, b and c show the extracted Randles circuit fit parameters from

the impedance spectra of Co/Pt film as a function of potentiostatic conditions for different

magnetic fields. As discussed earlier in Section 3.3.2.3, the kinetic rate constant and the

reduction diffusion coefficient can be estimated from the potential dependent EIS data using

the equations 3.13 and 3.14, and the estimated values for Pt and Co/Pt films are tabulated

(Fig. 3.35d). Irrespective of the applied field magnitude, k0 of Pt shows an increase with

respect to the order of measurement but the change is within the standard deviation. In

the case of Co/Pt electrode, k0 increases when the field gradient is maximum (0 mT) but

the change with respect to the OP field lies within the standard deviation and cannot be

considered as a true shift.

In order to understand the field gradient effect at different voltages, the change in the

value of fitted parameters due to the applied field is plotted as a function of bias voltage

(Fig. 3.36). The ∆ parameter is defined as the percentage change of Randles fit parameter

with the field. For example, ∆cdl is defined as,

∆cdl(%) =
Cdl(B1)− Cdl(B0)

Cdl(B0)
× 100 (3.17)

Likewise, ∆Rct and ∆(W) represents the percentage change in charge transfer resistance

(Rct) and Warburg element (1/W) with the applied field. Fig. 3.36a(i) shows the percentage

change of double layer capacitance (Cdl) with the applied perpendicular field at different

bias voltage. As can be seen, for Co/Pt electrode, the double layer capacitance is sensitive to

the field gradient when the potential is near to the point of zero charge (EPZC ≈ 0.26 V). This

implies that the concentration of ions in the diffusive double layer region has changed due

to the field gradient induced micro-convection. The change in Cdl is quite reproducible irre-

spective of the order in which the field is applied (Fig. 3.36a(i) and b(i)). No such change in

Cdl is observed for Pt electrodes. Far from EPZC, no field dependence to the effective capac-

itance is observed for either Co/Pt or Pt film electrodes which suggests that the Helmholtz

parallel plate like capacitance remain intact and is not sensitive to the field gradient effects.

Fig. 3.36a(ii) and b(ii) shows the change in charge transfer resistance (Rct) with the applied

perpendicular field at different bias voltage.

For a Co/Pt electrode, Rct changes with the field gradient when the applied potential is
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FIGURE 3.36: Percentage change of Randle’s circuit fitted parameters of Co/Pt film as a
function of dc voltage when applied normal field changes from (a) 400 mT (minimum field
gradient)to 0 mT (maximum field gradient) and (b) from 0 mT (maximum field gradient) to

400 mT (minimum field gradient).
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≤ 0.275 V. As we already discussed, a concentration gradient is required for the field gradi-

ent to induce the convection. When the applied voltage is small (E < Epzc), the concentration

gradient is assumed to be not large enough for the field gradient effects to be active. Interest-

ingly, the behaviour of ∆Rct changes with the direction of applied field rules out any surface

related effects as the source of the observed change and confirms that the observed change

is due to the localized field gradient. Lastly, Fig. 3.36a(iii) and b(iii) shows the change in the

Warburg diffusion component with the perpendicular field at different bias voltage. Similar

to Cdl and Rct, no field effect is observed on either Pt and Co/Pt electrode when the applied

voltage is small (E < Epzc). At the reduction potential 0.275 V, as discussed in the field

dependence study (Figs. 3.33), the change in Warburg element for Co/Pt electrode is only

1-2 %, lower than the 5-8 % change in Cdl and Rct. However, at more negative potentials,

along with the Rct change, the Warburg element also changes with the field gradient. It is

already been known from the Lorentz force study (Section 3.5) that the diffusion layer is

very sensitive to the convective effects. During active reduction of ferricyanide, the larger

concentration gradient and the micro-convection driven by the field gradient can influence

the diffusion layer. On the other hand, the applied field has a negligible influence on the

Warburg element of the Pt film electrode.

3.7 Conclusion

The influence of a magnetic field on the electrochemical reactions can be explained, in most

cases, by means of field influence on the mass transport. When charged species move per-

pendicular to the field direction, the Lorentz force acts on the species and induce convective

flow. A concentration gradient of paramagnetic species orthogonal to the field gradient also

has a similar effect and influence the magneto-convection. On the other hand, the field

influence on the interfacial region is a controversially discussed topic as the solid/liquid

interface is governed by diffusion and electrostatic forces which are orders of magnitude

higher than the magnetic forces. Our aim is to investigate the consequence of large field

gradient imposed at the interface on the electrochemical reaction.

To create the large field gradient landscape near the immediate vicinity of electrode,

magnetic thin films consisting of Co/Pt repeats having perpendicular magnetic anisotropy

are sputter deposited. Based on magnetic measurements and imaging techniques, the mag-

netic multidomains at low applied field are characterised, and the field and field gradient

values are estimated by means of 2D magnetised sheet model. Gradient field of the order
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of 107 T/m is achieved at the film surface. For the electrochemical investigations, a model

system of ferri/ferrocyanide reaction is chosen as a standard redox probe. Interfacial and

bulk properties of the reaction are pre-characterised using a Pt film as working electrode.

In a separate effort, the influence of Pt cap layer on the electrochemical activity of the

Co/Pt multirepeat film is studied. A minimum of 5 nm Pt cap is found to be required for

the Co/Pt film to exhibit a reaction rate reaching the one of pure Pt films. The chemical

composition on the surface is analysed using angle resolved XPS. For a 3 nm Pt capped

Co/Pt film, ARXPS found traces of Co at the surface suggesting an imperfect Pt surface

coverage.

To investigate Lorentz force effects, the cyclic voltammetry (CV) and impedance spec-

troscopy (EIS) are performed under different field applied parallel to the electrode surface.

From CV curves, one can evidence the Lorentz force influence on the mass transport lim-

ited regime with no indication of impact on the kinetically limited one. Similar observation

hold for both Pt and Co/Pt films. Impedance study found that, when the reaction is mass

transport limited, the interfacial and bulk properties of the redox reaction are influenced by

the Lorentz force. To confirm that the observed effects are indeed due to convection, the

equivalence to mechanical stirring is demonstrated.

Lastly, the influence of extreme magnetic fields at the interface between electrode and

electrolyte on the electrochemical reaction is characterised. The steady state current shows

a clear dependence on the field gradient generated by the multi-domains in Co/Pt films.

No field dependence on current is observed for Pt or Co/Pt with 10 nm Pt cap thickness

films. The absence of field gradient effect on the 10 nm capped Co/Pt film is attributed to

the order of magnitude diminished field gradient. Impedance spectroscopy is further used

to study the observed field effect in detail. It is found that, near to the point of zero charge

(Epzc) of 0.25 V, the interfacial double layer capacitance (Cdl) and charge transfer resistance

(Rct) are influenced by the large magnetic field gradient while the diffusion related Warburg

impedance (W) isn’t. During the active reduction of ferricyanide, at potentials far from

from Epzc, interfacial capacitance resembles a tightly packed Helmholtz layer and becomes

insensitive to the field gradient. However, in this mass transport limited region, Rct and

W shows a dependence to the Kelvin force. The suppression of near-electrode convection

of the paramagnetic species is suggested as the mode of action. Thus while there is an

enhancement of the effective kinetics, there is no true shift in the underlying kinetics.
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Chapter 4

Electrically Programmable Magnetic

Field Gradient Using Focused He+

Beam Irradiation

In the previous chapter, we discussed how a chemical reaction can be affected by the large

field gradient created at the electrochemical interface. Co/Pt multilayers having multi-

domains in the remanent magnetic state were used as primary source of the field and field

gradient. Such a multilayer allowed the field gradient landscape to be repeatedly switched

on and off by applying or removing the external field. However, the domain manipulation

by applied field is limited in terms of spatial control and temporal resolution. Recently, it

has been reported that the magnetization of nanomagnetic objects can be electrically manip-

ulated within sub-ns time resolution using the technique known as spin orbit torque (SOT)

switching. We try to explore the possibilities of this switching process along with the aid of

focused light ion irradiation for the spatio-temporal control over the magnetic patterning,

while preserving the flat topography of the sample. We discuss the initial results of this

long-term project, and shows the pathway through which a model system is created.

4.1 Introduction

Multi-domain states in perpendicular magnetic anisotropy (PMA) thin films can be created

either by adjusting the film properties (number of repeats, thickness of magnetic layer), or

by patterning using ion irradiation. As compared to the former method, the irradiation

assisted patterning is an additional processing step but offers better spatial control of mag-

netic domains. In order to demonstrate the magnetic patterning and selective magnetization

switching in PMA thin films, focused helium ion beam (FIB) is utilized. As compared to

other techniques like the focused gallium ion beam and the electron beam, focused helium
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ion irradiation offers nanometer precision patterning due to its low scattering and minimal

beam divergence in the sample material [1] while keeping limited sample surface damage.

Magnetic patterning using broad beam irradiation has been demonstrated using photoresist

masks [2–4], but the smallest patterned magnetic bit is mostly determined by the resolution

of lithography steps rather than the ion-beam interaction volume [5]. On the contrary, fo-

cused helium ion beam allows maskless nanopatterning where the lateral dimensions of

the magnetic structures are limited only by the size of collision cascade (≤ 10 nm) [1]. In

addition to the nano precision, this approach also preserves the flat topography of the ini-

tial magnetic stack [2] which is a major prerequisite for the electrochemical applications we

envision [6]. In thin magnetic multilayers, light ion irradiation causes intermixing of the in-

terface atoms which in turn increases the interfacial roughness [7]. This allows control over

the interface dependent magnetic properties like magnetization [8] and magnetic anisotropy

[2, 9, 10].

FIGURE 4.1: Spatial control of magnetic anisotropy using light ion irradiation. In the re-
programmable array, selected areas are irradiated with ions causing a reduction in the local
magnetic anisotropy field, Hk. The current(J) induced spin-orbit switching will first cause a
reversal in areas with reduced He f f , which allows the creation of high magnetic field gradi-

ents.

Spin Orbit Torque (SOT) is an efficient way to electrically manipulate the magnetization

of nanoscale magnetic objects [11, 12]. As discussed in section 1.4.2.2, the current required to

switch the magnetic state (±Mz) depends on several parameters including saturation mag-

netization and magnetic anisotropy of the thin film [13], which are difficult to alter locally

within a film. It has been recently demonstrated that the photoresist assisted broad beam ir-

radiation can reduce the SOT switching current density [14], tailor the domain wall velocity

[15], and even drive the multi-level switching [16] in PMA films. We therefore propose to

combine the current driven magnetization switching with the focused ion irradiation tech-

nology in order to design an electrically reprogrammable magnetic patterns which allows

spatial control over the field gradient force density (Fig. 4.1). Recent studies have shown that
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reversible sub-nanosecond (sub-ns) SOT switching can be achieved in PMA thin films [17,

18]. This is particularly interesting in electrochemcial applications as the ionic atmosphere

rearrangement (∼ 10 ns) and solvent dipole reorientation (∼ 10 ps) which occur at the elec-

tric double layer prior to heterogeneous electron transfer happen at a similar timescale [19].

Thus, the possibility of ultrafast temporal control of individual magnetic bit states might

open the door to experiments providing new insight into the influence of field gradient on

the dynamics of fast charge transfer process at the solid/liquid interface.

4.2 Helium Irradiation Assisted Selective Current Driven Magne-

tization Switching in Magnetic Thin Films

In this section, we demonstrate the selective switching of a 10µm x 10µm region as an initial

step towards the realisation of an electrically programmable field gradient landscape. To

do so, helium ions are irradiated at the cross of a patterned Hall bar where the evolution of

magnetic state can be electrically monitored using the anomalous Hall effect (section 2.3.5).

Thin films with desired properties are fabricated and characterized to obtain a better under-

standing of their electrical and magnetic properties prior to the irradiation studies. Based on

this precharacterization, optimum conditions for the irradiation studies are identified. The

evolution of magnetic and magneto-transport properties with irradiation dose are studied

in detail. Finally, the irradiation mediated selective current driven and field driven magnetic

multi-domain states is demonstrated.

