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Ab initio INVESTIGATIONS OF SPIN-DEPENDENT QUANTUM
TRANSPORT

Jiaqi ZHOU
A Thesis for DOCTOR OF PHILOSOPHY

Centre de Nanosciences et de Nanotechnologies, CNRS
Université Paris-Saclay

ABSTRACT

Spintronics devices manipulate the electron spin degree of freedom to process in-
formation. In this thesis, we investigate spin-dependent quantum transport properties
to optimize performances of spintronics devices. Through ab initio approach, we re-
search the tunneling magnetoresistance (TMR), spin Hall effect (SHE), as well as spin
injection efficiency (SIE). It has been demonstrated that heavy metals (HMs) are able
to modulate TMR effects in MgO-based magnetic tunnel junctions (MTJs), and tung-
sten, molybdenum, and iridium are promising to enhance TMR. Moreover, substitu-
tional atom doping can effectively optimize SHE of HMs, which would strengthen spin
Hall angles (SHAs) to achieve efficient spin-orbit torque (SOT) switching of MTJs. To
eliminate the mismatch between ferromagnetic and barrier layers in MgO-based MTJs,
we design the MTJ with bond-free van der Waals (vdW) heterojunction VSey;/MoS,
and report the room-temperature TMR. The occurrence of quantum-well resonances
enables voltage control to be an effective method to modulate TMR ratios in vdW
MTJ. We put forward the idea of SOT vdW MTJ, which employs SOT to switch
vdW MTJ and requires vdW materials with strong SHE. Research on MoTe; and
WTe, verifies the possibility of realizing this idea. Both of them are layered transi-
tion metal dichalcogenides (TMDC) and exhibit strong SHEs, as well as large SHAs
thanks to their low electrical conductivity. Lastly, motivated by the demand of a
two-dimensional (2D) switchable device with long spin diffusion length, we construct
the spin injection system with silicene monolayer, and reveal high SIEs under electric

fields. Works in this thesis would advance the research of spintronics devices.

KEYWORDS: tunneling magnetoresistance, spin Hall effect, spin injection

efficiency, magnetic tunnel junction, two-dimensional system, ab initio calculation



RESUME

e Chapitre 1 : Introduction des concepts fondamentaux de la spintronique
Le chapitre 1 présente les dispositifs et les phénomeénes dans le domaine de la
spintronique. La mémoire magnétique & acces aléatoire (Magnetic Random Access
Memory, MRAM) est une mémoire non-volatile, elle stocke les informations par les
spins des électrons. Le dispositif élémentaire de MRAM est la jonction tunnel mag-
nétique (Magnetic Tunnel Junction, MTJ). Elle est basée sur une barriere ultramince
entre deux électrodes ferromagnétiques. L’électrode libre est une couche ferromagné-
tique conservant les informations stockées, la barriere est une couche isolante utilisée
pour le transport par effet tunnel et 1’électrode fixe présente une forte anisotropie mag-
nétique et une aimantation stable. La MTJ présente une faible résistance quand les
moments magnétiques de la couche libre et de la couche fixe sont en configuration par-
allele (Parallel Configuration, PC) et une résistance plus grande pour la configuration
anti-parallele (Anti-Parallel Configuration, APC). Dans une MTJ, on peut donc écrire
des informations binaires en modifiant 'orientation magnétique de la couche libre et
les lire en mesurant la résistance de la structure. La variation de résistance corre-
spond a leffet de magnétorésistance tunnel (Tunneling MagnetoResistance, TMR).
L’augmentation de TMR, bénéficie a la fiabilité des MRAM. Au dela de la structure
fondamentale, les métaux lourds sont largement utilisés en tant que couche de revéte-
ment et de fond dans des MTJ.
Des calculs théoriques ont prédit en 2001 qu'une TMR élevée peut étre obtenue dans
un empilement fer/oxyde de magnésium/fer (Fe/MgO/Fe). Depuis lors, beaucoup
d’efforts ont été consacrés a ’élaboration des MTJ a base de MgO et des TMR élevées
ont été obtenues expérimentalement. Parallelement, on a également observé que les
métaux lourds utilisés comme couches de revétement des MTJ influencent la valeur de
la TMR. La plupart des expérimentateurs attribuent ce phénomene a la diffusion des

atomes des métaux lourds, cependant, les études théoriques sur I'influence intrinseque



causée par les métaux lourds restent insuffisantes. En dépit des avancées réalisées dans
les MTJ basés sur MgO, la désadaptation de maille cristalline de 2% entre la couche
ferromagnétique et la couche de MgO empéche I'amélioration de TMR. Par ailleurs, les
matériaux bidimensionnels (two-dimensional, 2D) et leurs hétérostructures de van der
Waals (vdW) offrent une stratégie d’intégration sans limitation vis-a-vis de la maille
cristalline. La découverte du ferromagnétisme dans des matériaux 2D permet de les
utiliser comme électrodes dans des MTJ, ce qui permet d’atteindre une TMR remar-
quable a basse température. L’effet TMR n’apparalt cependant jusqu’a présent pas a
température ambiante au niveau expérimental.

Une méthode pour écrire des données dans les MTJ est d’utiliser le couple de transfert
de spin lié a l'interaction spin-orbite (Spin-Orbit Torque, SOT) qui peut étre induit
par leffet de Hall de spin (Spin Hall Effect, SHE). Un courant de spin peut étre généré
via le SHE par un courant électrique, a travers une contribution extrinseque (via des
collisions dépendant du spin avec des impuretés) ou intrinseque (liée au couplage spin-
orbite caractéristique des matériaux). Dans le deuxieme cas, elle est calculable par un
formalisme ab initio combiné a la formule de Kubo. De telles prédictions théoriques
sont utiles pour guider les travaux expérimentaux et optimiser la conception de dis-
positifs basés sur le SHE.

L’injection efficace de courant polarisé en spin dans un canal diffusif est essentielle
pour les dispositifs spintroniques. L’injection du spin a déja été démontrée dans le
graphene avec une haute efficacité et une grande longueur de diffusion de spin. Cepen-
dant, I’absence de bande d’énergie interdite dans le graphene empéche la réalisation
d’un transistor utilisant le spin. L’émergence de systemes de spin avec une fonction
commutable, une grande longueur diffusion du spin et une efficacité élevée d’injection

du spin (Spin Injection Efficiency, SIE) est fortement attendue.



e Chapitre 2 : Théorie du transport quantique

Le chapitre 2 présente brievement les fondements de la théorie de la fonctionnelle de
la densité (Density Functional Theory, DFT). Un systéme solide contient de nom-
breux noyaux et électrons, donc des approximations et des simplifications sont in-
évitables pour les analyses pratiques des propriétés physiques. L’approximation de
Born-Oppenheimer découple les mouvements des noyaux d’atomes et des électrons, en
s’appuyant sur la différence de masse entre les deux types de particules. L’approximation
de Hartree transforme le systéeme a plusieurs particules en un systéme a une particule,
de plus, 'approximation de Hartree-Fock introduit le déterminant de Slater pour con-
struire une solution antisymétrique et donner le terme d’échange dans I’hamiltonien.
Les théoremes de Hohenberg-Kohn indiquent que la densité de charge est la quantité
fondamentale pour résoudre ’hamiltonien du systeme, puis ’équation de Kohn-Sham
fournit une approche permettant de la calculer par la méthode du champ auto-cohérent
(Self-Consistent Field, SCF) et les fonctionnelles d’échange-corrélation.

