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Résumeé élargi

Résumé élargi

La spintronique est le mariage de 1’électronique qui utilise la charge électrique
des électrons pour transmettre de 1’information, et du spin, une autre propriété
intrinséque des ¢électrons. De nombreux dispositifs pratiques de spintronique ont
émergé grace aux avancées réalisées dans ce domaine. Parmi eux, la jonction tunnel
magnétique est un élément clé, car elle est considérée comme un candidat prometteur
pour les mémoires non volatiles de prochaine génération. Par conséquent, I'un des sujets
de recherche central en spintronique consiste a améliorer les performances de lecture et
d'écriture é€lectriques des jonctions tunnel magnétiques. Cette étude examine les deux
aspects et mene une série de recherches sur la commutation de I’aimantation
perpendiculaire induite par le courant et l'effet de magnétorésistance tunnel dans les
jonctions tunnel magnétiques. Les détails sont énumérés ci-dessous:

(1) La génération de courants de spin dans les ferromagnétiques a été étudiée
et la commutation de I’aimantation perpendiculaire induite par deux courants de spin
provenant de 1'effet Hall de spin et de 'effet Hall anormal dans un ferromagnétique a
été réalisée. Un modele de macrospin concerne I'hétérostructure avec une couche
d’aimantation dans le plan et une couche d’aimantation perpendiculaire, c'est-a-dire une
multicouche magnétique de type T. Supposons que deux courants de spin sont générés
par 'effet Hall de spin et l'effet Hall anormal lorsqu'un courant est appliqué, 1'absorption
de ces deux courants de spin par ’aimantation perpendiculaire entraine alors sa
commutation. La polarité de commutation est codéterminée par la polarisation du
courant de spin et la direction du champ magnétique effectif dans le plan et cela permet
de différencier la contribution de I'effet Hall de spin de celle de 1'effet Hall anormal.

Ainsi, 'existence de ces deux mécanismes de génération de courant de spin dans les
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ferromagnétiques est confirmée.

La figure R1 illustre la commutation de 1’aimantation perpendiculaire induite
par les couples de spin-orbite générés dans un ferromagnétique NiFe. Dans la figure
R1(a), les électrons circulent dans la direction y, parall¢le a I’aimantation de NiFe. Seul
l'effet Hall de spin peut générer des courants de spin, et grace au champ de couplage
brisant la symétrie, une commutation déterministe de 1’aimantation perpendiculaire
induite par l'effet Hall de spin est obtenue. Pendant ce temps, dans les figures R1(b-c),
un champ magnétique externe dirigé selon l'axe x est appliqué, ce qui incline
I’aimantation de NiFe vers la direction x. Maintenant, a la fois I'effet Hall de spin et
l'effet Hall anormal peuvent générer des courants de spin. Avec l'aide du champ
magnétique dirigé selon l'axe x, une commutation déterministe de 1’aimantation
perpendiculaire induite par l'effet Hall anormal peut également étre obtenue. Il est
important de noter que la figure R1(f) démontre qu'avec la présence du couple de I'effet
Hall anormal, la polarité¢ de commutation est déterminée par le champ dirigé selon l'axe
x. Ce changement de polarit¢ de commutation devient le critere de validation
expérimentale de cette idée.

Ensuite, des expériences ont ét¢ menées pour concevoir une multicouche
magnétique de type T. L'existence de ces deux courants de spin est validée par des
mesures de commutation de I’aimantation perpendiculaire induite par le courant. Cette
partie du travail ouvre la voie au développement de dispositifs de spintronique exempts

de métaux lourds et a faible cofit.
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Figures R1

spin-orbite générés dans un ferromagnétique. Les schémas du systéme sans champ
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la commutation de I’aimantation perpendiculaire induite par les couples de

magnétique dirigé vers la droite (+x) sont montrés respectivement dans les figures (a-c). Les

figures (d-e) présentent les calculs du modele de macrospin simulant ces trois situations. La

figure (f) montre la dépendance du champ magnétique sur la polarité de commutation de

I’aimantation perpendiculaire.

(2) Un champ magnétique perpendiculaire efficace est obtenu dans une

multicouche magnétique de type T, ce qui permet une commutation efficace de

|’aimantation perpendiculaire induite par le couple spin-orbite. Tout d'abord, un mode¢le

de macrospin de type T est établi, dans lequel nous avons constaté que 1’aimantation

dans le plan s'oriente vers la direction perpendiculaire sous 1'effet du couple spin-orbite

lorsqu'un courant est appliqué. La figure R2 illustre que, grace au couplage intercouche

entre 1’aimantation dans le plan et ’aimantation perpendiculaire, 1’aimantation

perpendiculaire subit un champ perpendiculaire effectif supplémentaire, ce qui facilite

(entrave) la commutation de I’aimantation perpendiculaire et réduit (augmente) la

densité de courant critique lorsque deux couches subissent des courants de spin de

méme (opposée) polarité.
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Figures R2 Création d'un champ perpendiculaire effectif dans le tricouche magnétique de
type T. (a) L’aimantation dans le plan s'incline vers la direction z sous I'effet du couple spin-
orbite. Le cobalt perpendiculaire subit un champ perpendiculaire effectif supplémentaire
sous I'effet du couplage intercouche. (b-c) Simulations du modéle de macrospin lorsque les
deux couches magnétiques subissent des couples spin-orbite de direction opposée ; (d-e)
Simulation du modéle de macrospin lorsque les deux couches magnétiques subissent des

couples spin-orbite de méme direction.

La présence d’un champ magnétique perpendiculaire effectif est confirmé grace
a des expériences de commutation de 1’aimantation perpendiculaire induite par un
champ perpendiculaire. Cette partie du travail contribue a la réalisation d'une
commutation efficace de la magnétisation perpendiculaire dans les multicouches de
type T.

(3) Réalisation d'une magnétorésistance tunnel controlable par tension dans

les jonctions tunnel magnétiques FesN. Des jonctions tunnel magnétiques de haute

v
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qualité¢ Fe/MgAlOx/Fe/MgAlOy/FesN ont été fabriquées sur un substrat monocristallin
MgO(001) par épitaxie par jets moléculaires. Une magnétorésistance tunnel dépendante
de la polarisation a été obtenue expérimentalement. Comme illustré dans la figure R3,
lorsqu'une tension de polarisation positive (négative) est appliquée, les €lectrons se
trouvant dans I'¢lectrode Fe (FesN) se déplacent par effet tunnel vers I'électrode FesN
(Fe), la résistance de 1'état antiparallele est inférieure (supérieure) a celle de I'état
paralléle, ce qui entraine un rapport de magnétorésistance tunnel négatif (positif). A
l'aide d'un calcul ab initio, il est démontré que cet effet est causé par le changement des
canaux de « tunnellisation », qui est li¢ a la structure de bande de FesN prés du niveau
de Fermi. Cette partie du travail ouvre la voie au développement de nouveaux

dispositifs logiques a spin.
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Figures R3 Résultats de mesure de la magnétorésistance tunnel (TMR) de la jonction
tunnel magnétique FesN. (a) Schéma de l'installation de mesure. (b-c) Courbes de TMR
mesurées a température ambiante et 2 10 K pour une tension de polarisation 1=+0.45V et
—0.60 V, respectivement. (d) Dépendance de la tension des rapports de TMR des jonctions
tunnel FesN avec une barriére de MgAlOx et de MgO a 10 K. (e) Dépendance de la
température de la résistance de 1'état P et AP lorsque V=+0.45V et —0.60 V. (f) Dépendance
de la température des rapports de TMR lorsque }=+0.45V et —0.60 V.

(4) Etude de l'influence du désordre interfacial sur I'amplitude des oscillations
résonantes dans les jonctions tunnel magnétiques a double barriére et puits quantiques.

v
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Les états du puits quantique formés dans les jonctions tunnel magnétiques a double
barriére permettent une tunnelisation cohérente résonante des électrons, ce qui pourrait
étre exploité pour atteindre un rapport de magnétorésistance par effet tunnel plus élevé.
Nous avons fabriqué par épitaxie une série de DMTJ Fe/MgAlOx/Fe/MgAlO/Fe et
avons ¢tudié systématiquement la dépendance de l'amplitude des oscillations en
fonction des désordres introduits par l'insertion de Co aux interfaces supérieure et
intermédiaire Fe/MgAlOx. Comme illustré dans la Figure R4, il devient évident que
I'amplitude des oscillations reste stable lorsque le Co est inséré en dehors du puits
quantique, tandis qu'elle peut étre considérablement réduite par le désordre chimique
introduit par l'insertion de Co a l'intérieur du puits quantique. Elle peut méme étre
détruite par le désordre structural provoqué par l'insertion de Fe a l'intérieur du puits
quantique. Notre découverte met en évidence et explique le role des désordres
structuraux et chimiques interfaciaux sur I'amplitude des oscillations et ouvre la voie
au développement de dispositifs DMTJ polyvalents qui présentent simultanément un

rapport TMR élevé et une amplitude d'oscillation élevée.
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Figures R4 Dépendance en fonction de la polarisation, de la conductance différentielle
d7/dV et de la conductance différentielle secondaire d*7/dV* des échantillons avec

insertion interne.
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Abstract

Abstract

Spintronics focuses on exploiting both the spin and charge freedom of electrons.
Tremendous of practical spintronics devices have emerged with the advance of
spintronics. Among them, magnetic tunnel junction is the cornerstone since it is a
promising candidate as next-generation non-volatile memories. Therefore, one central
research subject of spintronics is to enhance the electrical reading and writing
performance of magnetic tunnel junctions. This study concerns both sides and carries
out a series of researches on current-induced perpendicular magnetization switching
and tunnel magnetoresistance effect in magnetic tunnel junctions. Details are listed
below:

(1) Generation of spin currents in ferromagnets has been studied. And
switching of perpendicular magnetization driven by two spin currents originated from
the spin Hall effect and the anomalous Hall effect in a ferromagnet has been realized.
A macrospin model concerns the heterostructure with both an in-plane magnetization
layer and a perpendicular magnetization layer, i.e., a Type-T magnetic multilayer, is
established. Suppose two spin currents are generated through the spin Hall effect and
the anomalous Hall effect when a current is applied. Consequently, the absorption of
these two spin currents by the perpendicular magnetization leads to its switching. The
switching polarity is co-determined by the spin current polarization and the in-plane
effective magnetic field direction. And by which the spin Hall effect contribution and
the anomalous Hall effect contribution can be differentiated. Thus, the existence of
these two spin current generation mechanisms in ferromagnets is confirmed. Next,
experiments are carried out to obtain a well-designed Type-T magnetic multilayer. The

existence of these two spin currents is validated by the current-induced perpendicular
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magnetization switching measurements. This part of work paves ways for the
development of heavy-metal free, low cost spintronics devices.

(2) An effective perpendicular magnetic field is obtained in a Type-T
magnetic multilayer, which leads to an efficient spin-orbit torque induced perpendicular
magnetization switching. Firstly, a Type-T macrospin model is established, in which we
found that the in-plane magnetization titles toward the perpendicular direction under
the spin-orbit torque when a current is applied. With the interlayer coupling between
the in-plane magnetization and the perpendicular magnetization, the perpendicular
magnetization experiences an additional effective perpendicular field, which facilitates
(hampers) the switching of perpendicular magnetization and reduces (increases) the
critical current density when two layers experience spin currents with same (opposite)
polarity. Next, experiments are carried out to obtain a well-designed Type-T magnetic
multilayer. And the effective perpendicular magnetic field is confirmed through
perpendicular field-driven perpendicular magnetization switching experiments. This
part of work contributes to the realization of efficient perpendicular magnetization
switching in T-type multilayers.

(3) Realization of voltage-controllable tunnel magnetoresistance in FesN
magnetic tunnel junctions. High-quality Fe/MgAlOx/Fe/MgAlOx/FesN magnetic tunnel
junctions are grown on a single crystal MgO(001) substrate via molecular beam epitaxy.
And a bias-dependent tunnel magnetoresistance is experimentally obtained. When a
positive (negative) bias voltage is applied, the electrons tunneling from the Fe (FesN)
electrode to the FesN (Fe) electrode, the resistance of antiparallel state is lower (higher)
than that of parallel state, which leads to a negative (positive) TMR ratio. Through an
ab initio calculation, it is demonstrated that this effect is caused by the change of

tunneling channels, which related to the band structure of FesN near the Fermi level.
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Abstract

This part of work paves ways for the development of new spin logic devices.

(4) Investigation on the influence of interfacial disorder on the amplitude
of resonant oscillation in double-barrier quantum well magnetic tunnel junctions.
Quantum well states formed in double-barrier magnetic tunnel junctions enables
coherent resonate tunneling of electrons, which could be utilized for achieving higher
tunneling magnetoresistance ratio. We epitaxially fabricated a series of
Fe/MgAlOx/Fe/MgAlOx/Fe DMTlJs, and systematically investigated the oscillation
amplitude dependence of the disorders introduced by inserted Co at the top and
middle Fe/MgAIOx interfaces. It becomes clear that the oscillation amplitude remains
stable when inserting Co out of the QW, while it can be greatly reduced by the
chemical disorder introduced by Co insertion within the QW. And even be eliminated
by the structural disorder introduced by Fe insertion within the QW. Our discovery
highlights and elucidates the role of interfacial structural and chemical disorders on
the oscillation amplitude and paves ways for the development of versatile DMT]J

devices which simultaneously poses high TMR ratio and high oscillation amplitude.

Key Words: spin Hall effect, anomalous Hall effect, perpendicular magnetic anisotropy,

tunnel magnetoresistance, magnetic tunnel junction, quantum well
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1 Introduction

1 Introduction

1.1 Introduction of spintronics

This century heralds the dominance of high-performance computers, with
classical computing rooted in von Neumann architecture and the emerging trend of
neuromorphic computing significantly transforming our daily lives. Notably, in 1997,
IBM's Deep Blue surpassed the World Chess Champion, Garry Kasparov, followed by
Google's AlphaGo defeating the 9-dan professional Go player, Lee Sedol, in 2016.
These achievements vividly illustrate the immense computational power harnessed.
However, it is important to acknowledge that both Deep Blue and AlphaGo exhibit
larger footprints and demand greater power compared to their human counterparts. To
further propel the advancements in general computing, it is imperative to pursue
enhanced efficiency and reduced power consumption.

In classical von Neumann architecture, computing units and storage units exist
as separate entities, necessitating constant information exchange between them, as
depicted in Figure 1-1. However, this process incurs significant energy and time
consumption. Storage units typically operate at a slower speed compared to computing
units, exacerbating the efficiency challenges. Consequently, the prevailing approach is
to focus on the development of faster and more efficient storage units or explore the
integration of computing units and storage units into cohesive entities, such as in-
memory computing [1,2].

In comparison to electronics, which solely focus on the charge freedom of
electrons, spintronics encompasses both charge and spin freedom. This field serves as

a fundamental pillar in computer science, offering an economical and efficient means
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to transfer a vast amount of information between computable electrical signals and non-
volatile magnetization orientations, and vice versa. A significant milestone in
spintronics occurred in 1998 when Albert Fert and Peter Griinberg discovered the giant
magnetoresistance (GMR) effect [3,4], leading to their subsequent Nobel Prize in
Physics in 2007. The advent of hard disks based on GMR and tunneling
magnetoresistance (TMR) has revolutionized computer storage, providing vast and
cost-effective storage capacities. This development propelled computers into the hands

of the general public and laid the foundation for the era of big data [5—13].
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Figure 1-1 Comparison between conventional computing and in-memory computing. (a)
Von-Neumann architecture. Computing happens in the processer; (b) In-memory computing

architecture. Computing happens in the memory [1].

Today, with the maturation of techniques such as spin transfer torque (STT) and
spin-orbit torque (SOT), it is now possible to directly manipulate the magnetization
orientation using electrical currents, eliminating the need for magnetic fields. This
advancement has greatly accelerated the evolution of magnetic random-access
memories (MRAMs). STT-MRAM and SOT-MRAM exhibit ultralow standby power

consumption, high endurance, rapid operating speeds, high density, and compatibility



1 Introduction

with the back end of line (BEOL) process of complementary metal oxide semiconductor
(CMOS) technology. These exceptional characteristics position STT-MRAM and SOT-
MRAM as promising candidates for the next generation of non-volatile storage [2,14].

The core building blocks of MRAM are magnetic tunnel junctions (MTJs). The
resistance of an MTJ is determined by the tunnel magnetoresistance (TMR) effect,
whereby the resistance is lower (higher) when the two layers within the MTJ are aligned
in a parallel (antiparallel) configuration. The TMR ratio is commonly defined as
(Rap — Rp)/Rp X 100%. MTJs can be classified into two main types based on their
magnetic anisotropy: in-plane MTJs [15-17] and perpendicular MTJs [18-21].

The evolution of MRAM is illustrated in Figure 1-2. During the initial stages,
such as the Asteroid-MRAM and Toggle-MRAM era, the magnetization in MTJ is
switched by the Oersted field generated by currents. However, this approach poses a
significant drawback when it comes to downsizing and integration. Subsequently, the
discovery of the STT effect allowed for magnetization switching by applying currents
through two magnetic layers, eliminating the need for an external magnetic field. This
breakthrough simplified the device structure and facilitated the development of smaller
devices and larger-scale integration.
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Figure 1-2 The roadmap of the development of MRAMs [2].
However, the utilization of STT effect in MRAM introduces a significant
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challenge as currents inevitably flow through the insulating layer positioned between
the two magnetic layers. This leads the risk of voltage breakdown when large writing
currents are employed, resulting in endurance issues for STT-MT]J. This dilemma is
addressed through the discovery of SOT effect, wherein a transverse spin current is
generated by passing electrons through heavy metals. The absorption of this spin
current enables the magnetization switching of adjust layer, effectively separating the
writing currents from the reading current and eliminating the needs of passing large
currents through the insulating layer. Thus, the endurance of SOT-MT]I is significantly
enhanced.

Furthermore, the time required for SOT switching falls within the sub-
nanosecond to sub-picosecond range, making it highly suitable for the development of
in-memory computing. This enables the simplification of computing architectures and
reduces power consumption based on SOT-MT]J. Additionally, recent advancements in
MRAM development involve the incorporation of ferroelectric materials, van der Waals
materials, and topological materials, which offer lower critical current density and
versatile functionality, further enhancing the potential of MRAM.

The industry also plays a huge role in the development of MRAM [22-30]. As
shown in Figure 1-3, the leading companies such as IBM and Motorola have been
investing MRAM since early 2000s. Over time, there has been a shift in focus from
Toggle-MRAM to STT-MRAM, alongside with the increasing of integration scale.
Nowadays, to further enhance the storage density and the operating speed, the
mainstream research is shifting towards the developments of perpendicular STT-

MRAM and even SOT-MRAM.
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Figure 1-3 Evolution of MRAM capacity [31].

1.2 Tunneling magnetoresistance

MT]J typically consists two magnetic layers, and it exhibits a high (low)
resistance state corresponding to the antiparallel (parallel) alignment of these two layers.
This phenomenon is referred as the TMR effect. The TMR effect is directly linked with
density of states (DOS) of magnetic electrodes near the Fermi level, as depicted in
Figure 1-4. When a bias voltage is applied, electrons in the left magnetic electrode (FM1)
have higher energy, can tunnel into the right magnetic electrode (FM2). DOS with the
opposite spin polarization is different near the Fermi level due to the band splitting
effect in magnetic metals. We note spin-up (spin-down) DOS; (DOS)) in FM; as ai
(1=a1), and DOS; (DOS)) in FM; as a2 (1—az). Therefore, the spin polarization of FM;
P, = (DOS, — DOS ) /(DOS, + DOS ) = 2a, — 1. Similarly, the spin polarization of
FM> P, = 2a, — 1. The TMR ratio can be expressed as (Gap—Gpr)/Gap, in which Gp =

a,a; + (1 —a)(1—a,),and Gpp = a1(1 — ay) + a,(1 — a,), respectively. Finally,
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we obtain the TMR ratio as 2Pi1P>/(1-P1P2), which is determined by the DOS
polarization of electrodes near the Fermi level. Electrodes with higher spin polarization
leads to higher TMR ratio. This simple model is known as the Julliére model [32], while

a more precise model is proposed by Slonczewski in 1989 [33].

Figure 1-4 Schematic of the Julliere model of TMR. Tunneling process when in the parallel

state and antiparallel state is shown in (a) and (b), respectively.

In 1995, Miyazaki et al. and Moodera et al. made significant breakthroughs by
achieving substantial TMR ratio at room temperature. A TMR ratio of 18% at room
temperature was realized in a Fe/AlbOs/Fe MTJ [34], while a TMR ratio of 11.8% at
room temperature was achieved in CoFe/Al,O3/Co MT]J [35], as depicted in Figure 1-5.
The observation of TMR effect at room temperature accelerated researches of MRAM.
In 2007, Wei et al. further observed a TMR ratio of 81% at room temperature in a
CoFeB/AlOx/CoFeB MTJ [36]. Worth of noting, all aforementioned studies were
conducted on non-crystalline Al2O3 barrier. To achieve even higher TMR ratios, the
optimization of barriers becomes crucial.

Early to 2001, Butler et al. [37] and Mathon et al. [38] already predicted a
potential TMR ratio up to 1000% in a Fe/MgO/Fe MTJ based on ab initio calculations.
This remarkable phenomenon arises from the filtering effect of electrons with different
symmetry induced by the single crystalline MgO barrier. As shown in Figure 1-6. The

electrons in electrodes are in Bloch states. Meanwhile, in the barrier, there are
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evanescent states due to the band gap between the conduction band and valence band.
The energy dispersion depends on the symmetry of electrons for both the Bloch and
evanescent states which coupled at the interface.

The A1 electrons are all spin majority in Fe at the I" point near the Fermi level.
Therefore, the spin polarization of Fe is 100% if only consider A; electrons, which
indicates a very high TMR ratio. As shown in Figure 1-6, ab initio calculations reveal
that the decay length of A; electrons in single crystalline MgO is significantly longer
compared to Az, Ay, and As electrons. In the case of coherent tunneling, where the
momentum of electrons remains unchanged during the tunneling process, the A
electrons dominate the tunneling process. Complemented with band structures of Fe, a
remarkably high TMR ratio can be achieved. Notice that the quality of interface has a
substantial impact on the TMR ratio. Defects [39], impurities [40], oxidation [41,42]
and other factors can lead to incoherent tunneling of electrons, thereby reducing the
TMR ratio. Therefore, one must improve the crystal quality to obtain higher TMR

ratio [37,38,43].
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Figure 1-5 Measurements of TMR in MTJs with Al,O; barrier at room temperature. (a)
Fe/Al,O3/Fe MTJ [34]; (b) CoFe/Al,O3/CoFe MTJ [35].
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Figure 1-6 Tunneling in Fe/MgO/Fe MTJ for electrons with different symmetry. Top two
figures and bottom two figures represent situations of tunneling process in the parallel state

and antiparallel state, respectively [37].

In 2004, Parkin et al. [45] and Yuasa et al. [44] fabricated high-quality MTJs
with MgO barrier and observed significantly higher TMR ratio compared to those with
AlO3 barrier. At room temperature, TMR ratio up to 220% 1is obtained in
CoFe/MgO/CoFe MTJ, while TMR ratio up to 180% is obtained in Fe/MgO/Fe MT]J.
As shown in Figure 1-7, the excellent crystal quality and interfaces between the
electrode and MgO played a crucial role in achieving these high TMR ratios.

It is worth noting that the utilization of FeCo alloy as electrodes usually yields
higher TMR ratios comparing to pure Fe in experiments. As illustrated in Figure 1-8,
the TMR ratio exhibits an initial increase followed by a decrease as the Co proportion
in the FeCo alloy is increased. The maximum TMR ratio is achieved at approximately
25% Co proportion. This phenomenon can be attributed to the shifting of the Fermi

level resulting from the increasing Co proportion and the consequent alterations in
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tunneling channels. Moreover, the contribution of non-A tunneling, As electrons

tunneling and interfacial minority states are should be noticed [46,47].

Fe (001)

_Mg0 (001)

Figure 1-7 TEM images of high-quality MTJs. CoFe/MgO/CoFe MTJ and Fe/MgO/Fe
MTJ is shown in (a) and (b), respectively [44,45].
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Figure 1-8 Dependence of TMR on the proportion of Co in FeCoy alloy and its mechanism.
(a) Dependence of TMR ratio on the Co proportion in FeCo electrode at 20 K and 300 K. (b)
Dependence of band structures and tunneling channels on the Co proportion. (c)
Dependence of the conductance of parallel state and antiparallel state on the Co

proportion [46].
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The lattice mismatch between bulk MgO and bcc Fe is 3.8% [48]. In contrast,
the mismatch between bulk MgAl,O4 (MAO) and bcec Fe is less than 1% [49]. Figure
1-9 illustrates the remarkable achievements in interface engineering by optimizing the
MAO barrier in Fe/MgsAlOx/Fe MTJ. At room temperature, a TMR ratio up to 429%,
and an impressive 1034% at 10 K is achieved [48].

The presence of this ultra-flat interface also enables the formation of quantum
wells (QWs), where resonant tunneling effects can be observed [50—55]. In Figure 1-10,
it is depicted that QW states are formed by A; majority electrons in Fe between two
MAQO layers. The tunneling probability increases as the bias voltage elevates the Fermi
level of left Fe electrode to match with the QW states. The period of QW states
corresponds to the differential conductance period [56]. Additionally, researchers have
successfully achieved a double QWs structure in Fe/MAO/Fe/MAO/Fe/MAO/Fe
MTIJ [57]. Related ab initio calculations can be found in the work conducted by Wang
et al. [58]

Due to the significantly high TMR ratios observed in MTJs, various non-volatile
MRAM have been developed based on this technology. In earlier generations of
MRAM, magnetization switching was achieved through the Oersted field induced by
currents [59—67]. However, this approach posed challenges on devices intergradation
and called for a pure electrical method of writing data. At the same time, extensive
research efforts have been devoted to developing perpendicular MTJ to achieve higher
storage density. Perpendicular magnetic anisotropy is commonly induced by interfaces
between magnetic and oxide materials [68], such as Ta/CoFeB/MgO [20,69-71],
Fe/MgO [72-75], Co/AlOx [76], CoFe/AlOx [77]. It also arises from interfaces between
magnetic materials and heavy metals, such as Co/Pt [78,79], CoFe/Pd [80]. Notice that

for the CoFeB electrode, additional annealing process is indispensable to obtain the

10
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perpendicular magnetic anisotropy, where B atoms are driven away from CoFeB and

accumulate in the heavy metal [68].

Post-annealing T T T T T

7 200°C (2 kOe
m S / o

<+— 400°C

Post-oxidation a"g‘
+— 250°C s
©
Mg,Al-O, x 500 - =
(MAO) (dy,,) =
Mg (0.5 nm)
<« 300°C el i
«— 600°C £ :
Cr (60 nm) ety
0 . - 1 1
<+ 800°C -400 0 400

MgO(001) substrate
Magnetic Field (Oe)

Figure 1-9 Realization of a ultrahigh TMR ratio in Fe/Mg4AlO./Fe MTJ [48].
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Figure 1-10 QW states in the double-barrier MTJ [56].