4.2.1 Fabrication and micro-patterning of thin films

Magnetic heterostructures having perpendicular magnetic anisotropy (PMA) are fabricated

using a DC magnetron sputtering system. Thin films were grown in collaboration with the

magnetism and spin electronics team at the Trinity College, Dublin. Silicon(100) wafers with

thermally oxidised surface layer of 500 nm are used as substrates over which the films are

deposited. Pt, W, Ta and Co are deposited at a rate of 0.016, 0.016, 0.012 and 0.014 nm/s

respectively. Deposited samples consists of 1 nm magnetic Co layer sandwiched between

heavy metals like Pt, W and Ta. The thickness and structure of films are carefully chosen to

obtain an efficient electrical control of the magnetic state [20, 21]. The multilayer stacks are

made of:

Si/SiO2//Ta(5.0)/[Pt(2.0)/Co(1.0)/W(1.5)]/Pt(1.5)/Ta(1.5) and
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Si/SiO2//Ta(5.0)/[Pt(2.0)/Co(1.0)/Ta(1.5)]/Pt(1.5)/Ta(1.5)

where all thickness are in nm. These heterostructures will be further referred as [Pt/Co/W]

and [Pt/Co/Ta] films respectively. The bottom thick Ta layer acts as seed layer over which

heterostructures are deposited. The outer Ta layer is expected to be in the oxidized form

TaOx. For use in electrochemistry, the outer layer has to be replaced with Pt layer. Regardless

of the limitations in the optimization, these films can be used as a model system towards the

realisation of electrically controllable magnetic multi-domain states.

FIGURE 4.2: a)X-ray reflectivity data fitted using Genx software for the Pt/Co(1.0)/W film.
b) The multilayer structure of the film assumed for the fit and c) the roughness and thickness
of individual layers estimated using the fit. Co/W interface is treated as Co/Co1/W1/W

where Co1 and W1 are related to the alloy formation.

The deposited samples are characterized using X-ray reflectivity (XRR) measurements to

understand the interfacial properties of films (Fig. 4.2). Interface plays a crucial role in the

perpendicular magnetic anisotropy (PMA) as well as in the current driven magnetization

switching measurement [22]. In order to fit the XRR data1, a model assuming the alloy

formation at the Co/W interface (Co/W → Co/Co1/W1/W) is used. Such an assumption

can be supported by the alloy formation at Co/W interface reported in several studies [23,

1Thanks to Dr. Anna Oleshkevych for her help with XRR fit
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24]. Based on the fit analysis, an alloy formation at the Co/W interface, represented as Co1

and W1, could be observed. The Pt/Co interface is also known to alloy [25] but neglected in

this model as additional parameters will add more complexity to the fit and the analysis.

FIGURE 4.3: Lithography pattern. a) Schematic of designed mask. b) Example optical image
of patterned Hall bars, and c) electrical contacts on Hall bar using the microtips

Pattering and characterization of these thin films were performed in collaboration with

HZDR, Dresden. Micron sized Hall bars were patterned using the combination of UV lithog-

raphy, Ar+ ion milling and lift-off. A second UV lithography step was performed, and

Cr(5.0) /Au(125.0) (numbers in nm) contact pads were deposited on top by thermal evapo-

ration, followed by removal of the photoresist. Design and the optical image of the Hall bar

are shown in Fig. 4.3. The bars are 300 µm long, and 10 µm wide. There are three junctions

per device, labelled as top cross (TC), middle cross (MC), and bottom cross (BC), contacted

using prober microtips to apply current (3 tips at the top) along the Hall bar while recording

the transverse voltage (2 tips at the bottom) (Fig. 4.3c).

4.2.2 Pre-characterisation of magnetic thin films

4.2.2.1 Magnetization measurements

Magnetic moment of unpatterned thin films are measured in a commercial SQUID-VSM

magnetometer with external field up to 7 T applied both along and normal to the film surface

(Fig. 4.4). Robust PMA in both films is confirmed with a saturation magnetization, Ms, 0.84

MA/m and 0.47 MA/m for Pt/Co/W and Pt/Co/Ta films respectively. The obtained Ms

value for W-based and Ta-based films are about 42 % and 67 % smaller compared to the

bulk magnetization value of hcp Co 1.44 MA/m [26]. We attribute this to the presence

of alloy formation at the interface as observed by the XRR measurements (section 4.2.1).

The Ms reduction due to the presence of a magnetic dead layer at the Co/W [23] [24] and
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Co/Ta [27] interfaces has been previously reported in similar multilayer based systems. The

anisotropy field, HK, is obtained from the in-plane SQUID data and are 1.28 T and 1.2 T for

Pt/Co/W and Pt/Co/Ta films respectively, summarized in Table 4.1.
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FIGURE 4.4: SQUID measured magnetization curves obtained for Pt/Co/Ta and Pt/Co/W

films under a) out-of-plane field and b) in-plane field configurations.

4.2.2.2 Magneto-transport measurements

The anomalous Hall effect(AHE), voltage proportional to the out-of-plane component of the

magnetization, is used to study the evolution of magnetic states as a function of current or

field applied to the patterned devices.

4.2.2.3 AHE as a function of applied magnetic field

Measurements are performed by applying a DC current of 1 mA and recording the trans-

verse voltage as a function of field. An out-of-plane magnetic field (OP) is swept between

+ 46 mT and -36 mT with a step size 2 mT. Square hysteresis loops under OP field with

unit remanence ratio confirms PMA in both patterned samples (Fig. 4.5a). Under OP field

switching, the total change of Hall resistance upon magnetization switching is 1.22 Ω and

1.14 Ω respectively for Pt/Co/W and Pt/Co/Ta devices (Fig. 4.5a). The smaller value for

Pt/Co/Ta device is due to its lower magnetization compared to Pt/Co/W (Table 4.1).

AHE based transverse resistance is also measured as a function of in-plane (IP) field ap-

plied between +/- 0.9 T with a step of 10 mT. It is interesting to note the change in the shape

of the SQUID and AHE curves obtained under IP magnetic field (Fig. 4.4b and Fig. 4.5b).
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In SQUID measurements, under IP field, the in-plane component of magnetization (Mx) is

measured while AHE is always proportional to the Mz component irrespective of the ap-

plied field direction. So, the change in the shape of the curve is related to the difference in

the component of magnetization measured in each method.

AHE data under IP field can be used to quantify the anisotropy field of the patterned

device. Assuming a coherent rotation for the single domain PMA film under IP field, the

magnetic energy can be estimated using the Stoner-Wohlfarth model as [26]

E = Ku sin2 θ − µ0MHx cos(θ − π/2) (4.1)

where Ku is the uniaxial anisotropy, θ is the angle between magnetization and surface nor-

mal, and Hx is the IP field. Solving Eqn. 4.1 for the energy minimization, and considering

the Mz dependence of AHE, we arrive at the relation

M
′
z =

√
1 −

(
Bx

Bk

)2

(4.2)

where M
′
z is the normalised z component of magnetization, Bx = µ0Hx and Bk = µ0Hk are

the applied field and anisotropy field. Fig. 4.6 shows the normalised AHE data in the first

quadrant and the anisotropy fit of the samples. The estimated anisotropy field from the

fit, 1.27 T for Pt/Co/W and 1.23 T for Pt/Co/Ta, are in good agreement with the obtained

values using SQUID: 1.28 T for Pt/Co/W and 1.2 T for Pt/Co/Ta.
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FIGURE 4.7: Distribution of coercivity and anisotropy field of Pt/Co/W devices. Anoma-
lous Hall resistance loop of different Pt/Co/W Hall bars under a) OP applied field and b)

IP applied field.



4.2. Helium Irradiation Assisted Selective Current Driven Magnetization Switching in

Magnetic Thin Films
145

Furthermore, for a better understanding of the coercivity and anisotropy field distribu-

tion, magnetic switching under OP and IP field is measured for different Pt/Co/W devices

as shown in Fig.4.7(a) and (b). As can be seen in Fig. 4.7a, as expected, the curves overlap

under OP field when the RAHE is +/- 0.6 Ω. This implies that the magnetization is saturated

along the easy z-axis and its value is invariant irrespective of the Hall bar. However, the co-

ercivity is found to have a 26 % variation, 14 ± 4 mT, which shows its dependence on lithog-

raphy steps and slight deviations in the Hall bar size, shape and roughness. The lithography

based patterning can also induce defects that can act as a source of nucleation/pinning of

magnetization reversal which subsequently increases the degree of irreproducibility. On the

other hand, from Fig. 4.7b, we find less than 1 % variation in the anisotropy field, 1.27 ±

0.01 T, which suggests its insensitivity to the lithography process and its intrinsic nature

determined by the deposition parameters and related thin film properties. Thus, the cur-

rent induced magnetization reversal, as the switching current mostly depends on intrinsic

parameters, can offer advantage in terms of reproducibility of the properties of magnetic

bits (detailed discussion in section 4.3.2.2). Moreover, since we tailor the anisotropy directly

using irradiation [7], the light ion irradiation can be considered as a robust technique for

magnetic patterning.

4.2.2.4 SOT switching
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FIGURE 4.8: SOT switching under different bias field. a) current driven switching of single
repeat Pt/Co/W device under different in-plane bias field. Data are offset in Y axis for clar-
ity. b) phase diagram of SOT switching current density and bias field verses the magnetic

state of Pt/Co/W and Pt/Co/Ta devices.

Current driven magnetization switching measurements are performed by applying cur-

rent pulses of 2 ms width with a 1 s delay between consecutive pulses, that is, a duty cycle of
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0.2 %, which ensures minimal thermal effects in the devices. Based on the macrospin model,

the switching current density jc can be expressed as

jc =
2eµ0Mst f

h̄θSH

(
Hk

2
− Hx√

2

)
(4.3)

where e is the electronic charge, Ms is the saturation magnetization, t f is the magnetic layer

thickness, θSH is the effective spin Hall angle, and Hk, Hx are the anisotropy and bias fields.

Measurements are performed under several different bias magnetic field values ranging

between ± 250 mT applied along/opposite to the longitudinal current line as shown in

Fig. 4.8a. Deterministic current driven magnetization switching is achieved in both devices

with a non-zero bias field of magnitude higher than 50 mT. Under a bias field of 150 mT,

the average switching current density (jc) is 6.0 MA/cm2 for Pt/Co/W and 5.2 MA/cm2 for

Pt/Co/Ta device. As expected from the macrospin model of SOT switching (Eqn. 4.3), jc for

Pt/Co/W is higher than that of Pt/Co/Ta as the former has a comparatively higher satu-

ration magnetization and slightly higher anisotropy field (table 4.1). For both devices, the

current required to switch the magnetization increases with decreasing bias field as shown

in Fig. 4.8b. No switching is observed at zero bias field.