Le schéma DFT ne peut pas étre utilisé dans les systemes hors d’équilibre car la statis-
tique de Fermi-Dirac utilisée ne s’applique qu’aux systemes en équilibre. Pour résoudre
le probleme du transport quantique, la fonction de Green hors d’équilibre peut étre
mise en oeuvre. Tout d’abord, une estimation initiale de la densité de charge est
donnée comme la solution d’équation de Kohn-Sham, alors le potentiel de Kohn-Sham
peut étre obtenu et la matrice hamiltonienne de dispositif est donnée. Ensuite, avec les
énergies propres des électrodes, la fonction de Green du dispositif est calculée, et une
nouvelle densité de charge peut étre produite par la fonction de Green. La méthode du
SCF est utilisée pour faire converger la valeur de densité de charge. Enfin, la fonction

de Green est produite et utilisée pour les calculs de propriétés de transport.



e Chapitre 3 : Optimisation de la TMR et du SHE par métaux lourds

Le chapitre 3 discute I'influence des couches de métaux lourds utilisés dans les MTJ
a base de MgO sur la TMR et le SHE. Nous étudions des MTJ symétriques avec dif-
férents métaux lourds, tantale (Ta), tungstene (W), molybdene (Mo) et iridium (Ir),
lesquels sont utilisés comme couches de recouvrement et de fond. Les calculs ab initio
montrent que les métaux lourds ont un impact important sur la conductance dépen-
dant du spin et la TMR. Les spectres de la transmission dépendant du spin montrent
que des pics de la transmission du spin majoritaire apparaissent en PC dans tous les
MTJ, a I'exception de celle utilisant Mo. L’analyse des bandes d’énergie révele que
I'absence de la bande A; au niveau Fermi (Fermi energy, Er) dans Mo, explique la
disparition de ce pic. Le canal de conduction a spin minoritaire en PC est dominé
par les états de résonances interfaciaux, lesquels s’atténuent légerement dans le régime
d’effet tunnel ce qui conduit a une grande TMR dans les MTJ a base de Mo. Les MTJ
incluant W ou Ir présentent également des effets de TMR remarquables grace a leur
conductance ultra-faible dans ’APC. La tension appliquée aux MTJ réduit 'effet de
TMR, en partie a cause de la destruction du tunnel résonnant en PC.

Apres cela, nous étudions la conductivité de Hall de spin intrinseque (intrinsic Spin
Hall Conductivity, SHC) des métaux lourds, car la SOT peut étre induite par cet effet.
La SHC est calculée dans Mo et Ir et les analyses de la courbure de Berry de spin sont
présentées. Mo a une SHC de —412 (h/e)S/cm & Ep. La SHC d’Ir est 403 (f/e)S/cm a
Eret 2056 (h/e)S/cm a E = Erp+0,84 eV. Il est fort probable que la SHC de I'Ir puisse
étre optimisée par un dopage avec des atomes de substitution de platine Pt ou Au. Des
atomes de substitution avec un plus grand nombre d’électrons de valence élevent la
position de Er et augmentent la SHC des alliages d’Ir-Pt et d’Ir-Au par rapport au cas
d’Ir. Nous avons étudié la SHC des alliages d’'Ir;_,Pt, et d'Ir;_,Au, pour z = 0,125,

0,25, 0,375, ou 0,5. Dans Irg 75 Aug o5, la SHC atteint 1475 (h/e)S/cm, plus de trois fois



celle dans Ir. Ce résultat démontre que le dopage par substitution est un moyen ef-

ficace d’optimiser la SHC, dans le but d’améliorer 'efficacité de renversement par SOT.

e Chapitre 4 : MTJ basées sur des hétérojonctions vdW

Le chapitre 4 propose des MTJ a base des hétérojonctions vdW, qui peuvent étre
assemblées sans limitation vis-a-vis de la maille cristalline. Des travaux expérimen-
taux ont rapporté le ferromagnétisme a température ambiante d’'une monocouche de
diséleniure (VSes) préparée sur substrat en disulfure de molybdéne (MoSs). Ayant
en vue I'implémentation pratique, nous proposons une MTJ basée sur I’empilement
VSes/MoSs/VSes. Les calculs ab initio montrent qu’a I’état d’équilibre, la grande con-
ductance dans ’APC entraine le déclin de TMR. Nous trouvons que dans 'APC, les
états de transmission se localisent au niveau de certaines couches et induisent des ré-
sonances, avec une probabilité de transmission extrémement élevée, proche de I'unité.
L’application d’une tension appliquée supprime les résonances, ce qui peut étre une
méthode efficace pour améliorer la TMR dans des MTJ vdW. Nos calculs indiquent un
ratio de TMR & température ambiante pouvant atteindre 846% sous tension, qui passe
a 1277% a 100 K. Nous étudions la possibilité de SOT dans les MTJ avec MoS, comme
couche du fond. La valeur de la SHC dans MoS; est seulement de —34 (h/e)S/cm a
Er, mais elle peut atteindre 400 (h/e)S/cm & E = Ep — 2.0 €V, ce qui ouvre des
perspectives pour réaliser le renversement d’aimantation.

Pour identifier des matériaux présentant une SHC élevée a Ep, nous avons étudié les
semi-métaux MoTeq et WTe,. La valeur de SHC s’avere considérable dans les deux
cas. Avec des propriétés plus intéressantes que MoSs, MoTe, présente une SHC no-
table de o7, = —361 (h/e)S/cm a Ep, et un angle de Hall de spin (Spin Hall Angle,
SHA) élevé de —0,72. Le SHA est un bon indicateur pour efficacité de conversion

d’un courant du charge en courant du spin. Un grand SHA peut étre attribué a la



SHC élevée et a la faible conductivité électrique du semi-métal. Pour WTe,, la SHC
0z, = —204 (h/e)S/cm a Ep et le SHA = —0,54. Il est intéressant de noter que MoTe;
et WTe, ont six éléments de tenseur de SHC non nuls avec des amplitudes différentes.
Cette richesse inhabituelle de SHC est mise en évidence pour la premiere fois dans des
matériaux 2D et est attribuée a la symétrie structurelle réduite de MoTe, et de WTe,.