Recent studies have revealed the existence of magnetism in van der Waals
materials such as Crlz [81,82], CraGexTes [83], FesGeTe: [84]. In 2019, Wang et al. and
Alghamdi et al. [85,86]successfully switched magnetization of FesGeTe, by SOT. In

the same year, Song et al. [87] reported an astonishingly high TMR ratio up to 57000%
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in the graphene/Crls/graphene heterostructure. Additionally, multiferroic tunnel
junctions (MFTlJs) have garnered significant attention [88,89]. In 2012, Pantel et al. [90]
observed the coupling of ferromagnetic and ferroelectric interactions in a
Co/PbZro2TiosO3(PZT)/LSMO MFTJ, achieving four stable states in this system.
Moreover, the sign of TMR ratio is modified by a presetting bias voltage. These

researches lay the foundation for MTJs with versatile functionality.

1.3 Spin transfer torque

In 1996, Slonczewski [91] and Berger [92] predicted that a spin polarized
current passing through a magnetic multilayer would transfer angular momentum,
exerting torques on the magnetization. This phenomenon is known as the STT effect.
In 1999, Myers et al.[93] experimentally demonstrated magnetization switching
induced by STT in a Co/Cu/Co spin valve. Subsequently, in 2004, Huai et al. [15]
reported the magnetization switching induced by STT in a CoFe/Al,O3/CoFe MTJ. The
discovery of STT opened up a new realm of research of current-induced magnetization
switching and significantly accelerated the development of MRAM.

Figure 1-11 illustrates the effect of STT on the free layer magnetization when a
current passes through the magnetic multilayer. The STT experienced by the free and
reference layer can be described by t;, x Is;, X (s; X s;) based on theoretically
calculations. Here, /, s1 and s> represent the current, the free layer unit magnetization
vector and the reference layer unit magnetization vector, respectively. The STT tilts the
direction of free layer magnetization parallel (antiparallel) to reference layer
magnetization when electrons inject from the reference (free) layer into the free

(reference) layer [91-93].
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Figure 1-11 Dependence of the STT direction on current direction. Magnetization of the
free layer is set parallel (antiparallel) to reference layer when electrons injects from the

reference (free) layer to free (reference) layer [93].

The discovery of STT effect has revolutionized the MRAM technology by
eliminating the need for magnetic fields. It enables the switching of magnetization in
MT]J using only a current. This breakthrough has made the large-scale integration of
STT-MTJ possible, marking the ear of STT-MRAM [19,94-99]. However, the STT
scheme presents some challenges. Firstly, the relatively large writing currents have to
pass through the insulating barrier, which raises endurance concerns. Additionally, STT-
induced magnetization switching is realized by directly overcoming the damping torque,
leading to a relatively long precession process during switching. This, in turn, slows

down the operating speed [100].

1.4 Spin-orbit torque

The angular and orbital momentum of electrons in the lattice are coupled. When
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an electron moves relative to the nucleus, an equivalent relative motion of the nucleus
with respect to the electron occurs. This motion of the nucleus, which possesses charges,
generates an effective magnetic field. This effective magnetic field interacts with the
electron's spin, leading to the coupling of the electron's motion (or orbital momentum)
with its own spin momentum. This phenomenon is referred to as spin-orbit coupling.
When electrons passing through heavy metals with strong spin-orbit coupling
or magnetic multilayers, transverse spin currents can be generated through the spin Hall
effect (SHE) [101-103] or interfacial Rashba effect [104—113]. By absorbing these spin
currents, magnetization of the adjust layer experiences a torque, i.e., the SOT. SOT
offers a means of a high speed, low power consumption and insulator-protected
magnetization switching [101,103,105]. Therefore, it is now widely applied in the

development of MRAM and spin logic devices [105,114-121].

1.4.1 Spin Hall effect and anomalous Hall effect

Figure 1-12 illustrates the schematic of the SHE, inverse spin Hall effect (iSHE)
and anomalous Hall effect (AHE). When a current passes through heavy metals or
doped semiconductors with the spin-orbit coupling, a transverse spin current is
generated to the electric field. The polarization of the spin current, the direction of the
spin current and the direction of the electric field are mutually orthogonal, i.e., Jg =
h/2e - Osy(Jc X ), where 6su represents the spin Hall angle of the material,
representing the efficiency of the spin current convention. This phenomenon is known
as SHE; Similarly, when a current passing through magnetic materials, a spin current is
generated. And the magnetization orientation leads to a difference in spin accumulation
along the edge, resulting in an observable voltage difference. This effect is referred as
AHE; Furthermore, injecting a spin current into non-magnetic materials induces an

electric current transvers to the spin current, which is known as ISHE [122].

14



1 Introduction

AHE
magnetic

|

SHE ISHE
non-magnetic non-magnetic

Figure 1-12 Schematic of SHE, AHE and ISHE [122].

The origins of SHE and AHE share similar mechanisms, as depicted in Figure
1-13, which involve three mechanisms: the intrinsic mechanism [123,124], the side
jump mechanism [125] and the skew scattering mechanism [126,127]. From an
experimental perspective, the primary objective is to identify material systems with
larger SOT since the ultimate goal of utilizing of SHE and AHE is to manipulate and
probe magnetization.

Commonly used spin-source materials include heavy metals such as
Pt [101,128-131], Pt alloy [132—-135], Ta [103,128], W [136-140], Pd [141], Hf [142],
Rh [143], Ir [ 144]. Antiferromagnet materials such as PtMn [145], IrMn [146,147]. Van
der Waals materials such as WTe; [148,149], PtTe> [150], MoSz [151], NbSe> [152],
MoTe: [153]. And topological materials such as BixSes [154—161]. In terms of heavy
metal and antiferromagnets, the magnitudes of their &sy are approximately 0.1, with /-
W exhibiting the highest value of —0.5 [138,162]. Meanwhile, the magnitudes of &n of
van der Waals materials are also range from 0.01 to 0.1. Notably, with spin-momentum
locking surface states in the topological insulators, their magnitudes of &u are up to 10

even 100. For instance, (BiosSbos)2Tes has a &su of 450 [163]. However, topological
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insulators usually function at low temperature, and have much higher resistance
comparing with magnetic metals, which can lead to large shutting currents in the
ferromagnet/topological insulator heterostructure. For the later problem, one solution is
to utilize magnetic insulators with similarly high resistance [163]. Another approach

involves fabricating conducting topological materials, such as Bio.9Sbo.1 [164].

Intrinsic deflection

Interband coherence induced by an E
external electric field gives rise to a e
velocity contribution perpendicular to
the field direction. These currents do
not sum to zero in ferromagnets.

d(f) oFE Electrons have an anomalous velocity perpendicular to
—_— = — the electric field related to their Berry's phase curvature
dt  hok

Side jump

The electron velocity is deflected in opposite directions by the opposite
electric fields experienced upon approaching and leaving an impurity.
The time-integrated velocity deflection is the side jump.

Skew scattering

Asymmetric scattering due to
the effective spin-orbit coupling =
of the electron or the impurity.

Figure 1-13 Three origins of SHE and AHE [165].

Notice that, SOT in heavy metals and antiferromagnets arises from SHE, where
the polarization is predetermined by the geometry. In contrast, the AHE, planar Hall
effect (PHE) [166,167] and interfacial spin-processional scattering can generate spin
currents with flexible polarizations [168]. Specifically, the polarization of spin currents
generated by AHE is parallel to the magnetization, while the direction of spin currents
is determined by mxJc. These mechanisms offer means to alter the polarization of spin

currents and enable more flexible manipulation of magnetization [169—-174].
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To achieve more efficient magnetization switching, it is crucial to characterize
SOT in various material systems. Several commonly employed methods for this
purpose include loop-shift measurements, second harmonic measurements, spin torque-
ferromagnetic resonance (ST-FMR) measurements, and spin pumping measurements.
These techniques offer valuable insights into the generation of SOTs, enabling a better
understanding and optimization of magnetization switching processes.

Loop-shift measurement is a direct mean of quantifying the effective
perpendicular field induced by SOT through measure the horizontal shifts of Ry-H-:
loops. During the measurements, both an in-plane magnetic field and a perpendicular
magnetic field are usually required simultaneously. Meanwhile, such method cannot be
applied to measure SOTs in systems with in-plane magnetization since it is based on
AHE of perpendicular magnetization [85,175-177].

Second-harmonic measurement involves utilizing a small AC to generates an
AC SOT at the same frequency. As a result, the magnetization undergoes oscillations at
the same frequency, leading to variations in AHE resistance and PHE resistance. One
advantage of this method is that it has no requirement for magnetic orientations, making
it applicable to wider range of systems [178]. However, this method is based on the first
and second harmonic voltage signal and a lock-in amplifier is needed. Additionally,
during the measurement, the application and rotation of an external magnetic field are
necessary [85,179-181].

Similarly, the ST-FMR method quantifies the variations in anisotropy
magnetoresistance to observe SOTs-induced magnetization processions [102,182—-186];
while spin pumping involves the induction of magnetization procession by an
oscillating magnetic field, followed by the measurement of electric signals converted

from the spin current through ISHE. This process allows for the interpretation of the
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SHE efficiency [187-189]. For a comprehensive understanding of the evolutions of
SHE and AHE and the relevant material systems, please refer to the following
references [122,165].

In contrast to STT, the spin currents induced by SHE and AHE is transverse to
the direction of electric fields, allowing for the separation of the read-line and write-
line, which provides MTJ with significantly enhanced endurance. As shown in Figure
1-14, an in-plane CoFeB/MgO/CoFeB MT]J is grown on Ta. When a current is portrait
applied, a spin current perpendicular to films is generated, with its polarization along
the transverse direction. Upon absorption by top CoFeB layer, its magnetization is
switched, which can be observed through TMR measurements. Thus, both electrical
switching and probing of magnetization are achieved, marking a true milestone in the

development of SOT-MRAM [103].
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Figure 1-14 Electrical switching and measurements in the MTJ with SOT. (a) Schematic of
the structure of MTJ, the magnetization and spin current direction and the measurement
setup. (b) Dependence of the differential resistance on the applied magnetic field. (c¢) Current
dependence of the differential resistance. (d) Dependence of the critical current on the ramp
rate [103].
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1.4.2 Field-free perpendicular magnetization switching induced by SOTs

In the realm of hard disk drive development, it has been discovered that
perpendicular magnetic domains offer significant improvements in storage density
while maintaining thermal stability, surpassing their in-plane counterparts. Similar
considerations have guided the evolution of MRAM, transitioning from utilizing in-
plane magnetization to employing perpendicular magnetization. The STT mechanism
functions equally effectively for both in-plane and perpendicular magnetization systems.
Therefore, the primary challenge in developing perpendicular STT-MRAM lies in
inducing perpendicular magnetic anisotropy. After conducting a series of explorations,
it is successfully achieved at the CoFeB/MgO interface. Additionally, the MgO barrier
exhibits a high TMR ratio, further enhancing its appeal. Consequently,
CoFeB/MgO/CoFeB and its derivative structures have become the predominant design
choice for perpendicular STT-MRAM [2]. Nevertheless, unlike the STT mechanism,
switching perpendicular magnetization via SOT requires an additional symmetry-
breaking in-plane magnetic field, posing integration challenges. For the sake of
convenience in subsequent discussions, we present a brief introduction to the dynamic
equations governing magnetization under magnetic fields and current-induced torques.

The dynamic equation governing the behavior of magnetization in the presence
of magnetic fields is described by the Landau-Lifshitz-Gilbert (LLG) equation [190]

M__ mxH-EmxM (1-1)
ot 7 M ot )

Here, y represents the gyromagnetic ratio while a is the Gilbert damping factor.
This equation describes the rotational motion of magnetization M when subjected to an
external magnetic field H. The M rotates around H and eventually aligns parallel to H,
taking into account the dissipation of energy into the lattice. To incorporate the

influence of currents, the LLG equation is further modified by introducing the STT term,
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leading to the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation

om

om
E:—ymxH+am><—+ADm><0><m+AF0'><m. (1-2)

ot

Here, the first term represents the field term, which induces the rotation of m
around H. The second term corresponds to the damping term, causing m to gradually
align with H. The third term, mxo>xm, known as the Slonczewski term or damping-like
term, emerges when currents are applied. As depicted in Figure 1-15, if the spin
polarization vector ¢ is antiparallel to H, the damping-like term will be antiparallel to
the damping term. This configuration allows the current to provide additional energy to
m, enabling it to sustain precession around H and even undergo a magnetic switching.
The term oxm is the field-like term, while Ap and Ar are coefficients proportional to the
spin current density. It is important to note that, for the sake of derivation convenience,

we employ the normalized magnetization, m = M/M, in the equation.

4 Damping
H| Torque
RS B
TTTe== Field
Field-like Torque
Torque
o Damping-like
Torque

Figure 1-15 Schematic of torques in the Landau-Lifshitz-Gilbert-Slonczewski equation.

In 2012, Liu et al. conducted a study where they observed the perpendicular
magnetization switching in Pt/Co multilayers and identified the SOT generated through
SHE as the underlying mechanism [101]. As illustrated in Figure 1-16, the presence of
SHE results in a spin current o, polarized along the +x direction, being injected into the
upper layer of Co when a current flows through Pt in the +y direction. This ¢ acts on

the magnetization m of Co in the form of gy = 79r(m X ¢ X m). The m experiences
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an anisotropy field Ban, exerting a torque of T,, = —m X B,,,. It should be noted that
when the SOT is small, By lies in the yz plane, and its y component is opposite to the y
component of m. Additionally, the magnitude of Ba, should be zero when m aligns with
its easy axis and reaches its maximum when m is perpendicular to the easy axis.
Therefore, we can represent the anisotropy field as B,, = —B;?nmyy. Substituting this
into the torque equation, we obtain T,, = —m X [-BJ,(m —m,z)] = —m X
(B9, m,z). The m is also influenced by the external magnetic field Bex, resulting in a
torque of Teyy = —M X Bgy,. It is important to note that the dominant torque driving
SOT switching is the Slonczewski-like term, while the field-like term is often neglected
(including this dissertation). However, the field-like term does exist and impacts the
switching process. Its presence can be characterized through second harmonic
measurements [179].

In the scenario where the external magnetic field lies in the yz plane and the
SOT is small, the three torques exerted on m align along the x-direction and balance
each other, resulting in a stable m position. This equilibrium can be expressed as Tyo =
T + Bexe Sin(@ — B) — BY, sin @ cos 6 = 0, where 6 and 3 are defined as depicted in
Figure 1-16. However, when the current reaches the threshold and the SOT becomes
strong enough, the m can be switched from one stable state to another. The polarity of
this switching, either from m >0 to m < 0 or vice versa, is determined by the
direction of the in-plane magnetic field. It is important to note that, unlike in STT-
induced perpendicular magnetization switching, the presence of a symmetry-breaking
in-plane magnetic field is indispensable in SOT-induced perpendicular magnetization
switching. Without this magnetic field, deterministic perpendicular magnetization

switching cannot be achieved.
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Figure 1-16 SOT-induced perpendicular magnetization switching. (a) Measurements of
switching of perpendicular magnetization. Directions of magnetization, torques and effective

fields are given in (b) [101].

With the advancement of SOT research, Fukami et al. proposed a classification
for SOT-induced magnetization switching, identifying three distinct types [191]. As
illustrated in Figure 1-17, when electrons are injected into a heavy metal in the +x
direction, SHE generates a spin current in the +z direction with polarization along the
—y direction. Consequently, when the magnetic easy axis is along the z direction,
deterministic perpendicular magnetization switching can be achieved by applying an
auxiliary magnetic field in the x direction, known as Type-Z switching. In contrast,
when the easy axis is along the y direction, in-plane magnetization switching can be
accomplished without the need for an external magnetic field, referred to as Type-Y

switching. Lastly, when the easy axis lies in the x direction, deterministic in-plane
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magnetization switching requires the application of an auxiliary magnetic field in the z

direction, termed Type-X switching.

bt
Initial

Figure 1-17 Schemes of SOT-induced magnetization switching. (a-c) represent the Type-Z,
Type-Y and Type-X switching, respectively [191].

It is worth noting that Type-Z and Type-X switching belong to the same category
in terms of symmetry. In both cases, the spin polarization is perpendicular to the
magnetization, necessitating an auxiliary magnetic field perpendicular to both the
magnetization and the spin polarization direction for switching. Only Type-Y differs,
as the spin polarization is parallel to the magnetization, allowing for deterministic
switching similar to the STT mechanism without the need for an additional magnetic
field. However, this parallel configuration leads to a direct competition between the
damping term and the SOT in the LLGS equation, resulting in prolonged precession at
the onset of the switching process [100]. Consequently, Type-Y switching is typically
slower in terms of switching speed [192], while Type-X and Type-Z switching exhibit
similar and faster dynamics [193].

In 2014, Yu et al. conducted an analysis on the necessity of an additional
magnetic field in Type-Z and Type-X switching from a symmetry perspective, and

proposed a method to achieve field-free Type-Z switching [137]. As depicted in Figure
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1-18, the magnetization m, is oriented along the z direction, while the current J, flows
in the x direction. Due to the SHE, the m experiences a field-like torque and a
Slonczewski-like torque. For the sake of convenience in discussions, these two torques
can be considered equivalent to field-like effective magnetic fields, namely H;L =
H;Ly and Slonczewski-like effective magnetic field, HBL = H;,)Lm Xy, respectively.

Firstly, in the absence of magnetic fields, we performed a mirror operation along
the xz plane on the multilayer system. The multilayer material possesses inherent
symmetry to the xz plane, thus remaining unchanged. The J aligned with the +x
direction, also remains unaffected. However, the pseudovector m, initially oriented
along the +z direction, is inverted towards —z. Similarly, the effective magnetic fields,
being pseudovectors, exhibit a reversal in H)“ while HJ" remains unaltered. Due to

the symmetric nature of the multilayer with respect to the xz mirror, both states are
equivalent. Consequently, the direction of m, whether up or down, does not exhibit a
preference with respect to J or the induced torques. Thus, the attainment of
deterministic Type-Z switching is unattainable.

However, the introduction of an in-plane magnetic field Ha, along the +x
direction alters the scenario. Upon performing the xz mirror operation, the direction of
H., changes to —x. If we consider the state where the m is aligned with the +z direction
and Hp 1s along the +x direction, the equivalent state after the xz mirror operation would
feature m’ directed towards —z and H',, along —x. Given that we can directly control
the direction of the applied magnetic field Hap, we can simultaneously determine the
direction of m. This leads to the realization of field-assisted deterministic perpendicular

magnetization switching.
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Figure 1-18 A symmetry-based analysis of SOT-induced perpendicular magnetization
switching. Directions of the current, magnetization and effective fields are shown in the
figure. (a) Without magnetic fields, it is equivalent for the magnetization-up state and
magnetization-down state. Deterministic switching of magnetization by the current is
prohibited. (b) The mirror symmetry is broken by introducing an x-direction magnetic field.
Current induced deterministic switching is possible. (c) The mirror symmetry is broken by
the thickness gradient. An effective perpendicular field is induced by the current and
deterministic switching is possible. (d) Generation of the effective perpendicular field by

current [137].

Alternatively, by modifying the structure of the multilayer to intentionally break
its xz mirror symmetry, the direction of m can be determined by J. In this case, an
effective field HEY along the +z direction, may be generated to facilitate magnetization

switching. This additional field may arise from the presence of a built-in electric field
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within the wedge film.

Essentially, achieving Type-Z switching necessitates the breaking of xz mirror
symmetry, which is parallel to the current flow. This symmetry breaking enables the
generation of torques or effective fields along the z direction. However, the mass
production of homogeneous wedge films poses a significant challenge for the industry.
As a result, researchers have investigated numerous methods to break the symmetry
and accomplish field-free Type-Z switching [194,194—200]. In the following sections,
we will discuss several classical mechanisms in detail.

In 2016, MacNeill et al. conducted an investigation on the WTez/Permalloy
bilayer and observed the emergence of a perpendicular damping-like torque in the
material with reduced symmetry [148]. The mirror symmetry along the ac plane in
WTe; is naturally broken, allowing for the generation of a damping-like torque along
the c-axis when a current is injected along the a-axis. This phenomenon was
experimentally detected through ST-FMR measurements. Similarly, in 2021, Liu et al.
achieved field-free perpendicular magnetization switching by utilizing an perpendicular
damping-like torque in an epitaxial CuPt/CoPt bilayer [201]. As illustrated in Figure
1-19, while the mirror symmetry is preserved along three planes, it is broken along the
other three. By altering the angle of the injected current, it becomes possible to generate
and control the perpendicular damping torque.

In 2016, Fukami et al. demonstrated field-free perpendicular magnetization
switching in an antiferromagnetic/ferromagnetic bilayer by leveraging the exchange
bias effect originating from the antiferromagnetic layer [145]. As depicted in Figure
1-20, when the PtMn antiferromagnetic layer reaches a sufficient thickness, the
perpendicular magnetization becomes tilted towards the in-plane direction due to the

presence of the exchange bias. Subsequently, when a current is applied, an effective
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perpendicular field is generated, with its direction determined by the current flow. By
employing a sufficiently large current, the perpendicular magnetization can be switched.
Remarkably, the antiferromagnetic layer serves a dual role as both a symmetry-breaking
agent and a spin source, thereby simplifying the design of MTJ in this context. Similarly,
in 2016, van den Brink et al. [202] and W. J. Kong et al. [147] also employed an
antiferromagnetic IrMn layer, to provide an exchange bias field, leading to field-free

switching of the perpendicular Co layer.
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Figure 1-19 Field-free perpendicular magnetization switching by SOTs in an epitaxial
CoPt/CuPt bilayer. (a) Schematic of the measurement setup. (b) Definition of the angle
between the current and the lattice direction. (c) AHE when the angle is zero. (d) Current
angle dependence of the amplitude of current-induced magnetization switching. (¢) Current-

induced magnetization switching [201].

In 2018, Baek et al. achieved field-free perpendicular magnetization switching
in a Type-T magnetic multilayer with both in-plane and perpendicular
magnetization [171]. As depicted in Figure 1-21, in the CoFeB/Ti/CoFeB multilayer,
when the in-plane CoFeB magnetization is oriented along the +x and —x directions, the
switching polarity of the perpendicular CoFeB magnetization is clockwise and
counterclockwise, respectively. Notably, in this system, SOTs arise not only from the

SHE in the bulk in-plane CoFeB layer but also from spin filtering and spin precessional
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scatting at the CoFeB/Ti interface, which stem from the interfacial spin-orbit coupling.
Due to the presence of spin precessional scatting, SOTs experienced by the

perpendicular CoFeB magnetization exhibit a component along the z-direction.
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Figure 1-20 Field-free perpendicular magnetization switching in an
antiferromagnetic/ferromagnetic bilayer. Current dependence of AHE when PtMn is 6 nm
and 8 nm is shown in (a) and (b), respectively. Current dependence of the coercive field when
the PtMn is 6 nm and 8 nm is shown in (¢) and (d), respectively. Schematics of current-

induced magnetization switching when the PtMn is 6 nm and 8 nm is shown in (e) and (f),

respectively [145].

In 2020, Hibino et al. also observed a similar perpendicular SOT term induced
by spin precessional scatting at the Pt/Co interface in the NiFe/Pt/Co system,
highlighting the influence of the nonmagnetic material [203]. For more detailed
theoretical insights into interface spin filtering and spin precessional scatting, refer to

the articles by Amin et al. [168,204]. However, it is important to note that there is still
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ongoing debate regarding the mechanisms underlying spin generation at interfaces. In

2021, Zhu et al. reported a strong interface spin-orbit coupling in the Ti/CoFeB bilayer,

confirmed by the presence of perpendicular magnetic anisotropy in CoFeB. However,

no spin current generated by spin filtering or the Rashba effect was observed [205].

Further research is necessary to elucidate the underlying mechanism of interfacial spin

currents.

Figure 1-21 Field-free perpendicular magnetization switching in the CoFeB/Ti/CoFeB
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multilayer. (a) Simulation of current dependence of loop shifts with and without the z-torque.

(b) Loop shifts with different currents when in-plane magnetization is along different

directions. (c) Experimental results of current dependence of loop shifts. Field-free

perpendicular magnetization switching when in-plane magnetization is along the +x and —x

direction is shown in (d) and (e), respectively [171].
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In 2016, Lau et al. achieved field-free perpendicular magnetization switching in
a Type-T magnetic multilayer by exploiting the interlayer coupling between in-plane
and perpendicular magnetization [206]. The system consists of both an in-plane CoFe
layer and a perpendicular CoFe layer, as illustrated in Figure 1-22. The in-plane CoFe
magnetization is fixed by the antiferromagnetic IrMn, while the interlayer Ruderman-
Kittel-Kasuya-Yosida (RKKY') coupling is mediated by Ru. Through this interlayer
coupling, the perpendicular magnetization experiences an in-plane effective field
generated by the in-plane magnetization, enabling field-free switching. Furthermore,
the direction of this effective field can be adjusted by varying the thickness of the Ru
layer. As a result, the polarity of switching can be modified. This effect is not only
observed in the chirality of current-induced magnetization switching but also in the
horizontal loop shifts observed during field-driven magnetization switching. This
approach, which utilizes interlayer coupling to achieve field-free switching, is
compatible with existing MRAM fabrication technologies, providing a convenient tool
for the development of future spin logic devices [207].

Building upon the same principle, in 2018, Wang et al. achieved field-free
perpendicular magnetization switching and current-controlled polarity in a Type-T
magnetic multilayer [119]. In the Pt/Co/Ru/Co/Pt stack depicted in Figure 1-23, the two
Co layers, sandwiched by the two Pt layers, are coupled through the intermediate Ru
layer via RKKY mechanism [208]. When a current is injected in the y-direction, the
lower perpendicular Co magnetization experiences a SOT in the x-direction from the
bottom Pt layer, as well as an in-plane effective field in the y-direction from the upper
in-plane Co magnetization. This leads to Type-Z switching of the perpendicular Co
magnetization. Notably, the in-plane Co magnetization cannot be switched due to its

larger magnetic moment.
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Figure 1-22 Field-free perpendicular magnetization switching in a system with interlayer
coupling. The thickness of Ru is 2 nm and the interlayer coupling is AFM in (a) and (c). The
thickness of Ru is 2.5 nm and the interlayer coupling is FM in (b) and (d). AHE and the
current-induced perpendicular magnetization switching when the interlayer is 2.5 nm Pt is

shown in (e) and (f), respectively [206].

Conversely, when a current is injected in the x-direction, the perpendicular Co
magnetization experiences an SOT in the y-direction, while the in-plane effective field
also aligns with the y-direction. Thus, Type-Z switching of the perpendicular Co
magnetization cannot be achieved. Simultaneously, the in-plane Co magnetization
experiences an SOT in the y-direction from the top Pt layer, enabling its Type-Y
switching when the SOT is sufficiently large. As a result, the orientation of the in-plane
Co magnetization and the polarity of perpendicular magnetization switching can be
determined by the x-directional current. Based on this concept, a multifunctional logic

gate can be constructed by defining the y-directional current as the input and utilizing
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the AHE resistance as the output. Moreover, the functionality of the logic gate can be

altered by applying an x-directional current.
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Figure 1-23 Polarity-changeable field-free perpendicular magnetization switching in a
Type-T magnetic multilayer. (a) Two modes of the current-induced magnetization switching.