4.2.2.5 Second harmonic Hall measurement

Harmonic Hall measurements are used to quantify the spin-orbit effective field in the Pt/Co/W

thin film. Measurements are performed by applying a sinusoidal ac current (frequency

1234.56 Hz) having amplitude in the range of 1 mA (0.8 MA/cm2) to 4 mA(3.2 MA/cm2).

The first (Vω) and second (V2ω) harmonic Hall voltages are detected using a lock-in ampli-

fier while sweeping the field in longitudinal (HX) and transverse (HY) directions. Prior to

measurements, the device is magnetized by applying an out-of-plane field of 0.45 T, large

enough to saturate the sample. Fig.4.9 shows the harmonic Hall data under longitudinal

and transverse field configurations measured under current of 2 mA. Assuming low Joule

heating, uniaxial anisotropy and small magnetization tilt, the current induced effective field,

∆HSL and ∆HFL, can be obtained using the expression:

∆HSL ≈ −2
{

∂V2ω

∂Hx

/∂2Vω

∂H2
x

}
and ∆HFL ≈ −2

{
∂V2ω

∂Hy

/∂2Vω

∂H2
y

}
(4.4)
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Vω and V2ω are fitted using quadratic and linear function respectively to obtain the cur-

rent induced effective field. The linear dependence of the effective field with current indi-

cates a negligible effect of Joule heating in the measured current range (Fig. 4.10). The ob-

tained value of HSL/j is 2.25 mT/ 1010A/m2 and HFL/j is < 0.02 mT/ 1010A/m2. The order

of magnitude difference between the effective fields indicate the dominant role of damp-

ing like torque on the current induced magnetization switching in Pt/Co/W device. It is

known that planar Hall effect (PHE) also contributes to the harmonic signal when its value

is comparable to AHE ( ξ = ∆RPHE/∆RAHE > 0.5). However, in similar Pt/Co/W systems,

ξ is found to be as small as 0.05 [28]. Therefore, we also assume a weak PHE contribution

in the Pt/Co/W film and neglect its effect in further analysis. Based on the drift-diffusion

model [29], the damping like torque is derived from the bulk spin Hall effect where the

spin current generated due to bulk spin-orbit coupling diffuses through a transparent heavy

metal/ferromagnet interface and exerts a torque. In such a case, the effective spin Hall angle

of the heterostructure, θSHA, can be estimated as,

θSHA =
2e
h̄

µ0HSL MstFM

j
(4.5)

where tFM is the ferromagnetic layer thickness and j is the total current density passing

through the multilayer stack. Using Ms = 0.84 MA/m obtained from SQUID and the mag-

netic layer thickness tCo = 1.0 nm, we obtain the effective θSHE = 0.43 for the Pt/Co/W

device. The obtained value is comparable to the values that has reported for similar heavy

metal sandwiched magnetic layer based heterostrutures, 0.35 for Pt/Co/Ta [30], 0.45 for

Pt/Co-Ni/W [31] and 0.41 for Pt/Co/Cr/Ta [32] thin films. The θSHE of Pt is ∼ +0.07 [12]

[33] and the one of β-phase W is -0.3 [21], lower than that of the Pt/Co/W film. The en-

hanced damping like torque and θSHE in the current device is attributed to the dissimilar

metals with opposite spin Hall angles on opposite sides of the ferromagnet [30, 31, 34].

It is important to note that an Oersted field, Hoersted, generated by the current flowing

through the top and bottom heavy metals, can also affect the efficiency of SOT switching

[35] as it has the similar symmetry to the field-like current-induced field. As the Hall bar

width (10 µm) is significantly larger than its thickness (12.5 nm), the current flowing device

can be approximated as flowing through an infinitely long sheet and from Ampere’s law,

Hoersted ≈ µ0
jHMtHM

2 . For tHM= 5 nm, the Oersted field is found to be 0.03 mT/1010 A/m2

which is negligible compared to the damping like field.

Table 4.1 summarises the obtained properties of Pt/Co/W and Pt/Co/Ta samples. Even
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Samples Ms HK Ke f f ∆ jav
c

± 0.03 MA/m ± 0.02 T kJ/m3 ± 0.4 MA/cm2

Pt/Co/W 0.84 1.27 537 ± 27 133 ± 7 6.0
Pt/Co/Ta 0.47 1.23 289 ± 23 72 ± 3 4.6

TABLE 4.1: Summary of initial characterisation of Pt/Co/W and Pt/Co/Ta thin films. Ms
is obtained from SQUID. All other parameters are obtained from magneto-transport mea-

surement

though both samples have similar anisotropy field, the higher Ms value hints on a better

interface quality in Pt/Co/W film compared to Pt/Co/Ta film. The effective anisotropy

energy, Ke f f = MsHK/2, is also found to be lower in Pt/Co/Ta devices. The average SOT

switching current density, jav
c , is found to be higher in Pt/Co/W compared to the Pt/Co/Ta

device which is related to the higher Ms value of the former device and can be explained

by the macrospin model. The thermal stability factor is defined as ∆ = Ke f f V/ kBT, where

V is the magnetic element volume, kB is the Boltzman constant and T is the temperature.

∆ is a measure of the amount of magnetic energy required to stabilize the magnetic bits

compared to the thermal energy. For both devices, ∆, calculated for a high data density 32

nm sided magnetic bit [36] with 1 nm magnetic layer thickness, is found to be > 60, which

is the criterion for 10 years stable storage [37].

4.2.3 Focused He+ ion irradiation

A Carl Zeiss Orion Nanofab helium ion microscope is used to locally irradiate the Hall bar.

The spot size of the beam at the sample surface is below 4 nm, and the beam voltage is held

at 25kV. The beam current is measured on the beam blanker before each exposure and is typ-

ically 0.6 pA. A 0.1 pA current is occasionally used when lower dose rates are needed. Using

four Kleindiek MM3A micromanipulators inside the chamber, it is possible to monitor, in

real time, the evolution of the anomalous Hall resistance with irradiation dose (Fig. 4.11a). A

Keithley 2400 source meter is used to provide a continuous 1 mA DC transverse current and

measure the corresponding longitudinal voltage evolution with junction irradiation under

zero applied magnetic field (Fig. 4.11b). This in situ electrical characterization along with

the possibility of interface engineering using ion irradiation offers high flexible, high spatial

resolution, and high precision magnetic patterning for fundamental and application based

studies.

Fig. 4.11b shows the evolution of the Hall resistance with irradiation of both Pt/Co/W

and Pt/Co/Ta Hall bar crosses. The size of the irradiated cross is 10 µm x 10 µm. In the case
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FIGURE 4.11: Focused ion beam irradiation and in situ characterization . a) False coloured
helium microscope image of the patterned Hall bar b) real time in situ evolution of anoma-

lous Hall resistance with irradiation dose.

of Pt/Co/W film , RAHE gradually reduces until a critical dose of 35 ions/nm2 is reached,

after which a sharp drop is observed. This reduction in the Hall resistance is ascribed to

the decreased perpendicular magnetic anisotropy due to the irradiation induced interface

mixing. When the ion dose is greater than a critical value, the magnetization undergoes a

sharp transition from out-of-plane to in-plane which corresponds to the sharp drop in the

AHE measurement curve. The total deflection in the Hall resistance during the irradiation

is 0.52 Ω which is close to the half of the 1.22 Ω Hall resistance change under the OP field

driven switching. The offset of ∼ 0.1 Ω is due to the sensitivity of AHE to the unirradiated

region close to the Hall cross.

In situ irradiation studies are also performed on the Pt/Co/Ta samples (Fig. 4.11b). The

critical dose of this film is found to be 16 ions/nm2 which is comparatively lower than that

of Pt/Co/W films. This might be due to the previously observed poor interface of the het-

erostructure. Thus, the in situ irradiation measurements can also be used as a complemen-

tary method to indirectly study the interface quality. All the irradiation experiments and

further characterization are limited to Pt/Co/W based samples owing to its better interface

quality compared to the Pt/Co/Ta sample.

Resistivity of the heavy metal layer adjacent to the magnetic layer can modulate the

SOT switching efficiency [38–40]. Change in the bulk resistivity of Pt enhances the spin

orbit coupling effects and improve the spin current generation. However, this increased

resistivity can adversely affect the power efficiency as well cause current shunting effects in

the FM layer [41]. Therefore, an understanding of the resistivity evolution with irradiation
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is required to describe the physical origin of the irradiation effects on the SOT switching. We

thus measured the change in the nominal resistivity as a function of irradiation dose in situ

using the 4-probe method(Fig. 4.12). The nominal resistivity changes from 214 µΩ.cm for

unirradiated sample to 224 µΩ.cm for 30 ions/nm2 dose. Such a small change (5%) might be

due to the interface modification rather than a bulk effect. Nevertheless, this small change

is incorporated in the SOT efficiency calculation which will be discussed in the next section.

FIGURE 4.12: In-situ nominal longitudinal resistivity ρ∗xx evolution of Pt/Co/W thin film
with helium irradiation. The resistivity estimation not taken into account the sample thick-

ness change with irradiation.

4.2.4 Irradiation induced effects in the Pt/Co/W device

In order to study the helium irradiation effects on the magnetic and current driven mag-

netization switching, four doses noted A, B, C, D are chosen along the irradiation curve

(Fig. 4.11b) of the Pt/Co/W film. Irradiation effects on the Hall resistance hysteresis under

the OP and IP magnetic field are shown in Fig. 4.13. Except for 1 ion/nm2 in Fig. 4.13a,

coercivity diminishes with irradiation, but this finding should be treated with caution as

we already discussed the strong dependence of coercivity on the lithography pathway. Any

effect of irradiation on coercivity might possibly be due to the reduction in the interfacial

strain and the creation of nucleation centers. It is previously reported that broad beam He+

ion irradiation facilitates interface intermixing and alloy formation at the Co/Pt interface

[7] which results in a decrease of coercivity [2]. Furthermore, a reduction in the saturation

resistance is observed with the irradiation dose, related to the irradiation induced reduction

of saturation magnetization of thin film due to alloying of the interfaces. Under the IP and
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OP applied fields, several steps are observed in the Hall loop when the irradiation dose is

≥ 30 ions/nm2. The additional steps are due to the Hall sensitivity to the unirradiated re-

gions adjacent to the irradiated one as well as the multi-domain nature of the switching .

When the device is irradiated with a dose of 50 ions/nm2, exceeding the critical dose of 35

ions/nm2, PMA is lost as can be seen from the Hall loop under OP applied field.
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FIGURE 4.13: Ex situ anomalous Hall resistance loop of Pt/Co/W devices irradiated with
different doses under a) out-of-plane and b) in-plane magnetic field

To estimate the anisotropy field of the irradiated crosses, normalized magnetization data

under IP applied field is fitted using Eqn. 4.2 and is shown in Fig. 4.14a. After irradiating

the sample with dose ≥ 20 ions/nm2, a significant deviation from the macrospin coherent

rotation based fit can be observed, which is likely due to the formation of magnetic do-

main structures. The saturation magnetization change with dose (Fig. 4.14b) is determined

from the relative change in the ex situ saturation Hall resistance under OP applied field

(Fig. 4.13a). Upon irradiating the film with near critical dose of 35 ions/nm2, the anisotropy

field is reduced from 1.27 T to 0.41 T, that is a reduction of 67 % from the initial value. The

saturation magnetization, on the other hand, is less sensitive to the irradiation and only

reduces by 13.7 % from the unirradiated film initial value.

The macrospin model for SOT switching (Eqn. 4.3) implies that both Hk and Ms plays an

important role in determining the current density for magnetization switching. Fig. 4.15a

shows the evolution of SOT switching under a bias field of 150 mT. Irradiation does not

impact significantly the switching current until a dose of 20 ions/nm2 is reached with j−c

reducing from -6.0 to -5.0 MA/cm2 (Table 4.2). Upon irradiation with a near critical dose

of 30 ions/nm2, the average switching current density drastically reduces by 70 % when

compared to the unirradiated samples initial value. This reduction is consistent with the
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FIGURE 4.14: Magnetic characterization of irradiated Hall bars. (a) normalized magnetiza-
tion under IP applied field for different irradiation doses and the corresponding anisotropy
fit represented as solid lines. (b) Anisotropy field and saturation magnetization as a func-

tion of irradiation dose

67% reduction in the anisotropy field of 30 ions/nm2 irradiated sample. For an overexposed

dose of 50 ions/nm2 irradiated sample, a small Hall loop which corresponds to the switching

of adjacent unirradiated region is observed.

FIGURE 4.15: Current driven switching of irradiated Pt/Co/W films under bias field 150
mT. (a) SOT switching at different irradiation dose and (b) schematics of different magnetic
states achievable through SOT switching, numbered 1-4 in 30 ions/nm2 from sub panel of

(a)

In order to further understand the physical origin for the switching current reduction

in the irradiated films, harmonic Hall measurements are performed. Both bulk spin Hall

effect and the spin transparency at the heavy metal/ferromagnetic interface can be altered
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due to the light ion irradiation. As discussed earlier in section 4.2.2.5, harmonic Hall mea-

surements in irradiated devices quantify the effective damping like field as a function of

applied current (Fig. 4.16a). We found no appreciable change in the θSHE with irradiation

dose (Fig. 4.16b), which suggests that the spin current generated in the bulk of heavy metal

remains unchanged under irradiation. It is important to note that the obtained θSHE is not

corrected for planar Hall effect (PHE) contribution which arises from the in-plane magne-

tization components. We already observed that the z-component of magnetization is less

sensitive to the irradiation compared to the magnetic anisotropy (Fig. 4.14) and it is as-

sumed that PHE contribution is weak in the Pt/Co/W irradiated devices. Moreover, neg-

ligible change in the bulk resistivity of the device (Fig. 4.12) also hints that bulk magnetic

properties are relatively insensitive to the light ion irradiation as compared to the interface

dependent properties like the anisotropy field [38–40].