Ces travaux devraient favoriser I’émergence de dispositif 2D pour la spintronique.

e Chapitre 5 : Systéme d’injection du spin sur silicene

Motivés par I'exigence de systemes d’injection du spin avec une fonction commutable,
une grande longueur de diffusion du spin et une efficacité d’injection du spin élevée,
nous avons étudié un systeme utilisant le silicene, c’est-a-dire une monocouche con-
stituée d’atomes de Si a structure hexagonale. Des travaux antérieurs ont montré
qu'une bande interdite en énergie peut étre ouverte dans le silicene en appliquant un
champ électrique vertical grace a sa structure ondulée. Cette bande interdite per-
met d’envisager 'utilisation du silicene commutable comme canal pour le transport de
spin. Nous avons étudié théoriquement le transport de spin dans un canal de silicene
associé a un empilement Fe(111)/silicéne en tant qu’injecteur de spin. Les calculs hors
équilibre montrent que, dans une certaine plage de tension appliquée, le systeme peut
présenter les SIE proches de 100%, provenant de la densité d’états dépendant de spin
particuliere de 'empilement Fe(111) /silicene. Au-dessus de I’énergie de Fermi, il existe
seulement des états du spin minoritaire, d’ou le courant dii a ce type d’électrons. Les
spectres de la transmission en fonction de I'énergie ont également été étudiés pour com-
prendre le courant dépendant du spin et les SIE élevés. Cette proposition de systeme

d’injection du spin doit bénéficier au développement de spintronique a base du silicene.



e Chapitre 6 : Conclusions et perspectives

Le chapitre 6 résume les conclusions et présente les perspectives de cette these. Nous
avons étudié le transport quantique dépendant du spin en utilisant des calculs ab initio
pour concevoir des dispositifs spintroniques a haute performance. Nous nous sommes
focalisés sur la magnétorésistance tunnel dans des jonctions tunnel magnétiques, la
conductivité de Hall de spin intrinseque dans des métaux lourds et des matériaux
2D et l'efficacité d’injection de spin dans un systeme a base de silicene. De futurs
travaux pourront porter sur I’évaluation de couple spin-orbite pour le renversement de

I’aimantation et la dynamique du spin dans des MTJ.



Chapter 1

Introduction

Spintronics is an interdisciplinary subject investigating and manipulating the electron
spin degree of freedom,[[l, 2] which enables the electronic device to process information
with advantages of the nonvolatility, long endurance, low-power consumption, and high
speed.[B, 4] In recent years, thanks to innovative materials and novel device structures,
plenty of new phenomena and exciting functionalities emerge in this field,[5-12] making
spintronic devices promising for future memory technology. An important spintronic
memory is the magnetoresistive random access memory (MRAM),[13-16] whose basic
cell is the magnetic tunnel junction (MTJ). In this chapter, we would introduce the
mechanisms of reading and writing operations in MTJs, and discuss the research on

performances of spintronic devices.

1.1 Magnetic tunnel junction

Figure (a) shows the atomic diagram and Fig. (b) shows the transmission elec-
tron microscopy image of MTJ. The basic structure of MTJ, from the bottom to the
top, consists of seed layer/free layer/tunnel layer/reference layer/capping layer.[[17]

The ferromagnetic materials are employed as the free layer and reference layer, their
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Figure 1.1: (a) Atomic diagram and (b) high-resolution transmission electron mi-
croscopy image [] of a typical MTJ.

magnetizations can be in parallel configuration (PC) or anti-parallel configuration
(APC). The tunnel layer is an ultrathin insulator which results in the quantum tun-
neling transport. Heavy metals (HMs) are extensively used as seed layer and capping
layer, to promote the crystallization and prevent oxidation of ferromagnetic layers.
Based on the basic MTJ structure, many optimization techniques have been invented,
such as the synthetic antiferromagnets structure,[] double-interface free layer,[]
double tunnel barrier layer,[@] three-terminal MTJ ,[] etc. These creations lead to
the enhancement of TMR effect and the reduction of energy dissipation.

Basic functionalities of M'TJs include reading and writing operations on data, which
are stored through the relative magnetization orientation of two ferromagnets, namely;,
PC or APC. The reading operation employs the TMR effect, which is the resistance
difference between PC and APC of MTJ. Meanwhile, instead of the external magnetic
field, the spin-transfer torque (STT) [@] and spin-orbit torque (SOT) [@] can be
efficient electrical approaches to write data in MTJs by switching the magnetization
of free layer. To optimize MTJ performances including reading reliability and writing
energy consumption, many efforts have been devoted to the enhancement of TMR

ratio and SOT efficiency, as discussed in the following.
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1.2 Tunnel magnetoresistance effect

The resistance of MTJ depends on the relative magnetization alignment of two ferro-
magnetic layers, as shown by the blue arrows in Fig. @(a). When the magnetizations
of two ferromagnetic layers are in PC, the junction exhibits a low-resistance state.
When the magnetizations are in APC, the junction exhibits a high-resistance state.
The resistance variation originates from the spin-dependent scattering of the electrons.
When the magnetizations of both ferromagnetic layers are parallel, the electrons with
majority spin, which is parallel with the local magnetization, would be weakly scat-
tered in the quantum tunneling transport, leading to low resistance. However, for the
anti-parallel magnetization, both the majority and minority electrons get scattered
severely. Consequently, few electrons can pass and high resistance can be observed.
This resistance variation between PC and APC of MTJ is the TMR effect, and the
ratio of resistance variation is called TMR ratio. We use R to represent the resistance

and G to denote the conductance, and define TMR ratio as

TMR ratio = w x 100% =

PC APC

Gre = Gare 000 (1.1)

In Eq. , Gpc = GITDC + G#C, where GEC and Glﬁc is the majority-spin and minority-
spin conductance in PC, respectively. Gapc = GLPC + GXPC, where GLPC and GKPC
is the majority-spin and minority-spin conductance in APC, respectively.

In 1975, Julliére firstly reported the tunneling magnetoresistance (TMR) effect
with the ratio of 14% at the temperature of 4.2 K in the Fe/Ge/Co junction.[24]
Since 18% TMR ratio was reliably realized at room temperature in the Fe/Al,O3/Fe
junction, 25, 26] the TMR effect started to attract tremendous attention, and extensive
theoretical and experimental efforts have been devoted to increasing the TMR ratio

at room temperature. However, the TMR ratio in AlO,-based MTJ was limited to
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70%,[@] hindering the practical applications of spintronic devices. Novel insulator

materials were investigated and brought great breakthroughs in the enhancement of

TMR ratio.[28, 29|

1.2.1 MgO-based MTJ

A revolutionary study through ab initio approach predicted that remarkable TMR
ratio can be found in the MTJ structure of Fe(lOO)/MgO(100)/Fe(100).[@—] A
crystalline MgO(100) barrier layer can be epitaxially grown on a body-centered cubic
(bee) Fe(100) layer with a lattice mismatch around 2%. In this way, a relatively
perfect crystallization could be realized, and coherent tunneling would happen in the

Fe/MgO/Fe stack.
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Figure 1.2: (a) Possible symmetries of Bloch states propagating along A (100) direc-
tion.[@] (b) Dispersion for MgO in the vicinity of the gap along A (100).[] (c)-(f)
Tunneling density of states (TDOS) of Fe/MgO/Fe in different spin-dependent chan-
nels.[]