(b) Polarity-tunable current-induced perpendicular magnetization switching [119].

In addition to the RKKY coupling, the Dzyaloshinskii-Moriya interaction (DMI)
between magnetic moments plays a crucial role in breaking mirror symmetry and
enabling field-free perpendicular magnetization switching [199,209,210]. In materials
or interfaces with broken spatial inversion symmetry, neighboring spins have a
tendency to be mutually orthogonal due to the presence of DMI [211-216]. This effect
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can even give rise to the formation of topological structures such as skyrmions [217—
219], which have been extensively studied for their potential applications in spin logic
devices [220-222]. More recently, researchers have discovered that DMI can also exist
between two ferromagnetic layers separated by an intermediate layer, known as
interlayer Dzyaloshinskii-Moriya interaction (iDMI) [223—227]. This phenomenon has
opened up new possibilities for designing chiral spintronic devices with unique
functionalities and characteristics, offering new avenues for the development of
advanced spintronic devices.

In 2022, He et al. demonstrated field-free perpendicular magnetization
switching of in a ferromagnetic multilayer by harnessing iDMI [209]. The system
depicted in Figure 1-24 consists of two perpendicular magnetic layers. The presence of
iDMI introduces an additional energy term, Epy = —D - (St X Sg), where D
represents the amplitude of iDMI, and its direction is dictated by the specific multilayer
structure.

By performing a mirror operation along the direction of D, it is observed that
the two states corresponding to magnetization pointing up and down exhibit distinct
Epm values, indicating a broken mirror symmetry. Consequently, field-free
perpendicular magnetization switching can be achieved by applying an electric current
along the direction of D. This study highlights the significance of iDMI in enabling
efficient and energy-saving manipulation of perpendicular magnetization in multilayer

systems.
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Figure 1-24 Field-free perpendicular magnetization switching with interlayer DMI.
Schematics of scenarios when the mirror is parallel to the D vector and perpendicular to D is
shown in (a) and (b), respectively. Notice that D is a polar vector. The DMI energy of the two

states obtained by mirroring process are different in (a) while remains same in (b) [209].

Furthermore, extensive research has been conducted to enhance the
performance of SOT-MRAMs, leading to the development of novel devices and
mechanisms. Recent advancements include: (1) Simultaneous utilization of STT and
SOT to achieve field-free perpendicular magnetization switching [228-231]. (2)
Implementation of voltage-controlled magnetic anisotropy (VCMA) to reduce the
critical current density [116,232,233]. (3) Simplification of device structures by
utilizing SOT switching in a single layer of Tb-Co without heavy metals [234]. (4)
Efficient field-free perpendicular magnetization switching in FesN with unique
magnetic structures [235,236]. (5) Suppression of field-like terms in SOTs by utilizing
the Oersted field generated by currents to improve the efficiency of perpendicular
magnetization switching [237]. (6) Manipulation of field-like torque through stress
generated by piezoelectric materials [238]. (7) Realization of 16 basic logic operations
in a single MTJ with non-symmetric shape [239]. (8) Creation of unclonable functions
through the uncertainty introduced during annealing processes [240,241].

These advancements not only contribute to improving the performance and
functionality of SOT-MRAM but also pave the way for the development of innovative

spintronic devices with enhanced capabilities and novel functionalities.
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In the industry, multiple technical approaches are being pursued simultaneously
to achieve field-free switching in SOT-MT]J. These include: (1) Type-Y switching of in-
plane SOT-MTIJ: This approach offers a simple structure and inherent field-free
switching but is associated with slower switching speeds [242—244]. (2) Type-Y/Type-
X hybrid switching of in-plane SOT-MT]J: This approach enables field-free switching
with relatively faster speeds[157,245]. (3) Field-free Type-Z switching of
perpendicular SOT-MTIJ: This approach offers the highest storage density and fastest
switching speeds but requires additional design considerations to break mirror
symmetry. As depicted in Figure 1-25, a thick in-plane layer is grown on top of the
Type-Z perpendicular MTJ, and the stray field generated by the in-plane magnetization
serves as the required in-plane field for switching [114,246,247]. Furthermore, Kong et
al. have demonstrated field-free perpendicular magnetization switching by utilizing the
interlayer coupling between in-plane and perpendicular magnetizations. This approach
has shown promising results, achieving a TMR ratio of up to 50% [248].

These different approaches offer trade-offs in terms of device complexity,
switching speed, and storage density. Continued research and development in these
areas contribute to the advancement of SOT-MRAM technology, enabling the

realization of efficient and high-performance spintronic devices for various applications.

& Al pads
Ox fill &
CMP
SOT MHM
etch
MT] module

BE (W)
damascene

Figure 1-25 Field-free perpendicular magnetization switching with the starry field in the
industry. (a) TEM image of the SOT-MTJ. (b) Schematic of SOT-MTJ stack with top-pinned
design [246].
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1.5 Spintronics devices in advanced computing

The development of spintronics has not only contributed to fundamental
scientific understanding but has also led to the emergence of numerous practical
devices [14]. For instance, the discovery of GMR and TMR has greatly advanced the
development of hard disk drives and magnetic sensors, enabling higher storage
capacities and improved sensing capabilities [249-251]. The maturation of electrical
writing techniques, such as STT and SOT, has revolutionized the field of MRAM. STT-
MRAM and SOT-MRAM have overcome the limitations of the Oersted field and offer
faster operating speeds, making them highly promising for all memory hierarchy
levels [252]. Additionally, these advancements have spurred research on spin nano-
oscillators, including mutually coupled oscillator networks, which have potential
applications in areas such as microwave communication and neuromorphic
computing [253-260].

Furthermore, spintronics has found applications beyond traditional memory and
computing devices. It has been successfully integrated into the construction of neural
networks, opening up new possibilities for neuromorphic computing and artificial
intelligence [261-263]. Spin logic circuits have also been explored, aiming to develop
alternative computing architectures based on spintronic principles [264,265].

The continuous advancement of spintronics research not only expands our
understanding of fundamental physics but also drives the development of practical
devices and extends the boundaries of its applications, creating exciting possibilities at
the intersection of spintronics with other scientific disciplines such as
superconductivity [266—270] and optics [271,272].

In 2003, Ney et al. proposed a design for programmable spin logic devices based

on a single MTJ [273]. As shown in Figure 1-26, the key idea is to control the
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magnetization of two in-plane layers (M; and M) in the MTJ using input currents (/a,
I, and Ic). M and M have different coercivity fields, meaning they require different
magnetic fields for switching. By defining the input current magnitudes, desired

magnetization states can be achieved.
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Figure 1-26 Programmable spin logic device based on single magnetic tunnel junction.

Realization of the AND and OR gate. (b) Realization of the NAND and AND gate [273].

The input currents /a and / alone should not generate sufficient Oersted field to
switch M. Only when /a and /g are applied together, creating a combined field, will
switch M but not M>. Only when /4, /g, and Ic are all applied, M> can be switched.
The current flowing in the positive (negative) direction is defined as input 1 (0). The
output is the TMR of MTJ, with low-resistance (high-resistance) state defined as 1 (0).

The functionality is changeable by presetting the magnetic orientations. Before
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performing logic operations, if the system is first preset to keep M towards the left and
Mb to the right using /a, Is, and Ic. Thus, the input-output relationship of MTJ satisfies
the AND logic. Similarly, when the system is preset to keep both M and M> to the right
(left), now the input-output relationship satisfies the OR (NAND) logic.

Hence, the pure electrical programmable logic gate is realized in a single MTJ.
Future integration of STT or SOT techniques to switch the magnetization of the MTJ
makes it more promising for device integration.

In 2019, Luo et al. utilized a selective oxidation process to create a sample with
both an in-plane magnetic anisotropy region and a perpendicular magnetic anisotropy
region. And based on this sample, the field-free perpendicular magnetization switching
is achieved [274]. In 2020, with the same technic, Luo et al. further fabricated logic
gates based on the SOT-induced domain-wall motion. Both a XOR gate and a full-adder
gate are created by cascaded NAND gates [275]. As shown in Figure 1-27, Pt/Co/AlOx
nanowires are used in the experiments, and the selective oxidation is preformed to
create in-plane magnetic anisotropy in the selected blue area, while perpendicular
magnetic anisotropy remains in the other pink area. Due to the presence of DMI at the
Pt/Co interface and the long length of the nanowire, magnetic domains are naturally
formed to minimize the system's energy.

The SOT-induced domain-wall motion is as follow. First, an external magnetic
field is applied to induce +z domain on the left side of the nanowire, resulting in the
formation of a domain wall between +z and —z domains. Then when a current is applied,
the +z domain keeps expanding while the —z domain keeps contracting under SOT. Until
the +z domain reaching the in-plane region, which causes switching of in-plane
magnetization, and forming a —z domain on the other side. Thus, the perpendicular

regions on either side of the in-plane region are always in opposite directions. This
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process works as a NOT gate, by defining +z and —z magnetization as 0 and 1,

respectively,
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Figure 1-27 NAND gate and NOR gate based on the domain wall motion [275].

Furthermore, the cascading of these race-track-type domain-wall motion
devices is convenient, allowing more complex functions to be realized by combining
simple logic gates, as shown in Figure 1-27, where NOT gates are employed first to
output the necessary 0 and 1 states, which are inputs for the seceding NAND and NOR
gates. In 2021, based on the same principle, Luo et al. proposed a design for a
unidirectional domain-wall diode [276].

In recent years, the development of neural networks has solved increasingly
difficult problems, encouraging for deeper researches. Neural networks are constructed
by artificial synapses and artificial neurons. Artificial synapses connect the neurons and

store connection weights, which are often real numbers with high precision and occupy
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a large number of traditional binary storage units. Artificial neurons provide nonlinear
output based on the input, and this task executed through traditional binary logic devices
is also less efficient. Therefore, to achieve larger-scale and more efficient neural
networks, the fabrication of non-volatile memristor and nonlinear logic devices as
artificial synapses and neurons is a necessity. In this research area, resistive random-
access memory [277-279] and spintronics devices [280-285] have both achieved
considerable success.

In 2019, Kurenkov et al. fabricated a Hall bar device based on a
Ta/Pt/PtMn/Pt/[Co/Ni]2/Co/MgO/Ru multilayer. And in a single device, both artificial
neuron and synapse functionalities in spiking neural networks (SNNs) are demonstrated
through SOT-induced perpendicular magnetization switching [286]. As shown in
Figure 1-28, when a pair of current pulses with equal amplitude, opposite directions
and a time interval of Az are applied to the device, the perpendicular magnetization is
switched by SOT. Notably, the switching amplitude AR is determined by Az, which is
consistent with the biological synaptic weight dependence on the signals receiving from
two neurons. Hence, this device can function as an artificial synapse in SNNs. On the
other hand, when a set of current pulses with equal amplitude and the same direction
are applied to the device, the probability of perpendicular magnetization switching is
determined by both the number and frequency of the pulses. Moreover, whether fix the
number of pulses and change the frequency or vice versa, the dependence of the
switching probability are always sigmoid-shaped, which is in consistent with the
biological neuron excitation dependence on the strength of input pulses. Therefore, this

device can also functions as an artificial neuron in SNNS.
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Figure 1-28 Construction of artificial neuron and artificial synapse in spiking neural
networks. The principal and characterization of the artificial synapse and artificial neuron

are shown in (a) and (b), respectively [286].

In addition to Hall-bar devices, spin nano-oscillators are also used as neural
network devices and have been successfully applied in speech recognition. In 2017,
Torrejon et al. fabricated a single spin nano-oscillator based on MTJ and achieved a
99.6% accuracy rate in spoken-digit recognition [287]. The average output voltage of
the spin nano-oscillator is stable under the input current, but its response to the history

of the input current is nonlinear, which is a necessary feature of neurons in the reservoir

computing [287-289].
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The process of spoken-digit recognition is shown in Figure 1-29. First, a
spoken-digit audio file, for example, "1," is taken from the dataset and divided into N;
small sections with a duration of z. Each section is then filtered into Ny frequency
channels, to obtain Ny amplitude-time functions. These functions are multiplied by a

randomly generated binary Ny X Ny mask matrix, resulting in a single discrete and

recombined amplitude-time function with Ny points, which correspond to the number
of neurons. Notice the duration of each point is 6, so that T = Ny is maintained. The
voltage corresponding to each recombined function is the input of the spin nano-
oscillator, resulting in Ny envelope output voltages V' for each section. Finally, the
computer is employed to constructs 10 sets of specific linear combination parameters
wipof V, by which each section corresponding to 10 outputs. The 10 outputs of each
section are then averaged, resulting in 10 outputs for each spoken-digit audio file, with
only the correct output being 1 and the rest being 0. Here, i represents the 10 digits from
0 to 9. The memory-effect of spin nano-oscillator plays a crucial role in this network.
Its output is not only nonlinear dependent on the applied currents, but also determined
by the previous inputs. This process allows the transformation of the complex speech
recognition problem a simple linear classification problem in a high-dimensional space.
Without this process, it is impossible to realize speech recognition based on random 0/1
numbers which introduced in this recognition procedure. As shown in Figure 1-29,
without the spin nano-oscillator leads to a 10% recognition rate. Based on this work, in
2019, Riou et al. introduced an additional delay feedback loop to the spin nano-
oscillator, greatly enhancing its response to the input history and further improving its

recognition rate [288].
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Figure 1-29 Principal and realization of spoken-digit recognition with single nanoscale
spintronic oscillator. Step-by-step process and results of the recognition are shown in (a-d).
Comparison of the recognition rate between cases with oscillator and without oscillator when
in the spectrogram filtering and the cochlear filtering are shown in (e) and (f),

respectively [287].

The oscillation frequency of a spin nano-oscillator is not only depended on the
amplitude of the input current, but also modulated by the external oscillating magnetic
field. This characteristic can also be utilized to construct networks for speech
recognition. In 2018, Romera et al. realized vowel recognition by using a network
consisting of four serially connected spin nano-oscillators [290], as shown in Figure
1-30. Firstly, vowel utterances are decomposed by frequency and linearly recombined.
As a result, each vowel utterance is represented by a combination of two frequencies,

which forms the input of the network. The network itself comprises four serially
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connected spin nano-oscillators (labeled 1, 2, 3 and 4), with each of the output current
of one oscillator is fed as input to the next one, and also has independent circuit to
control their oscillation frequency. Additional circuits are placed above the four
oscillators, which generate two oscillating magnetic fields (labeled A and B) of various
frequencies. When the oscillation frequency of one oscillator is close to that of one
magnetic field, its frequency is modulated to synchronize with the field. As a result, the
system can achieve various resonance states, for instance, oscillator 1 synchronize with
magnetic field A, oscillator 2 synchronize with magnetic field A, or oscillator 1
synchronize with magnetic field A while oscillator 2 synchronize with magnetic field B
simultaneously. By continuously adjusting input currents, the resonance states of the
system can be tunned till and each vowel corresponds to a specific resonance state,
thereby achieving vowel recognition. Experiments show that stronger mutual coupling
between the spin nano-oscillators leads to wider resonance locking range and higher
recognition rate. Comparing to traditional neural networks, the construction of spin
nano-oscillator network is structurally simpler, and the number of parameters that needs
for optimizing is greatly reduced, owing to the complex dynamical behavior of the spin
nano-oscillators themselves.

In the development of MRAMSs, achieving long-term data retention, necessitates
the stability of MTJ to remain its state, such that there exists a sufficiently high energy
barrier between the two states to prevent unexpected magnetization switching induced
by thermal disturbance. On the other hand, if the energy barrier is lowered sufficiently,
the MTJ will rapidly switch between the parallel and antiparallel states under thermal
disturbance, and the probability of being in each state can be modulated by applying an
external STT or VCMA, allowing the random MTJ to be used as a probabilistic-bit (p-

bit). Building upon this concept, probability computing has been proposed as a potential
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avenue for further advancements.

a b Microwave inputs
fa fs VW < WMWY ~ 380 -
! s 3 4 -/
Inputs " A B 2 g o
’ . Spln—torq_ue & i & f = 370 s
N nano-oscillators ) s
IRL $ 360 /
P OGN o 3 ’
7N ~ - 1 ® 350 F~— -— ==
C 5N =
S CROROROIET ol
g2 = 340 -l - — -
E'; 3 1 =
g3 @0 7
Outputs: QD = le] /
synchronization configurations (%’é 330 340 350 360 370 380
g G20 340 360 380 Input frequency (MH2)
Frequency (MHz)
e 330 : Other f 380
:w 2 1A,38 .
T ol BB o | W “an
s 370} = o gﬁég N 370 o aw
o I 3A1B =3 o cer
. DA 4B
& 360} i 3A38 m 360 e ih
5 . - 2A1B & oy
5 ocoflk % e i : w
T % : 350 °
g 350 U P ST ! ‘1@23 ug). ~.
® . ) B . .| lz) £
£ 340 7 ﬂ 25 S ai0| & BB
Q T . < '4A) Q
I PR o 3] £
/ ; . I oA
330} | . 330
i one
330 340 350 360 370 380 330 340 350 360 370 380
External frequency A (MHz) Input frequency A (MHz)

Figure 1-30 Principal and realization of vowel recognition based on a spintronic-oscillator
network. (a) Schematic of the network structure. (b-c) Measurement setup and results. (d)
Input frequency dependence of the oscillator frequency. (¢) Combination of the frequency A

and B. (f) Convention from the utterance to the input frequency A and B [290].

In 2019, Borders et al. used stochastic MTJs to construct eight p-bits and formed
a network to implement integer factorization. This vividly demonstrated the superiority
of probability computing in solving complex problems and realization of reverse
logic [262]. As shown in Figure 1-31, the principle of integer factorization is as follows:
First, a cost function E = (A - B — F)? is constructed, where 4 and B are the two
factors to be obtained and F' is the number to be factorized. When E is minimized, the
product of 4 and B is equal to F. Then, given the initial 4o and By, the initial Ep is
obtained. To reduce £, a new A’ = A; —n9dE/dA and a new B' = B, —ndE/dB
are set, where 7 is the learning rate which can be adjusted according to conditions.

It should be noted that in experiments, the p-bits are binary, so the decimal
numbers need to be expanded in binary to obtain the practical update conditions. Here,
the number to be factorized is 35, so each factor requires four p-bits to be expanded.
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Because the energy barrier is so low in these p-bits, they traverse the 0/1 states
continuously, which is equivalent to randomly selecting all the numbers between 0-15.
The probability of a p-bit being in the 1 state increases with the increase of the external
voltage, so by applying a voltage to the p-bit as the aforementioned update condition,
the probability of the p-bit being in the 1 state can be updated, leading to the system
naturally evolve toward the direction of energy reduction, eventually stabilizing in the

state of minimum energy, i.e., A - B = F, achieving factorization.
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Figure 1-31 Principal and realization of integer factorization based on stochastic
computing. (a) Construction and characterization of the unit p-bit. (b) Building of the

stochastic circuit and the realization of the integer factorization [262].
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This design cleverly set the conditions of system evolution, achieved complex
logic functionality without the need for complex external circuits, laying the foundation
for future probability computing. It should be noted that the speed of system evolution
depends on the speed of stochastic MTJ switching between the parallel and antiparallel
states. To achieve faster computation, the energy barrier of the MTJ needs to be further
reduced to increase its switching speed. In the same year, Cai et al. constructed artificial
neurons based on p-bits to and used VCMA to update the probability, successfully
achieved handwritten digit recognition by construction such artificial neural
network [280]. These works demonstrate the broad application prospects of MTJ-

based p-bits in future advanced computing schemes [291].

1.6 Structure of this dissertation

This dissertation primarily explores two closely related fields in spintronics:
SOT effect and TMR effect. By utilizing SOT, the magnetization direction of the free
layer in MTJ can be electrically controlled, while TMR effect enable the electrical
detection of the relative orientation of the free layer's magnetization. By combining
SOT with TMR effect, the core unit of next generation of MRAM is constructed. In
order to develop high-speed and high-density perpendicular SOT-MRAM, an additional
in-plane ferromagnetic layer is introduced to assist field-free perpendicular
magnetization switching. Additionally, it has been discovered that the spin current
generated by the in-plane ferromagnetic layer can drive the perpendicular
magnetization switching itself, providing a foundation for developing low-cost, heavy-
metal free spintronics devices. However, the clarification of spin currents origin in the
ferromagnetic layer is still needed, which lay the groundwork for improving SOT

efficiency and developing novel spin logic devices.
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This dissertation first investigates the mechanism of spin current generation in
the ferromagnetic material NiFe, achieving perpendicular magnetization switching
driven by both SHE and AHE torques in NiFe. The AHE-generated spin current, which
is polarized parallel to the magnetization direction, significantly increases the degrees
of freedom in SOTs, providing a basis for developing efficient spintronics devices
without heavy metals. Subsequently, the dissertation continues to study the
perpendicular magnetization switching in Type-T magnetic multilayers with both an in-
plane magnetic layer and a perpendicular magnetic layer, where the presence of the in-
plane layer breaks the mirror symmetry of the system, resulting in field-free
perpendicular magnetization switching. Moreover, due to the coupling between the in-
plane and perpendicular layers, the perpendicular layer experiences an additional
perpendicular effective field provided by the in-plane layer when a current is passed
through it, thereby reducing the critical current density required for magnetization
switching and further improving the switching efficiency. Next, the TMR effect in
epitaxial Fe/MgAlOx/FesN MTlJs is investigated, revealing that the TMR ratio can be
continuously tuned from negative to positive by applying an external bias voltage. This
phenomenon is attributed to the band structure of FesN. These variable TMR MTJs lay
the foundation for the development of novel spin logic devices. Finally, the resonant
oscillation in epitaxial Fe/MgAlOx/Fe/MgAlO/Fe quantum well MTJ with Co insertion
is investigated. It becomes clear that the oscillation amplitude is heavily influenced by
the structural and chemical disorder at the interface within the QW. This finding remains
us extra consideration must be taken during the material optimization to fabricate
quantum well MTJs with both high TMR ratio and high oscillation amplitude.

This dissertation consists of three main sections: the research background,

fabrication and characterization methods, and experimental results and discussions.
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Chapter 1 introduces the historical background of spintronics, methods for electrically
driving perpendicular magnetization switching, and their applications in novel spin
logic devices. Chapter 2 describes the experimental instruments, fabrication techniques,
and characterization methods employed in this dissertation, including magnetron
sputtering, molecular beam epitaxy, ultraviolet exposure, argon ion etching, and others.
Chapter 3 demonstrates the achievement of field-free magnetization switching in the
Type-T magnetic multilayers by utilizing the AHE effect in the in-plane magnetic layer.
Chapter 4 explores the efficient SOT-induced field-free perpendicular magnetization
switching in another Type-T magnetic multilayers, utilizing the tilting of in-plane
magnetization under SOT and its coupling with the perpendicular magnetization.
Chapter 5 discusses the rare sign-changeable TMR effects observed in FesN MTJs
grown by molecular beam epitaxy. Chapter 6 discusses the influence of Co insertion on
the oscillation amplitude in epitaxial Fe/MgAlOx/Fe/MgAlOx/Fe quantum well MTJs.
Finally, Chapter 7 summarizes all the work presented in the dissertation and provides

an outlook for future research.
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2 Methods

The primary research focuses of this dissertation encompass magnetization
switching propelled by SOT in Hall-bar devices and TMR effects in MTJs, all
employing magnetic multilayers as the material systems. This chapter serves as an
introduction to the experimental instruments and methodologies employed for the
growth, fabrication, and measurement of the magnetic multilayers investigated in this

study.

2.1 Growth techniques of magnetic multilayers

2.1.1 Magnetron sputtering

Magnetron sputtering is a widely employed technique in industry for large-scale
fabrication of thin films due to its notable advantages, including rapid growth rate and
high film quality. The underlying principle of magnetron sputtering is illustrated in
Figure 2-1. Initially, a noble gas, such as Argon (Ar), is introduced into a vacuum
chamber, while a high voltage is applied between the substrate and the target material,
leading to the generation of plasma near the target region. The bombardment of ions
facilitates the ejection of target atoms, which subsequently deposit onto the substrate,
forming a thin layer. Simultaneously, the presence of magnetic fields confines
secondary electrons to the target surface. These secondary electrons, in turn, undergo
collisions with the noble gas, generating additional ions. This cascade of electron-ion
interactions enhances the plasma density, reduces the required gas pressure and voltage

for sustaining the plasma, and ultimately improves the sputtering efficiency [292,293].
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Magnetic field lines

Trajectories of electrons

Figure 2-1 Principle of magnetron sputtering [292].

In the case of depositing metal materials, it suffices to apply a DC voltage
between the substrate and the target. The positive charges accumulated on the target
surface due to ion bombardment naturally dissipate, thereby not significantly impacting
the sputtering process. However, when depositing insulating materials, positive charges
tend to accumulate on the surface of the insulating target, hindering the continuous
bombardment of ions and diminishing the sputtering rate. To address this challenge, an
AC voltage is employed between the substrate and the target. Consequently, when a
positive voltage is applied, ions effectively bombard the target material, leading to the
ejection of target atoms onto the substrate. Conversely, when the voltage becomes
negative, electrons impinge upon the target, neutralizing the accumulated positive
charges on the target surface and facilitating the continuation of the sputtering process.

In this study, three magnetron sputtering systems were utilized for the growth
of magnetic multilayers. Two ULVAC sputtering systems (MPS-4000-HC7 and MB06-
9305) were employed at the State Key Laboratory of Magnetism, Institute of Physics,
Chinese Academy of Sciences (IOP, CAS), China, as depicted in Figure 2-2.
Additionally, a Kenosistec KS400HR sputtering system was utilized at the Micro and
Nanotechnologies Competence Center (CC Minalor) of the Institute Jean Lamour,
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Centre national de la recherche scientifique (CNRS-1JL), France.

Figure 2-2 Magnetron sputtering equipment. (a) ULVAC MPS-4000-HC7. (b) ULVAC
MB06-9305.

The MPS-4000-HC7 system operates at a base pressure below 107 Pa and
features multiple target positions specifically designed for the growth of magnetic
multilayers. Notably, it incorporates a permanent magnet capable of generating a
magnetic field of 300 Oe during the deposition process, thereby inducing in-plane
magnetic anisotropy.

On the other hand, the MB06-9305 system operates at a base pressure of
approximately 5x107¢ Pa and is primarily employed for the growth of insulating layers

and metal electrodes.

2.1.2  Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a well-established technique extensively
employed in research laboratories for the fabrication of ultrahigh-quality thin films.
Essentially, MBE comprises a comprehensive system that integrates ultra-high vacuum
thermal evaporation, electron beam evaporation, in-situ annealing, and reflection high-
energy electron diffraction (RHEED). Both thermal evaporation and electron beam

evaporation in MBE operate at extremely low energies and beam currents, facilitating
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the deposition of atomically precise layers onto the substrate in a layer-by-layer growth
mode. This precise control ensures the high quality of the deposited thin films.
Following the growth process, RHEED is utilized as a direct means to observe the
surface roughness of the sample. Additionally, in-situ annealing can be performed when
necessary to further enhance the crystal quality of the deposited films. By iteratively
executing these steps, it is possible to obtain multilayer samples characterized by
exceptional quality and uniformity.