FIGURE 4.16: a)Damping like ∆HSL current induced field for different dose irradiated
Pt/Co/W devices obtained from the harmonic Hall measurement as a function of applied

current and b) spin Hall angle, θSHE extracted for different irradiation doses.

For a quantitative comparison between different systems, it is useful to define an approx-

imate figure of merit for the SOT switching efficiency. We define a SOT switching efficiency

parameter, η, which scales the magnetic switching energy by the electric power injected in

the multilayer stack. It can be expressed in unit of seconds as,

η =
Ke f f t f

Pd
(4.6)

where the numerator is the magnetic energy barrier (Ke f f ) per unit area of the magnetic

free layer of thickness t f and the denominator is the electrical power (P) per unit area (in

the entire stack thickness d) required to switch the magnetic state. Substituting for the Ke f f
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(under bias field Hx), and the switching power, the efficiency becomes

η =
µ0Ms(Hk − Hx)t f

2J2
c ρd

(4.7)

where ρ is the longitudinal resistivity of the device. If the minimum pulse duration for

the deterministic switching is known, then it can be divided with η to get a dimensionless

switching efficiency. Either way a larger η implies a magnetically more stable element that

requires less electric power to switch the magnetization. jc can be further approximated

using the macrospin model under the condition Hx << Hk to define an intrinsic efficiency

ηi =
h̄2θ2

2µ0MsHke2ρdt f
(4.8)

It is important to understand the difference between the two SOT efficiencies, η and ηi.

η is a preferable efficiency comparator between different systems as it is calculated from

experimentally obtained parameters. On the other hand, it is challenging to make accurate

comparisons between different reports in the literature which do not always include all rel-

evant details. In that case, ηi, which depends solely on the intrinsic material properties, can

be considered as a better figure of merit for comparisons between systems. Thus Eqn. 4.8

can be considered as a theoretical guideline for developing power efficient magnetically

stable material designs. Its drawback is that it is based on the macrospin approximation,

which cannot fully describe the current induced magnetization reversal in large samples,

and therefore overestimates the current density by a factor of 10-100.

Dose Ke f f ∆ ρ j−c j+c jth
c η ηi

ions/nm2 kJ/m3 µΩ.cm MA/cm2 MA/cm2 MA/cm2 ps fs

0 537 133 214 -6.0 6.0 459 7.1 1.2
1 521 129 214 -6.0 6.0 442 6.9 1.2

20 257 64 219 -5.0 6.0 184 4.3 2.5
30 153 39 224 -0.8 2.7 85 86 4.2
50 38 9 235 - - - - -

The properties listed are effective anisotropy Ke f f , thermal stability parameter ∆, negative and
positive experimental critical current densities J−c , J+c , the theoretical critical current density jthc

determined using macrospin model (section 1.4.2.2) with Bx = 150 mT, the switching efficiency η

calculated from Eqn. 4.7, and intrinsic efficiency ηi using Eqn. 4.8. Note that for 50 ions/nm2, only
switching of adjacent unirradiated regions is detected.

TABLE 4.2: Magnetic properties of the Pt/Co/W thin film at various irradiation doses

Table 4.2 summarises the ion irradiation dependence of the magnetic and current driven

properties of the Pt/Co/W thin films. Experimental efficiency, η, of unirradiated film is
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Stack ja
c Bx θb

SH ∆c η ηi ref

MA/cm2 mT ps fs

Pt 3/Co 0.6/AlOx 1.6 78 47.5 0.07 74 0.02 0.09 [42]
Ta 3/Pt 5/Co 0.6/Cr 2/Ta 5 2.70 20 0.41 106 28 2.02 [32]

Ta 3/Pt 5/Co 0.8/W 3/TaOx 2 2.30 5 0.24 136 69 0.78 [43]
Ta 5/CoFeB 1.1/MgO 2/Ta 2 3.09 20 0.08 56 14 0.19 [44]
Bi2Se3 7.4e/CoTb 4.6/SiNx 3 3.0 100 0.16 73 6.2 0.23 [45]

Pt 4/Co 0.4/Ni 0.2/Co 0.4/Pt 2g 7.1 0 0.07 13 0.74 0.72 [46]
Pt 5/BaFe12O193 f 5.7 123 0.07 232 18 0.04 [47]

a If Jc ̸= J+c , then the smaller of the two values is taken. b When not reported, literature values of
θSH , are taken from [48]; for multilayers with adjacent layers of opposite θSH , the magnitude of the
larger one is chosen. cCalculated for Hx = 0. dWhen not reported, calculated using bulk resistivity
values from ref [49] and then corrected using the M-S model [50]. eTopological insulator used for
spin injection. f Ferromagnetic insulator. gZero-field switching device, moving between a remnant
state mz = 0, and a downward pointing mz state.

TABLE 4.3: SOT switching efficiency comparison

7.1 ps which reduces to 4.3 ps for irradiation dose 20 ions/nm2. This reduction is due to

the greater reduction of thermal stability factor compared to the switching current density

decrease. However, at 30 ions/nm2, η improves by an order of magnitude upon the virgin

state to a maximum value of 86 ps. Meanwhile, intrinsic efficiency, ηi, steadily increases

from 1.2 fs for dose 1 ions/nm2 to 4.2 fs for near critical dose 30 ions/nm2. The difference

in the η and ηi variation with dose is due to the macrospin approximation used to calculate

the latter. Table 4.3 lists the switching efficiency of some relevant magnetic stacks found

in the literature. Large efficiency of 69 ps is observed for Ta/Pt/Co/w/Ta thin films while

topological insulator Bi2Si3 based film and magnetic insulator BaFe12O19 on Pt films have

lower efficiencies.

Thermal stability (Table 4.2) of the magnetically patterned devices is important for both

electrochemical as well as magnetic memory based applications. ∆ = 60 is the magnetic

recording criterion for 10 years stable storage [37]. In our case, for a 1 nm thick and 32 nm

sided element of Pt/Co/W film, ∆ = 60 for 20 ions/nm2 dose which makes it a good candi-

date for magnetic storage. However, for 30 ions/nm2, ∆ reduces to 38, which is equivalent

of 95 % data retention for 16 days [51]. Unlike the magnetic storage applications, electro-

chemical experiments don’t require long term stability of the magnetic films. A few days

of stable magnetic configuration is enough to fully characterize the magnetic field effects

in a specific reaction. Moreover, weakly bistable devices also find applications in spin Hall

oscillators [52], probabilistic computing [53] or random number generator [54].
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FIGURE 4.17: a) SOT working diagram of the switching current density and bias field ver-
sus magnetic state of device at different doses b) SOT switching of 30 ions/nm2 irradiated

device under low and high bias field.

To elucidate the electrically controlled magnetic multi-domain states, we revisit the cur-

rent induced magnetization reversal curves of the device irradiated with 30 ions/nm2 (sub

panel of Fig. 4.15a). When the current is swept from 17 mA to -17 mA under a bias field

of 150 mT, the first step with 0.4 Ω change in RAHE is measured at a current of -0.4 mA (-

800 kA/cm2). With further increase in current magnitude, a second step with similar RAHE

change is observed at -10 mA (-6.0 MA/cm2), a value similar to the one on unirradiated

sample. Hence, the first step in the switching curve is expected to be due to the magnetiza-

tion reversal of the irradiated region while the second step corresponds to the switching of

the adjacent peripheral region of the Hall cross. Thus the irradiated region, which requires

a lower current density for the magnetization switching, can be be selectively switched if

the current is swept between +/- 3 mA. Hence, the independent selective switching of irra-

diated region makes the helium ion patterned film a 4-state magnetic device which can be

programmed by electric current.

In-plane bias field also plays an important role in the realisation of current driven se-

lective switching of the magnetization. Fig. 4.17a shows how the switching current evolves

with the bias field for different irradiation doses. It is observed that at low bias field (<

150 mT) jc does not change significantly with the irradiated dose. In other words, no se-

lective switching of irradiated region can be expected under this condition. Similar bias

field dependence on switching current density in irradiated devices is observed in recent

studies [55]. It is showed that, under small in-plane bias field, SOT switching proceeds via
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multiple nucleation centers rather than the macrospin like behaviour, therefore makes the

switching process less sensitive to anisotropy gradient. On the other hand, when the bias

field is higher, the switching proceeds via domain wall propagation from limited nucleation

points where the anisotropy gradient imposed by irradiation can affect the switching pro-

cess. Nevertheless, the phase diagram (Fig. 4.17a) help us to define the working conditions

for selective switching through anisotropy patterning.

FIGURE 4.18: a) MOKE images of 30 ions/nm2 irradiated device under different OP mag-
netic field b) Hysteresis loop of irradiated and non irradiated region in the same Hall bar

extracted from MOKE image contrast analysis.

Magneto-optical-Kerr effect (MOKE) imaging under magnetic field normal to the film

surface is performed to visualize the irradiation mediated selective switching of the Hall

cross. Fig. 4.18a shows the MOKE images of the 30 ions/nm2 Hall cross irradiated device

under different OP magnetic field configuration. It is evident that the coercive field for the

irradiated and non irradiated regions are different, which leads to the independent switch-

ing of regions under OP magnetic field. Fig. 4.18b shows the hysteresis loop of the irradiated

and non irradiated region (as dep1, as dep2) extracted from the MOKE images. As expected

from the previous ion induced interface roughness studies [3] [56], irradiated region has a

reduced coercivity of 5 mT compared to the 16 mT of the non irradiated region. The change

in coercivity of different regions in the same Hall bar provide a better confirmation to the

irradiation induced effects in PMA thin films.

4.2.5 Irradiation induced surface modifications

In this section, we will discuss about a late addition to this work, which is the irradiation

induced surface modification determined using atomic force microscopy (AFM). To estimate
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the surface etching due to irradiation, we looked at the surface analysis of one sample (single

repeat of Pt/Co(1.2)/W) at one dose (37 ions/nm2) shown in Fig. 4.19a . From the AFM

linescan analysis, it is found that up to 4 nm of material is removed from the top of the

sample (Fig. 4.19b).

Upon irradiating the single repeat Pt/Co(1.2)/W device with a near critical dose of 37

ions/nm2, the cross sectional area reduces by about 30 %. We will discuss how this change

in area would propagate through the equation and would affect the estimation of relevant

properties of the irradiated device. If we assume a uniform current distribution, the switch-

ing current density would expect to be 30 % higher. Based on Eqn.4.5, the spin Hall angle

would be lowered by 30 %. Including the changes in the resistivity and total layer thickness

into Eqn. 4.7, we found that the switching efficiency, η, would change from 86 ps to 42 ps,

about 50 % reduction from the initial value. The irradiation induced surface modification is

expected to modify the values of other doses, but would not invalidate the current results,

e.g. 30 % reduction in thickness, is still smaller than the 70 % nominal change in jc that is

observed for the near critical dose irradiated device. Thus, even if the the thickness change

is taken into account, there will be still an improvement in the switching current density, but

it’s just not as impressive as before. Moreover, recent studies based on broad beam irradia-

tion using photoresist overlayer has been reported that the intermixing of the layers is what

causes the switching current improvement [57, 58].

The sputtering rate has a logarithmic dependency to the irradiation dose [10], and the

other doses irradiated samples need to be measured, but weren’t possible to do before.

Therefore, I am not in a position to modify the thickness/current densities in this section

of my thesis, and instead to show the general trend the nominal sample thicknesses is re-

tained for all data analysis.