Butler et al. calculated the spin-resolved transport properties in Fe/MgO /Fe
stack.[] The high GEC as well as a large difference between Gpc and Gapc have
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been found, resulting in a remarkable TMR ratio. It shows that the transmission
spectrum of G;C has a distinct and broad peak centered at k) = 0. To figure out the
transmission character, the tunneling density of states (TDOS) for k| = 0 was exam-
ined. Figure (a) presents the possible symmetries of Bloch states which participate
electronic transport. It can be observed that the A; Bloch states, i.e. spd hybridized
states, have the highest symmetry. Figure @(b) displays the dispersion of MgO in
the vicinity of the gap along A (100) direction. It illustrates that A; Bloch states
have the slowest decay rate in MgO. Flat bands of spin-polarized Fe show that the A;
states are fully spin-polarized at Fermi energy, namely, only the majority-spin states
has the A; band crossing Er.[33] On the other hand, both the majority- and minority-
spin states have the Ay and A} (As) symmetries. As a result, for the spin-dependent
tunneling transport in PC, A, states in the majority-spin channel decay in the slowest
rate, as shown in Fig. @(c) The rapid attenuation of A} (Ay) and Aj states in
MgO can be observed in Figs. (c)—(f). The spin-dependent tunneling transports in
APC are similar and discussions are omitted. Briefly saying, the tunneling transport
in the Fe/MgO/Fe MTJ depends strongly on the Bloch states with A; symmetry.
With the matching of A; states in Fe and MgO, the coherent tunneling in MTJ leads
to the large G;C as well as high TMR ratio. Following works on Fe/MgO /Fe report
impressive results, including the TMR ratio at non-equilibrium states,[34] the oxygen-
vacancy-induced diffusive scattering,[35] as well as the thermoelectricity and disorder
of CoFe/MgO/CoFe MT\J.[36]

Inspired by the theoretical discovery, great efforts have been devoted to the ex-
perimental study of MgO-based MTJs. Utilizing molecular beam epitaxy, Yuasa
et al. reported a room-temperature TMR ratio of 180% in the single-crystal MTJ
with Fe/MgO/Fe structure.[37] Meanwhile, TMR ratio up to 220% was observed in

CoFe/MgO/CoFe junction at room temperature.[38] After that, TMR ratio of 500%
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can be obtained in MTJs with CoFeB electrodes at room temperature.[39] More in-
triguingly, by suppressing the diffusion of Ta atoms, a room-temperature TMR ratio of
604% was successfully observed in CoFeB/MgO MTJ.[40] Compared to the polycrys-
talline CoFe layer,[38] the amorphous CoFeB layer is homogeneous,[40] making it more
practical to prepare the MTJ devices in large scale utilizing magnetron sputtering. [41]

On the other hand, due to the potential for high-density MRAM, the interfacial
perpendicular magnetic anisotropy (PMA) attracts increasing interests.[42] One pio-
neering study on p-MTJ is based on the Ta/CoFeB/MgO/CoFeB/Ta stack with a free
layer of 1.7 nm and a reference layer as thin as 1.0 nm.[43] Interfacial PMA competes
with the bulk in-plane magnetic shape anisotropy, hence the thick CoFeB layer is
harmful to PMA. After the annealing process at 300 °C, the MTJ can exhibit a TMR
ratio of 124%. Since then, a series of experiments with Ta layers emerged. Jeon et al.
performed a comprehensive investigation of Ta/CoFeB/MgO-based p-MTJs.[44] They
reveal that the TMR ratio strongly depends on the thicknesses of both free and refer-
ence layers. The thickness of ferromagnetic layers determines both the PMA strength
and the diffusion of Ta atoms, while strong PMA benefits TMR and diffusion dam-
ages TMR. Considering all factors, the combination of 1.59 nm free layer and 1.1 nm
reference layer is the best strategy for this p-MTJ, and generates the highest TMR
ratio of 104%. This work and Ref. [40] report the influence on TMR caused by the
Ta diffusion effect, demonstrating that HMs can greatly impact TMR.

Actually, the diffusion effect of Ta atoms is a serious problem. When the annealing
temperature increases to 400 °C which is required for the back-end-of-line process of
integrated circuit devices, Ta atom diffusion would induce a thick magnetic dead layer
especially for long-time annealing, then the instability of APC occurs as well as an
obvious reduction of TMR ratio.[45, 46] As a result, it may be challenging to apply
the MTJs with Ta layers to MRAM in practice.
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Replacing Ta with another heavy metal may overcome the diffusion problem. One
promising HM candidate is Mo.[47] It has been reported that for the Mo/CoFeB/MgO
structures, the strong PMA remains after annealing at 425°C. Besides, Mo/CoFeB
and CoFeB/MgO interfaces are clearly sharp.[48] The stability of Mo atoms can be at-
tributed to the large formation energy of Mo-Fe alloys.[49] Following work proves that
MTJ with Mo layers could exhibit a TMR ratio over 140% after annealing at 400 °C for
2 hours.[49] Moreover, by combining the stability of Mo layer and the good boron sink
Ta layer, Almasi et al. designed the MTJ with Ta/thin Mo/CoFeB/MgO/CoFeB/thin
Mo/ Ta stack, which prevents the intermixing of Ta with Fe as well as allows the small
B atoms to diffuse out during the annealing process. As a result, a high TMR ratio
of 208% has been achieved in this p-MTJ.[50]

On the other hand, with a high melting point which boosts up the annealing stabil-
ity, the heavy metal W also attracts lots of attention, since the robust W-W bonds can
prevent W atoms from diffusing into MgO layer during the annealing process. After the
annealing at 420 °C for 10 minutes, the p-MTJ based on W/CoFeB/MgO/CoFeB/W
stack can present a TMR ratio of 138%.[46] Lee et al. reveal a higher TMR ratio of
163% in p-MTJ with W/Ta seed layer and W capping layer.[51] Both CoFeB layers
have been well textured with the MgO layer, thereby realizing a high TMR ratio af-
ter annealing at 400 °C. Recently, remarkable TMR ratio have been reported in the
MTJ with W monolayer.[p2] The MTJ stack consists of double free layers separated
by the W monolayer and double CoFeB/MgO interfaces. High TMR ratio of 249%
has been observed in this p-MTJ, demonstrating the occurrence of coherent tunneling
in crystalline MgO.

Table ll:ll presents TMR ratios in p-MTJs with various HMs. Experiments above
demonstrate that HMs greatly impact the TMR in MTJs due to the diffusion effects

under different annealing conditions. By virtue of superior thermal stability, Mo and
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Table 1.1: TMR in MTJs with varying heavy metal materials, ¢ denotes thickness, T\,
represents annealing temperature. All MTJs employed CosgoFeggBog as ferromagnets.

HM tree layer breflayer  tMgO T. TMR (%)  Reference
Ta 1.7 10 085 300 124 43
Ta 1.05 159 10 - 104 [44]
Ta/thin Mo 1.5 0.85 0.9 500 208 (60|
Mo 1.6 08 195 400 162 g
W 1.0 1.4 1.2 400 163 [b1]
W 1.5 0.95 24 420 138 [46]
W inserting 1.3 and 0.5 1.0 0.8 390 249 [b2]

W metals can be good candidates for high TMR ratios. However, despite abundant
experimental achievements, theoretical works studying the intrinsic influence on TMR

caused by heavy metals remain inadequate, impeding the comprehension of the role

of HMs.