The setup, principles, and results of the RHEED measurement are illustrated in
Figure 2-3. High-energy electron beams, ranging from 10 to 100 keV, are calibrated
using coils and directed towards the surface of the sample, causing a pattern to form on
the fluorescent screen. This measurement process can be performed without removing

the sample from the high-vacuum chamber, making it compatible with MBE systems.
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Figure 2-3 Measurement setup and principles of RHEED [294].

In a single crystal sample, the atoms are arranged in a periodic manner. Electron
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diffraction within the lattice follows the Laue equation, Ak = G, where G represents
the reciprocal lattice vector and k denotes the wave vector of the electron. Consequently,
by visualizing a sphere centered around the electron gun with £ as the radius, the sphere
intersects a series of lattice planes (for a one-dimensional atomic chain) or a series of
rods (for a two-dimensional atomic lattice) in the reciprocal space of the crystal. These
intersection points satisfy the Laue condition and generate diffraction patterns. This
construction method is known as the Ewald construction. The morphology of the
diffraction pattern provides insights into the quality of the sample. For further detailed
discussions on this topic, it is recommended to refer to the works of Hasegawa [294]

and Kittel [295].

Figure 2-4 Ultra-high vacuum transfer tunnel at Institut Jean Lamour, Université de

Lorraine-France [14].
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The MBE system utilized in this research is located at the CNRS-IJL Deposits
and Analysis under Ultra-high Vacuum of Nanomaterials Competence Center (CC
D.A.U.M.). The MBE system operates at a base pressure of 10® Pa, and further
pressure reduction can be achieved by injecting liquid nitrogen into the chamber walls.
The chamber is equipped with several metal and oxide targets, enabling the epitaxial
growth of high-quality MTJ. Moreover, the introduction of nitrogen gas into the
chamber facilitates the growth of metal nitrides, such as FesN. As depicted in Figure
2-4, this MBE system is interconnected with other growth and characterization

equipment via a vacuum tube spanning a length of 70 meters.

2.2 Fabrication of magnetic devices

After the growth of magnetic multilayers, additional processing steps are
frequently required to fabricate micro- or nano-sized devices for subsequent electrical
transport measurements. These steps encompass ultraviolet (UV) lithography, argon-
ion etching, photoresist removal, and the deposition of electrode or insulation layers.
Each step will be systematically introduced in the subsequent sections, and a

comprehensive processing flow for a MTJ will be presented at the conclusion.

2.2.1 Ultraviolet lithography

UV lithography is a crucial process employed to transfer micro-scale patterns
from a mask to a photoresist, utilizing UV light. The photoresist, an organic material,
can be categorized into positive and negative types based on its reaction to UV light.
Positive photoresists exhibit a photochemical reaction upon exposure to UV light,
causing the exposed areas to dissolve in the developer during the developing phase.
Conversely, negative photoresists undergo a cross-linking reaction upon UV exposure,

rendering the exposed areas less soluble in the developer.
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The mask, comprising a transparent quartz plate partially coated with opaque
chromium, plays a pivotal role during exposure. Positioned between the sample and the
UV light source, it determines the irradiation area of the photoresist on the sample
surface by virtue of the chromium coverage. Subsequent to exposure, development, and
fixation, the pattern present on the mask is transferred to the photoresist. It is
noteworthy that a clean mask and uniform coverage of the photoresist on the sample
surface are vital factors for achieving optimal exposure outcomes.

The UV lithography systems employed in this study consist of the G-25 contact-
type UV lithography equipment, manufactured by Chengdu Xinnanguang Mechanical
Equipment Co., Ltd., located in IOP, CAS (Figure 2-5), and the Suss MicroTec MJB4
Mask Aligner for Optical Lithography, situated in CC Minalor, IJL. The G-25 system
utilizes a mercury lamp as its UV source, emitting light at a wavelength of 365 nm.

Notably, the minimal achievable exposure line width using this system is approximately

Figure 2-5 UV exposure equipment.

2.2.2  Argon-ion etching

Following UV lithography, the transferred patterns on the photoresist need to be
further transferred onto the sample through an etching process. Etching processes can
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be broadly categorized as physical or chemical etching. Physical etching exhibits a
lower etching rate, limited element selectivity, but superior verticality in pattern transfer.
On the other hand, chemical etching demonstrates a faster reaction rate, high element
selectivity, but inferior verticality. Therefore, in the fabrication of Hall-bar devices and
MTlIs, physical etching, specifically argon-ion etching, is the preferred and commonly
employed method.

The principle underlying argon-ion etching closely resembles that of magnetron
sputtering, as both methods employ argon ions to bombard the material. In argon-ion
etching, the sample is subjected to a stream of accelerated argon ions, resulting in the
removal of the exposed regions while preserving the parts protected by the photoresist.

Care must be taken to avoid excessive etching duration, as prolonged exposure
can lead to carbonization of the photoresist due to overheating. Carbonized photoresist
poses challenges during the subsequent removal process. Furthermore, during the
etching process, some of the etched atoms may redeposit onto the sample surface,
potentially causing short circuits between the magnetic layers on either side of the
insulating layer in MTJ fabrication. Therefore, it is crucial to prevent such occurrences.

To mitigate the risk of redeposition and address the potential short circuit issue,
it is common practice to tilt the sample normal with respect to the ion beam at the end
of the etching process. This tilting aids in the cleanup of the sidewalls of the junction
pillar, minimizing the likelihood of unwanted secondary deposition in MTJ fabrication.

The equipment employed in this study comprises an argon-ion etching machine
in IOP, CAS, manufactured by Beijing Advanced Company (Figure 2-6), and an IBE
4Wave lon Beam Etching Equipment, supplemented by a Hidden Secondary Ion Mass
Spectrometer system in CC Minalor, IJL. The argon-ion etching machine from Beijing

Advanced Company operates at a base pressure of 4x10~* Pa and a working pressure

57



Spin-orbit torque and spin dependent transport in magneitc nano-heterostructures

of 2x1072 Pa. To prevent carbonization of the photoresist, the substrate of this machine
is equipped with a cooling water system. Additionally, the substrate can rotate at a
specific speed to ensure uniform etching across the sample. The IBE 4Wave etching
system features a secondary electron spectrometer, enabling real-time monitoring of the
etching progress. This capability greatly facilitates the fabrication of MTJs, ensuring

precise control and optimization of the etching process.

Figure 2-6 Ion etching equipment.

2.2.3 Photoresist removal and lift-off

After the etching process, the remaining photoresist on the sample surface
necessitates removal. One approach is to immerse the sample in a sequence of acetone,
alcohol, and deionized water for ultrasonic cleaning, followed by drying with nitrogen
gas. However, in cases where an insulator (e.g., Si02) or metal is present on the residual
photoresist during the lift-off process, it becomes essential to eliminate the attached
insulator or metal while removing the photoresist.

Lifting off metal is relatively straightforward and can be achieved by prolonging
the soaking and ultrasonic time in acetone. On the other hand, lifting off insulator is
more challenging. To address this, a method provided by CC Minalor, IJL involving

several steps can be employed. Initially, the sample is soaked in Remover 1165 at 80°C
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for 30 minutes. Subsequently, it undergoes ultrasonic cleaning, followed by rinsing with
deionized water and drying with nitrogen gas. The successful lift-off of the insulator is
contingent upon the quality of the coated photoresist. With a well-established notch of

bilayer resist, the insulator lift-off can generally be accomplished successfully.

2.2.4 MTIJ processing flow

MT]J serves as fundamental components within MRAM. Its fabrication entails
multiple intricate steps, encompassing the definition of bottom electrodes, junction
region delineation, and top electrode definition. Due to the considerable length and
complexity of this process, we present a comprehensive account of the fabrication
procedure employed in the case of MTJ at CC Minalor, IJL, serving as an illustrative

example.

2.2.4.1 Define bottom electrodes

(1) Clean the sample and spin coat it with positive photoresist S1813 by a spin
coater.

(2) Place the sample on a hot plate and bake it.

(3) Expose the sample to UV light with an UV lithography system.

(4) Develop the sample in MF319 developer solution with agitation.

(5) Rinse the sample in deionized water with agitation and dry it with nitrogen
gas.

(6) Etch the sample with an argon-ion etching machine. At the same time record
the variation of secondary electron elements, especially Mg, with time for the
next etching process which define the junction region.

(7) Immerse and ultrasonicate the sample in acetone, rinse it with alcohol, and dry

it with nitrogen gas.
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2.2.4.2 Define junction regions

(1)

2)
€)
(4)
©)
(6)
(7
(8)

)

Clean the sample and spin coat it with LOR3A positive photoresist by a spin
coater.

Place the sample on a hot plate and bake it.

Spin coat the sample again with S1813 positive photoresist with a spin coater.
Place the sample on a hot plate and bake it again.

Expose the sample to UV light with an UV lithography system.

Develop the sample in MF319 developer solution with agitation.

Rinse the sample in deionized water with agitation and dry it with nitrogen gas.
Inspect the sample under a microscope to confirm the presence of obvious
steps formed by two layers of photoresist.

Etch the sample with an argon-ion etching machine until reaching the middle

of the barrier.

(10)Deposit SiO2 on the sample by magnetron sputtering.

(11)Immerse the sample in Remover 1165 at 80°C for 30 minutes, ultrasonicate

and rinse it with deionized water, and dry it with nitrogen gas.

(12)Inspect the sample under a microscope to confirm the presence of clean and

complete junction regions.

2.2.4.3 Define the top electrode

60

(1) Clean the sample and spin coat it with S1813 positive photoresist by a spin

coater.

(2) Place the sample on a hot plate and bake it.

(3) Expose the sample to UV light with an UV lithography system.

(4) Develop the sample in MF319 developer solution with agitation.
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(5) Rinse the sample in deionized water with agitation and dry it with nitrogen
gas.

(6) Deposit Ta/Pt electrodes on the sample by magnetron sputtering.

(7) Immerse and ultrasonicate the sample in acetone, rinse it with alcohol, and dry
it with nitrogen gas.

(8) Inspect the sample under a microscope to confirm the presence of clean and

complete MTlJs.

2.3 Characterization of magnetic and electrical properties.

In spintronics research, our focus lies in studying the magnetic properties of
magnetic multilayers, including magnetic anisotropy, coercivity, and exchange bias.
Additionally, we investigate their magneto-transport properties under the influence of
electric fields, such as SHE, AHE, and TMR effects. In this segment, we will to present
the measurement instruments and characterization techniques commonly employed in

these investigations.

2.3.1 Vibrating sample magnetometry

In 1995, Foner invented the vibrating sample magnetometer (VSM) as a crucial
tool for quantifying the magnetic moment of thin films under varying magnetic
fields [296]. Figure 2-7 illustrates its mechanical setup, wherein a non-magnetic rod
holds the sample positioned between two electromagnets. During measurement, the
magnetic field is incrementally scanned between the electromagnets while the rod
vibrates along the z-axis. Consequently, the sample's stray field vibrates synchronously,
inducing a corresponding change in the sensed magnetic flux by the stationary
measuring coils. The resultant flux alteration generates an electrical current that can be

isolated through lock-in amplifiers, effectively measuring the sample's magnetization
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in response to the evolving magnetic fields. This technique enables the determination
of magnetic anisotropy, coercivity, and exchange bias parameters, which are of
particular interest in the study.

In this dissertation, the primary instrument employed is the EZ VSM
manufactured by MicroSense, located at IOP, CAS. The EZ VSM offers a magnetic

field range of £2.2 T and exhibits a measurement accuracy of 107 emu.

Figure 2-7 Detailed mechanical design of vibrating sample magnetometry [296].

2.3.2 Physical property measurement system

The Physical Property Measurement System (PPMS), an experimental platform
developed by Quantum Design, offers a high-magnetic-field and low-temperature
measurement environment. It is designed with superconducting coils to generate the
magnetic field, while the superconducting state is maintained through the use of liquid
helium, which is also used for sample cooling. The sample, positioned on a sample rod,

is connected to external instruments to facilitate electrical measurements. In our study,
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we primarily utilize the PPMS located at IOP, CAS. This particular PPMS model
features a maximum magnetic field capability of £9 T, ensuring a magnetic field
accuracy of 2 Oe. It enables temperature-dependent measurements within the range of
1.9 K to 400 K. Notably, the system includes an automated sample rotation mechanism,

allowing for precise angle measurements.

2.3.3 Three-dimensional magnetic field probe station

Figure 2-8 depicts the three-dimensional magnetic field probe station,
developed by Beijing East Changing Company and located at IOP, CAS. This station
comprises three mutually orthogonal Helmholtz coils, each capable of independently
carrying current and generating a magnetic field. Notably, these coils lack an iron core,
resulting in the production of a precise yet relatively small magnetic field. Positioned
at the center of the coils, the sample stage and probes are connected to external
instruments. By placing the sample on the stage and pressing it with a probe, the
electrical transport properties of the sample under varying magnetic fields can be
observed. The probe station offers a maximum magnetic field strength of 340 Oe, with

an accuracy of 5x107° Oe.
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Figure 2-8 Three-dimensional magnetic field probe station.
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3 Field-free perpendicular magnetization switching

induced by AHE torque in NiFe

3.1 Research background

SOT represents a promising technique for achieving rapid magnetization
switching with minimal power consumption. It has gained significant traction in the
advancement of MRAM and spin logic devices. In conventional heavy
metal/ferromagnet bilayers, the SOT phenomenon arises from the SHE, wherein the
spin current's direction, polarization, and the electrical current's direction are mutually
orthogonal. Consequently, upon establishing the device structure, the spin polarization
direction becomes inherently predetermined.

In recent theoretical research by Amin et al. [297] , it was proposed that spin
currents could be induced in ferromagnetic metals. Figure 3-1 illustrates the presence
of spin currents originating from both SHE and AHE. The SHE-induced spin current
exhibits a polarization direction orthogonal to both the spin current direction and the
electric field direction, which is similar to heavy metal scenario. In contrast, the AHE-
induced spin current exhibit a polarization direction parallel to the magnetization.
Notably, the polarization of the AHE-induced spin current can be easily controlled due
to the adjustable magnetization in ferromagnets, rendering it a convenient parameter to

manipulate.
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Figure 3-1 Spin currents generated in ferromagnets. Both SHE and AHE contribute to the
generation of spin currents when the electric field is perpendicular to the magnetization
(Left). Meanwhile, only SHE contributes to the generation of spin current when the electric

field is parallel with the magnetization (Right) [297].

Experimental evidence has corroborated the generation of spin currents through
both SHE and AHE in ferromagnetic materials, leading to successful magnetization
switching. Wu et al. [172] demonstrated this phenomenon by utilizing the SHE-induced
spin current in in-plane CoFeB, resulting in perpendicular CoFeB magnetization
switching, as depicted in Figure 3-2. Similarly, Seki et al. [173] employed AHE-
generated SOT in FePt to achieve in-plane NiFe magnetization switching. However,
further investigations are still necessary to elucidate the interplay between AHE-
generated SOT and SHE-generated SOT in ferromagnets, particularly in the context of

achieving efficient perpendicular magnetization switching.
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Figure 3-2 Magnetization switching through spin currents generated in magnetic layers.
(a) The current is parallel with in-plane CoFeB magnetization. SHE-induced spin current
drives perpendicular CoFeB magnetization switching when the current passes through the
in-plane layer. (b) The current is perpendicular to in-plane FePt magnetization. AHE-
induced spin current drives in-plane NiFe magnetization switching when the current passes

through the in-plane layer [172,173].
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This chapter presents a novel experimental approach utilizing an in-plane
NiFe/Ru/perpendicular ferromagnetic trilayer structure with a carefully designed
geometric configuration, and successfully demonstrates the generation of both SHE-
and AHE-induced SOTs in NiFe. In this configuration, the current flows parallel to the
pinned NiFe magnetization, while the applied magnetic field is transverse to it. The
experimental results highlight that NiFe can simultaneously produce SHE- and AHE-
SOTs, with the AHE torque exhibiting significant strength, thereby dominating the SOT
switching process and leading to a reversal in the switching polarity. This investigation
serves as a crucial stepping stone for advancing SOT devices, eliminating the reliance
on heavy metals. The primary findings of this chapter have been published in Physical

Review B [298].

3.2 Experimental and simulate methods

3.2.1 Fabrication and measurement of samples

Type-T magnetic multilayers comprising both in-plane and perpendicular layers
are fabricated using magnetron sputtering (ULVAC MPS-4000-HC7). The film
structure of the main sample is SiOy||Ta(2)/IrMn(8)/NiFe(3)/Ru(2)/Pt(1)/Co(1)/Pt(1
nm). In its as-grown state, the film exhibited an in-plane easy axis along the y-direction.
To induce perpendicular magnetic anisotropy, Co is inserted between two Pt layers
during the deposition process. As a control sample, a SiO2|[Ru(2)/Pt(1)/Co(1)/Pt(1 nm)
film is grown. The magnetic anisotropy of the samples is characterized using a VSM.
Subsequently, the samples are patterned into cross-shaped Hall-bar devices with
dimensions of 20 um width and 200 pm length using standard UV lithography and
argon-ion etching techniques. Pt(5)/Au(80 nm) electrodes are employed to connect the
terminals of the Hall-bar devices. Electrical measurements are carried out with a
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Keithley 2400 as the current source and a Keithley 2182 as the Hall voltage detector.
To provide the magnetic field during testing, a PPMS and a three-dimensional magnetic

field probe station are utilized. All measurements are performed at room temperature.

3.2.2 Construction and analyses of the macrospin model
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Figure 3-3 Perpendicular magnetization switching induced by SOTs generated in a
ferromagnet. Schematics of the system without a magnetic field, with a —x directional field,
and with a +x directional field are shown in (a-c), respectively. (d-e) Calculations of the
macrospin model simulating these three situations. (f) Magnetic field dependence of the

perpendicular magnetization switching polarity [298].

To elucidate the contrasting impact of SHE and AHE on magnetization
switching, a macrospin model is employed in our simulation [299]. Figure 3-3
illustrates the influences of SHE torque and AHE torque on perpendicular
magnetization switching, supposing a current J. flows along the y axis. In the absence
of external magnetic fields, the magnetization of mnire is pinned in the y direction,
specifically at @nijre = 270°, due to the presence of the exchange bias field Heg. Here,

0 and ¢ denote the polar and azimuth angles, respectively. The coupling field Hc
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between NiFe and Co, as well as the current Jc, also in the y direction. Within the SHE
mechanism, a spin current osye is generated with polarization along the x direction.
Notably, since mnire is parallel to Jc, the AHE mechanism does not produce a spin
current in this specific case. For convenience, the direction of ¢ represents the
polarization of the spin current, and its magnitude is proportional to the density of the
spin current. Both 6 and H are expressed in normalized units. Given our interest in the
perpendicular magnetization switching of Co above the NiFe layer, only the spin current
flowing along the z-direction is taken into consideration. When the system reaches
stability, the torque arising from the effective field Hetr counterbalances the SOT
induced by SHE, resulting in
mc, X Hegr + Mcy X 05y X Mo = 0. (3-1)
Here, Herr is determined by the perpendicular magnetic anisotropy energy Ek,
the coupling field Hc, and the externally magnetic field H, (if present). The Type-Z
switching indicates that when mco, osue and Hc are mutually orthogonal, the
perpendicular mc, can be switched [191]. By setting H, = 0, the torque balance
equation can be simplified to
Hg sin 6 cos @ + Hc cos 6 — ogyg = 0, (3-2)
which bears resemblance to the equation presented in [101]. The left-hand side
terms of the equation represent the torques induced by the anisotropy field Hk, the
coupling field Hc, and the SHE torque, respectively. In particular, Hx = 2Ex /Mg,
where Ms is the saturated magnetization of Co. Through calculations, we obtain the
SOT-induced magnetization switching, as shown in Figure 3-3(d)
When H, is applied, mnire deviates from the y direction, i.e., @yijpe # 270°.
Thus, myjpe X Jc # 0, and the AHE mechanism induces a spin current 6ang Whose

polarization is parallel to mnire. Therefore, the torque balance equation becomes
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mc, X Hegr + Mcy X Oy X Mo + Mgy X Gapg X Mo = 0. (3-3)

After simplification and rearrangement, it can be written as

Hy sin 8 cos @ — sin ¢ (Hc sin @yjpe €0S 0 + 0syg + Oang COS% Onire) —

cos ¢ [(Hy + Hc €S @nire) COS 6 — OanE COS Pnire SIN Pnire] = 0, (3-4a)
sin @ [—(Hy + Hc cos ¢nire) + OaHE COS PniFe SIN Pnire €OS 6] +
cos ¢ [Hc sin pipe + (Osug + OanE €0S @yire) cos 6] = 0. (3-4b)

Notably, if H, =0 and ¢yijre = 270°, the AHE effect becomes negligible,
leading to oy = 0. In this case, the torque balance equation restricts mc, to the yz
plane, i.e., ¢ = 90°. Consequently, Equation 3-4 simplifies to Equation 3-2.

When Hq < |H,| < Hgg , €OS@jre = Hy/Hgg , and sin@yipe = —1 .
Therefore, Equation 3-4 can be further simplified as:

Hy sin 6 cos 6 + sin ¢ (H¢ cos 6 — ogyg) —
cos @ (Hy, cos @ + oayg Hy/Hgg) = 0. (3-5)

The impact of the AHE torque on the switching process becomes evident. The
second and third terms of Equation 3-5 depict the influence of the SHE and AHE torque,
respectively. Figure 3-3(b,c) demonstrates that when H, <« Hgg, 6aug is parallel to
mnire. Similar to the orthogonality among mco, osue, and Hc, mco, 6ang, and H, are
also exhibit mutual orthogonality. According to the Type-Z switching scheme, now the
AHE torque also capable to switch the perpendicular mco.

By solving Equation 3-4, we obtain the hystereses depicted in Figure 3-3(e) in
which, according to the literature [167], we assume that the efficiency of generating
AHE spin current is consistent with that of generating SHE spin current, i.e.,
oaue/Jc = 0sue/Jc . Our findings reveal two significant observations. First, the
introduction of the AHE torque alters the switching polarity from clockwise (CW, —1)

to counterclockwise (CCW, +1) when H, is large enough. Second, the switching
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polarity remains consistent under +H.. Comparing Figure 3-3(b,c), it becomes evident
that changing the sign of Hi corresponds to a change in the sign of myipe X Jc,
consequently leading to a sign change of oaur. Type-Z switching scheme tells us,
simultaneously changing the signs of both 6ane and H, will yields the same final
magnetization state. Figure 3-3(f) summarizes the AM: under different H., where the
sign of AM: indicates the switching polarity. In the absence of AHE torque, the
switching polarity remains negative under all H,. These two distinct characteristics
serve as a benchmark for experimentally verifying the presence of the AHE torque.
Detailed derivation from Equation 3-3 to Equation 3-4 is as follows. Starting
from Equation 3-3, the effective field Herr experienced by the perpendicular Co
magnetization is obtained by:
Eco = Ksin?6 —H, - m — C(m - myjpe). (3-6)
Here, m = sinf cospx+ sin@sin@y + cos 8 z represents the unit vector
of perpendicular Co magnetization. And mpyjge = COS @yjpe X + Sin Pyire ¥ denotes
the unit vector of in-plane NiFe magnetization. C represents the coupling strength
between these two magnetizations. Hence,
Eco = Ksin?60 — H, sin6 cos ¢ —
C(sin O cos ¢ cos @yjpe + Sin 6 sin @ sin Qy;pe)- (3-7)

While Hege = Hg® + Hy, @, therefore,

aECo .
Hg = — 70 = —2Ksinf cos6 + H, cos 0 cos ¢ +
C (cos 6 cos @ cos @yipe + €Os B sin @ sin Pyipe)- (3-8)

We define Hgx = 2K and H; = C. Hence,
Hy = —Hg sin 0 cos 8 + (H,, + H¢ cos @yipe) COS 6 cos ¢ +
H¢ sin @yjpe COS O sin @ . (3-9)

Meanwhile,
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dE¢ : .
Hy,=— m = —(H, + H cos @nipe) Sin @ + He sin yjre cos@.  (3-10)

NeXt, O = Osyg + OAHE, and

OSHE = OSHEX, (3-11)

T
OAyE = SIN (Z - (2m — <PNiFe)> OpAHEMNjFe = COS PNijFe OAHEMNiFe =

2 .
OAHE COS“ @NiFe X + OAHE COS QNjFe SIN QNiFe Y, (3-12)

0 =0xX+t0oyy=

(0sHE + TaHE COS? Qipe)X + TAHE COS PniFe SIN PniFe V- (3-13)
Since the field-like torque is neglectable in the Pt/Co system, the LLGS equation
is:

om

Jdm
Wz—ymxHeff+amx—+mx0'xm. (3-14)

Jt

Each term is given by:

i Ji k
mxo = |sinfcosg sinfsing cosO| =
Oy ay 0
—cos 6 g,
cos 8 oy, , (3-15)

sin 6 cos ¢ g, — sin 6 sin ¢ oy

i Ji k
mxoxm=|—cosbo, cosbo, sinfcospo,—sinfdsingoaoy| =
sinf cos@ sinfsing cos 6

(cos? 6 + sin® @ sin® @)o, — sin® @ sin g cos @ g,
— sin® 0 sin ¢ cos ¢ o, + (cos? 6 + sin® 6 cos® ), |, (3-16)
—sin 6 cos ¢ cos 6 g, — cos 0 sin @ sin ¢ ),
i Ji k
m X Heg = sin 6 cos ¢ sin @ sin ¢ cosf | =
Hg cos@cosp —H,sing Hgcos@sing + Hycosp —Hgsinf
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—Hg sin¢g — H, cos ¢ cos 6
Hgcosg —H,singcosf |, (3-17)
H, sin 6

When the equilibrium position is arrived, dm/dt = 0. Therefore,
0=—-ymXHg +mXoXm, (3-18)
—Hg sing — H, cos ¢ cos 0
0=—y| Hocosp —H,sinpcost |+
Hg, sin 6

(cos? 0 + sin® 0 sin® @)o, — sin® @ sin g cos ¢ g,
— sin® 6 sin ¢ cos ¢ o, + (cos? B + sin® 6 cos? ), | . (3-19)
— sin 6 cos ¢ cos 6 g, — cos B sin 6 sin ¢ o),

To solve the relationship between 6, ¢ and 0. We focus on the third equation in
Equation set 3-19 first:
—yH, sinf — sin 6 cos ¢ cos 6 g, — cos @ sinf sing g, = 0. (3-20)
Therefore,
hy, =yH, = —cos ¢ cos 0 o, — cos 8 sinp ay. (3-21)
Substituting it into the first equation of Equation set 3-19,
yHg sinp + (— cos @ cosB g, —cosBsing ay) cos @ cos +
(cos? 8 + sin” 8 sin” @), — sin® @ sin ¢ cos ¢ g;, = 0. (3-22)
Simplify it, we have:
sin ¢ (yHg + singp o, — cos @ ay) = 0. (3-23)
Hence,
hg = yHg = —sin @ o, + cos ¢ g,,. (3-24)
Notice that Hyp and H, are already obtained in Equations 3-8 and 3-10. For
simplicity, we set y = 1. Therefore, Equations 3-24 and 3-21 becomes:
—sing o, + cos@ 0, = —Hg sin6f cos 6 +
(H, + H¢ cos @yipe) €0s 0 cos @ + H sin @yjpe cOs 0 sin @, (3-25a)
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—cos @ cos 6 g, — cosOsing g, =
—(H, + H¢ cos @yire) Sin @ + H¢ sin @yipe COS @ . (3-25b)

Substituting the o and o, from Equation 3-13, Equation 3-4 is obtained.