In order to avoid the sample surface etching and to preserve the flat topography of the

irradiated samples, we propose to coat the sample with photoresist prior to the irradiation

(Fig. 4.19c). The resist should be thin enough to allow the focused helium ion beam to pass

through but also thick enough to avoid the sample surface etching.

4.3 Irradiation Effects in Single And Three Repeat Pt/Co/W films

In the previous section, the electrical and magnetic control of magnetic multi-domain forma-

tion in pseudo-single domain multilayer devices were discussed. Magnetic gradient force

density is proportional to the gradient as well as to the magnitude of the magnetic field.
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FIGURE 4.19: a) AFM acquired image showing the topography of single repeat
Pt/Co(1.2)/W device irradiated with dose 35 ions/nm2 and unirradiated region. b) The
AFM linescan vs distance along the horizontal red line in a). c) Proposed resist assisted

magnetic patterning for conserving the flat topography of the sample surface.

Increasing the volume of magnetic material that can be controllable by means of electric

current will be advantageous in terms of the enhanced field gradient force as well as the

improved thermal stability of magnetic states. The magnetic volume of a heterostructure

film can be increased either by increasing the thickness of the magnetic layer or by increas-

ing the number of FM/HM bilayer repeats. Based on our earlier discussion (section 1.3),

in PMA films, the thickness of magnetic layer is constrained by the balance between sur-

face and shape anisotropy. However, increasing the number of repeats up to a certain limit

can preserve the PMA and pseudo-single domain magnetic state of the film. SOT switch-

ing efficiency (Eqn. 4.7), is proportional to the ratio of magnetic layer thickness to the total

thickness, so it can also be improved by this approach.

Thin films having single and three Pt/Co(t)/W repeats with different magnetic layer

thicknesses are fabricated. Samples are precharacterized by magnetic and magneto-transport

measurements prior to irradiation studies. Based on the initial characterization, a single and

three repeats samples with optimum magnetic layer thickness are identified for subsequent

irradiation studies.

4.3.1 Sample fabrication and micro-patterning

DC magnetron sputtering machine discussed in section 2.2.1 is used for the thin film depo-

sition. Between the deposition of thin film samples discussed in the previous section and

the current set of thin films, there is a one year gap due to the machine build. However, de-

position parameters are almost unchanged. Thin film samples consists of Pt/Co/W repeats
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FIGURE 4.20: Lithography pattern and sample connection. a) Schematic of designed mask.
b) Example optical image of patterned Hall bars c) Enlarged view of Hall bar d) schematics
of 3d-printed parts for sample connection e) 3D printed pogo-pins attached sample holder

with sample.

with different Co thickness and the full heterostructure is:

Si/SiO2//Ta(5.0)/Pt(2.0)/[Co(tCo)/W(1.5)/Pt(1.5)]N/Ta(1.5)

where tCo = 1.0, 1.2 and 1.5 nm (all thickness in nm), and N = 1 and 3. Such a heterostruc-

ture ensures that, irrespective of the number of repeats, Co is always sandwiched between

heavy metals of opposite spin Hall angle with Pt layer at the bottom and W layer at the top.

Measurements and device patterning are performed at IPCMS. Thin films are patterned

using direct laser writing lithography in combination with the e-beam evaporator for etch-

ing. Hall bars of width 10 µm, and length 300 µm are patterned with three crosses, which

we call top cross (TC), middle cross (MC), and bottom cross (BC)(Fig. 4.20a). The lateral

distance between Ti(3.0)/Au(47.0) contact pads on the crosses is 20 µm, and 180 µm longitu-

dinally. Compared to the previous design used in section 4.2.1, the current design consists

of comparatively larger contact pads which can be then contacted using specially designed

3D-printed sample holder and pogo-pins as shown in Fig. 4.20 (b) and (e). This way of con-

tacting made the connections more robust and reproducible compared to the conventional

silver paste or microtips based contacts..
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FIGURE 4.21: SQUID magnetization of single repeat Pt/Co(t)/W devices under a) out-of-
plane field and b) in-plane field. Magnetization data for three repeat [Pt/Co(t)/W]3 devices

under a) out-of-plane field and b) in-plane field
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FIGURE 4.22: Saturation magnetization times Co thickness vs Co thickness for single and
three repeats of Pt/Co/W film. Symbols represent the SQUID-VSM data and solid line

corresponds to the fit.

4.3.2 Initial characterization of magnetic films

4.3.2.1 Magnetization data

In order to fully characterize single and three repeats of Pt/Co/W thin films, magnetization

of the unpatterned thin films are measured using SQUID magnetometer under in-plane (IP)

and out-of-plane (OP) applied fields. Fig. 4.21 shows the magnetization data for all samples.

The observed OP easy axis of magnetization confirms that all the films posses perpendicular

magnetic anisotropy. Volume magnetization of each sample is obtained by dividing the

magnetic moment by the total magnetic Co layer volume. The anisotropy field Hk can be

estimated as the IP field required to saturate the magnetization (Table 4.4). Single and three

repeats of 1.2 nm ultrathin Co film are found to have almost similar anisotropy field values.

Upon further increase in the Co thickness to 1.5 nm, irrespective of N, a decrease of HK is

found. For both N=1 and N=3 samples, Ms is observed to increase with the Co thickness.

For same Co thickness, Ms of N=3 is always smaller than N=1. In addition, the obtained Ms

values for all the films exhibit a significant reduction compared to Co bulk magnetization

1.44 MA/m. All these observations can be attributed to the presence of a magnetic dead

layer in the film. It has already been reported that heavy W atoms deposited on Co layer

causes intermixing at the Co/W interface [59–61] and subsequently reduces the effective Co

thickness [23, 24]. Dead layer thickness is quantified from the linearized Ms plot shown
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in Fig. 4.22 and is found to be 0.63 nm for single repeat and 0.7 nm (per layer) for three

repeats films comparable to the values reported for ultrathin Co films [23, 61]. The dead

layer calculation matches with the XRR fit based on the model of alloy formation at Co/W

interface (section 4.2.1).

4.3.2.2 Magneto-transport measurements

Thin films are patterned into Hall bars for measuring the local modifications resulting from

focused light ion irradiation. Magnetic field and current driven magnetization switching are

characterized using AHE measurements.

Magneto-transport measurements of single and three repeat Pt/Co/W samples under

OP and IP field are shown in Fig 4.23. The change of RAHE under OP field for single repeat

Pt/Co/W devices with Co thickness 1.0, 1.2 and 1.5 nm is 1.4, 1.46 and 1.76 Ω and for the

three repeats is 0.7, 1.25 and 1.24 Ω, respectively. This change in Hall signal is in accordance

with the change in the Ms value of the samples (Table 4.4) as the Hall signal is proportional

to the magnetization. A slight reduction in the ∆RAHE for N=3, tCo = 1.5 nm device might

be due to the shape anisotropy induced magnetization tilt from OP axis as this film contains

larger magnetic volume. In N=3 devices, several steps can be observed in the switching

curves under OP field (Fig. 4.23a) which relate to the individual layers switching.

The evolution of AHE under IP field for single and three repeats Pt/Co/W devices

is shown in Fig. 4.23(b) and (d). The anisotropy field, calculated from the AHE in-plane

field data (Eqn. 4.2), is in good agreement with the values deduced from SQUID data (Ta-

ble 4.4). Compared to all devices, the three repeats patterned device with 1.5 nm Co thick-

ness (Fig. 4.23b) shows a much lower Hk and the AHE behavior under IP field does not

match a macrospin model, likely due to the multi-domain formation and stray field effects.

These results are reproducible from sample to sample.

Current induced magnetization switching measurements are performed in all the de-

vices at bias field 150 mT (Fig. 4.24). Hysteresis loops are observed in all devices except

for [Pt/Co(1.5)/W]3 which is surprising considering its comparatively low anisotropy field.

Switching current density and SOT efficiency are listed in Table 4.4. jc of single and three

repeats of [Pt/Co(1.0)/W] device is comparatively lower, which is in good agreement with

the jc dependence to Ms, HK and tCo based on the macrospin model [13] [62]. In view of the

dead layer thickness, and using the anisotropy field and the SOT switching efficiency as a

selection criteria, single and three repeats of Pt/Co(1.2)/W devices are chosen for further

characterization and irradiation studies.
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FIGURE 4.23: Anomalous Hall loop of [Pt/Co/W] device with various Co thickness under
a) out-of-plane field and b) in-plane field. Similar loop for [Pt/Co/W]3 device under c)out-

of-plane field and d) in-plane field

tCo N Ms HKS HKA Ke f f ∆ jav
c η

± 0.03 ±0.02 ±0.01 ± 0.4
nm MA/m T T kJ/m3 MA/cm2 ps

1.0 1 0.71 0.74 0.74 302 ± 21 75 ± 5 3.2 25 ± 8
1.2 1 0.92 1.02 1.12 482 ± 24 143 ± 7 8.1 9 ± 2
1.5 1 1.11 0.51 0.52 289 ± 19 107± 7 7.6 6 ± 1
1.0 3 0.54 1.34 1.24 310 ± 23 230 ± 17 3.5 57 ± 17
1.2 3 0.72 1.02 1.05 378 ± 23 336 ±20 7.75 14 ± 2
1.5 3 0.93 0.42 0.35 182 ± 16 202 ± 18 - -

Ms and HKS obtained from SQUID measurement, and HKA obtained from AHE data. Average
switching current density,jav

c , and Hk estimated from AHE IP data is used for efficiency, η,
calculation.

TABLE 4.4: Summarized magnetic and magneto-transport properties of unirradiated
Pt/Co/W films with different Co thickness and number of repeats N.
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FIGURE 4.24: SOT switching under bias field 150 mT of a) single repeat Pt/Co/W and b)
three repeat Pt/Co/W device.

We already discussed the sensitivity of coercivity and the robustness of anisotropy field

to the lithography steps (section 4.2.2.3). To illustrate this in the case of N=3 repeats devices,

AHE based hysteresis loop under OP and IP magnetic field is measured on multiple sam-

ples (Fig. 4.25 a and b). Under the OP field, single and multi-level switching are observed

with a 22 % variation in the onset field, 32 ± 7 mT. On the other hand, we find less than 1

% variation in the anisotropy field, 1.12 ± 0.01 T. Based on the macrospin model [13], SOT

switching current density is not dependent on the coercivity but to the film intrinsic prop-

erties: the anisotropy field and saturation magnetization. In order to confirm the results

of the previous section, illustrating how SOT is much more robust approach for magne-

tization switching than applying an external magnetic field, SOT switching is performed

in Pt/Co(1.2)/W and [Pt/Co(1.2)/W]3 devices (Fig. 4.25 c and d). We find less than 10 %

variation in the switching current density, irrespective of the number of repeats. Even with-

out taking into consideration the uncertainty in the Hall bar cross sectional area, the SOT

switching current density variation is found to be lower than the coercivity variation. Thus,

compared to magnetic field driven switching, current induced switching can be considered

as a superior technique in terms of precision and robustness.

In order to get a better spatial and temporal understanding of the current induced mag-

netization switching, high resolution polar Kerr microscopy is used to visualize the mag-

netic domain evolution. Simultaneous AHE measurement and the Kerr imaging of current

induced magnetization switching allows one-to-one mapping between Kerr images and the
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FIGURE 4.25: Distribution of a) coercivity and b) anisotropy field in multiple devices with
N = 3 repeat and Co thickness 1.2 nm. Irrespective of the multi-levels of switching under
OP field, the starting point of field (onset field) is considered for uncertainity calculation.
Distribution of SOT switching currents under bias field 150 mT in multiple a) Pt/Co(1.2)/W

and b) [Pt/Co(1.2)/W]3 devices.

data points in the AHE switching loop. In the experiment, 1 ms current pulses of varying

magnitude are applied under a constant bias field with AHE resistance and Kerr images

recorded 1 s after each pulse. Prior to each switching measurements, devices are magne-

tized in one direction with a large perpendicular magnetic field of 0.45 T. Processed Kerr

images of SOT switching of the single repeat Pt/Co/W with the current looped between 21

mA and -21 mA under bias field 100 mT are shown in Fig. 4.26. At state (1), the device is

saturated along one direction. Upon sweeping the current from 21 mA to -21 mA, at -14

mA (11 MA/cm2), reverse domain nucleation starts at one side of the device. AHE data
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FIGURE 4.26: MOKE imaging of SOT switching of single repeat Pt/Co/W device under
bias field 100 mT (a) current pulses 21 mA to -21 mA b) reverse current sweep from -21 mA

to 21 mA and c) in-situ anomalous Hall resistance measurement.
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is not sensitive to this nucleation as it is only sensitive to the MZ changes at the MC junc-

tion. Upon further increase in current magnitude, at -15 mA(11.8 MA/cm2), the domain

wall (DW) propagates and reaches the MC junction detected as state (3) in the AHE curve.