1.2.2 Development of vdW MTJ

Different from the traditional MgO-based MTJ with a 2% lattice mismatch, van der
Waals (vdW) MTJs provide a strategy to exterminate lattice mismatch in heterojunc-
tions, thanks to the bond-free integration of vdW materials.[53-55] Breakthroughs
in ferromagnetic vdW materials enable the two-dimensional (2D) spintronic devices.
Long-range magnetic orders have been found in two different insulating vdW mate-
rials, CroGesTeg and Crls.[56, b7] CroGesTeg is a 2D Heisenberg ferromagnet with
small magnetic anisotropy, whereas Crls is a 2D A-type antiferromagnet with strong
PMA. However, the ferromagnetic orders in CroGesTeg and Crlz can only be preserved
at low temperatures. Later on, gate-tunable room-temperature ferromagnetism was
found in Fe;GeTey.[58] In Fe3GeTe,, the crystallographic environments of Fe atoms are

asymmetric along and normal to the basal plane, leading to the sizable magnetocrys-
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talline anisotropy. Recently, room-temperature and intrinsic ferromagnetism has been
discovered in the 2D ferromagnets VSes; monolayer which can be grown on MoSy by
molecular beam epitaxy,[59] providing the possibility of 2D spintronic applications.
The observations of intrinsic ferromagnetism in vdW materials trigger interests
in spintronic devices. Recently, MTJs based on vdW materials have been studied
a lot.[60-63] Tunneling spin valves have been achieved using exfoliated FezGeTe,y as
ferromagnetic layers and h-BN as the tunnel layer, and the TMR signal reaches up to
160% at 4.2 K.[64] The vdW heterojunctions consisting of Crlz tunnel layers exhibit
larger TMR performances. Layer-dependent magnetic phases have been observed in
Crls-based MTJs,[65] and TMR can be drastically enhanced with increasing Crls layer
thickness, reaching up to 19000% at the ultra-low temperature of 2 K. Works above
reveal the possibility to shrink the MTJ scale to the atomically thin limit with versatile
vdW materials, as well as remarkable TMR effects in vdW MTJs. Meanwhile, we
anticipate the achievement of room-temperature TMR in vdW MTJs, which would

promote the application of vdW devices.

1.3 Spin Hall effect

For the writing operation, STT and SOT can be employed to switching the mag-
netization of free layer. Despite advances in STT method, there still remains some
challenges. The same path of reading and writing currents results in undesirable writ-
ing operation in the readout process, meanwhile increasing the probability of tunnel
layer breakdown. Besides, STT MRAM is hard to reach the speed required by cache
memory.[66-68] The emerging SOT MRAM provides an alternative method to solve
above issues.[69-75] In the three-terminal SOT MTJ, the separation of reading and
writing paths reduces the write error rate and improves the device endurance. Mean-

while, Cubukcu et al. has reported an ultra-fast bipolar magnetization switching down
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to 400 ps in perpendicular SOT MTJ, making SOT MRAM promising for the cache
memory application.[@] In the SOT MTJ, writing current is injected into the bottom
layer consisting of heavy metal, where SHE occurs and induces SOT.[E?L @] In this
section, we discuss the SHE and SHE-induced SOT.

1.3.1 Mechanisms of SHE

(b) » 3 Reference

Spacer

Recording

Heavy metal

Figure 1.3: Schematics of (a) Spin Hall effect and (b) SOT induced by SHE[@]

The generation, manipulation, and detection of spin currents are key aspects in
the field of spintronics. In this field, spin Hall effect has been extensively used. As
shown in Fig. @(a), in SHE, spin-dependent deflections due to the spin-orbit cou-
pling (SOC) generates a spin current J; (black arrow), which is transverse to the
charge current J,. (gray arrow). The spin polarization is perpendicular to the plane
defined by the spin and charge currents.[@] Inspired by the theoretical framework of
anomalous Hall effect (AHE),[@] the sources of SHE can be divided into three distinct
microscopic mechanisms, namely, the intrinsic, the skew-scattering, and the side jump
mechanisms. []

e Intrinsic mechanism
The intrinsic contribution to the spin Hall conductivity (SHC) depends only on the

band structure of the perfect crystal. It can be calculated accurately using ab initio
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technique. According to the Kubo formula,[81, 82] SHC can be written as

. &
Omy(w) = h/BZ Wz.fnk
2Im [<nky 2lmk) (mk |—ed, | nk:>]
(Enk: - 6mk)2 - (hw + “7)2

(1.2)

X
m#n

where o7, is a third-rank tensor and represents the spin current along x direction
produced by an electric field along y direction, and the spin current is polarized along
z direction. €, and ¢, are the eigenvalues, n and m are band indexes. BZ denotes the
first Brillouin zone, f,j is the Fermi distribution function, j2 = +{5.,9,} is the spin
h

current operator, s, = 56, is the spin operator, 0, =

1 9H (k)
h Ok,

is the velocity operator
and H (k) is the Hamiltonian matrix. Frequencies w and 7 are set to zero in the direct
current.
o Skew-scattering mechanism

The defect in a crystal may change the moving directions of the electrons through
scattering. Electrons in different paths (deviating to the left or to the right) experi-
ence opposite effective magnetic fields caused by SOC, leading to different scattering
probabilities for electrons with opposite spin angular momenta, as well as a subsequent
spin current flowing perpendicularly to the charge current.
o Side-jump mechanism

In a crystal, a defect produces an electric field around itself. When an itinerant
electron passes in the vicinity of the defect, it experiences an effective magnetic field
caused by SOC, which comes from the electrical field of defect. For the straight-going
electron passing through the defect from left or right side, opposite lateral displacement
would be generated depending on the spin angular momentum of electron, leading to

disparate paths for electrons with different spin as well as the subsequent spin current.
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1.3.2 SOT induced by SHE

Spin-orbit torque originates from the transfer of angular momentum from lattice to
spin system in the ferromagnet /nonmagnetic metal bilayer.[[72, 75, 83-85] The dynam-

ics of ferromagnetic layer is governed by the Landau-Lifshitz-Gilbert (LLG) equation

dm

d
E:—vmxBM+amx—m+ 7

dt M

T (1.3)

where m = M/M; is the unitary magnetization vector and Mj is the saturation mag-
netization, v is the gyromagnetic ratio, and « is the Gilbert damping parameter. The
first term on the right side of Eq. is the precession of the magnetization m around
the effective field Bys. The second term denotes the magnetization relaxation towards
its equilibrium position. The third term accounts for other torques induced by the
electrical current, e.g. STT or SOT. Such torques are defined to be orthogonal to the

magnetization m in the form of
T:TFmeC+TDLm>< (me), (14)

where ( is a unit vector determined by the spin-charge conversion originating from
SOC. Generally, ¢y, the field-like torque, denotes the longitudinal component lying
in the (m, ¢) plane. 7py,, the damping-like torque, is the transverse component normal
to the (m, () plane.

Figure @(b) presents the picture of SHE-induced SOT, where SHE effectively
turns the HM into a spin injector. Then, the angular momentum of the pure spin
current is absorbed by the proximate ferromagnetic layer.[79, 83] Next, SHE-SOT
works similarly to STT, i.e., the angular momentum is transferred from the spin current
to the local magnetization, and then realizes the magnetization switching in the free

layer.[[70, [71] Since the SHE-SOT model provides an insightful picture to the origin of
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SOT, it is widely adopted in experimental investigations.

Plenty of works have reported SHE and SOT in ferromagnet/HM devices with
different HM materials, such as Ta, W, Pt, Ir, etc.[71], [77, 86, 87] To realize the SOT
switching, it is in urgent need to find HMs with superior spin Hall properties, including
strong SHE and large spin Hall angle (SHA), which is defined as the ratio of spin
Hall conductivity and electrical conductivity, indicating the efficiency of spin-charge
conversion.

Overall, with advantages of low-power consumption, long endurance and high
speed, SOT MRAM is a competitive candidate for the next-generation spintronic
memory technology, and the identification of HMs with desirable spin Hall properties

is urgently required to achieve the efficient SOT switching.