To determine the m orientation for a given o, it is essential to numerically solve
Equation 3-4. We can reformulate Equation 3-4 in its differential form while
considering that ggyg = 0 and oaxg = Nosyg = no . Consequently, the rewritten
equation becomes:

{—Hg cos 20 — [(H, + H¢ cos @yire) Sin 6 cos @] — H¢ sin @yjge Sin 0 sin ¢ }do +
{—(H, + H( cos @yjfe) €OS 0 sin @ + 1o sin ¢ cos @yire SiN Pnire
+ Hg sin @yipe cos 8 cos @ + (1 + 1 cos? @yire) cos @ a}de +
{—n cos @ cos Qyipe SiN Pyipe + (1 + 17 €0S? Qpipe) Sin @}do = 0, (3-26a)
{—1 cos @yjipe SIN Qyjpe SiN O sin @ 0 — (1 + 1 cos? Py;re) sin O cos ¢ a}dO +
{—(H, + Hc coS @yjFe) COS @ + 1 COS PyiFe SIN PNiFe COS O COS @ T
—H¢ sin @yipe Sin @ — (1 + 1 cos? @yipe) cos 8 sin @ o}de +
{n cos @nire SiN Pyipe cOs O sin @ + (1 + 1 cos? @yipe) cos O cos p}do = 0. (3-26b)

Once the initial state of the system is defined, the application of a small current
(do) enables the determination of the new equilibrium position of the system (d@ and
dp), as described by Equation 3-26. By iteratively running Equation 3-26, we are
allowed to obtain the state (6, ¢) of the system as a function of the current ¢ once the
initial state at zero current is preset Subsequently, the switching hysteresis under all the

applied current can be obtained accordingly, as shown in Figure 3-3(d,e).

3.3 Experimental results and discussions

To achieve Type-T magnetic multilayers with both in-plane and perpendicular

anisotropy, it is crucial to optimize the spacer thickness. As depicted in Figure 3-4, when
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only a 1 nm Pt spacer is present between the in-plane NiFe layer and the perpendicular
Co layer, the coupling between these two magnetizations is overly strong, which
suppresses the perpendicular anisotropy of Co. Conversely, the insertion of an
additional 4 nm Ru layer between the in-plane NiFe layer and the perpendicular Co
layer effectively preserves the perpendicular anisotropy of Co. However, this
configuration results in weakened coupling between the two layers, which is
unfavorable for the following experimental measurements. Eventually, we selected
Si0,//Ta(2)/IrMn(8)/NiFe(3)/Ru(2)/Pt(1)/Co(1)/Pt(1 nm) as the main sample, wherein
the 2 nm Ru spacer successfully preserves both the in-plane and perpendicular

anisotropy well, while also ensures a significant perpendicular magnetization switching.

Ta(2)/IrMn(8)/NiFe (3)/Pt(1)Co(1)/Pt(1 nm) b e (2)/IrMn (8)/NiFe (3)/Ru(4)¥Pt(1)/Co(1)/Pt(1 nm)
1.0 1.0

MIM,
MIM,
o
o

210 5 0 5 10 10 5 0 5 10
H (kOe) H (kOe)

Figure 3-4 Optimization of the coupling layer thickness. (a) No Ru interlayer; (b) With 4

nm Ru interlayer.

The structural configuration of the main sample is illustrated in Figure 3-5(a).
It consists of a three-layer film structure composed of Pt(1)/Co(1)/Pt(1 nm), which
induces perpendicular magnetic anisotropy. The presence of two Pt layers, with equal
thickness, on both sides of Co generates spin currents that effectively cancel out and
have no impact on Co. The Ru layer functions as a coupling layer, enabling Co to
perceive the in-plane effective field generated by NiFe. This effective field facilitates
the switching of perpendicular Co through SOTs generated by NiFe, eliminating the

need for an external symmetry-breaking magnetic field. Additionally, the underlying
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IrMn layer is employed to provide exchange coupling to NiFe while enhancing its in-

plane magnetic anisotropy.

a
C
3 // g
S o0 7 - 0.8
i'd
-0.5¢ 0.6
-1.0 A . 04+
-1000 -500 0 500 1000 _éo _-i 0 6 1b 2I0

H (Qe) H (kOe)

Figure 3-5 Structure and magnetization of the sample. (a) Element and thickness of each
layer. (b) Image of the four-terminal Hall-bar device under a microscopy. (c) Hystereses of
the sample film under a magnetic field in x, y and z direction. (d) Dependence of the Hall

resistance of the device on a magnetic field in x, y and z direction [298].

The measurements are based on micro-size four-terminal Hall-bar devices, as
depicted in Figure 3-5(b). Two terminals are utilized for current injection along either
the x or y direction, while the remaining two terminals are employed to measure the
Hall voltage along the y or x direction, accordingly. The Hall resistance Vu/I serves as
an indicator to determine the orientation of the perpendicular Co magnetization m.. Due
to the substantial thickness of the NiFe layer and the pinning by [rMn, its magnetization
exhibits limited tilting when magnetic field is applied. Consequently, the PHE
contribution from NiFe on the Hall resistance can be disregarded. The magnetization

hysteresis of the sample is demonstrated in Figure 3-5(c,d), obtained through VSM and
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Hall resistance measurements, respectively. The presence of m. is confirmed through
both methods. Moreover, a Hegg of about 250 Oe in the y direction is also confirmed,
which is crucial for achieving the field-free perpendicular magnetization switching.
Subsequently, we leverage the SOTs generated by NiFe to realize the switching
of m.. A high or low value of R,, corresponds to m, > 0 or m, < 0, respectively. As
illustrated in Figure 3-6, our measurement procedure involves sweeping a y-direction
current, /,, while applying an external magnetic field, H,, fixed at values ranging from
+10 Oe to —10 Oe. In this configuration, the magnetization of NiFe aligns along the y-

direction, and the torque is solely produced through the SHE mechanism. When I, >
20 mA and H,, > 0, the final state m, > 0. Notably, individually switching /, or H,

leads to the opposite final state m, < 0. This observation indicates that the sign of H,
determines the polarization of the SOT-induced switching, which aligns with the

characteristics of Type-Z switching scheme.

@ nitial 4,50 € | |aasma H, (Oe)

~

M,
< NiFe

-
\ y\x

b nitial H, <0

\24_2 mo H, (Oe)

~_ N
A H N N -8

1]

Offset R, (2)
o
Offset R,,, ()
N

+4

Mo : 0 P : +6
‘ ~ / / 3 / ] +8
_]”0 LJMO

y X 40 20 0 20 40 40 20 0 20 40

I, (MA) I, (mA)

Figure 3-6 Perpendicular magnetization switching induced by SHE. (a-b) Measurement
setups when the magnetic field is along the +y direction and —y direction, respectively. (c-d)
Current dependence of the Hall resistance when the magnetic field sweep from the +y to —y

direction and from the —y direction to the +y direction, respectively [298].
Figure 3-6(c,d) reveal that when H, = 0, the polarity of the hysteresis loop is
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consistently opposite to that observed when H, > 0 and same as H, < 0. Notably,
when the magnetic field is swept from negative to positive, the amplitude of field-free
switching is larger. In other words, the polarity of field-free switching is independent
of the magnetization history, whereas the amplitude of field-free switching is
determined by the magnetization history. These phenomena are attributed to the pinning
of NiFe by IrMn in the -y direction. When H, decreases from a positive (negative) value
to 0, the remanent magnetization of NiFe becomes very small (relatively large).
Consequently, the effective field exerted by NiFe on Co becomes correspondingly small
(relatively large), resulting in a small (large) amplitude of perpendicular magnetization
switching. This phenomenon is consistent across a wider range of sweeping
experiments, as depicted in Figure 3-7 and Figure 3-8, thereby demonstrating its
reproducibility. Additionally, the fact that the switching polarity can be altered by an
external magnetic field of +2 Oe indicates that the Hc between NiFe and Co is
approximately 1 Oe.

The maximum AR,, achieved through SOT-induced switching is 24 mQ, which
is smaller than the AR,, obtained through field-driven switching (Figure 3-5). This
discrepancy arises because ARy, induced by magnetic field includes contributions from
the in-plane NiFe magnetization tilted towards the z direction. Conversely, the ARy,
obtained from SOT-induced switching solely originates from the perpendicular Co
magnetization switching. Consequently, the latter serves as the standard for assessing
the switching amplitude obtained in the subsequent AHE experiments. As depicted in
Figure 3-7 and Figure 3-8, it is observed that employing a larger external magnetic field

only resulted in switching with the same or smaller amplitude.
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Figure 3-7 Perpendicular magnetization switching induced by SHE under 100 Oe magnetic

field. Measurements when magnetic field sweep from the +y (—y) to the —y (+y) direction is

shown in (a) and (b), respectively.

Same measurements are conducted on the control sample Ru/Pt/Co/Pt, wherein

no SOT-induced switching is observed. This observation suggests that the spin current

responsible for magnetization switching originates from IrMn/NiFe rather than Pt.

Considering the much higher resistivity of IrMn compared to NiFe, along with the

known spin diffusion length of NiFe being 2.5 nm [300-302], it further supports the

conclusion that NiFe serves as the spin source. Recent experiments have also reported

a considerable spin Hall angle in NiFe [169,171,303,304], providing additional

evidence in supporting this conclusion.
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Figure 3-8 Perpendicular magnetization switching induced by SHE under 50 Oe magnetic
field. Measurements when magnetic field sweep from the +y (—y) to the —y (+y) direction is

shown in (a) and (b), respectively.

In Figure 3-9, when both a current /, and an external magnetic field H, are
applied, an AHE torque is induced. Due to the pinning of NiFe in the y direction, robust
field-free switching is achieved, with a clockwise (—1) switching polarity. The
perpendicular magnetization switching is dominated by the SHE torque when the H, =
0. Meanwhile, when |H, exceeds a critical value (approximately 5 Oe in this
experiment), the AHE torque becomes the dominant factor, leading to a change of

switching polarity from clockwise (—1) to counterclockwise (+1). We defined AR,, =
ny(ly =0, T) — Ry (0,1) when the switching is counterclockwise, and AR, =
Ry, (Iy =0, l) — Ry, (0, T) when the switching is clockwise. Hence, the dependence

of ARy, on H; is summarized in Figure 3-9(c), which exhibits symmetry and polarity

reversal characteristics consistent with the results of macrospin calculations (Figure
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3-3). This result experimentally confirms the SHE and AHE competition during the
perpendicular magnetization switching. As shown in Figure 3-10, the measurement is
repeated 10 times to demonstrate the reproducibility of this phenomenon. Furthermore,
the polarity reversal rules out the possibility of IrMn from dominating the SOT
generation, as the polarity of the spin current generated by the SHE mechanism of [rMn

would remain constant.
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\ / e -10
—~—~ " 8
\ 2 Myire ! 6
o5 o,
A/ % ‘ -4
\ oy g | .
J|
c 2]
51 RC:> i +2
& 00 | +4
£
;’;“-5.1 > v
< ., L 7
-10.2 | [~ +0
10 5 0 5 10 40 20 0 20 40
Hx (Oe) Iy (ITlA)

Figure 3-9 Perpendicular magnetization switching induced by AHE. (a) Schematic of the
measurement setup. (b) Current dependence of the Hall resistance while sweeping the x-
direction magnetic field. (c) Dependence of the polarity of the Hall resistance on the x-

direction magnetic field. [298].

According to the VSM results presented in Figure 3-5, the Hx of the
perpendicular Co layer is 420 Oe. Therefore, when the switching polarity changes,
H/Hx is approximately 0.014-0.024 (Figure 3-9). However, based on the macrospin
model depicted in Figure 3-3, the system should still in the SHE switching range at this
point. There are two origins of the discrepancy between the model and experimental
results: (1) the macrospin model is primarily suitable for providing symmetry analysis

and cannot give an accurate critical condition for the transition from SHE dominance
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to AHE dominance, (2) Figure 3-9 reveals that the SHE switching amplitude is only
about 20% compared to AR, (I = 0) = 24 mQ shown in Figure 3-6. This smaller
switching amplitude suggests that only a portion of the magnetic domains are switched,
and these domains have lower perpendicular magnetic anisotropy compared to the bulk.
Consequently, the magnetization switching initiates from these domain centers. In other
words, when comparing Figure 3-9 and Figure 3-3, a lower Hk value of the domain
centers should be considered instead of the bulk Hx value of 420 Oe. Thus, the Hy/Hx

of 0.014-0.024 which calculated with the bulk Hx is underestimated compared to the

real value.
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Figure 3-10 Reproducibility test of the AHE-induced perpendicular magnetization
switching. Measurement of the y-direction current induced perpendicular magnetization
switching with +8 Qe, 0 Oe and —8 Oe x-direction magnetic field for 10 times are shown in

(a), (b) and (c), respectively.

In Figure 3-9, it is important to note that both AHE and SHE induce partial
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switching. The observed switching amplitude is only 10% and 20% compared to
ARy, (I = 0) = 24 mQ shown in Figure 3-6. This reduced switching amplitude can be
attributed to the fact that both H, and Hc are smaller than the DMI field in the Pt/Co/Pt
structure [175].

Assuming that the switching is coherent and macrospin-like, the relative spin-
convention efficiency between AHE and SHE of NiFe can be estimated by using the
critical current density. In this chapter, the average current required in SHE-induced
magnetization switching is 27.4 mA, while the average current required in AHE-
induced magnetization switching is 26.0 mA, resulting in a relative efficiency value of
oNIEe 7oNIEe = 1,05, This is close to the value of 1.28 reported in the literature [302].
However, it should be notice that this estimation is based on the macrospin model, and
the more reliable and accurate measurement of AHE efficiency in ferromagnetic
materials is still needed.

Varying the thickness of NiFe with the same structure, similar phenomena can
be observed with 5 nm NiFe sample (Figure 3-11 and Figure 3-12), while disappears
with 1 nm NiFe sample (Figure 3-13 and Figure 3-14). This suggests that the AHE
torque originates from the bulk NiFe rather than the Ru interface or bulk IrMn.

The thicker 5 nm in-plane NiFe provide a strong effective field ensuring the
field-free switching, but it lacks good pinning by IrMn. Figure 3-11 illustrates, in
contrast to the main sample (Figure 3-6), the polarity of the SHE-induced field-free
switching now determined by the magnetization history. Additionally, the AHE-induced
switching is also less clear due to this larger in-plane magnetization (Figure 3-12). On
one hand, larger H, is required to title the larger in-plane magnetization. Meanwhile
increasing the H, will titles the perpendicular magnetization towards in-plane direction.

Consequently, the measured curves are not as smooth as those obtained under H,.
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Figure 3-11 SHE-induced perpendicular magnetization switching of the sample with 5 nm

NiFe. Results of magnetic field sweeping from +y (—y) to the —y (+y) direction is shown in (a)

and (b), respectively.
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Figure 3-12 AHE-induced perpendicular magnetization switching of the sample with 5 nm
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Figure 3-13 SHE-induced perpendicular magnetization switching of the sample with 1 nm
NiFe. Results of magnetic field sweeping from +y (—y) to the —y (+y) direction is shown in (a)

and (b), respectively.
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Figure 3-14 AHE-induced perpendicular magnetization switching of the sample with 1 nm
NiFe. Results of magnetic field sweeping from the +x (—x) to the —x (+x) direction is shown in
(a) and (b), respectively.
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The thinner 1 nm in-plane NiFe layer also provide a sufficiently large effective
field enabling the field-free switching, but it is excessively well pinned by IrMn. In
Figure 3-13, it is clear now NiFe always provides a large effective field along the —y
direction. Consequently, the polarization of field-free switching is always same to the
ones with H, < 0. AR,y increases as H, increasing along the —y direction; while AR,
decreases as H, increasing along the +y direction. This behavior arises because a larger
+y-direction magnetic field is required for changing the switching polarization, which
inevitably titles the perpendicular magnetization towards in-plane direction and leads
to smaller AR,,. Figure 3-14 illustrates that, with the strong pinning of NiFe, the H; fails
to sufficiently title the magnetization of NiFe away from the —y direction. As a result,
the switching is always dominated by the SHE since the AHE torque is not sufficient.

It is worth reiterating that Figure 3-3 presents the calculated outcomes of the
macrospin model, which can solely offer a qualitative correspondence to the
experimental findings depicted in Figure 3-9. The macrospin model lacks the ability to
account for factors such as thermal activation, domain nucleation, and domain wall
motion, all of which have the potential to decrease the critical current density and enable
multistate switching. Conducting more accurate micromagnetic simulations that
incorporate all these processes will significantly enhance our comprehension of AHE-
induced magnetization switching.

The AHE in ferromagnets offers following advantages: (1) No heavy metals
such as Pt are required, which reduces manufacture costs. (2) The AHE-induced spin
current in magnetic materials allows for the manipulation of its spin polarization
through magnetization, which enables the application of more flexible torques and
multifunctional devices. (3) The coupling between the free layer and the pinned layer

enables the desired field-free perpendicular magnetization switching. In summary, the

85



Spin-orbit torque and spin dependent transport in magneitc nano-heterostructures

utilization of ferromagnets as spin sources not only reduce costs but also supports the

advancement of field-free perpendicular MRAM technology.

3.4 Chapter summary

This chapter explores the generation of spin current through the AHE and SHE
mechanisms in the ferromagnetic material NiFe, and demonstrates field-free
perpendicular magnetization switching in a Ta/I[rMn/NiFe/Ru/Pt/Co/Pt Type-T cross-
shaped Hall-bar device. NiFe not only provides in-plane coupling fields, but also serves
as the spin source. The polarities SHE- and AHE-induced switching are opposite,
allowing for a clear understanding of the existence and contribution of the AHE torque.
This research validates the various roles that ferromagnetic materials can play in spin
current generation and magnetization switching, laying the foundation for the
development of new heavy-metal free SOT-MRAMs and spin logic devices. The
experimental procedure is as follows:

(1) A Type-T macrospin model containing in-plane and perpendicular
magnetization is derived. Considering the coexistence of the SHE and AHE
mechanisms within the in-plane magnetic layer, a method is proposed to verify the
existence of the AHE spin current.

(2) Ta/lrMn/NiFe/Ru/Pt/Co/Pt Type-T multilayers are grown by magnetron
sputtering, followed by the fabrication of Hall-bar devices through standard UV
lithography and argon ion etching. The coexistence of perpendicular and in-plane
magnetic anisotropy in the multilayers is vitrificated through VSM measurements.

(3) The SHE-driven perpendicular magnetization switching is achieved when
the applied magnetic field is aligned with the in-plane magnetization. With the

symmetry-breaking effective field from the in-plane layer acting on the perpendicular
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magnetization, the field-free switching is achieved.

(4) The perpendicular magnetization switching is also achieved when the
applied magnetic field is perpendicular to the in-plane magnetization. When the field is
small, the switching is dominated by the SHE mechanism, while when the field is large
enough, the switching is now governed by the AHE mechanism.

This chapter of work is conducted with several colleges and their contributions
are as follows: I grew the stacks, fabricated the devices, conducted magneto transport
measurements, constructed the macrospin model and analyzed all the results. Xiao
WANG and Wenlong YANG provided assistant during the stack growth. Chenyang
GUO, Chi FANG and Mingkun ZHAO helped with the device fabrications. Jing DONG
and Yu ZHANG contributes to the transport measurements. Caihua WAN and Xiufeng

HAN led and was involved in all aspects of the research.
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4 Effective perpendicular field induced by SOT in a

magnetic trilayer

4.1 Research background

SOT is an essential means to achieve efficient magnetization switching, holding
significant implications in the development of high-speed and long-endurance MRAMs.
In common heavy metal/ferromagnet bilayers, the generation of SOT stems from the
spin current generated in the heavy metal layer through the SHE mechanism. Due to
symmetry constraints, the polarization direction of the spin current lies in the film plane,
thus enabling only deterministic in-plane magnetization switching. However, to achieve
the desired perpendicular magnetization switching for high-density storage, it is
necessary to introduce fields that break the in-plane symmetry, such as the Oersted field,
exchange bias, or interlayer coupling.

Meanwhile, effective perpendicular fields allow more efficient and convenient
perpendicular magnetization switching. Numerous efforts have been devoted to
utilizing SOT to create effective perpendicular fields. For instance, SOT can generate
effective perpendicular fields on Néel-type domain walls (as shown in Figure 4-1) [175];
Interfacial spin-precessional scattering can generate perpendicular polarized spin
currents and effective perpendicular fields [171]. Materials with low in-plane symmetry,
such as WTe; [148] and Cu-Pt/Co-Pt [201], can also generate effective perpendicular
fields when subjected to current injection. However, these mechanisms are limited to
confined systems (such as domain walls or interfaces) or have strict substrate and

crystal structure requirements.
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Figure 4-1 Effective perpendicular fields generated on Néel-type domain walls by SOT. (a)
Magnetization orientation without magnetic fields. SHE-induced effective fields cancel out
each other, resulting in domain movements. (b) Magnetization orientation with x-direction

magnetic field. SHE-induced effective fields are aligned now, resulting in domain

expansions [175].

This chapter demonstrates, both theoretically and experimentally, the natural
generation of an SOT-induced effective perpendicular field in Type-T magnetic trilayers
with interlayer coupling. When the two magnetic layers experience SOTs with same
(opposite) polarity, the perpendicular effective field can facilitate (hinder) the SOT-
induced perpendicular magnetization switching. This unique Type-T magnetic trilayer
structure provides guidance for future designs of efficient SOT-MRAM. The main

findings of this chapter have been published in Physical Review Applied [305].

4.2 Experimental and simulate methods

4.2.1 Construction and analyses of the macrospin model

Figure 4-2 illustrates the generation of the effective perpendicular field and the
efficient SOT-induced perpendicular magnetization switching in the Type-T magnetic
trilayer. The key factors are as follows: (1) interlayer coupling between perpendicular
magnetization M; and in-plane magnetization Mz; (2) both M; and M> experiencing

SOT with the same polarity. The second requirement is achieved by sandwiching the
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two magnetic layers between two heavy metal layers (e.g., Pt and W) with opposite spin
Hall angles. Assuming the current flows along the y direction, SHE in Pt and W
generates two +z and —z spin currents o;, polarized along the +x direction, which are
injected into the two magnetic layers. Upon absorption, these spin currents induce a
damping-like torque, M; X o; X M;, on each magnetic layer, resulting in an Mo tilting
towards the perpendicular direction. Due to the presence of interlayer coupling, this
perpendicular component generated by the tilting of M2 will provide an additional
perpendicular effective field, HE, to the perpendicular M. For simplicity, assuming
that both ferromagnetic layers absorb spin currents of equal magnitude, 6o, and K, >
K, the torque balance equation for M; at steady state is given by Equation 4-1. The
detailed derivation of this equation is provided at the end of this section.
HEf = —Acos 6, = A(0,/2K,), (4-1a)
K, sin26; + Acos 6, + Agy /2K, sin8; — g, = 0. (4-1b)
Here, A4 represents the interlayer coupling energy, M; and K; denote the
saturation magnetization and effective anisotropy of the i-th layer, and 6; is the polar
angle. The first, second and fourth terms on the left-hand side of Equation 4-1b
correspond to the torques induced by the perpendicular magnetic anisotropy field, the
in-plane effective field provided by the in-plane layer, and the SOT, respectively. These
three terms have been discussed in previous works [101]. The third term, proportional
to SOT, represents the additional effective perpendicular field provided by the in-plane
layer. Equation 4-1a clearly shows that this term originates from the SOT-induced
perpendicular component of M» and the interlayer coupling. The influence of this term
on the M; switching is depicted in Figure 4-2(b-e¢). With Mo initialized in the +y
direction, M can achieve field-free switching regardless of whether M; and M

experience SOT in the same or opposite directions. Meanwhile the switching polarity
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depends on the torques involved in the switching process. Comparing Figure 4-2(b,c),

when M; and Mz experience SOT in opposite directions, HEI hinders My switching,

resulting in a higher critical switching current density; while comparing Figure 4-2(d,e),
eff

when M1 and M: experience SOT in the same direction, H,; assists M; switching,

leading to a lower critical current density.

K,sin20,-Acyf2K,sin6,-5,=0 K,sin26,+Acos ,-Acyf2K,sin 6,-a,=0
K,sin2@,+Acos 6,-5;=0
1+ 1
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Figure 4-2 Creation of perpendicular effective field in the Type-T magnetic trilayer. (a) In-
plane magnetization tilts towards the z-direction under SOT. Perpendicular Co experiences
additional effective perpendicular field under interlayer coupling. (b-c) Simulations of the
macrospin model when two magnetic layers experience SOTs with the opposite direction; (d-
¢) Simulation of the macrospin model when two magnetic layers experience SOTs with the

same direction [305].
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Please note that while micromagnetic models capable of simulating domain wall
motion and domain nucleation can provide quantitative analysis and better reproduce
the details of switching in micron-sized samples, they are not suitable for analyzing the
detailed physical mechanisms of switching. On the contrary, the macrospin model
employed here helps us grasp the physical essence of perpendicular magnetization
switching in this Type-T magnetic trilayer system. The mathematical form of the third
term, the effective perpendicular field term, in Equation 4-1b directly indicates its origin:
the SOT-induced tilting of M> in the perpendicular direction. Under the interlayer
coupling between M; and M2, M, experiences an additional effective perpendicular
field whose direction is determined by the SOT experienced by M. This chapter's work
highlights that in Type-T magnetic trilayer films with interlayer coupling, when both
magnetization experience SOT in the same direction, the SOT-induced effective
perpendicular field can reduce the critical current density. The macrospin model not
only provides a clear characterization of the physical process but also reproduces key
features observed in experimental data. Therefore, we have utilized the macrospin
model in this study.

The derivation of the macrospin model is presented below.

Let y represent the efficiency of generating an effective perpendicular field
during the SOT-induced M switching. To better understand the generation of HET, we
introduce a macrospin model that supposes M and M experience the same or the
opposite directions of SOTs. In Pt/Co multilayer systems, the field-like torque can be
neglected [101]. At the same time, the current flows in the y direction, the in-plane
magnetization M is oriented along the y direction, and magnetic fields are only applied
in the y and z directions. Therefore, when SOT is small, the final states of this two-

magnetization system are always confined in the yz plane, and the directions of M; and
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4 Effective perpendicular field induced by SOT in a magnetic trilayer

M: can be described by two variables, 61 and 6.