The magnetization completely switches with further increase in current. When the current

is reversed, a DW nucleates at the other edge of the device and propagates in the opposite

direction. Thus, the Kerr imaging suggests that, rather than the multiple random nucle-

ation sites initiated switching [63], the DW propagation is the determining factor of SOT

switching in the Pt/Co/W device at high bias field. For the [Pt/Co(1.2)/W]3 device, similar

switching images are observed.

4.3.3 Comparison of irradiation effects in Pt/Co/W and [Pt/Co/W]3 devices

Pre-characterized Pt/Co(1.2)/W and [Pt/Co(1.2)/W]3 devices are used for irradiation stud-

ies. It is understood from the previous irradiation study that the adjacent unirradiated re-

gion’s magnetization contributes to the Hall signal for an irradiated 10 µm x 10 µm area

at the Hall cross (section 4.2.4). In order to avoid this complication from the unirradiated

region, devices are irradiated in larger 20 µm x 20 µm region at the Hall cross. Fig.4.27

shows the in-situ evolution of the AHE resistance with irradiation for single and three re-

peats of Pt/Co(1.2)/W devices. Like previous studies, for [Pt/Co(1.2)/W] device, the AHE

resistance initially decreases with irradiation until a critical dose of 44 ions/nm2 and then a

sharp drop is observed. The resistance drop which corresponds to the spin transition from

out-of-plane to in-plane orientation is complete at 46.7 ions/nm2. The total deflection in

resistance is 0.67 Ω which is almost equal to the half of full deflection under OP magnetic

field, 1.46 Ω. On the other hand, the in-situ Hall resistance of Pt/Co(1.2)/W]3 device exhibit

multiple level under increasing irradiation dose. After the initial decrease in the RAHE, a

resistance drop of 0.2 Ω occurred around 29 ions/nm2 followed by a 0.4 Ω drop around 42

ions/nm2. The total change, 0.6 Ω, is almost equal to the half of full deflection under OP

magnetic field, 1.26 Ω. The multi-steps in the irradiation curve can be explained as indi-

vidual layers change of magnetic orientation. With increase in the number of repeats, the

interface roughness increase and consequently reduces the interface quality [64]. If we as-

sume that each magnetic layer contributes almost equally to the Hall voltage, the resistance

drop around 29 ions/nm2 can be considered as the transition of a single magnetic layer

while at 44 ions/nm2 trigger the transition of the remaining two layers.

In order to study the ion irradiation effects on the intrinsic magnetic properties, devices
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FIGURE 4.27: In-situ Hall resistance evolution with helium irradiation for [Pt/Co/W] and
[Pt/Co/W]3 Hall bars.

are irradiated with different doses chosen from the irradiation curve (Fig. 4.27). The ir-

radiation induced change in the anisotropy field and the saturation magnetization of the

Pt/Co(1.2)/W and [Pt/Co(1.2)/W3 devices are shown in Fig. 4.28 a and b. As discussed

earlier, HK is estimated by the anisotropy fit to the AHE data under IP field and Ms is de-

termined from the relative change in the ex situ saturation Hall resistance under OP field.

For the Pt/Co(1.2)/W device, HK reduces from 1.1 T to 0.31 T, a 72 % reduction from the

initial value upon irradiation with a near critical dose of 37 ions/nm2. Meanwhile, for

[Pt/Co(1.2)/W3 device under 24 ions/nm2, HK reduces from 1.07 T to 0.4 T, ie, 62.6 % re-

duction from the initial value. On the other hand, Ms of Pt/Co(1.2)/W and [Pt/Co(1.2)/W3

reduces only by 7.7 % and 4 % from the initial value of 0.9 MA/m and 0.72 MA/m. The

Ms change is larger for single repeat as it is irradiated with a higher dose than three repeats

film. The change in HK and Ms is attributed to the ion induced intermixing at the interface

[7].

Current induced magnetization switching measurements are performed in the irradiated

samples to characterize the SOT switching properties of the irradiated single and three re-

peats films. Fig. 4.29a shows the SOT switching measurements of the Pt/Co(1.2)/W device

irradiated with different doses under a bias field of 100 mT. When the device is irradiated

with a near critical dose of 37 ions/nm2, the average switching current jc is reduced from
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FIGURE 4.28: Ex situ a) anisotropy field and b) saturation magnetization evolution with the

irradiation dose for Pt/Co(1.2)/W and [Pt/Co(1.2)/W]3 films.

8.6 MA/cm2 to 2.0 MA/cm22, ie a reduction of 76 % from that of the initial value (Table

4.5). Based on the macrospin model, this jc reduction is in agreement with the 72 % re-

duction in the anisotropy field. The similar SOT switching curves for the [Pt/Co(1.2)/W]3

device is shown in Fig. 4.29b. As can be seen, upon irradiation with a near critical dose of

24 ions/nm2, the switching current density substantially reduces from 8.3 MA/cm2 to 4.0

MA/cm2, a 52 % reduction. For both devices, no switching is observed at the junction ir-

radiated with a high dose of 50 ions/nm2. However, contrary to the previous study on 10

µm x 10 µm irradiated Hall cross(section 4.2.4), no multi-level switching can be observed,

which implies that the Hall signal is insensitive to the switching of adjacent non-irradiated

regions of 20 µm x 20 µm irradiated Hall cross. Table 4.5 summarizes the relevant properties

of irradiated N=1 and N=3 repeats Pt/Co(1.2)/W devices. For near critical dose irradiated

devices, the N=3 device has higher thermal stability compared to N=1, due to the improved

magnetic volume. But, the switching efficiency η of three repeats sample is found to be

lower than the single repeat, due to the differences in the switching current density.

Polar Kerr microscopy is used to image the current induced magnetic domain evolution

in the irradiated devices. Fig.4.30a shows the MOKE images of a Pt/Co(1.2)/W device at

current pulses swept between ± 35 mA to -35 mA under 100 mT bias field. Three different

regions in the Hall bar are defined, ’A’ is the unirradiated region in between two irradiated

regions, ’B’ is the irradiated Hall cross as region and unirradiated region with only its left

border defined by irradiation. Prior to measurements, thin film magnetization is saturated

by applying an out-of-plane field of 0.45 T, confirmed by the Kerr image at 35 mA. At -2

mA, the nucleation of a reversed domain starts at the irradiated region ’B’, followed by the
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FIGURE 4.29: Current driven switching under in-plane bias field 100 mT of irradiated a)
Pt/Co(1.2)/W and b) [Pt/Co(1.2)/W]3 device.

FIGURE 4.30: MOKE images of SOT switching of 37 ions/nm2 irradiated Pt/Co(1.2)/W film
under bias field of 100 mT. a) Schematics of the Hall bar highlighting irradiated regions. b)
Current induced switching during the current sweep from 35 mA to -35 mA and b) similar

switching images when the current is reversed.
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Dose Ke f f ∆ j−c j+c jav
c η ηi

ions/nm2 kJ/m3 MA/cm2 MA/cm2 MA/cm2 ps fs

N 1. tCo 1.2 nm

0 405 134 -8.1 + 9.1 8.6 4 2
20 180 70 -4.9 +6.7 5.7 5 4
37 94 40 -1.5 +2.5 2 30 6.4

N 3. tCo 1.2 nm

0 342 320 -9.8 +7.8 8.3 5 0.5
10 218 210 -7.3 +6.3 6.8 6 0.8
24 134 136 -4.0 +4.0 4.0 12 1.2

The properties listed are effective anisotropy Ke f f , thermal stability parameter ∆, negative, positive
and average experimental critical current densities J−c , J+c , Jav

c , bias field Bx = 100 mT, the switching
efficiency η calculated from Eqn. 4.7, and intrinsic efficiency ηi using Eqn. 4.8. Note that for N=3

samples complete switching is assumed and the onset current of switching is considered as
switching current.

TABLE 4.5: Relevant properties of N=1 and N=3 Pt/Co(1.2)/W thin film at various irradia-
tion doses

complete switching through rapid domain wall propagation at -3 mA. At this current, the

irradiated region is selectively switched and the DW propagation stopped at the bound-

ary between irradiated and non-irradiated areas. The domains remain stable under further

increase in the current, which is attributed to the anisotropy gradient imposed by light ion

irradiation [65]. For a current further increased to -15 mA, nucleation and domain wall prop-

agation in the region ’C’ is initiated, and the complete switching is realized at -20 mA. It is

worthwhile to note that compared to all the regions in the Hall bar, the region ’A’, having

the irradiation induced anisotropy gradient at the right and left borders, requires the largest

switching current > 30 mA. This is ascribed to the fact that the domains at the left and right

border of the region ’C’ are pinned by the irradiation which further inhibits the nucleation

and domain wall propagation [5] [16]. Fig.4.30b shows the Kerr images when the current

is reversed. It can be seen that, irrespective of current sweep direction, the magnetization

switch initially in the irradiated region ’B’ followed by region ’C’ and finally at region ’A’.

Thus, Kerr imaging confirms how one can selectively switch - by means of electric current-

areas defined by their irradiation history.

Current driven magnetization switching of near critical dose irradiated [Pt/Co(1.2)/W]3

devices is also imaged using polar Kerr microscopy (Fig. 4.31 a and b). As seen in Fig. 4.31a,

reverse domain nucleation and DW propagation are initiated in the irradiated region when

a current of -10 mA is applied to the device. With further increase in current to -19 mA, the
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FIGURE 4.31: MOKE images of SOT switching of 24 ions/nm2 irradiated [Pt/Co(1.2)/W]3
film under bias field of 100 mT. a) Schematics of the irradiation design on the Hall bar. b)
Current induced switching during the current sweep from 45 mA to -45 mA and c) similar

switching images when the current is reversed.



4.4. FIB Patterning for Multi-level Current Induced Magnetization Switching 175

irradiated region is partially switched along with the unirradiated region. Multi-domain

states with stripe domains are also observed along the switching process. At high current

of -45 mA, the irradiated region remains in the multidomain state while the non-irradiated

regions are completely switched. It should also be noted that the multi-domain formation

is difficult to deduce from the ex situ SOT curves of [Pt/Co(1.2)/W]3 device (Fig. 4.29b)

due to the limited spatial sensitivity of the Hall voltage. The formation of multi-domains

state in the irradiated region might be due to the reduced interface anisotropy compared

to the demagnetising field. The influence of the shape of the irradiated area on the multi-

domain formation has to be further validated. However, even though multi-domain states

are achieved through current pulses, we might need to further improve the [Pt/Co(1.2)/W]3

device in order to achieve a fully controlled magnetic field gradient switching device by

electrical means.

4.4 FIB Patterning for Multi-level Current Induced Magnetization

Switching

Until now, we have demonstrated the irradiation assisted selective switching of Hall cross

in single and three repeat Pt/Co/W devices. In the previous studies, the number of interme-

diate force field states are limited only to a binary high and a low field gradient condition.

In order to access more intermediate multi-domain states, pattern designs can be further

improved by irradiating with several different doses multiple zones in the same sample.

Multi-step switching also finds application in the field of memory applications. Determinis-

tic multi-level switching has been realized by changing the number of FM/HM repeats [66],

changing the thickness of individual FM layer in multilayer stacks [67],and using broad-

beam irradiation [58]. Compared to the mentioned techniques, the current induced multi-

state magnetization switching via focused helium ion irradiation offers advantage in terms

of the simplicity and the spatial resolution of the magnetic patterning.