1.4 Spin injection system

Logic device is another application of spintronics. The efficient injection of spin-
polarized current into a diffusive channel is important, since spin logic devices exploit
spin as input and detect spin as output.[88, 89] For this reason, intense research
efforts have been devoted to the improvement of spin injection efficiency (SIE) using
new materials and structures.

Thanks to the weak SOC and long spin diffusion length of graphene, the spin in-
jection into epitaxial graphene has been widely studied.[90-92] Karpan et al. observed
that the in-plane lattice constants of ferromagnets Co and Ni can match well with
the in-plane lattice constant of graphite. They reveal that the electronic structures
of Co (Ni) and graphite overlap in reciprocal space only for one spin component, and
predict the perfect spin filtering for the ferromagnet/graphite interface.[93] Besides,
Maassen et al. performed an ab initio research on the ferromagnet/graphene inter-

face using Co(111) and Ni(111). The use of Co and Ni ferromagnets achieves SIE
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reaching up to 80% and 60%, respectively. High SIEs result from the interaction
between the ferromagnets and graphene. The band structures show that the linear
dispersion relations of the graphene have been damaged by ferromagnets, leading to
a spin-dependent energy gap at K point. The minority-spin band gap resides in high
energy, while the majority-spin band gap locates near the Fermi energy. This feature
results in a dominant minority-spin-polarized current, as well as the high STE.[94] How-
ever, generally, the computational cost of ab initio method is relatively high. Lazi¢ et
al. formulated a computationally inexpensive model to examine the non-uniformity
and bias dependence of spin injection. They elucidate proximity effects using spin
polarization maps, extending the applicability of simple spin injection models based
on ferromagnet /graphene junctions.[95]

Apart from theoretical studies, significant progresses have also been made in ex-
periments.[96, 97] Taking the advantage of high-impedance injecting/detecting tun-
nel junctions of Co/Al,O3/graphene, Dlubak et al. report an SIE up to 75% and
a spin diffusion length exceeding 100 pum in graphene.[98] Works above demonstrate
the possibility to manipulate spin injection and spin-polarized current efficiently in
2D systems. However, the lack of energy gap in graphene impedes the application of
graphene transistor device.[99, 100] We expect the emergence of spin injection system
with characters of tunable gap, long spin diffusion length as well as high spin injection

efficiency.

1.5 Summary

In this chapter, we introduce the key effects and devices in the field of spintronics.
MTJ is the basic cell of MRAM device. The reading operation of data exploits the
TMR effect, and an efficient approach of writing manipulation is the SOT switching,
which can be induced by SHE. HMs in MTJs play an important role on both TMR and
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SHE. On the other hand, vdW materials provide a strategy to overcome the problem
of lattice mismatch existing in MgO-based MTJs, and experimental works on vdW
MTJs have achieved remarkable TMR ratios. Moreover, spin transport systems based
on 2D materials provide intriguing perspectives for spin logic devices.

This thesis will be organized as follows. In Chapter E, the density functional the-
ory is reviewed. We briefly present the theory of quantum transport, which can be
investigated using non-equilibrium Green’s function. Chapter B focuses on the role of
heavy metals in MTJs based on the CoFe/MgO/CoFe stack. We theoretically research
the influence on TMR caused by HMs, as well as the spin Hall effects in various HMs
and optimization approach. Chapter @ studies the MTJs based on vdW materials.
We report room-temperature TMR, effects in MTJs consisting of VSey/MoSs hetero-
junctions, and demonstrate that the MoTey, and WTey can exhibit strong SHE and
large SHA, making it promising to realize the SOT switching of vdW MTJ. Chapter
H presents the spin transport system based on silicene. We reveal the efficient spin
injection in the system where Fe/silicene stack is spin injector and silicene acts as spin

transport channel. Chapter B summarizes this thesis and proposes the future work.



Chapter 2

Quantum transport theory

The working principles of electronic devices are governed by the physics of electron
transport. As the feature size of electronic devices tends to the nanometer scale,
quantum mechanical effects are playing an increasingly important role in transport
theory. Thus, it is essential to consider the microscopic origin of physical effects and
use advanced theoretical methods to accurately predict device properties. In this
chapter, we will introduce the basic concepts of the quantum transport theory and

methods for the atomic scale calculation.

2.1 Density functional theory

This section will briefly present the fundamentals of density functional theory (DFT),
which is extensively used to calculate the ground-state electronic structure of atoms,
molecules, and solid-state materials. In principle, the solid system contains numerous
nuclei and electrons, thus, approximations and simplifications are inevitable for the
practical analyses of physical properties. Born-Oppenheimer approximation separates
the movements of nuclei and electrons. Hartree approximation turns the many-particle

system to a single-particle system, and the self-consistent-field has been used to solve

16
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the Hartree equation. Hartree-Fock approximation introduces the Slater determinant
to build an antisymmetric solution and results in the exchange term in the Hamil-
tonian. Based on Hohenberg-Kohn theorems, DFT regards the electron density as
the fundamental quantity, and provides an alternative approach to the Kohn-Sham

equation.

2.1.1 Born-Oppenheimer approximation

The Schrodinger equation of many-particle system can be written as
(Tt + Vit + Ve + Te + Vee) x(Rov; Tv.) = Ex(Ryv,, ry,), (2.1)

where Ry, denotes the coordinates of all nuclei, ry,_ denotes the coordinates of all
electrons, x(Ry,,ry,) is the wave function of many-particle system and E is energy.
T7 is the kinetic energy of nuclei, Vi is the Coulomb repulsion between nuclei, Vp is the
Coulomb attraction between nuclei and electrons, T is the kinetic energy of electrons,
and V. is the Coulomb repulsion between electrons. Setting e? = h = 2m. = 1 where e
represents the elementary electron, A is the reduced Plank constant, m, is the electron

mass, we can write

TI:_ZZM Vo= Z|R Rl,]

u=1,Np wFV
_'Z Vi Veo=D i T _r| (2.2)
i=1,N¢ z;éj v J
-2 2 ,R T
pn=1,Ny i=1,N,

where M, is the mass of nucleus, Z is the atomic number. Considering the fact
that nuclei are much slower in movement and heavier in mass than electrons, we can

assume that the motion of atomic nuclei and electrons can be treated separately. This
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assumption is the Born-Oppenheimer approximation.[101] Thanks to the separation,
we can write the total wavefunction of the nuclei-electrons system as a multiplication

of two wavefunctions for nuclei and electrons which are decoupled as
X(Rua ri) = (I)<Ru)\IIR(ri)a (23)

where Wg(r;) is the electron wavefunction satisfying the Schrodinger equation

(Te + Vi + Vee) \I/R(I‘i) = ER\I/R<I'Z'). (24)

In Eq. @, the index R is a reminder that both the wave function and the energy

depend on the nuclei coordinates via V.

2.1.2 Hartree approximation

Even though the Born-Oppenheimer approximation has simplified the Schrodinger
equation to a large extent, it is still impossible to solve the many-electron Schrodinger
equation due to the difficulties in dealing with the electron-electron interaction. Fur-
ther approximations are required.