M; = M;(sin6; y + cos 6; z). (4-2)

The total energy of the system is given by:

E = K, sin® 6, — (K, + poM3) sin® 6, + A cos f — H,M, sin6, — H,M, sin 6, —

H,M, cos 6, — H,M, cos 9, (4-3)
cos 3 = sin 6 sin B, + cos B, cos b, . (4-4)
Where K and K> represent the magnetic anisotropy energy of the perpendicular
Co and in-plane Co, respectively. 61 and 6> correspond to their polar angles. 4 and S
denote the coupling energy between the two Co layers and the angle between them. Lo
denotes the vacuum permeability. Hy and H, denote the applied magnetic field along
the y and z directions, respectively. Mi and M- represent the saturation magnetization

of the corresponding Co layers. The LLGS equation can be written as [102]:

1dM_ +aMXdM (45)
iyl de T T e ]

When the system is stable, dM/dt = 0. And a > 0. Therefore, for each layer:
Teor = —M; X HY + 00 (M; X 6, X M;) = 0, (4-6)

eff — _
' M;00;

Here, we first derive M and M experience SOT of equal magnitude and in the
same direction, namely:
0'1 = 0'2 = O-OX' (4-8)

Therefore,

1
H, =— A (K1 sin 20, — Asin(8; — 6,) — H,M; cos 6; + H,M, sin 91), (4-9a)
1

1
H, = _ﬁ(_(KZ + uoM3) sin 26, + Asin(6, — 6,) —
2

Hy,M, cos 0, + H,M, sin 6,). (4-9b)
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Next, we proceed with the derivation of the formal torque balance equation and

rewrite HE™ in Cartesian coordinates.

H™ = H,0 = H; cos6; y — H; sin 6; z. (4-10)
i j k
M; x HSf = [0 sing; cosf; |=-—H;x. (4-11)
0 H;cosf; —H;sinb;
Mi XX X Mi =X. (4-12)
Hence,
Tiot = Hi + 0; = 0 (4-13)
Therefore,

—K; sin26; + Asin(6; — 6,) + H,M, cos 6, — H,M, sin8; = —a,, (4-14a)
(K + poM3) sin 26, — Asin(6, — 6,) + HyM, cos 6, — H,M, sin 8, = —a,. (4-14b)
When M; and M; experience SOT of equal magnitude but in opposite directions,
namely:
0, = —0, = 0yX. (4-15)
Now,
—K; sin26; + Asin(6; — 6,) + H,M, cos 6; — H,M, sin8; = —a,, (4-16a)
(K; + uoM3) sin 26, — Asin(6, — 6,) + H,M, cos 6, — H,M, sin 6, = o,. (4-16b)
Note that, for the sake of simplifying calculations, the reduced values of K and
A are used in Equations 4-14 and 4-16. Furthermore, to gain a clearer understanding of
its physics, we assume that the in-plane magnetic anisotropy is significantly larger than
the out-of-plane magnetic anisotropy, i.e., K, > K;. Consequently, the perpendicular
component of the M can be treated as a small one, denoted as:
0, =n/2+A0,~1/2, (4-17)
sin08, = sin(mw/2 + Af,) = cos Af, = 1. (4-18)
If the perpendicular component of the M> is minimally affected by the coupling
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4 Effective perpendicular field induced by SOT in a magnetic trilayer

field induced by M and no external magnetic field is applied, Equation 4-14b can be
simplified as:
2(Ky + ugM2) cos 8, = —a, (4-19)
By letting K, = K, + uoM%, we obtain Equation 4-1a, which can be simplified
as:
—K; sin26; + A(sin 6, cos 8, — cos 0, sin6,) = —a,. (4-20)
—K; sin 260, — Asin 6, 0,/2K, — A cos 8; = —a,. (4-21)
This is Equation 4-1b.
To calculate magnetization switching driven by the magnetic field while
applying currents, we need to revisit Equations 4-14 and 4-16 and take differentials.
Thus, we have:

[—1] do = [—21(1 cos 26, + Acos(6, — 6,) — H,M, sin6; — H,M, cos 6,

de
-1 —Acos(6; — 6,) ] Lt

—Acos(6; — 0,) ” 42
[ZKZ’ cos 20, + A cos(6; — 6,) — H,M, sin 6, — H,M, cos 02] 2 (4-22a)
[—1] do = [—ZK1 cos 26, + A cos(6, — 6,) — H,M, sin6; — H,M, cos 91] a6, +
1 —Acos(0; — 6;)

—Acos(0; — 6,)
[21(2’ cos 26, + A cos(8; — 6,) — Hy,M, sin 8, — H,M, cos 6,

|d6. @220

Figure 4-3 illustrates calculation results of M; switching induced by the
perpendicular magnetic field. Calculation parameters used here are K; =1, K; =
K, + ugMz =2, My = M, = 1,and A = —0.7 representing ferromagnetic coupling,
and A = 0.7 representing antiferromagnetic coupling.

It is important to note that during this calculation, the essence lies in finding the
possible combinations of M:, H., M,, and o. It is necessary to calculate the variation of
6 with respect to o at a very small H, and examine if there is a discontinuity in 8 between
adjacent values to determine the critical value of . If ¢ is smaller than the critical value,
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the state is valid, resulting in a set of M,, H,, My, and ¢ values. If o is larger than the
critical value, the state is prohibited. By classifying the states, we can obtain the
dependence of M, on H, as shown in Figure 4-3. By further analyzing the horizontal
shift of the hysteresis loop center, we can determine the efficiency of the SOT-induced

effective perpendicular field.

a b
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Figure 4-3 Calculations of the generation efficiency of the effective perpendicular field.
Here, no y-direction magnetic fields are applied, and in-plane magnetization is initiated
along the +y direction. (a) Switching of perpendicular magnetization by z-direction magnetic
field when the current is applied. (b) Efficiency of the current-generated effective

perpendicular field [305].

4.2.2 Sample fabrication and measurements

The Type-T magnetic multilayers used in the study are as follows:

Sample A: SiO2||Pt(5)/Co(1)/Pt(0.6)/Ir(2)/Co(1.8)/W(3)Pt(1 nm)

Sample B: SiO2||Pt(5)/Co(1)/Pt(0.6)/W(0.6)/Co(1.8)/Ir(2)/Pt(1 nm)

Sample C (control sample): Si02||Pt(5)/Co(1)/Pt(0.6)/Ir(2)/W(2)/Pt(1 nm).

The multilayers are deposited using magnetron sputtering (ULVAC MPS-4000-
HC7), with SiO> substrate. Subsequently, standard UV lithography and argon ion
etching are employed to fabricate crossbar devices with a width of 20 um and a length
of 200 um. Pt(5)/Au(80 nm) electrodes are deposited to connect the terminals of the

Hall bars. VSM is used to measure the magnetic hysteresis loops of the multilayers.
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Keithley 2400 is used to provide the current, Keithley 2182 is used to detect the Hall
voltage, and a three-dimensional magnetic field probe station is used to apply the
magnetic field. All measurements were conducted at room temperature.

Among all multilayers, the Pt(5)/Co(1)/Pt(0.6) segment is used to provide
perpendicular magnetic anisotropy. Pt and W have significantly large but opposite spin
Hall angles [101,136], while Ir, as a commonly used exchange coupling intermediate
material, has a much smaller spin Hall angle [306] than to Pt and W. Consequently, the
two Co magnetization in Sample 4 experience SOTs in the same direction, whereas the

two Co magnetization in Sample B experience SOTs in opposite directions.

4.3 Experimental results and discussions

The atomic and magnetic structures of the samples are shown in Figure 4-4.
Figure 4-4(a) presents a cross-sectional view of sample 4, demonstrating the uniformity
and flatness of each layer on a large scale. Figure 4-4(b) shows a high-angle angular
dark field (HAADF) image obtained through scanning transmission electron
microscopy (STEM). Figure 4-4(c-f) display the energy-dispersive spectrum (EDS) of
each element, where the signals from the Co layers on either side of the Ir layer are
prominent, with the upper Co layer being thicker than the lower Co layer. The positions
of the Pt and W layers are consistent with the design. Figure 4-4(g-h) illustrate the
magnetic hysteresis loops of sample 4 and sample B, providing evidence for the Type-
T magnetic anisotropy of the samples.

The structures of samples 4, B, and C are systematically optimized to achieve
the desired magnetic anisotropy and interlayer coupling. Firstly, it is necessary to
determine the appropriate thickness of the perpendicular Co layer and in-plane Co layer.

For example, in the Type-T magnetic multilayer Pt(5)/Co(1)/Pt(1)/Ir(2)/Co(1.8)/W(1
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nm), both perpendicular and in-plane magnetic anisotropy coexist. Next, while
maintaining the Type-T magnetic anisotropy, it is necessary to finely adjust the
thickness of the intermediate layers to achieve maximum interlayer coupling. This led
to the  final  optimized  structure of the main  sample @ A4:

Pt(5)/Co(1)/Pt(0.6)/Tr(2)/Co(1.8)/W(2)/Pt(1 nm).

g Stack A: Pt/Co/Pt/Ir/Co/W/Pt h Stack B: Pt/Co/Pt/W/Co/Ir/Pt

=

-0.5

600 -300 0 300 600 -600 -300 0 300 600
H (Ce) H(O

Figure 4-4 Atomic and magnetic structures of the Type-T magnetic multilayers. (a) Bright-
field image of stack 4. (b) HAADF image of stake 4. (c-f) EDS mapping for each elements of
stack A. (g) Hystereses of stake A. (h) Hystereses of stake B [305].

Subsequently, the in-plane anisotropy segment Ir/Co/W is transformed into
W/Co/Ir to change the direction of SOT experienced by the in-plane layer. In this case,
it is also necessary to optimize the thickness of W to enhance interlayer coupling while
maintaining the Type-T magnetic anisotropy. Figure 4-5 illustrates the optimization

process of the main sample.
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a  Pt5)Co(1YP{1)/Ir(2)/Co(1.8)W({1) b  Pt5)Co(1}/PH0.8)/Ir(2)/Co(1.8)/W(1)

0.5

0 300 0 0 600
H (Oe) H (Oe)

Figure 4-5 Optimization of sample magnetic structures. (a) Determination of the magnetic
layers thicknesses. (b) Adjustment of the middle layers thicknesses. Notice that the Type-T

magnetic anisotropy is preserved during these two optimization processes [305].

All multilayer films are fabricated into crossbar devices with a width of 20 um
and a length of 200 um for SOT-induced perpendicular magnetization switching
experiments. As shown in Figure 4-6, when an y-direction magnetic field, H, is applied.
A 50 ms pulse current, /,, is swept between £35 mA, following by the application of a
small current of 1 mA to measure the AHE resistance, R,. The magnitude of R, is
proportional to the z-component of M. This process is repeated while varying H,

between +340 Oe. For ease of analysis, the hysteresis loops corresponding to H, = 0
and £300 Oe are extracted from Figure 4-6, and the dependence of ARy, on H, at [, =

0 is plotted in Figure 4-7. The positive and negative signs represent counterclockwise
and clockwise magnetization switching, respectively.

As shown in Figure 4-7, both samples 4 and B achieved field-free switching.
This is due to the in-plane M providing an in-plane effective field for the perpendicular
M, fulfilling the requirements for Type-Z switching. The coupling type between M
and M> can be determined by analyzing the dependence of the field-free switching
polarity on history.

When a sufficiently large in-plane magnetic field is applied (e.g., £300 Oe), the
in-plane M aligns parallel to the field direction, and the switching polarity is
determined by the applied magnetic field. As the field decreases from the large-field
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regime to zero, the in-plane M» maintains its orientation. Now, the switching polarity

is determined by the in-plane effective field provided by the in-plane Mo.
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Figure 4-6 SOT-induced perpendicular magnetization switching in sample 4, B and

C [305].

In Figure 4-7(a), the polarity of the field-free hysteresis loop for sample A4 is the
same as that of the previous loop, indicating that the in-plane effective field has the
same direction as the previous applied magnetic field. This suggests ferromagnetic
coupling between M and M». On the other hand, in Figure 4-7(b), the polarity of the
field-free hysteresis loop for sample B is opposite to that of the previous large-field
regime, indicating that the in-plane effective field is opposite to the previous applied
magnetic field. This suggests antiferromagnetic coupling between M; and Mo.

Interlayer coupling in metallic systems is generally attributed to the RKKY
mechanism, which is highly sensitive to the interlayer spacing. Different thicknesses of
intermediate layers, Pt(0.6)/Ir(2) for sample 4 and Pt(0.6)/W(0.6) for sample B, result
in ferromagnetic and antiferromagnetic couplings, respectively.

As shown in Figure 4-7(c,d), by observing the intersection of the hysteresis
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loops and the AR,, = 0 line, the in-plane effective fields for samples 4 and B are

determined to be 10 Oe and 50 Oe, respectively. Although the hysteresis loops of
samples A and B are not as steep as that of sample C, the switching is still deterministic.
The smoothness of the hysteresis loops may be attributed to the non-uniform
distribution of the perpendicular magnetic anisotropy across different parts of the
device. To enhance the magnitude and speed of the switching, larger write currents can
be applied. On the other hand, the smoothness of the hysteresis loops demonstrates the
presence of many intermediate states, which can be utilized as artificial synapses for

storing weight values in neuromorphic computing.
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Figure 4-7 SOT-induced perpendicular magnetization switching in sample 4 and B.
Current-induced changes of the Hall resistance of sample 4 and B under the y-direction
magnetic field is shown in (a) and (b), respectively. Magnetic field dependence of changes of
the Hall resistance of sample 4 and B is shown in (c) and (d), respectively. Clockwise

switching is noted as negative and counterclockwise switching is noted as positive [305].
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Next, the measurement of the effective perpendicular field in samples 4, B, and
the control sample C is conducted in the experiment of perpendicular magnetic field-
driven perpendicular magnetization switching. Firstly, the applied field H, is fixed (for
example, +300 Oe as shown in Figure 4-8(a)), and then H: is swept back and forth
between £340 Oe while applying a larger current (for example, £20 mA) /, to measure
R,y The current-induced effective perpendicular field is manifested as a horizontal shift
of the hysteresis loop, denoted as HEM = (H.; + H.,)/2, where Hei and Heo are the
coercive fields of the hysteresis loop. Figure 4-8(b) presents the parabolic dependence
of the average coercive field H. = (H.; — H.;)/2 on I, and the linear dependence of
the horizontal shift of the hysteresis loop HET on I,, indicating that the effective
perpendicular field is generated by SOT. By calculating the slope of HET — 1, the
efficiency y of generating the effective perpendicular field by SOT can be obtained. The
dependence of y on H, in samples A, B, and C is summarized in Figure 4-8(c-e).

In Figure 4-8(a), it appears that under large current, only one side of the
hysteresis loop is decreasing while the other side remains nearly unchanged. This
characteristic is also observed in the macrospin model simulation. This phenomenon
arises from the influence of SOT on the horizontal shift of the loop, Hzeff, and the
average coercive field, H.. HE™ linearly depends on the applied torque, while H.
exhibits a parabolic dependence on the applied torque. The latter is partly due to the
torque reducing the coercive field, Hc, of the R, — H, loop and partly due to heating

effects.
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Figure 4-8 Measurements of the effective perpendicular field in 4 and B. (a) Perpendicular
magnetization switching of sample 4 by the perpendicular magnetic field while applying
currents and a 300 Oe y-direction field. (b) Currents dependence of the Hall resistance shift
and the demagnetization field of sample 4 when the y-direction field is 300 Oe. (c-¢) The y-
direction field dependence of the current-induced effective perpendicular field efficiency of
sample 4, B and C, respectively. (f-h) Simulation of the current-induced effective

perpendicular field efficiency in different scenarios [305].

For the control sample C, as H, increases, y initially increases and saturates
when H, approaches 300 Oe. Considering previous work [175], under the influence of
DMI, N¢el-type domain walls are formed in this system, and SOT acting on the Néel-
type domain walls generates HE™. When H, = Hpmy, the domain wall uniform into
the same form (1—| or | «1), and the efficiency, y, saturates. However, when H,, = 0,
both forms of domain walls (1—| and |«—7) coexist in the system, and SOT applies
HE™ with equal magnitude but opposite directions on these two types of domain walls,

resulting in y = 0. These typical features can all be observed in sample C. It is worth
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noting that in this experiment, the Hpmi of Pt/Co/Pt is approximately 300 Oe, while in
the literature, the Hpmi of Pt/Co/MgO is about 5000 Oe [175]. Consequently, the Hpmi
in our case is significantly reduced, and the y generated by the in-plane magnetic
coupling is not completely overshadowed by the DMI mechanism.

For samples 4 and B, y depends on the history of H, and exhibits a y — H,
hysteresis loop. Comparing the loops of samples 4 and C, y4 is significantly greater
than yc when H, <100 Oe. When comparing samples 4 and B, the loops have
opposite polarities at zero field due to the antiferromagnetic coupling between the two
magnetic layers in sample B. To perform a quantitative analysis, y can be divided into
two components, namely y. and ypwmi, representing the contributions from the SOT
mechanism and the domain wall DMI mechanism, respectively. When H,, = +10 Oe,
the SOT switching in sample 4 disappears, which means that when H, = 0, the in-
plane effective field H;{f experienced by the perpendicular Co is approximately +10
Oe. In the control sample C, only ypwmr exists. Both sample 4 and sample C have the
same Pt/Co/Pt perpendicular segment. Therefore, the yomr at Hy, = 0 in sample 4 is
equal to the ypwmy = 0.15 and —0.13 Oe/10'° Am™> when H, = +100e in
sample C. Both values are much smaller than the total y =2.1 and
—0.28 0e/10" Am™ at H, =0 in sample A. This confirms that the SOT
mechanism y, = y — ypmy = 1.95 and —0.15 Oe/10° Am™2 dominants the
generation of effective perpendicular field. Furthermore, when H,, = 0, the signs of y-
and ypm in sample A are the same, demonstrating that when both magnetic layers
experience SOTs in the same direction, the two mechanisms cooperate to enhance the
switching efficiency.

For sample B, the in-plane effective field H;{f experienced by the
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perpendicular Co layer is approximately +50 Oe. The ypmi at H, = 0 in sample B is
equal to the ypyy = —0.71 and 0.66 Oe/10'° Am~ at H, = 50 Oe in sample C.
However, the total y at H, = 0 insample Bis y = —0.56 and 0.54 Oe/10'° Am~2.
Therefore, y, = ¥ — xpmi = 0.15 and —0.12 Oe/10° Am~2, with the opposite
sign to ypmi. This demonstrates that when the two magnetic layers in sample B
experience SOTs in opposite directions, the two mechanisms counteract each other,
leading to a higher critical current.

Figure 4-8(f-h) present the y-H, dependencies calculated based on Equation 4-
22. The calculated results successfully reproduce (1) the dependence of y on H, in the
Type-T magnetic trilayer, and (2) opposite polarities of hysteresis loops with
ferromagnetic and antiferromagnetic couplings. The agreement between the
calculations using the macrospin model and the experimental results validates the
proposed SOT-induced effective perpendicular field mechanism in this chapter.

In this work, the maximum y obtained in sample A at zero field is y =
2.1 0e/10° Am~2. Comparing with previous measurements, the y at 170 K in
WTe,/FesGeTe, bilayer [148] is approximately 6.0 Oe/10'° Am™2, in Cu-Pt/Co-Pt
bilayer [201] is approximately 0.37 0e/10° Am=2% and  in
ferromagnet/Ti/CoFeB/MgO systems [171] is approximately 0.6 Oe/10° Am~2. The
results obtained in this chapter are in the same order of magnitude (1 Oe/10° Am~?)
as those mentioned above and even larger than some of them. It is worth noting that in
previous literature reports, HET significantly increases only when the current exceeds
a certain critical value. However, in this work, HET linearly depends on the current,
which not only indicates a different physical origin of the effective perpendicular field
in this system compared to previous reports but also reveals the potential to achieve
high SOT efficiency with small currents. Due to the completely different physical
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origins, it is challenging to directly compare the numerical values of these y. The reason
for obtaining high y in this work is that, in addition to the conventional mechanism of
SOT generating HE™ (such as the DMI mechanism in the control sample), the in-plane
layer is driven by SOT to tilt along the perpendicular direction, providing additional
HE™ for the perpendicular layer under interlayer coupling. In sample A4, the two
mechanisms synergistically enhance y, while in sample B, the two mechanisms
counteract each other, reducing y, as shown in Figure 4-8(c-e).

In this study, to simplify and clarify the physical picture, the two metallic layers,
HM; (Pt and W), on both sides of the magnetic layers are used to provide SOTs in the
same direction to the two magnetic layers. To apply this mechanism in MTJs, we
propose another structure of perpendicular layer/HMi/HMy/in-plane layer, where the
two metallic layers, HM; (e.g., Pt and W), are used to provide SOTs in the same
direction to the two magnetic layers, while utilizing exchange or dipole interaction to
provide interlayer coupling. In this structure, the upper surface of the magnetic layers
is freed, allowing it to be combined with MgO barriers and another magnetic electrode.
Recently, Type-T magnetic multilayers with a structure of perpendicular layer/HM/in-
plane layer have been employed in field-free SOT-MRAM [248]. However, in that work,
the two magnetic layers experience SOTs in opposite directions, which is not favorable
to reduce the critical current density. This drawback can be overcome by utilizing the
proposed dual-metal structure. Furthermore, in the Type-T magnetic multilayer, the
ferromagnetic layer can also provide spin current, and several works have demonstrated
its feasibility [171,172,298]. In this case, an intermediate layer such as Ru or Ir can only
provide intermediate coupling, while the ferromagnetic layer is utilized to provide the
spin current. In conclusion, the ideal scenario of both magnetic layers experiencing spin

current with the same polarization direction is feasible through structural design and
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material optimization.

4.4  Chapter summary

In this chapter, we mainly explore the generation of effective perpendicular field
using SOT in Type-T magnetic trilayers. We achieve efficient SOT-driven field-free
perpendicular magnetization switching in SiO||Pt/Co/Pt/Ir/Co/W/Pt Type-T magnetic
crossbars. The in-plane magnetic layer not only provides in-plane coupling field to
assist field-free perpendicular magnetization switching but also contributes additional
effective perpendicular field to facilitate efficient switching. By comparing with the
control sample, which without any in-plane magnetic layer, we clearly observe the
contribution of the effective perpendicular field. Our work demonstrates the tilting of
in-plane magnetization driven by SOT wunder interlayer coupling, helps the
perpendicular magnetization switching. This provides a foundation for the development
of novel and efficient perpendicular SOT-MRAM and spin logic devices. The specific
experimental procedure in this chapter is as follows:

(1) We construct a macrospin model for the Type-T magnetic anisotropy system,
which clarify the deviation of the in-plane magnetization towards the perpendicular
direction under SOT. With the interlayer coupling, the perpendicular magnetization
experiences an additional effective perpendicular field, which dependents on the
direction of SOT experienced by the in-plane layer. When both the in-plane layer and
the perpendicular layer experience SOTs in the same direction, the effective
perpendicular field assists the perpendicular magnetization switching, thereby reducing
the critical current density.

(2) The samples, namely Sample A: SiO»||Pt/Co/Pt/Ir/Co/W/Pt, Sample B:

Si02|[Pt/Co/Pt/W/Co/Ir/Pt, and control sample C: SiO:|[Pt/Co/Pt/Ir/W/Pt, are grown
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using magnetron sputtering deposition. The fabrication process involves standard UV
lithography and argon ion etching to create micron-sized Hall bars. The magnetic
anisotropy of the thin films is confirmed using a VSM.

(3) Due to the presence of the in-plane magnetic layer, the perpendicular
magnetization experiences an in-plane effective field, which enables the SOT-driven
filed-free perpendicular magnetization switching.

(4) The total effective perpendicular field induced by SOT in the system is
obtained by measuring the horizontal loop shift of the field-driven perpendicular
magnetization switching hysteresis while applying currents. By varying the magnitude
of the in-plane magnetic field, the dependence of the efficiency of SOT-induced
effective perpendicular field on the in-plane magnetic field is determined. By
comparing sample A, where the perpendicular and in-plane magnetizations experience
the same direction SOT, with sample B, where they experience opposite directions SOT,
and with sample C, which lacks an in-plane magnetic layer, the contribution of SOT-
driven in-plane magnetization tilt to the generation of effective perpendicular field is
distinguished. The results are further compared with the macrospin simulation,
providing additional confirmation of the existence of SOT-induced effective
perpendicular field.

This chapter of work is conducted with several colleges and their contributions
are as follows: I grew the stacks, fabricated the devices, conducted magneto transport
measurements, constructed the macrospin model and analyzed all the results. Jing
DONG provided assistant during the stack growth. Chenyang GUO and Mingkun
ZHAO helped with the device fabrications. Xiao WANG, Yu ZHANG and Guoqiang
YU contributes to the transport measurements. Caihua WAN and Xiufeng HAN led and

were involved in all aspects of the research.
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5 Sign-changeable TMR effect in magnetic tunnel junctions

5.1 Research background

The TMR effect in MTJs is one of the cornerstones of spintronics, supporting
extensive applications in MRAMs, magnetic sensors, spin logic devices, and
neuromorphic computing. In 2003, Ney et al. [273] pioneered the use of single MTJ to
create programmable logic gates, significantly advancing the development of spin logic
devices. However, the implementation of logic functionality in this design requires
specific magnetization configuration of both the free layer and the reference layer in
the MTJ. Switching the reference layer not only consumes additional energy but also
reduces the device's thermal stability. It is reported that the multifunctional logic gate
can also be realized in magnetic heterostructures where the perpendicular
magnetization of the free layer is switched by the spin-orbit torque and controlled by
an effective in-plane filed [118,119]. However, the readout of such gates relies on AHE
and is less sensitive compared to TMR.

Recently, a novel proposal [307] emerges to build such spin logic devices by
utilizing MTJs with voltage-controllable and sign-reversible TMR effect. Combining
two of these MTJs and one current comparator, a real-time reprogrammable logic gate
can be built, in which all four functions: AND, OR, NAND and NOR can be realized
and switchable by initializing only the free-layer magnetization of the two MTJs [307].
To realize such spin logic function, a MTJ system with large sign-reversable TMR at
RT is indispensable.

The sign-reversed TMR phenomena have been reported in several systems due

to various mechanisms. For instance, the TMR ratio of the NiFe/composite
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Ta,0s/AlbO3/NiFe MTlJs varies from +1% to —4% with different bias at RT [308]. Its
sign inversion is resulted from different densities of states (DOS) at two
electrode/barrier interfaces. In Ni/NiO/Co nanowires, the TMR ratio can be inverted by
voltage due to the matching of the energy of localized states in NiO, which is sensitive
to the quality of the barrier, with the Fermi energy of ferromagnetic electrodes [309].
In Lao.67S10.33MnO3(LSMO)/SrTiO3(STO)/SrO/Co MT]Js, their TMR ratio varies from
+8% to —15% with applied voltage at 85 K [310]. The sign of TMR ratio is found to be
very sensitive to the interface spin polarization at SrTiO3/Co interface with one atomic
insertion layer of TiO2 or SrO as well as the oxygen content in the barrier. In addition,
MTIs with Fe;O4 electrode and MgO barrier also show a reversal TMR sign effect.
Depending on the materials used for the second electrode (Co [311], CoFeB [312] and
Fe [313]), the maximum negative TMR have been demonstrated to be —8.5%, —12%
and —9.6% at RT, respectively. Recently, the multiferroic tunnel junctions (MFTJs)
combining the ferroelectric tunnel barrier with ferromagnetic electrodes attract
intensive interests. In such systems, TMR and tunneling electroresistance (TER) coexist
and the sign of TMR can be modulated by changing the ferroelectric polarization of
ferroelectric tunnel barrier. In Co/PbZro2Tio.8O3(PZT)/LSMO MFTJ, the TMR ratio
varies from +4% to —3% with a £3 V polarizing voltage pulse at 50 K (Figure 5-1) [90].
In LSMO/ Polyvinylidene fluoride(PVDF) or P(VDF-TrFE)/Co MFTJs, the TMR ratio
varies from +8.3% to —12.5% with a£1.5 V polarizing voltage pulse at 10 K [314,315].
Note that LSMO is usually chosen as the ferromagnetic electrode to obtain high spin
polarization and well-defined ferromagnetic/ferroelectric interfaces. However, the low
Curie temperature of LSMO hampers its room-temperature applications. Another issue
for the MFTJ is that the TMR will be suppressed if the ferroelectric barrier is too thick,

since the transport mechanisms are different from direct tunnelling [316]. Thus, a trade-
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off relating to an optimized thickness of the ferroelectric barrier must be taken into

account to keep both effects sizable [315].
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Figure 5-1 Tunnel magnetoresistance effect in MFTJ. There are four nonvolatile states in

the Co/PZT/LSMO MFTJ since the TER and TMR effects are coupled in this system [90].