In this section, the current driven switching of the Hall cross patterned for multi-level

switching is discussed. Such a design not only improves the field gradient and access

more intermediate force field states but also helps to understand the relevant parameters

which ultimately allow us to pattern nanomagnetic electrically controllable arrays. Al-

ready precharacterized Pt/Co(1.2)/W devices are used to demonstrate the multi-level cur-

rent driven irradiation assisted magnetization switching. The required doses are carefully

chosen from the irradiation curve (Fig. 4.32).
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FIGURE 4.32: in situ anomalous Hall resistance evolution of Pt/Co(1.2)/W device with
different irradiation area at the Hall cross.

To realise the multi-level magnetization switching, an understanding about the spatial

sensitivity at the Hall cross is crucial. For this purpose, in situ anomalous Hall resistance

as a function of irradiation dose for different exposed area of Pt/Co(1.2)/W Hall cross are

measured (Fig. 4.32). Similar to our previous results, irrespective of irradiation area, a re-

duction in the Hall resistance is observed with the irradiation until a critical dose of 42.5

± 2 ions/nm2 followed by a sharp drop where the easy axis changes from out-of-plane to

in-plane magnetization. The critical dose is almost unaffected by the choice of area of irra-

diation, which makes the FIB robust towards the lithography steps. When decreasing the

area of irradiation, similar decrease in the total Hall resistance change upon irradiation is

noted. When the irradiated region is 20 µm x 20 µm, fully covering the Hall cross, the total

fall in Hall resistance is 0.7 Ω , almost equal to the half of the full deflection of RAHE 1.46

Ω corresponding to magnetization switching under OP field (Fig. 4.23). The full RAHE de-

flection is 0.2 Ω for 6 µm x 6 µm and 0.13 Ω for 5 µm x 5 µm irradiated Hall cross. The

dependence of Hall resistance change on the irradiated area confirms the high spatial sensi-

tivity of RAHE in the two-dimensional Hall cross structures [68]. This makes the Hall bar as

the method of interest to investigate the evolution of complex magnetic states upon partial

junction irradiation using focused light ion beam.

Fig.4.33a shows the schematics of the Hall bar, highlighting the irradiated region and

doses used to study the current driven 4-level magnetization switching. Based on our ear-

lier observation of domain wall pinning by ion irradiation (Fig. 4.30), a 5 µm x 10 µm area

on both sides of the Hall cross is irradiated with a near critical dose of 35 ions/nm2 so that
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the regions with a Hall cross has a well-defined anisotropy gradient frontier that inhibits

the nucleation of the reversal away from the region of interest. In order to implement the

two-level magnetization switching, Hall crosses are irradiated with an intermediate dose

of 23 ions/nm2 and near critical dose of 35 ions/nm2 chosen from the irradiation curve

(Fig. 4.27). ’Cross A’ is defined as the Hall cross without a non-irradiated gap between the

different dose irradiated regions while ’cross B’ has a 1 µm gap separating the irradiated

regions. Current induced magnetization switching of ’cross B’ characterized by the Hall

FIGURE 4.33: 4-level switching demonstration in Pt/Co(1.2)/W device. a) Schematics of
the irradiation pattern with doses represented in colour code. b) Hall resistance based SOT
switching loops under bias field 100 mT. Cross B with gap is measured in situ during MOKE
imaging and cross A is measured ex situ. Kerr images of SOT switching under similar bias
field a) when the current is swept from 21 mA to -21 mA and b) when the current is reversed.

response in situ measured during the Kerr imaging is shown in Fig. 4.33b. As can be seen

from the SOT switching curve, the Hall cross with the gap between irradiated regions has a

well defined intermediate state, in contrast to the cross without gap. In order to further val-

idate the observation, Kerr microscope images of the SOT switching are analysed (Fig. 4.33

c and d). When the current is swept from 21 mA to -21 mA (Fig. 4.33c), at -6 mA, domain

nucleation and propagation starts at the regions irradiated with 35 ions/nm2. Compared to
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the -3 mA switching current of a full cross irradiation with the similar dose (Fig. 4.33), the

higher switching current for the switching of a partially irradiated cross is assigned to the

smaller area of irradiation and the resulting reduction in the nucleation sites and domain

propagation. Returning to 4-level switching, with a small increment 1 mA, at -7 mA, the 23

ions/nm2 irradiated region without gap at ’cross A’ starts switching, with complete reversal

achieved at at -8 mA. On the other hand, the switching of 23 ions/nm2 irradiated region with

gap at ’cross B’ remain unaffected up to -11 mA, at which a full reversal of the Hall bar is

realized. Similar switching behaviour is observed when the current is reversed (Fig. 4.33d).

The requirement of a required gap between the irradiated regions for well-defined 4-level

switching indicate how it is essential to create anisotropy barriers, acting as a reversal do-

main wall pinning, in order to stabilize a difference of the switching critical currents of two

areas with different local magnetic anisotropy.

To further enhance the field gradient and increase the intermediate switching states, Hall

crosses are irradiated with 4 different doses in smaller regions of size 4.5 µm x 4.5 µm, while

keeping a gap of 1 µm in between the irradiated regions. Doses are chosen based on the

irradiation curve (Fig. 4.27) and frontiers of the Hall crosses are irradiated with 35 ions/nm2

for well defined anisotropy gradient boundaries (Fig. 4.34a). MOKE images of selective SOT

switching is obtained at different current values (Fig. 4.34c and d) and the electrical hystere-

sis loop is extracted (Fig. 4.34b). Like previous experiments, the thin film is presaturated

by applying out-of-plane field of 0.45 T. Under bias field of 100 mT, independent selective

current induced magnetization switching of irradiated regions can be visualized using Kerr

microscopy. As expected, the order of switching follows the irradiation doses. The switching

of regions follows the similar order even when the current is reversed (Fig. 4.34d), making

possible 6-levels memory deterministic writing. Table 4.6 summarizes the switching cur-

rent density corresponding to the 4 different doses in the 6-level switching. As can be seen,

the switching current follows the irradiation dose but the values are higher than that of

the corresponding 20 µm x 20 µm irradiated region (Table 4.5), which is attributed to the

well-defined irraddiation assisted anisotropy gradient frontier that inhibits the nucleation

of reversal domains in the former samples.

4.5 Conclusion

Magnetic thin films having a magnetic layer sandwiched between heavy metals of opposite

spin Hall angle were fabricated. Magnetic and magneto-transport measurements confirmed
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FIGURE 4.34: The current induced 6-level switching demonstration in Pt/Co(1.2)/W de-
vice. a) Schematics of the irradiation pattern with doses represented in colour code. b)
MOKE-acquired SOT switching loops of irradiated Hall cross under bias field 100 mT. States
corresponding to the Kerr images are highlighted. Kerr images of SOT switching under sim-
ilar bias field a) when the current is swept from 21 mA to -23 mA and b) when the current

is reversed.

Dose j−c j+c
ions/nm2 MA/cm2 MA/cm2

13 -15.7 14.2
20 -12.6 11
27 -8.6 9.4
35 6.3 4.7

TABLE 4.6: Switching current density of a 6-level irradiated device as a function of irradia-
tion dose.
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intact PMA in the as-deposited and the patterned Pt/Co/W and Pt/Co/Ta based thin films.

Deterministic SOT switching was realised with the help of symmetry breaking bias field ap-

plied collinear to the current. The switching current density obtained for Pt/Co/Ta lower

than that of the Pt/Co/W devices was attributed to the higher interface diffusion in the for-

mer sample. Harmonic Hall measurement found estimates of the effective spin Hall angle

of the Pt/Co/W based device in good agreement with the literature values. Furthermore,

the damping-like torque was found to be the dominating term in the current induced mag-

netization switching of Pt/Co/W devices.

Focused helium ion irradiation was used to magnetically pattern the single repeat Pt/Co/W

based perpendicular anisotropy thin films. Maskless light ion irradiation can locally con-

trol the interface dependent intrinsic magnetic properties, more specifically their magnetic

anisotropy and saturation magnetization. In situ electrical measurement allowed us to con-

trol in real-time the evolution of anisotropy with irradiation. The obtained irradiation curve

guided the choice of the proper dose for the detailed study on ion induced effects on the cur-

rent driven magnetization switching. Following the dependence of the anisotropy field, the

switching current density of near critical dose irradiated region was also reduced by about

70 % as compared to the unirradiated region. No appreciable change in the spin Hall angle

and longitudinal resistivity were observed with irradiation, suggesting its insensitivity to

the bulk properties. Thus, the selective switching of irradiated cross from the rest of the

Hall bar was achieved and electrically controllable multi-domain state is demonstrated.

In an attempt to increase the amount of magnetic material and therefore improve the

field gradient, helium irradiation effects on the three repeats of Pt/Co/W films were com-

pared with that of single repeat films. Films with different Co layer thickness were fabri-

cated and characterized using magnetic and magneto-transport measurements. Dead layer

formation was observed in all films. Based on the initial characterization, single and three

repeats of Pt/Co/W film with 1.2 nm Co were chosen for the irradiation studies. Indepen-

dent magnetic layer switching in three repeat films can be observed in the in situ irradiation

curve. Complex multi-domain states which cannot be fully controllable by electric current

were observed in the irradiated three repeat film.

We also showed how one can deterministically access more intermediate multi-domain

states by means of irradiating smaller adjacent domains using several different doses in-

ferred from the calibration in situ irradiation dose. Magneto-optical Kerr (MOKE) imaging

was used to visualize the domain evolution with the current pulses. Along with the electri-

cal measurement, Kerr imaging made us realize the importance of irradiation gap between
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irradiated regions for a well-defined multi-level switching, ascribed to the domain wall pin-

ning and anisotropy gradient.

To conclude, electrically tunable magnetic multi-domain state is demonstrated in a model

system. In order to attain the ultimate goal, more optimization is required in terms of the

magnetic volume, structure of the multilayer, domain size and space between irradiated bits,

temporal control of the magnetization, and the surface roughness. However, we showed the

power of an original methodology to realize the development of electrically reconfigurable

nanomagnetic arrays for dynamic magnetic patterns on flat materials.
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

We investigated the behaviour of an electrochemical reaction under the presence of a large

magnetic field gradient at the solid-liquid interface. Considering the size independent na-

ture of the magnetic field, a nanomagnetic thin film having a multi-domain magnetic state

was envisioned as an appropriate source which can generate intense stray fields and field

gradients at the immediate vicinity of the film surface. Two strategies were pursued to cre-

ate a magnetic multi-domain configuration where the force field can be switched on or off

by an external magnetic field or by an electric current.

To magnetically control the evolution of force the field landscape, Co/Pt multilayers

having perpendicular magnetic anisotropy (PMA) were fabricated. From a combination of

magnetic measurements and magnetic domains imaging techniques, an intense nanoscale

field gradient of the order of 107 T/m was estimated using 2D analytical field calculations. In

order to investigate the field effects on electrochemical reactions, a model ferri/ferrocyanide

reaction was chosen as a standard redox probe, where the complications due to the electrode

surface modification and the bubble evolution can be avoided. Initially, we studied the de-

pendence of Pt cap layer thickness on the electrochemical activity of the Co/Pt multirepeat

film. We found that a minimum of 5.0 nm Pt cap was required to ensure a reaction rate

reaching that of pure Pt films, whereas the surface analysis on a thinner Pt (2.8 nm) capped

Co/Pt multilayer confirmed traces of cobalt and cobalt oxide. The columnar growth of the

multilayer was suggested as a possible explanation for the imperfect Pt surface coverage.

In a separate effort, the Lorentz force effects were investigated by applying a magnetic field

parallel to the electrode surface. No evidence of the influence of Lorentz force on the ki-

netically limited region was observed. On the other hand, in the mass transport limited

region, both interfacial and bulk parameters of the reaction were found to be influenced by

the Lorentz force effects. Furthermore, we showed that the Lorentz force driven magnetic



192 Chapter 5. Conclusions and Outlook

stirring was equivalent to mechanical stirring using a rotating blade.