Consider a simple assumption that the many-electron system can be written as a
multiplication of many single-electron wavefunctions. The wavefunction of the many-

electron system W(r) can be expressed as
U(r) = ¢1(r1)Ya(ra) ... YN (rN), (2.5)

where ;(r;) is the wavefunction of the single-electron system. Equation @ is called
Hartree wavefunction, and this assumption is named as Hartree approximation.[102]

The wavefunction U(r) satisfies the Schrodinger equation

HU(r) = BU(r) (2.6)
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and the total energy can be calculated by

1
E = (R|H®) = () |[Hi| ;) + 5 > ity [ Hygl dity) (2.7)
i irj
where Hj; is single-electron Hamiltonian, H;; is the Hamiltonian denoting two-electron

interaction. By applying the variational principle to the many-electron Schrodinger

equation Eq. @, we can arrive at the single-electron equation

Yir(r
V2+Vex d/| i\ :Ez,r 2.8
®+3 | W 1) = B 29

Equation @ is called Hartree equation. It shows that the —V? term in the left
side is the single-electron kinetic energy, and the single electron obeying an effective
potential, which is a combination of the external potential V. (r) and the potential

caused by all other electrons, i.e., Hartree potential Viartree-

2.1.3 Hartree-Fock approximation

Although the Hartree equation has made great progress by coming up with the Hartree
potential, it still has some limitations, such as the Hartree approximation did not
respect the principle of antisymmetry of the wave function.[103] As an alternative
method, we can build an antisymmetric solution by introducing the following Slater

determinant:

Yi(ry)  ta(ry) - Yn(rn)

P1(re)  a(ra) -0 Yn(r2)

\If(rl,rQ,... (29)

1
=T

Yi(ry) o(ry) - Yn(rw)

By the variational principle, the expectation value of the single-electron Hamilto-
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nian F = (¢;(r;)|H|¢;(r;)) for single-electron state 1) can be obtained, as well as the

Hartree-Fock equation:

2 / W}% /@D* ¢Z ) _
—V? + Vet (1) + Y /d T x| Yilr)— Y /d — Y (r) = Ey(r).
i (F#4) i (#4),|

(2.10)

Compared with the Hartree equation Eq. @ the Hartree-Fock equation Eq.
has one more term ;. | [ dr’ e = ¢Z (r) which is called the exchange term,
where || denotes the same spin. However, the Hartree-Fock solution is not exact,
since generally, the system could not be described by wavefunction in the form of a
Slater determinant. The energy difference between the exact solution and Hartree-
Fock solution is called the correlation energy. This name originates from the fact that
Hartree-Fock approximation misses part of the “electron correlation”, i.e., an artificial

effect caused by our assumption that the many-electron system can be described by a

single-electron equation obeying an effective potential.

2.1.4 Hohenberg-Kohn theorem

Discussions above demonstrate that the Hartree-Fock approximation is not accurate.
On the other hand, the density functional theory provides alternative methods to
solve this problem. In 1927, Thomas [104] and Fermi [105] put forward the basic idea
of DFT, i.e., the fundamental physical properties of atoms, molecules and bulks can
be described by the densities of particles. Namely, the functional of electron density
can determine the ground state properties of systems. This idea originated from two

famous Hohenberg-Kohn theorems:[106]

e The first Hohenberg-Kohn theorem:

The external potential V. (r) and the total energy are uniquely determined by
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the ground-state electron density p(r).
e The second Hohenberg-Kohn theorem:

The ground-state energy can be obtained variationally: The electron density
that minimizes the total energy is the exact ground-state density, within an additive

constant.

Hohenberg-Kohn theorems illustrate that the electron density is the basic variable
to determine the properties of many-electron system, and the ground state of system
can be obtained using the variation of energy with respect to the electron density. In
the following, we will discuss how to get the electron density and energy of ground
state.

We consider a non-degenerate ground state, where the energy of many-electron

system without spin can be written as

Euklp(r)] = Te + Vee + Ve + T1 + Vi = T[p(r)] + Eins[p(r)] + Vext (r) + Err,  (2.11)

where T'[p(r)] denotes the kinetic energies of electrons, Ei[p(r)] illustrates the po-
tential energies of electrons, and Vi (r) represents the potential energies between
electrons and nuclei. Fy = 17 4+ Vi is the sum of kinetic and potential energies of
nuclei. Vi (r) and Eyp can be calculated accurately, consequently, we focus on how to
get the electron-related energies in the following.

We define the energy functional of electrons Fyk[p(r)] as

Fulp(r)] = Tlp(r)] + Bulp(r)] (2.12)

where T[p(r)] accurately describes the kinetic energies of electrons, and the potential

energies of electrons Ei[p(r)] comprise the energies of Hartree potential and electrons’
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interactions. In this condition, to calculate the properties of ground state, we have
three problems to be solved:

(1) How to find out the electron density p(r) ?

(2) How to get the electron kinetic functional T'[p(r)] ?

(3) How to describe the electron potential functional Eiy[p(r)] ?

2.1.5 Kohn-Sham equation

To answer the questions mentioned above, we introduce the concept of Kohn-Sham

equation,[107] which can be written as
{=V? + Vks[p(r)] } i(r) = Eiti(r). (2.13)

In Eq. , the V2 term in the left side represents the kinetic energy of single

electron, and the Kohn-Sham potential Vkg is

VKS [p(r)] - V;:xt(r) + VHartree[p(r)] + ‘/xc[p(r)]

—Vo(r o PO)  Ex[p(r)]
_Vext()—i-/d |r_r,|+ Sp(x)

(2.14)

and the electron density is

N

p(r) =D F(Ei ) [u(r)]*. (2.15)

i=1

where f(F;, ) is the Fermi-Dirac distribution function, and pu is the electrochemical
potential.

The Kohn-Sham equation Eq. has a similar form to the Hartree-Fock equa-
tion Eq. , except the effective potential term Vikgs[p(r)]. With the given electron

density p(r) and the exchange-correlation term V,.[p(r)] which comprises complicated
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[ Initial guess electron density ]
| p(e) J

Y

Calculate Kohn-Sham potential ]
J

Vis[p(r)] = Vext (r) + VHartree [p(0)] + Vi [p(r)]

Y

Solve Kohn-Sham equation

e/

{ {=V? + Vkslp(®]1} w;(x) = E;y;(r)

Y

—
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N
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[ Output quantities ]

l Eigenvalues, etc. J

Figure 2.1: Flow chart of solving the Kohn-Sham equation.

electrons’ interactions, we can get the Kohn-Sham potential Vis[p(r)]. Thus, the wave-
function of single-electron system ;(r) can be obtained by solving Eq. , where
the Hamiltonian is diagonalized to calculate the eigenvalues E; and eigenvectors 1;(r).
Next, the ground-state electron density p(r) is determined by ;(r) using Eq. ,

consequently, a new electron density comes up, denoted as p/(r). Compare p/(r) with
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the initial p(r), if they are equal or the difference is small enough to be neglected, we
can regard that the correct p(r) has been obtained. If not, we would mix the initial
guess p(r) with p/(r), and then a new loop would be started again, until the difference
is small enough to get convergent. This process is called as self-consistent-field, as

shown in Fig. @

2.1.6 Exchange correlation functional

In the Hohenberg-Kohn-Sham framework, the problem of solving the many-electron
system can be transformed into solving an effective single-electron problem, while
the complicated many-electron interations are ascribed to the exchange-correlation
potential functional Ey.[p(r)]. This method is similar to the Hartree-Fock approxima-
tion, but the theory is more rigorous than that of the Hartree-Fock approximation.
However, the advancements of the Hohenberg-Kohn-Sham framework only make sense
when Ey.[p(r)] is known. This is the key to solve the second and third questions
mentioned at the end of Sec. @ In the following, we will discuss the exchange-
correlation functional Ey.[p(r)].