Although many systems have been demonstrated for the sign-reversal TMR
effect, the amplitude of TMR is small and the operation temperature is low. Recently,
FesN has been demonstrated to have high negative spin-polarization [317-319], unique
magnetic structure and low critical switching current density [235,236]. These merits
co-make FesN MTIJs suitable for spintronic applications and also a potential candidate
to achieve the sign-reversible TMR effect. In this chapter we have epitaxially grown
Fe/MgAlOx/FesN MTJ by molecular beam epitaxy (MBE). We have observed a
voltage-dependent TMR ratio which can be modulated from +3.15% to —26.7% at RT,
showing a superior performance than previous reported results. From first principal
calculation, the sign-reversible TMR phenomenon is found to be relevant to the

symmetry-dependent tunneling process between Fe and FesN electrodes. The voltage-
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controllable TMR signs and relatively large TMR ratios, especially at RT will contribute
to develop the real-time reprogrammable spin logic gates for different spintronic
applications. The main results of this chapter are now submitted and under review in

ACS Appl. Electron. Mater.

5.2 Experimental and simulate results

5.2.1 Growth of high-quality multilayers

The MTJ stack consisting of MgO(001) substrate|MgO(10 nm)/Fe(45
nm)/MgAlOx(3 monolayers, MLs)/Fe(7 nm)/MgAlOx(12 MLs)/FesN(3 nm)/Co(20
nm)/Au(10 nm) was deposited in a MBE system with a base pressure better than 1x10°
10 torr. Firstly, the substrate was annealed at 700°C for 60 mins and 10 nm MgO seed
layer was deposited. Then the first Fe layer was deposited at RT by e-beam evaporation
and annealed in situ at 600°C for 30 mins to smooth the surface. The first 3 MLs (0.6
nm) thick MgAlOx barrier was grown at about 70°C and the growth process was
monitored by RHEED (Figure 5-2). Two-dimensional layer-by-layer growth of
MgAlOx was observed by RHEED intensity oscillation. The second 7 nm thick Fe layer
was deposited at about 70°C and annealed in situ at 500°C for 20 mins follow by a
second deposition of 12 MLs (2.5 nm) thick MgAlOx barrier. For the growth of FesN
films, the Fe source was heated to 1250°C by Knudesen cell, and the substrate
temperature was kept at 400°C; the nitrogen partial pressure in the chamber was set at
2x107 torr. The plasma cracker source (electron cyclotron resonance source) was used

with the following characteristics: Vypode = 400V, Veyractor = =200V, Inagnetron =

40 mA. Finally, 20 nm Co layer was deposited above the FesN to enhance the coercivity
and 10 nm Au was used to prevent the films from oxidation. Another MTJ stack with

MgO barrier consisting of MgO(001)[MgO(10 nm)/Fe(45 nm)/MgO(12
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monolayer)/FesN(3 nm)/Co(20 nm)/Au(10 nm) was also deposited through a similar
procedure (Figure 5-3). More detailed MTJ growth conditions can be found

elsewhere [56,57,320].

3 ML MgAIO,

1

7 nm Fe

12 ML MgAIO,

Figure 5-2 RHEED patterns of the MgAlOx FesN MTJ. Electron beam is injected along the
[100] and [110] direction of the MgO substrate.

45 nm Fe

12 ML MgO

Figure 5-3 RHEED patterns of the MgO FesN MTJ. Electron beam is injected along the
[100] and [110] direction of the MgO substrate.
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5.2.2  Structure analysis

I have collaborated with Xavier DEVAUX from IJL to characterize the structure
of the samples using STEM. HR-STEM combined with spatially resolved electron
energy loss spectroscopy (EELS) is performed by using a probe-corrected microscope
JEOL ARM200F (cold FEG) equipped with a GATAN GIF quantum energy filter to
reveal the structure and element distribution in the MTJ. The microscope is operated at
200 kV. High angle annular dark-field (HAADF), annular dark-field (ADF) and bright-
field (BF) images are simultaneously recorded for investigating the heterostructure
while only HAADF signal is recorded during EELS mapping. EELS spectrum images
(SI) are recorded with a probe current of about 50 pA. Two EELS-SI are simultaneously
recorded: one for the low-loss part containing the zero-loss, the other for the core loss,
which allows advanced data post processing (correction of energy drift, multiple
scattering corrections). A multivariate statistical analysis software (temDM MSA) is
used to improve the quality of the STEM-EELS data by de-noising the core-loss SI
before its processing to draw quantitative chemical maps [321]. Thin lamellas are
extracted by focused ion beam (FIB) milling using an FEI Helios Nanolab 6001 dual
beam.

Figure 5-4(a-b) shows the HAADF images for MgAlOx MTJ in a large and
magnified scale, respectively. In Figure 5-4(a), one can observe sharp interfaces
between MgAIlOx (in black contrast) and Fe or FesN layers (in grey contrast). The
MgAIlOx barrier layer appear quite flat and continuous, indicating a high quality of MTJ
structure without any pinholes. The magnified image in Figure 5-4(b) further proves
the epitaxial growth characters with well-aligned atomic arrays between Fe, MgAIOx
and FesN layers. Bulk FesN has a cubic antiperovskite structure, and the experimental

lattice constant is 3.795 A [322]. Despite the large lattice mismatch of 6.5% between

114



5 Sign-changeable TMR effect in magnetic tunnel junctions

FesN and MgALOs (lattice constant 4.212A [322]), the crystalline orientation
relationship can be determined to be Fe[110]//MgAlO«[100]//FesN[100] combined with
RHEED analysis (Figure 5-2). However, Co on FesN exhibits large disorientated
polycrystalline features. For MTJ with MgO barrier, one can also observe an epitaxial
growth of FesN on MgO (Figure 5-3 and Figure 5-5(a,b)), however the intensity of the
RHEED appears weaker and more crystalline deformation can be found in the FesN
layer, which could be attributed to the larger lattice mismatch (11%) between FesN and

MgO.

Figure 5-4 Atomic structures and chemical maps of the MgAlOx FesN MTJ. The STEM-

HAADF images with different resolutions are shown in (a) and (b); The normalized elements

density profile and elements maps extracted from STEM-EELS are shown in (¢) and (d-i).

Figure 5-4(d-1) shows semi-quantitative chemical maps drawn by processing the
EELS spectrum images. A sharp chemical interface is found between Fe and MgAlOx
layers. However, from the element mapping of N (Figure 5-4(d)), a partial N diffusion
towards MgAIlOx barrier can be detected at MgAlOx/FesN interface. This N diffusion

can be also clearly evidenced by a large peak width (red line) in the element intensity
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profiles compared with the Fe peak (blue line), as shown in Figure 5-4(c). For MgO
MT]Is, the situation of N diffusion is even pronounced. In Figure 5-5(d), one can observe
that N can penetrate MgO barrier and reach bottom Fe/MgO interface. The diffusion of
N could be attributed to the oxygen vacancy in the MgO and MgAIlOx barriers. Since
the bond energy for Fe-N (350kJ/mol)< Mg-O (380kJ/mol) < Mg-N (400kJ/mol) < Al-
O (510kJ/mol) < Al-N (650kJ/mol) [323], ionic N species tend to diffuse into MgO or
MgAIlOy barrier to occupy oxygen vacancy position during FesN growth. For MgAIOx
barrier, the formation of AI-N bonds can help to stop further diffusion of N inside the
barrier. Nevertheless, the N diffusion can easily penetrate MgO barrier because of the
low bond energy of Mg-N, which is comparable to Fe-N bond, thus resulting in an

accumulation of N at the bottom Fe/MgO interface.
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Figure 5-5 Atomic structures and chemical maps of the MgO Fe4sN MTJ. The STEM-
HAADF images with different resolutions are shown in (a) and (b); The normalized elements

density profile and elements maps extracted from STEM-EELS are shown in (c) and (d-h).
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5 Sign-changeable TMR effect in magnetic tunnel junctions

5.2.3 Transport measurements

The multilayers were patterned into junctions with the area size varying from
20x20 um? (MgO junctions) to 30x30 um? (MgAlOx junctions) by standard ultraviolet
lithography combined with Ar ion etching. The transport measurements were carried
out in a cryostat (cooled by liquid Helium) with electrical magnets. A Keithley 2450
was used to apply the bias voltage to the MTJ and probe the current accordingly. The
magneto-transport measurements have been performed by a dc two-probe configuration,
where the negative bias corresponds to the electrons tunneling from the top to bottom

electrode (Figure 5-6(a)).
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Figure 5-6 TMR measurement results of the MgAlO, FesN MTJ. (a) Schematic of the
measurement setup. (b-c) TMR curves measured at RT and 10 K for bias voltage }=+0.45V
and —0.60 V, respectively. (d) Voltage dependence of TMR ratios of FesN MTJs with MgAlO
and MgO barrier at 10 K. (e) Temperature dependence of the P and AP state resistance when
V=+0.45V and —0.60 V. (f) Temperature dependence of the TMR ratios when V'=+0.45 V and

—0.60 V.

Figure 5-6(b-c) shows the TMR curves measured at RT and 10K for bias voltage
V =40.45V and V = —0.6 V, respectively. It is interesting to find that the TMR sign
can be reversed with different voltage. At RT, the TMR can be modulated from —26%

to +3%. At 10K, the TMR sign reversal effect is quite enhanced from —40% to +5%.
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Here, both positive and negative TMR has been calculated by the definition of
TMR ratio = (Rap — Rp)/Rp X 100%, which limits the negative TMR ratio up to
100%. Our maximum negative TMR is approaching the reported highest negative TMR
ratio (—36.5% at RT with the same TMR definition as ours) in CoFeB/MgO/FesN
MTIJ [324,325]. However, no TMR sign change has been observed in that system. In
the TMR curves at 10K, it is found that the AP plateaus are not well established with
an asymmetric form at positive and negative magnetic field. This could be due to the
complex magnetic structure in FesN, which has a partial out-of-plane magnetic
component [236]. Figure 5-6(e) shows the resistance in P and AP states as a function of
temperature for V=+0.45V and V=-0.6V. The corresponding variation of TMR as a
function of temperature is shown in Figure 5-6(f). It is found that the resistance of
junction gradually reduces with increase of temperature. However, the variation of
resistance is lower than 25% for the largest case, which is an important signature to
exclude either pinhole dominated tunneling for thin barrier (increased resistance with
T) [326] or hopping dominated tunneling for thick barrier (reduced resistance with
increasing 7)) [316]. Therefore, our TMR is dominated by coherent direct tunneling.

To have more insight on the TMR sign change for the Fe/MgAlOx/FesN MTJ,
we measured TMR values at different bias at 10K, as shown in Figure 5-6(d) and Figure
5-7. It is clearly that TMR changes its sign at about -0.2V. Below this voltage, TMR
almost keeps constant at positive TMR around +5%. Above -0.2V, the TMR becomes
negative and the value varies a lot with a maximum at +0.5V. For comparison, we have
also plotted the TMR values from a Fe/MgO/FesN MT]J, as illustrated in Figure 5-6(d)
and Figure 5-8. Both samples show the same trend of TMR sign change, but the
negative TMR ratio of MTJ with MgO barrier is only half of that of MTJ with MgAIOx

barrier. The superior performance of MgAlOx based MTJ could be attributed to the
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better lattice mismatch between FesN/MgAlOx as well as less N diffusion inside the

barrier which have been observed in STEM characterizations.
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Figure 5-7 R-H measurements of the MgAlOx FesN MTJ under different bias at 10 K.

Results with negative bias and positive bias are shown in (a) and (b), respectively.
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Figure 5-8 R-H measurements of the MgO FesN MTJ under different bias at 10 K. Results

with negative bias and positive bias are shown in (a) and (b), respectively.
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To further understand the bias-dependent TMR, we set the MTJ into P and AP
states respectively by applying appropriate in-plane field, and measured the bias
dependence of differential conductance d//dV at different temperatures (Figure 5-9(a-
b)). All dZ/dV curves in both states have been normalized by Gp(V=0, 7=10K). Figure
5-9(c) shows the normalized differential conductance for both states at 10K. When V <
—0.1V, Gp is always higher than Gap, resulting a positive TMR. However, when 0V <
V < 0.3V Gap increases much faster than Gp, resulting in a large negative TMR. At
V > 0.3V, the increase of Gp becomes more important than Gap, which effectively
reduces the negative TMR. Figure 5-9(d) displays the bias dependence of TMR deduced
by the /-V curves (R = V /I) at different temperatures, showing a good agreement with
the bias dependent TMR ratios measured directly from the R-H curves in Figure 5-6(d).
The large attenuation of negative TMR with temperature can be found, which is mainly
due to the large increase of Gp while Gap almost keeps constant with the temperature,

as shown in Figure 5-9(a-b).
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Figure 5-9 Bias dependence of the differential conductance dZ/dV of the MgAlOx FesN
MTJ. (a-b) Bias dependence of normalized dZ/d}V at different temperatures when the FesN
MTJ is in the P and AP state, respectively. (¢) Bias dependence of normalized d7/dV for both
states measured at 10 K. (d) Bias dependence of the TMR ratio at different temperatures

deduced by the I-V measurements.
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It is noticed that there are some small conductance oscillations appearing when
V <0V in Figure 5-9(a-c) in both P and AP states. These oscillations could be
explained by the electron tunneling in the QW states formed in the MgA1Ox/Fe/MgAlOx
structure. However, the main origin of TMR sign change should not be related to the
QW states since similar variation of conductance in P and AP states can also be

evidenced in MgO based MTJ where there is no QW structure (Figure 5-8 and Figure

-10}

140} /_\ 200¢ M u 200

03-02-0100 0102 03 -03-02-0.100 01 02 03 0 50 100 150 200 250 300

5-10).

@ 170 s~ —300K_b 400F —300K'c 10

= 200K 200 K — —_
G 150K|| G350+ 150 K[| —

<160+ 100K|| < 100K/ | 52 O—FromR-H I-V-0.45V
= ook | E300¢ 0Ky [—FromRH V030V

@ 5 x

51501 [L 8 osol =

&= =

\

:

d H (kOe) . H (kOe) f 10 T(K)
— 300K —300K
, 200K , 200 K
sl 188& & 150K 2 %Tw \\/
Q) 100K ~
© — 50K B — 50K g [—10 —50
& < S-10 100 150
— 10K O — 10K = 200 — 300
20t
| ee—— ; 1 : : ; ° ‘ ‘
-0.50 -0.25 0.00 0.25 050 -0.50 -025 000 025 050 -10 -05 0.0 0.5 1.0
V (V) V (V) V (V)

Figure 5-10 TMR measurements of the MgO FesN MTJ at different temperatures.
Magnetic field dependences of the resistance when the bias voltage is —0.45 V and +0.30 V
are shown in (a) and (b), respectively. (¢) Temperature dependences of the TMR ratio when
the bias voltage is —0.45 V and +0.30 V. Bias voltage V' dependences of normalized
differential conductance when the MTJ is in parallel state and antiparallel state are shown in

(d) and (e). (f) Bias voltage dependences of TMR ratio summarized from I-}J measurement.

5.2.4  Ab initio calculations
To understand the origin of the V' dependence of TMR ratio, ab initio
calculations have been performed to investigate the coherent tunneling in MTJ closely

linked with the spin and symmetry of the electrons in both electrodes. The first-

principles calculations in this chapter were conducted by Yu ZHU from Jilin University
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using the projector-augmented-wave (PAW) method [327] as implemented in the
Vienna ab initio simulation package (VASP) [328-330]. An energy cutoff of 500 eV
and Perdew-Burke-Ernzerhof generalized-gradient approximation (GGA-PBE) [331]

for the exchange-correlation functional were used throughout. A 21x21X21 k-point

mesh were performed for structural relaxations and self-consistent calculations for
FesN until the force on each atom is smaller than 0.01 eV/ A and the total energy
converged to less than 1x10” eV. The bulk FesN has a cubic antiperovskite structure
and the experimental lattice constant is 3.795 A. We also calculated the bec Fe to
analyze the tunneling between these two electrodes.

Figure 5-11(a) shows the symmetry and spin-resolved band structures along
transport direction (I'-X) for bulk Fe and FesN. For bec Fe, the majority-spin A; band
crosses the Fermi level while minority-spin A; band situates well above Er, which
reveals a half-metal nature in terms of A; state along the transport direction [332]. For
FesN, the minority A and As bands cross the Fermi level, while no majority bands cross
the Fermi level along the transport direction, which is in a good agreement with the
calculation reported by Yang ef al. [319] This indicates that FesN also reveals a half-
metal nature in terms of both A; and As states. Since in single crystal
Fe(001)/MgO/Fe [320] or Fe(001)/MgAlO4/Fe [49] MTIJs, MgO and MgAlO4
tunneling barriers can efficiently filter electrons with other symmetries than A and As
bands, it is reasonable to consider only the A; and As bands are mainly involved in the
tunneling process. Previous theoretical work in FesN/MgO/FesN also reveals that not
only the A; but also As band electrons play an important role for the symmetry
dependent coherent transmission [319].

To make the analysis clear, the symmetry and spin-resolved DOS of Fe and FesN

as a function of the energy is plotted in Figure 5-11(b-¢). Generally, the conductance is
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created by the electrons tunneling from an occupied band of one electrode to the
unoccupied band of the other electrode. Therefore, the conductance of the P state is
determined by: Majority (1) to Majority (1) and Minority (|) to Minority (|) while the

conductance of the AP state is determined by: Majority (1) to Minority (] ) and Minority

(]) to Majority (1).
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Figure 5-11 Ab initio calculations of bulk Fe and FesN. (a) Symmetry and spin-resolved
band structures of bulk Fe and FesN along the transport direction (I'-X). (b-e) Symmetry
and spin-resolved DOS of bulk Fe and Fe4N as a function of the energy. Dash lines represent

tunneling channels.
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5.3 Discussions

Figure 5-11(b-c) show the tunneling under positive bias through A; and Asbands,
respectively. Since there are no DOS near the Fermi energy for the majority bands of
FesN, the tunneling channels when V>0V are mainly from: (1) Fe Ai1 to FesN A1, (2)
Fe As? to FesN As] for AP conductance and (3) Fe As| to FesN As| for P conductance.
From Figure 5-9(c), we know that the normalized d//dV in the AP state increases fast
first when 0 <V < 0.2V, then slows down when 0.2V <V < 0.4V, and finally
increase fast again when V > 0.4 V. This fast-slow-fast increase of conductance is well
attributed to the strong FesN A;| peak around 0.2V in the AP tunneling channel (1), as
shown in Figure 5-11(b). Notice that the channel (2) is less important since the DOS of
FesN As| near Er is much smaller than that of FesN A1|. The low DOS intensity in
FesN As| also limit the P conductance channel (3). This can well explain the observed
large negative TMR ratio. In Figure 5-9(a-b), the temperature dependence of
conductance shows that AP conductance almost keeps constant, while P conductance
increases with temperature at positive bias. This results in the rapid decrease of negative
TMR, which can be understood as following. Since the thermal effect induces the
phonon scattering, the distribution of DOS as a function of the energy will be smeared.
Therefore, the conductance in channel (1) reduces while that in channel (2) increases,
so that they compensate together resulting in a small variation of AP conductance.

When V < 0, the tunneling channels are mainly from: (4) FesN A1| to Fe A7
and (5) FesN As| to Fe AsT for AP conductance and (6) FesN As| to Fe As| for P
conductance. From Figure 5-9(¢c), the changes of the normalized d//dV are similar in
the AP state and P state, and the normalized d//dV in the P state is slightly higher than
that in the AP state. From Figure 5-11(d-e), the AP conductance is mainly determined

by the channel (5) since the DOS of Fe A7 in channel (4) decreases rapidly with higher
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energy. By comparison of channel (5) and (6) for AP and P conductance, the DOS of
the Fe AsT (Fe As]) keeps decreasing (increasing) with higher energy. This can explain
the higher P conductance observed in normalized d//dV curves in Figure 5-9(c), which
results in the positive TMR ratio. However, since there is no distinguished DOS peak
in Fe As|, the positive TMR ratio is less pronounced than the negative TMR ratio. Here,
we can qualitatively explain the experimental observation by the simple analyses based
on the band structure of bulk FesN and Fe. A more rigorous model should take into
account the electrode, barrier and the interfaces together, which will give more insight

of the transport process.

5.4 Chapter summary

This chapter primarily investigates the phenomenon of the sign-changeable
TMR effect in FesN MTJs. The voltage-controlled and sign-reversible TMR effect is
demonstrated from 10 K to 300 K. The positive TMRratio = +3.15% at V =
—0.6 V can be changed to the negative TMR ratio = —26.7% (—36.5% under the
optimistic definition) at V = +0.45V at RT. The voltage-dependence of TMR ratio
can be well explained by a simple model taking account of the symmetry and spin-
resolved band structures of Fe and FesN. This new freedom of TMR turnability paves
a way for new spintronics devices, especially for real-time reprogrammable spin logic
gates. The main contents of this chapter include:

(1) High-quality MgAlOx-barrier FesN MTJs and MgO-barrier FesN MTJs are
grown using MBE. Real-time monitoring of the growth process is conducted with
RHEED, and in-situ annealing is employed to improve crystal quality.

(2) From bias dependent TMR measurements, we have demonstrated the sign-

changeable TMR effect. MgAlOx barrier can significantly block the N atoms from
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diffusion, which leads to higher crystal quality and TMR ratios compared to MTJ with
MgO barrier.

(3) First-principles calculations are performed to obtain the symmetry-
dependent band structure and DOS of Fe and FesN near the Fermi level. The changes
in conductance are explained by analyzing the variation of the tunneling channels under
different bias voltage, thereby elucidating the mechanism behind this sign-changeable
TMR effect.

This chapter of work is conducted with several colleagues and their
contributions are as follows: I grew the stacks, fabricated the devices, conducted
magneto transport measurements and analyzed all the results. Yu ZHU and Yu YAN
conducted the ab initio calculations. Pambiang Abel DAINONE optimized the growth
condition of Fe4N. Tongxin CHEN helped with the transport measurements and analysis
of STEM results. Xavier DEVAUX conducted the STEM measurements. Sylvie
MIGOT and Pambiang Abel DAINONE performed the FIB milling to provide the thin
lamellas for STEM. Gwladys LENGAIGNE provided help during the device
fabrication. Cathua WAN and Michel VERGNAT engaged with the data analyze. Yuan

LU and Xiufeng HAN led and was involved in all aspects of the research.
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6 Impact of interfacial structural and chemical disorders

on the resonant oscillation in QW based MTJs

6.1 Research background

Double barrier MTJs (DMTlJs), featuring additional metallic or insulating
barrier compared to the standard MTJ structure, allows the formation of quantum well
(QW) between these two barriers and enables the resonant tunneling of electrons if the
energy of injected electrons matches the discrete QW energy levels. As shown in Figure
6-1, the discrete QW states established between two insulating layers enable a resonant
tunneling of A electrons when the Fermi level of the top electrode aligns with the QW

states, which leads to a sizable oscillation of conductance when varying the bias voltage.
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Figure 6-1 Resonant oscillation of conductance in the QW MTJ [56].

In previous works, both metallic barrier (Cr) with desired symmetry dependent
band structure [54,333—337] and insulating barrier (Al2O3 or MgO) with much higher
barrier height [51,53,55] have been studied to achieve the resonant tunneling. However,
the QW thickness are limited to 1-2 nm to avoid electron dephasing in the QW. By
replacing MgO barrier with MgAIOx barrier, the lattice mismatch between the barrier
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and the Fe electrode has been minimized (<1%), which allows to observe clear resonant
oscillation of conductance in a 12 nm thick Fe metallic QW even at room
temperature [56,57]. In order to achieve higher conductance quantum oscillation, it is
important to keep a good phase coherence at the two metal/insulator interfaces inside
the QW to minimize the dephasing mechanisms due to the interface chemical and
structure disorders. It is reported that the interface Co insertion can lead to a large
enhancement of TMR up to 410% at RT in epitaxial Co/MgO/Co MTJs [338] and 300%
at RT in FeCox/MgO/FeCox MTlJs [46,47]. The reason revealed by ab initio calculations
is that Co only possesses majority-spin A; states near the Fermi level [339], which quite
significantly increases the interface spin polarization. It will be quite interesting to
know if the interface Co insertion could also enhance the QW MTJ TMR as well as the
conductance oscillation. However, the structural and chemical disorders introduced by
Co insertion could also cause a significant dephasing of electrons, which makes
obtaining high oscillation amplitude challenging. Therefore, it requires a systematically
investigation on the interfacial optimization to study the impact of chemical disorder
on the QW resonant oscillation.

In this chapter, we experimentally show the impact of interfacial chemical and
structural disorders on the resonant oscillation by introducing Co and Fe monolayers at
the QW/barrier interface. It is found that the insertion of Co outside of QW doesn’t
influence on the conductance oscillation, however the Co insertion inside QW generates
chemical disorder at interface leading to a significant reduction of oscillation amplitude
by half. In contrast, the structural disorder introduced by Fe monolayers completely
suppresses all resonant oscillation. Our finding highlights the critical role of interface
structural and chemical disorder on QW phase coherence and the physical

understanding of it will greatly promote the development of spin-dependent quantum
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tunneling applications.