The impact on the redox reaction by the application of intense stray fields and field gra-

dients at the electrode-electrolyte interface was studied. About 6 - 8% enhancement of the

steady state current was observed in response to the nanoscale Kelvin force density imposed

by Co/Pt multilayers covered with no more than 5.0 nm Pt. As the current measured for the

Pt film and thick Pt capped (10.0 nm) Co/Pt multilayer showed no dependence to the field,

we ruled out the external magnetic field as a primary source of the observed effect. The

field effects were studied in more detail using ac impedance technique and revealed that the

interfacial parameters such as double layer capacitance (Cdl) and charge transfer resistance

(Rct) were sensitive to the field gradient, for applied potential near to the point of zero charge

(Epzc) 0.25 V. Furthermore, during the active reduction of ferricyanide, at potentials far from

from Epzc, both interfacial and bulk parameters were found to be influenced by the intense

nanoscale field gradient. The suppression of near-electrode convection of the paramagnetic

species was suggested as the mode of action. Thus, while there is an enhancement of the

effective kinetics, there was no evidence of modifications of the underlying kinetics.

Additionally, we achieved electrically controllable magnetic multi-domain state in thin

film PMA heterostructures. These consisted of magnetic layer sandwiched between heavy

metals of opposite spin Hall angles (Pt/Co/W and Pt/Co/Ta) and were characterised using

the magnetometry and magneto-transport measurements. Spin-orbit torque switching was

realized on patterned Hall bars with the aid of a small symmetry breaking bias field. The

PMA thin films were magnetically patterned using focused helium ion irradiation which al-

lowed us to locally control the interface dependent properties such as magnetic anisotropy

and saturation magnetization. In situ electrical measurements allowed us to real-time mon-

itor the anisotropy changes under irradiation. Furthermore, ex situ measurements were per-

formed on samples irradiated with specific doses. About 70 % reduction in both anisotropy

field and switching current density of the irradiated region as compared to the unirradiated

region was observed. Thus, SOT driven selective magnetization switching or an electrically

tunable magnetic multi-domain state was demonstrated.

Systematic studies to improve the field gradient were carried out by increasing the num-

ber of repeats as well as by reducing the size of irradiated regions. Irradiation of multi-

magnetic layer repeats (N=3) gave rise to complex magnetic multi-domain states, which

were not fully switcahble by electric currents. On the other hand, controllable interme-

diate multi-domain states were attained by irradiating regions with different doses. Kerr

microscopy in combination with magneto-transport measurements revealed the importance
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of keeping a gap between irradiated regions for a selective independent switching of an

irradiated region.

To conclude, nanomagnetic PMA thin films having multidomain magnetic states were

realised as a source of nanoscale intense magnetic field gradient. Two strategies are em-

ployed to create a multi-domain magnetic thin film. As a comparatively known approach,

Co/Pt based multilayers were prepared, where multi-domain state in the as prepared state

can be manipulated using an external magnetic field. The intense nanoscale field gradient

generated by the thin film is found to improve the efficiency of the electrochemcial reaction.

Another sophisticated approach based on the combination of spin-orbit torque (SOT) and

the ion irradiation was exploited to create an electrically tunable magnetic multi-domain

states.

5.2 Outlook

In this research, we focused on studies of the electrochemical response of a model redox

system to a large field gradient imposed at the nanoscale. In terms of applications, it would

be interesting to investigate the influence of the Co/Pt multilayer based thin film electrodes

on other electrochemical reactions, for example on the efficiency of the oxygen reduction

reaction (ORR). ORR is one of the most important and well studied reaction because of its

major role in the energy conversion process, in particular in the field of fuel cells [1]. Owing

to the paramagnetic nature of the oxygen molecules, the Kelvin field gradient force has

been reported to accelerate the ORR efficiency [2, 3] through the enhanced mass transport in

diffusion layer. Upon imposing a larger field gradient near to the electrode surface, the field

gradient could further inhibit the convection of the intermediate paramagnetic HO−
2 radical

resulting in an enhanced reduction of oxygen molecules.

In addition, it has been reported that the release size and residence time of bubbles are

sensitive on magnetic forces [4]. For example, when the magnetic field driven local con-

vective effects acts in favour of the buoyancy force, it reduces the average size of detaching

bubbles and also shorten their lifetime on the electrode surface, resulting in an enhancement

in the efficiency of the reactions. As we already discussed, multidomain Co/Pt based thin

films can create a non-uniform local magnetic field and large field gradient near their imme-

diate surface. Hence, a study related to the effect of local field and field gradient conditions

on bubble growth would be interesting as it can find applications in energy storage related

reactions like oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).
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As far as electrical control of magnetic domain states was concerned, there is still room

for improvements in terms of the focused ion beam (FIB) patterning as well as the optimiza-

tion of spin orbit torque (SOT) switching. The minimum size of the FIB patterned region

during this research work is a 2 µm sided square. With the focused He+ beam, structures of

the order of a few nanometers can be patterned, which is difficult to achieve using photore-

sist based lithography techniques. As the field gradient increases by reducing the domain

size, we can expect a larger gradient force field in the immediate vicinity of the nanopat-

terned device. On the other hand, the edge effects, the demagnetising field and the thermal

energy are expected to be relevant parameters at this length scale in determining the effi-

ciency of current induced switching. In our study, we observed the critical role of a gap

between irradiated regions to selectively switch the irradiated regions. Hence, a further

study changing the gap between irradiated regions will be interesting for tuning the inter-

action between irradiated regions. In order to incorporate the electrically reprogrammable

magnetic arrays into the electrochemical setup, a flat surface of the magnetic film is a pre-

requisite. It is observed that a few nanometers of sample surface is etched due to the mask-

less FIB patterning [5]. A photoresist coating, thin enough for the He+ beam to pass through

but thick enough to avoid sample etching, is a possible solution to obtain an irradiated film

with negligible surface damage. Further optimizations related to the beam interaction with

the photoresist will be interesting to optimize the process of a maskless FIB patterning with

minimal specimen surface damage.

The spin-orbit torque (SOT) driven magnetization switching in combination with the

irradiation induced magnetic patterning can be explored to obtain not only sub-µm spatial

resolution but also sub-ns temporal control of magnetization dynamics. It has been reported

that, owing to the negligible incubation time and the immediate response to the SOT effec-

tive fields, the current induced magnetization switching occurs in the GHz frequency range

[6, 7]. Hence, a further study to optimize the switching time of the specifically irradiated

magnetic bits would be interesting to realise a magnetic force field landscape which can be

switched on or off in an ultrafast time scale, which would provide novel insights into the

magnetic field effects in electrochemical reactions.
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Appendix A

Appendix A

A.1 Domain Theory of Magnetic Stripe Domains

The domain formation and the domain width variation with magnetic layer thickness in

perpendicular anisotropy Co/Pt and Co/Pt multilayers can be well understood within the

model of periodic stripe domains in an infinite sheet with uniaxial perpendicular anisotropy

originally suggested by Kittel [1, 2] and further improved by Kooy and Enz [3]. In this

model, the energies of interest are the domain wall energy and magnetostatic energy due

to demagnetizing field. Domain formation reduces the latter at the expense of wall energy.

Hence, periodic parallel stripe domain pattern is determined by the balance between the

demagnetizing energy reduction versus domain wall energy increase.

In the limit of thick films t >> D, any interaction between the field created at both

surface are neglected.The magnetostatic energy is then given as

Edemag = 0.85M2
s D (A.1)

The total domain wall energy can be estimated as [4, 5]

Ewall ≈
4
√

AKu.t
D

(A.2)

where σ = 4
√

AK is the wall energy per unit area and t/D is the total domain wall area.

Upon Minimizing the energy, it can be seen that the domain width grows as D ∼
√

t which

follows the prediction by Kittel [1].

In the limit of thin film t < D, the two surfaces interact magnetostatically. For a one-

dimensional stripe domains of width D, the demagnetisation energy can be now be esti-

mated as [6]

Edemag =
16M2

s D
π2

odd

∑
n

1
n3 [1 − exp(−nπ.t/D)] (A.3)
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Solving for the energy minimization with respect to the magnetic layer thickness t, domain

wall width now increases as D ∼ t exp(1/t). The minimum domain size is denoted as

characteristic domain size characteristic domain size D0 given as D0 = σw/2πMs for t ∼

D0 (Fig A.1b). This typical behaviour of domains for perpendicular thin films have been

reported by several studies [1–5].

FIGURE A.1: a)Illustration of perpendicular anisotropy stripe domains having domain
width D. b) Total magnetic energy (left axis) for uniform magnetization and stipe domains

and domain width variation (right axis, solid line) with the magnetic film thickness [5].
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Jinu KURIAN 
Design of a high intensity magnetic force field 

source and studies of its impact on 
electrochemical reaction at the liquid-solid 

interface.  

Résumé 

L'influence d'un champ magnétique sur l'électrochimie, dans la plupart des cas, peut être expliquée 
par les effets de convection dans la couche de diffusion induits par la force de Lorentz et/ou la force 
de Kevin. Cependant, les effets du champ à l'interface électrochimique sont un sujet controversé. Nous 
étudions comment les forces magnétiques exaltées à l'échelle nanométrique, agissant à l'interface 
électrode/électrolyte, peuvent avoir un impact sur la réaction électrochimique. Deux stratégies ont été 
suivies pour créer une configuration magnétique multi-domaines où le champ de force peut être activé 
ou désactivé par le champ magnétique externe ou par un courant électrique. Des multicouches de 
films Co/Pt présentant une anisotropie magnétique perpendiculaire nous ont permis de réaliser des 
configurations générant des champs de force contrôlable magnétiquement. Des études 
électrochimiques utilisant des films de Co/Pt sur le système modèle du couple redox ferri/ferrocyanure 
ont révélé l'influence d'un champ de force à l'échelle nanométrique sur le processus électrochimique. 
En outre, la commutation de magnétisation induite par le couplage spin-orbite en combinaison avec 
la technologie d'irradiation par ions hélium focalisés est explorée pour créer des bits magnétiques 
reprogrammables électriquement. Un système modèle a été exploré, dans lequel la résolution spatio-
temporelle de la génération du champ de force peut être utilisée pour obtenir de nouvelles informations 
sur les effets du champ dans les réactions électrochimiques. En outre, en raison de la nature 
omniprésente des molécules paramagnétiques dans les réactions, le champ de force intense à 
l'échelle nanométrique pourrait ouvrir de nouvelles voies pour améliorer l'efficacité de réactions 
technologiquement pertinentes. 

Mots clés : Films minces magnétiques, anisotropie magnétique perpendiculaire, force Kelvin à l'échelle 
nanométrique, processus électrochimique, couplage spin-orbite, microscopie à ions hélium focalisés. 

 

Résumé en anglais 

The influence of a magnetic field on the electrochemistry, in most cases, can be explained by the 
convective effects in the diffusion layer induced by the Lorentz force and/or the Kevin force. However, 
the field effects at the electrochemical interface is a controversial topic. We study how large magnetic 
forces, enhanced at the nanoscale and acting at an electrode/electrolyte interface can impact the 
electrochemical reaction. Two strategies were pursued to create a magnetic multi-domain 
configuration where the force field can be switched on or off by the external magnetic field or by an 
electric current. Co/Pt multilayer films having perpendicular magnetic anisotropy allowed us to realize 
the magnetically controllable force field landscape. Electrochemical investigations using Co/Pt films 
on the model system of ferri/ferrocyanide redox couple revealed the influence of large nanoscale force 
field on the electrochemical process. Furthermore, spin-orbit torque induced magnetization switching 
in combination with focused helium ion irradiation technology is explored to demonstrate electrically 
reprogrammable magnetic bits. A model system is achieved, where the spatio-temporal resolution of 
the force field generation could be explored to obtain novel insights into the field effects on 
electrochemical reactions. In addition, owing to the ubiquitous nature of the paramagnetic molecules 
in the reactions, the nanoscale intense force field could open new pathways to improve the efficiency 
of technologically relevant reactions. 

Keywords: Magnetic thin films, perpendicular magnetic anisotropy, nanoscale Kelvin force, 
electrochemical process, spin-orbit torque, focused helium ion microscopy. 
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