6.2 Experimental results

6.2.1 Sample preparation

Two serials of samples were grown by MBE system on single crystal MgO(001)
substrates to separately investigate the effect of Co insertion. The first series of samples
consists of Samples 4, B and C, in which Co insertion is on the top of the
MgAlOx/Fe/MgAlOx QW. The second series samples consist of Samples D, E and F.
Besides of Co insertion on the top of QW, Co or Fe monolayers are also introduced
inside the QW at QW/barrier interface. The detailed sample structures are listed as
follows (Figure 6-2):

Sample 4: MgO(10 nm)/Fe(45 nm)/MgAlOx(3 MLs)/Fe(10 nm)/MgAlOx(12
MLs)/Fe(10 nm)/Co(20 nm)/Au(15 nm),

Sample B: MgO(10 nm)/Fe(45 nm)/MgAlOx(3 MLs)/Fe(10 nm)/MgAlOx(12
MLs)/Co(4 MLs)/Fe(10 nm)/Co(20 nm)/Au(15 nm),

Sample C: MgO(10 nm)/Fe(45 nm)/MgAIOx(3 MLs)/Fe(7 nm)/MgAlOx(12
MLs)/FesN(3 nm)/Co(20 nm)/Au(10 nm),

Sample D: MgO(10 nm)/Fe(45 nm)/MgAlOx(3 MLs)/Fe(10 nm)/Co(4
MLs)/MgAlOx(12 MLs)/Co(4 MLs)/Fe(10 nm)/Co(20 nm)/Au(15 nm),

Sample E: MgO(10 nm)/Fe(45 nm)/MgAlOx(3 MLs)/Fe(10 nm)/Co(2
MLs)/MgAlOx(12 MLs)/Co(4 MLs)/Fe(10 nm)/Co(20 nm)/Au(15 nm),

Sample F: MgO(10 nm)/Fe(45 nm)/MgAIOx(3 MLs)/Fe(10 nm)/Fe(2

MLs)/MgAlOx(12 MLs)/Co(4 MLs)/Fe(10 nm)/Co(20 nm)/Au(15 nm).

129



Spin-orbit torque and spin dependent transport in magneitc nano-heterostructures
a b c d e f
Au Au Au Au Au
Co Co Co Co Co
Co Co Co Co
MgAIO, MgAIO, MgAIO, MgAIO, MgAIO,
Co Co

MgAIO, MgAIO, MgAIO, MgAIO, MgAIO, MgAIO,

Figure 6-2 Schematics of samples’ structure. (a-f) represents the structure of Sample A4-

F, respectively.

Take the growth process of Sample D as an example. Firstly, the substrate was
annealed at 650°C for 30 mins and 10 nm MgO seed layer was deposited. Then the first
Fe layer was deposited at RT by e-beam evaporation and annealed in situ at 500°C for
30 mins to smooth the surface. The first MgAlOy barrier was grown at about 80°C and
the growth process was monitored by RHEED. Two-dimensional layer-by layer growth
mode of MgAIlOx is observed by the oscillation of RHEED intensity, The second Fe
layer was deposited at about 70°C and annealed in situ at 400°C for 20 mins followed
by the deposition of 4 MLs thick Co insertion at about 80°C and then the deposition of
second thick MgAIOx barrier at about 80°C. Sequentially, a second deposition of 4 MLs
Co layer at about 70°C is performed, followed by a third deposition of 10 nm thick Fe
at about 70°C and an annealing in sifu at 250°C for 30 mins (except at 400°C for Sample
A). Finally, 20 nm Co layer is deposited above the Fe layer to enhance the coercivity

and 15 nm Au is used to prevent the films from oxidation. Figure 6-3 and Figure 6-4,
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show the RHEED patterns and intensity oscillation obtained during the growth of the
first 4 MLs Co, 12 MLs MgAIOx and second 4 MLs Co for Sample D. One can observe
strong oscillations during the growth of the bottom Co (Figure 6-3(a)) and the middle
MgAlOy, (Figure 6-3(b)) indicating a desired two-dimensional layer-by-layer growth
mode. The bright streaks and Kikuchi lines observed in the RHEED patterns further
confirms their good epitaxial growth. In contrast, the upper Co grown on the MgAlIOx
is no longer layer-by-layer due to the wetting property of metal on oxide. The spot
pattern observed in Figure 6-3(c) indicates that the growth of Co on MgAlOx follows a
3D mode and the Co surface becomes very rough. After deposition of top Fe and
following in-situ annealing, the surface roughness becomes smooth again (Figure 6-4).
Figure 6-5 shows the RHEED patterns and intensity oscillation obtained during the

growth of Sample F.
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Figure 6-3 RHEED patterns of Sample D in different growth steps. RHEED intensity
and patterns of (a) 4 MLs Co, (b) 12 MLs MgAlOx and (c) 4 MLs Co along [100] and
[110] azimuths of MgO substrate, respectively.
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Figure 6-4 RHEED patterns of Sample D in different growth steps along the [100]
azimuths of MgO substrate.
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Figure 6-5 RHEED patterns and intensity oscillation of Sample F in different growth
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steps along the [100] azimuths of MgO substrate.

To elucidate the effect of outer Co insertion and exclude any difference
conditions during the growth, an additional control stack Sample G: MgO(10
nm)/Fe(45 nm)/MgAlOx(3 MLs)/Fe(10 nm)/MgAlOx(12 MLs)/Co(4 MLs, half coved
by shutter)/Fe(10 nm)/Co(20 nm)/Au(15 nm) was grown. During the growth of top
Co(4 MLs) layer, a shutter was utilized to cover half of the substrate, which enables us

to fabricate two types of MTJs with exactly the same condition for bottom structures
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(see Figure 6-6 for RHEED patterns). The growth details of Sample C with FesN

electrode are already presented in Chapter 5.

10 nm Fe

I‘«

12 MLs MgAIO,

10 nm Fe

1

Figure 6-6 RHEED patterns of the control stack in different growth steps along the
[100] azimuth of MgO substrate.

6.2.2 Structural and chemical characterization

HR-STEM characterizations are performed by Xavier DEVAUX from IJL to
verify the structure of the DMTIJs, and the technical details of STEM-EELS
measurements are presented in Chapter 5. Figure 6-7(a) shows the HAADF images for
Sample D in a large and magnified scale, in which artificial colors are added to improve
the readability. Sharp interfaces between the Co (in grey and orange contrast) and
MgAlOx (in black and blue contrast) can be observed. Two MgAlOx barriers are flat
and continuous, indicating a high quality of the stack structure. The magnified images
further prove the epitaxial growth characters with well-aligned atomic arrays between
Fe, MgAlOy and Co layers. In Figure 6-7(a), no structural disorder can be found at the

top and bottom QW/barrier interfaces after Co insertion.
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Figure 6-7 Interfacial structures and chemical maps of MTJ stacks. STEM-HAADF images
of Sample D with different scales are shown in (a). Artificial colors are added to improve the
readability. The Co map and elements density profiles extracted from STEM-EELS of

Samples D and E are shown in (b) and (c), respectively.

To check the chemical disorder at the interface, the element distribution analyses
were performed by STEM combined with spatially resolved EELS characterizations.
Figure 6-7(b,c) presents semi-quantitative chemical maps drawn by processing the
EELS spectrum images and the element intensity profiles of the Samples D and E
(additional chemical maps can be found in Figure 6-8, Figure 6-9 and Figure 6-10 for
Samples B, D, E, respectively). From the element mapping of Co, it is evident that in
both samples, the bottom Co layer is well-confined, in contrast to the wider distribution
of the top Co layer, which is attributed to the larger roughness of the top Co layer. The
4 MLs of bottom Co almost has the same thickness distribution as the 2 MLs Co, but
with higher Co intensity. These two features are more visible in the element intensity
profiles. The insertion of Co layer with different thickness does not introduce a structure

disorder, however it results in the formation of CoxFeix alloy at the interface with
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different Fe-Co concentration [46], which generates a chemical disorder at the
Fe/MgAIlOx interface.

Fe/MgAIO,/Co(4 MLs)/Fe

Figure 6-8 STEM-HAADF images and elements maps extracted from STEM-EELS

measurements of Sample B.

Fe/Co(4 MLs)/MgAIO,/Co(4 MLs)/Fe
Mg

Figure 6-9 STEM-HAADF images and elements maps extracted from STEM-EELS

measurements of Sample D.
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Fe/Co(2 MLs)/MgAIO /Co(4 MLs)/Fe

Figure 6-10 STEM-HAADF images and elements maps extracted from STEM-EELS

measurements of Sample E.

6.2.3 Magneto-transport measurements

The magneto-transport measurements have been performed using a dc two-
probe configuration, where the negative bias corresponds to the electrons tunneling
from the top to bottom electrode. Although there are two MgAlOx insulating barriers in
the stacks, the junction resistance is mainly induced by the thicker one. Figure 6-11 and
Figure 6-12 show the bias dependence of differential conductance d//d} and secondary
differential conductance d?//dV? for samples with outer modification (Samples 4-C)
and inner insertion (Samples D-F), respectively. The corresponding TMR curves are
shown in the insets of each figure. The measurement results are summarized in Table

6-1. All dZ/dV curves have been normalized by corresponding Gp (0 V, 10 K).
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Figure 6-11 Bias dependence of differential conductance dZ/d} and secondary
differential conductance d’Z/dV? of samples with outer insertion. Bias dependence of
normalized dI/dV (divided by Gp(0 V, 10 K)) at LT of Samples 4, B and C are shown in
(a-c), respectively. Bias dependence of normalized d’Z/dV? at LT of Samples 4, B and C
are shown in (d-f), respectively. Insets in (a-c) show the TMR curves measured at LT and

RT of corresponding samples.
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Figure 6-12 Bias dependence of differential conductance df/d} and secondary
differential conductance d*7/d}* of samples with inner insertion. Bias dependence of
normalized dI/dV (divided by Gp(0 V, 10 K)) at LT of Samples D, E and F are shown in
(a-c), respectively. Bias dependence of normalized d*Z/dV? at LT of Samples D, E and F
are shown in (d-f), respectively. Insets in (a-c) show the TMR curves measured at LT and

RT of corresponding samples.
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Table 6-1. Summary of experimental results for samples with different insertions.

Sample Inner Outer Oscillation  Oscillation TMR TMR
insertion insertion amplitude amplitude (10 mV) (10 mV)
(MLs) (MLs) (a.u)P (a. u.) AP LT RT
A - - 6.49 2.34 176% 133%
B - Co4 6.99 2.49 149% 103%
C - FesN (bulk) 3.28 3.86 -41%(450  -27% (450
mV) mV)
D Co4 Co4 2.35 0.55 66% 40%
E Co?2 Co4 2.13 0.97 110% 81%
F Fe 2 Co4 - - 32% 21%

It is found that the insertion of top 4 MLs Co results in a reduction of TMR (10
K) from 176% to 149%. This is because of the increase of conductance in AP states,
which is due to the minority A interface state close to Er at FeixCox/MgAIOx
interface [46]. Comparing Figure 6-11(d,e), it is clear that the outer insertion of Co (4
MLs) almost has no influence on the oscillation amplitude. To avoid any different
growth conditions of the Fe QW and MgAlOx barrier for Samples 4 and B in
comparison, we have also examined the control Sample G in which the half substrate
was covered by the shutter during the growth of top 4 MLs Co layer. As shown in Figure
6-13(c), the conductance oscillation period and amplitude for the DMTJs on the part
with and without 4 MLs top Co layer are exactly the same. These results firmly
conclude that the insertion of Co on the top of QW has no influence on the QW
oscillation although the majority A; DOS in Fe.xCox alloy is reduced compared to the
Fe electrode. Therefore, the oscillation amplitude is mainly determined by the sharpness

of the Fe QW states in the case of outer Co insertion.
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Figure 6-13 Bias dependence of d*7/dV? of MTJs fabricated on the same control stack.
TMR curves measured at LT and RT of MTJs with and without Co insertion are shown
in (a) and (b), respectively. The corresponding bias dependence of normalized d2Z/d}V*in

P state are shown in (c).

For Sample C, by replacing the top Fe electrode with FesN electrode, we have
observed a large negative TMR up to —40% at 10 K, 0.45 V (Figure 6-11(c)). As
mentioned in Chapter 5, the minority A; and As bands of FesN cross the Fermi level,
while no majority bands of FesN cross Er along the transport direction [319]. The
negative TMR is mainly due to the strong Fe4sN minority A; peak around 0.2 V in the
AP tunneling channel. It is found that the QW oscillations are much attenuated and the
amplitude is almost equal in P and AP states (Figure 6-11(f)). Since Fe QW states are
formed by Fe majority A; states, the lack of majority A; states can explain the
attenuation of oscillation amplitude in P state. However, in AP state, we should expect
amuch higher oscillation amplitude than that in P state because of the minority A; states
at Fermi level in Fe4sN band. However, it is not the case. This implies that in order to
generate a strong QW oscillation, the electrons should not only fulfill the symmetry and
spin conditions to match the QW states, but also should match & condition. Since the
QW is formed between two barriers perfectly parallel to the sample plane, only
electrons having k; = 0 can conserve coherent phase when reflecting between the two
potential barriers. As discussed in Chapter 5, since there is a large lattice mismatch of
6.5% between FesN (3.795A) and MgALOs (4.212A) [322], the electrons injected in

the QW could have a large distribution of k. Therefore, the oscillation amplitude in
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FesN based DMT]J is low even in AP configuration.

For the second series samples, we fix the outer insertion of Co (4 MLs) and
focus on the influence of inner insertion on the oscillation amplitude. As shown in
Figure 6-12(a,b), it is found that the TMR ratios of Sample D and E with Co insertion
in both sides become even smaller than that of the Sample B with only one side Co
insertion. This is completely different than what have been observed in normal MTJ
with Co insertion [338]. In fact, it is found that the Gap continues increasing with the
increase of the inserted Co thickness. As observed by spatial resolved EELS, the
increase of Co thickness results in a higher Co concentration, which will push minority
A1 DOS close to EF, thus enhancing Gap and reducing the TMR ratio [46].

As shown in Figure 6-12(d,e), for Samples D and E, the inner Co insertion has
largely reduced the oscillation amplitude by half in the P and AP state, while the
insertion thickness is less relevant. The decrease of oscillation amplitude demonstrates
that the chemical disorder (Figure 6-7(b,c)) introduced inside the QW has a negative
impact on the sharpness of the QW states. Notably, a fine structure of the resonate
oscillation of Sample E can be observed, as shown in Figure 6-14(d). The small steps
feature in the oscillation are confirmed by repeated measurements that we will discuss
later.

Surprisingly, when we grow additional 2 MLs of Fe on the top of Fe QW, which
introduce no chemical disorder, no oscillation can be observed anymore. This indicates
that the structural disorder introduced by the growth of Fe (2 MLs) is so profound that
eliminates all oscillation completely. Notably, during the growth of Samples D-F, the
post annealing temperature after the growth of top Co is 250°C, which is enough to
smooth Co layer and obtain high-quality Co/MgAlOy interface (Figure 6-7(a)) [338].

In contrast, Fe usually requires a 350°C-400°C annealing to ensure a flat surface [45,56],
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which is not satisfied in the growth of Sample F. Therefore, the quantum oscillation is

more sensitive to the interface structural disorder than the chemical disorder.

6.2.4 Ab initio calculations

To further clarify the influence of interfacial chemical disorders on the QW
states. An ab initio calculation was carried out to exam the difference of QW states
formed by pure Fe or Fe with 2 MLs of Co interface, using the Vienna ab-initio
simulation package (VASP) [328-330]. In all calculations, the exchange-correlation
potentials were treated with the generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE) function. The cutoff energy is set to 420 eV. A I'-centered
9x9x1 k-mesh was used in the structure relaxation, and the quantum well states were
extracted at I" point. The convergence energy and force of the heterostructure were 10
7eV and 0.001 eV/A, respectively. More details of the calculation can be found in our
previous work [56].

Figure 6-14(a,b) show the calculated s-resolved partial DOS of Co and Fe at the
I" point in a Fe/MgO(7 MLs)/Fe(45 MLs)/Co(2 MLs)/MgO(7 MLs) stack from -0.5 eV
to 1.5 eV, respectively. The spikes in DOS demonstrate the QW states formed between
two barriers and mainly with majority states. Notably, the position of the QW states is
identical for the interfacial Co and inner Fe, which means if the Co are perfectly covered
the Fe, sharp QW states will still form, resulting identical oscillation amplitude as the
sample without Co insertion. For comparison, we have also calculated the band
structure of stack Fe/MgO(7 MLs)/Fe(47 MLs)/MgO(7 MLs), which has the same
thickness of QW as the stack with 2 MLs Co insertion, as shown in Figure 6-14(c). It is
interesting to find the total set of QW peaks shift 0.05 eV to higher energy in the QW

without Co insertion.
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Figure 6-14 QW states formed in Fe and Fe/Co. (a-b) s-resolved partial DOS at the T
point for central Fe and interface Co in the QW of MgO/Fe/Co/MgO. (c) s-resolved
partial DOS at the T point for central Fe in the QW of MgO/Fe/MgO. In both cases the
total thickness of ferromagnetic layer is 47 ML. (d) Fine structure of dZ/d}V of Sample E.
The sub-steps are shown by the arrows. (e) Schematics of the DOS distribution with two
set of QW states in QW MTJ with both Fe and Co at the QW/barrier interface.

6.3 Discussions

The QW states obtained from experimental results can be directly and
qualitatively compared with a simple phase accumulation model (PAM) [340]. The
PAM describes the quantization condition for the existence of a QW state as:

2k, d — &, — ®, — ®; r = 27n, (6-1)
where k;, = \/m /h is the crystal momentum wave vector in the film

perpendicular to the interface, d is the QW thickness, and &; =, =

2sin7! \/(E —E;)/(Ey —E;)—m is the reflection phase shift at the two
Fe(Co)/MgAIOy interfaces. Furthermore, m" is the effective mass of the majority A,
electron in Fe, while E1. and Euy are the energies of the lower and upper edges of the

barrier band gap. Here, we set E|, = —1.0eV and Ey = —1.0eV similar to the
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previous work [35]. @inr is an important parameter to account for the additional phase
shift at interfaces due to other effects such as structure, chemical disorders, impurities,
strain inhomogeneity and so on. Since the collected current is from a two-dimensional
spatial integration in the whole junction area, if the electron changes its phase with the
same Oinr everywhere, strong QW oscillations can still be obtained but with a shift of
energy positions. Therefore, the reduction of QW amplitude is due to a large
distribution of <®i,£>. As shown in the ab initio calculation, the QWs with and without
Co insertion have different energy positions, which can effectively generate a spatial
distribution of <®j,£> if the chemical disorder exists at the interface. From STEM-EELS
analysis, it is clear that different Co layer insertion results in a CoFe alloy layer with
different concentration at the interface. Interesting, Sample £ with 2 MLs Co insertion
has a different shape of the oscillation peak than that of Sample D with 4 MLs Co
insertion. In Figure 6-14(d), the small steps feature (indicated by the black arrows)
implies that there are several sets of QW states mixed in the tunneling conductance. As
schematically shown in Figure 6-14(e), with a large distribution of <®i,¢£> induced by
the chemical disorder at the interface, the QW energy position will also have a large
distribution within the same QW index at different spatial locations. As a consequence,
this smears the contrast of the current intensity as a function of bias and gives rise to
the decrease of QW oscillation amplitude. Compared to chemical disorder, the interface
structure disorder will not only introduce a large <®iy£>, but also effectively modify the
QW thickness d, which is more detrimental to conserve the phase coherence for
resonant oscillation.

It is found that the TMR in our QW MTJ with Co insertion is much smaller than
the normal MTJ with Co insertion [338]. There are two possible reasons. Firstly, the

annealing of top electrode is at 250°C for QW MTJ in order to avoid creating large
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chemical disorder in the QW, while the annealing temperature is 400°C for normal MTJ
usually. The difference of annealing temperature can significantly influence on the
TMR ratio. Secondly, the band structure of QW with Co insertion is different than that
of the normal MTJ with Co insertion. This especially reflects on the formation of
interface states at the CoFe/MgAlOy interface [46], which can play an important role

on the symmetry dependent tunneling and influence on TMR ratio.

6.4 Chapter Summary

Building on the insights gained from prior material optimization studies of
MTIs, this chapter undertakes a systematic investigation to elucidate the impact of
structural and chemical disorders on the oscillation amplitude in QWs. We achieve this
by introducing Co and Fe monolayers at the inner Fe QW/MgAlOx and outer
MgAlOy/Fe interfaces. Our findings reveal that the oscillation amplitude remains stable
when inserting Co out of the QW. However, introducing chemical disorder through Co
insertion within the QW leads to a significant reduction in oscillation amplitude.
Furthermore, structural disorder introduced by Fe insertion within the QW completely
destroys the oscillations. The discernible sensitivity of resonant tunneling to both
structural and chemical factors underscore the importance of comprehensive material
optimization for the future design of QW devices.

This chapter of work is conducted with several colleges and their contributions
are as follows: I grew the stacks, fabricated the devices, conducted magneto transport
measurements of Sample C and analyzed all the experimental and theoretical results.
Bingshan TAO grew the stacks, fabricated the devices, conducted magneto transport
measurements of the rest of samples. Hongxin YANG conducted the ab initio

calculations. Xavier DEVAUX conducted the STEM measurements. Yuan LU and
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Xiufeng HAN led and was involved in all aspects of the research.
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7 Summary

7.1 Conclusion of the dissertation

Magnetic materials serve as vital carriers for non-volatile storage. Manipulating
and detecting the magnetization orientations in these materials through electrical means
are crucial for the development of the next generation of in-memory computing
technologies. In this dissertation, a series of investigations are conducted, focusing on
current-driven magnetization switching and current detection of magnetization
orientation. The summarized research findings are as follows:

(1) A Type-T magnetic macrospin model, which consists an in-plane
ferromagnetic layer, an interlayer and a perpendicular ferromagnetic layer, is
established. When a current passes through the in-plane ferromagnetic layer, spin
currents are generated through the SHE and AHE mechanism. Upon absorption of these
spin currents by the perpendicular ferromagnetic layer, its magnetization is switched.
The polarity of this magnetization switching depends on the polarization direction of
the spin current and the in-plane effective field. In the experimental design described
here, the polarity of the SHE-driven perpendicular magnetization switching is opposite
to that of the AHE-driven switching. Thus, the variation in switching polarity
simultaneously confirms the presence of both effects. In the experiment, a Type-T
magnetic multilayer of SiOz||Ta/IrMn/NiFe/Ru/Pt/Co/Pt is grown by magnetron
sputtering, and microfabrication techniques are employed to fabricate micron-sized
crossbar devices. In the electrical transport measurements, a small in-plane magnetic
field transverse to the in-plane magnetization is applied. It is observed that when this

magnetic field is small, the perpendicular magnetization switching is driven by SHE,
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while for a larger magnetic field, AHE torque is enhanced, resulting in AHE-driven
perpendicular magnetization switching. This research demonstrates that magnetic
materials can generate significant spin currents similar to heavy metals, and the polarity
of this spin current can be modulated, laying the foundation for designing heavy-metal,
free cheap spin logic devices.

(2) A Type-T magnetic macrospin model is established. Notice that under the
influence of SOT, the in-plane magnetization titles along the perpendicular direction.
The in-plane ferromagnetic layer and the perpendicular ferromagnetic layer are coupled,
enabling the perpendicular ferromagnetic layer to simultaneously experience the in-
plane effective field and an additional perpendicular effective field provided by the in-
plane ferromagnetic layer. The former allows for field-free switching of the
perpendicular magnetization, while the latter can assist in the switching and reduce the
critical switching current density. The model reveals that when both the in-plane
ferromagnetic layer and the perpendicular ferromagnetic layer experience spin currents
with the same polarization direction, the perpendicular effective field assists the
switching. Conversely, when the two layers sense spin currents with opposite
polarization directions, the perpendicular effective field impedes the switching. In the
experiments, Sample A: Si0,||Pt/Co/Pt/It/Co/W/Pt, Sample B:
Si02|[Pt/Co/Pt/W/Co/Ir/Pt, and control Sample C: SiOz||Pt/Co/Pt/Ir/W/Pt are grown by
magnetron sputtering, and the efficiency of current-induced perpendicular effective
field is measured by observing the horizontal shift of the field-driven perpendicular
magnetization switching hysteresis loop. This research demonstrates that in Type-T
magnetic multilayers, by employing appropriate designs, it is possible to utilize
effective perpendicular fields for field-free perpendicular magnetization switching and

further reduce the critical switching current density.
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(3) A series of high-quality FesN MTlJs are grown using MBE, and experimental
observations reveal voltage-induced changes in the amplitude and sign of TMR ratio.
Positive bias voltage leads to negative TMR ratios, while negative bias voltage leads to
positive TMR ratios. By comparing the MgO barrier with the MgAlOx barrier, it is
found that the MgAIlOy barrier exhibits superior capability in suppressing N atom
impurities, resulting in higher TMR ratios. Due to the high crystal quality and low
interfacial roughness, a quantum well is formed between the double MgAI1Ox barriers,
and oscillations in differential conductance are observed. MTJs with changeable TMR
sign hold significant importance in constructing spin logic circuits, and this research
lays the groundwork for further advancements in spin logic.

(4) Two serials of epitaxial Fe/MgAlOx/Fe/MgAlOx/Fe DMTJs with Co
insertion out of the QW or inside the QW are grown by MBE. And we found that the
chemical and structural disorders within the QW have great impact on the QW states.
The oscillation amplitude is determined by the sharpness of the QW states rather than
the DOS of outer electrode. The chemical disorder introduced inside the QW greatly
decrease the oscillation amplitude while the structural disorder completely eliminates
all the oscillation. Additionally, a fine structure of resonant oscillation is observed,
which further highlights the influence of chemical disorder on the oscillation amplitude.
This investigation systematically analyses the dependence resonant oscillation
amplitude on the interface, and paves ways for the development of new spintronics

devices with both high oscillation amplitude and high TMR ratio.

7.2  Furfure research outlook

This dissertation focuses on current-driven magnetization switching and current

detection of magnetization orientation, which correspond to the write and read aspects
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of MRAM. The GMR and TMR eftects enable the characterization of magnetization
orientation through electrical currents, while STT and SOT allow for the manipulation
of it through electrical currents. The combination of these two approaches has made the
development of MRAM possible, and further advancements in MRAM will
undoubtedly rely on progress in these two areas.

Currently, the room temperature TMR ratio of MTJs typically ranges from 100%
to 200%. However, the on-off ratio still needs to be further improved compared to
resistive or phase-change memories. Exploring new materials with higher spin
polarization or even searching for new magneto-resistive mechanisms will enhance the
advantages of MRAM. On the other hand, voltage-controlled TMR effect or the
development of MFTJs will provide more degrees of freedom for MTJs, facilitating the
development of spin logic devices with more functionalities.

Compared to STT, SOT offers advantages such as read-write separation and
barrier protection. However, additional design considerations are needed to switch the
perpendicular magnetization. Searching for materials with low in-plane symmetry will
further simplify the multilayer structure, enabling large-scale production. Additionally,
the efficiency of SOT still needs to be improved to reduce the critical switching current
density. Research on new materials such as ferromagnetic materials, two-dimensional
materials, topological insulators, as well as new mechanisms such as orbital Hall effect,
holds the promise of addressing these issues and significantly advancing the
development of spintronics.

Spintronics devices also possess unique advantages in the development of novel
computing modes. By reducing the barrier height of MTJs, probability-adjustable
random number generators can be obtained, and probability computing networks can

be constructed accordingly. Magnetic domains and domain walls exist in Hall-bar
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devices, enabling multi-state storage in single device and also cascaded logic operations.
Spin nano-oscillators exhibit rich nonlinear outputs and memory effects, finding wide
applications in neural networks. Further exploration of the advantages of spintronics
devices and the identification of suitable computing modes will drive the integration of
spintronics with emerging paradigms such as neural networks and probabilistic

computing.
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