The exchange-correlation energy can be written as

Exelp(r)] = Tlp(r)] = Tilp(r)] + Eini[p(r)] = Enartree [p(r)]; (2.16)

where T'[p(r)] is the exact many-electron kinetic energy, Ti[p(r)] is the non-interacting
single-electron kinetic energy. Ei[p(r)] is the electron-electron interaction energy, and
FHartree[p(r)] is the Hartree term. The exchange-correlation energy can be expressed

in the form of energy density as

Bulp(r)] = [ drptr)zclp(o)] (2.17)
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where e..[p(r)] is the exchange-correlation energy density. Then, we can get the

exchange-correlation potential as

§ Exe[p(r)] d dexc[p(r)]

Vielp(r)] = s {p(r)exclp(r)]} = exclp(r)] + p(r) () (2.18)

We introduce two kinds of exchange-correlation approximations. In the simpli-
fied condition, homogeneous electron gas can be used as a model of the local density
approximation (LDA).[108] In the uniform electron gas, the electron density is a con-
stant, making the exchange-correlation energy density e,.[p(r)] a function of electron
density, then ey.[p(r)] can be solved by Monte Carlo simulation and summarized as a
table. After that, by dividing the real non-uniform electron density into infinite small
volumes, the electron density in every small volume can be regarded as a constant.
According to the g4 [p(r)] table, we can get the exchange-correlation energy density
of the real system. For the condition where electron density varies rapidly over a
small region of space, a better choice could be the generalized gradient approximation
(GGA),[L09] which depends on the local density as well as the spatial gradient of the
density. GGA overcomes deficiencies to a considerable extent, giving more realistic
descriptions for many materials.

In summary, based on the Hohenberg-Kohn theorems and Kohn-Sham equation,
we can find out the electron density through self-consistent field, describe the kinetic
and potential energies using single-electron model, and ascribe the complicated many-

electron part to the exchange-correlation term, thus solving all the questions mentioned

in Sec. @
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Figure 2.2: Schematic plot of a two-contact device model. gy and ps are the elec-
trochemical potentials of the left/right electrodes. The dashed line box indicates the
device region with quantum levels shown as blue lines.

2.2 Non-equilibrium Green’s function

Although the density functional theory has been used extensively, it should be noted
that Fermi-Dirac statistics can only apply to equilibrium systems, hence the above
DFT calculation scheme can not be used for non-equilibrium systems such as those
driven by quantum transport. Since treating the non-equilibrium quantum statistics of
system goes beyond the standard DF'T), in this section, we will discuss how to address

this problem by non-equilibrium Green’s function (NEGF), as well as the framework

of NEGF-DFT.

2.2.1 Two-contact transport model

Figure @ shows the two-contact device model for the quantum transport. The semi-
infinite contacts are periodic structures away from the device, and two contacts have

different and negative electrochemical potentials ;1; and ps, making the system in non-
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equilibrium state. As shown in Fig. @, electrons come from the contact 1, cross the
device, and then are transmitted to the contact 2 or reflected back to the contact 1.
We assume the transport in the device is coherent. This quantum transport model is

the so-called Landauer-Bittiker model.

2.2.2 Green’s function

We simplify the quantum transport system into the form of single-electron system,
similar to the process in DFT. We use [¢) in the following to emphasize it is a vector
describing electron wavefunction. The Schrédinger equation of the stationary single-

electron system is

Hy) = E|¢). (2.19)

Dividing the Hamiltonian H and wavefunction |¢)) of the system into contacts and

device subspaces, we can get

H n 0 |11) 1)
o oHy o7 Wa) | =E| W) |- (2.20)
0 7w M |1)2) |1)a)

where H; and |¢;) are for contact 1, Hy and |v) are for contact 2, H; and |1)4) are for
the device region. 71 5 describes the interactions between the device and the contacts,
and we assume that the contacts are independent, i.e., there is no interaction between
contact 1 and contact 2.

Generally, it is easier to calculate Green’s function than to solve the whole eigen-
value problem, meanwhile, most properties of the system can be calculated from
Green’s function, and we would use Green’s function to solve Eq. . The Green’s
function G(F) is defined as

(F—H)G(E) =1, (2.21)
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and the response to the perturbation |v) can be calculated by the Green’s function
directly, as
[¥) = =G(E)v). (2.22)

To make the following contents more intelligible, here we present some additional
clarifications of the Green’s function. There are two types of solution for Green’s
function of Eq. , i.e., the retarded and the advanced Green’s functions. In the
following, G and GT denote the retarded Green’s function and the advanced Green’s
function, respectively. Capital G denotes the Green’s function of the whole system,
lowercase g; and g, denote Green’s functions of isolated contacts.

We start with solving Eq. . By rearranging the third row of Eq. and

combining Eq. , the wavefunction of contact 2 can be written as

1b2) = g2(E)72 |¢a) , (2.23)

where g, is the Green’s function of the isolated contact 2. We can rewrite Eq. as

E— H1 —T1 0 Gl Gld G12 I 00
—TlT FE — Hd _7_2T Gdl Gd Gdg = 0 I 0 . (224)
0 —T9 E - HQ Ggl ng GQ 0 0 I

Through Eq. , we can obtain that
Gra= 111Ga, Goa = g272Ga, Ga=(E— Hy— %1 — )7, (2.25)

where > = Tf g1 and Yy = TQT goTo are the self energies for contacts 1 and 2, respec-

tively. On the other hand, for any perturbation |v), we can get two solutions, |
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and [¢?), to the perturbed Schrédinger equation
(E = H)[¢) = —|v), (2.26)
with the definition of ‘¢R> and |¢A> as
[¥r) = —Glv), [¢a) = —G'o). (2.27)
Then we can get
(E—H)(|¢vr) — |a)) = (E—H) (G — GT) lv) = (I — I)|v) =0. (2.28)
Define the spectral function as
A=i(G-G"). (2.29)

Consequently, it can be seen that |¢)) = A |v) is the solution to Schrédinger equation

for any perturbation |v). The specific form of Green’s function can be written as

1 )44
— = 2.
¢ E+i0—H zk:E+i5—ek’ (2:30)

where 9 is the small imaginary part, |k) denotes all eigenvectors to H with corre-

sponding eigenvalues €,. Meanwhile, the spectral function can be written as

A= ZVf k\ 2 T ‘“Ozwz(s — ) |k) (K. (2.31)

Equation illustrates that the spectral function A gives all solutions to the Schrodinger

equation.
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2.2.3 Response to an incoming wave

In the stationary case, the isolated contact 1 has the solutions corresponding to incom-
ing waves which are totally reflected at the contact end. These solutions are denoted
by [¢1,,) where 1 is the contact number and n is the index of the coming wave. We
use a; to denote the spectral function of the isolated contact. All solutions including
eigenvalues and eigenvectors can be found in a;.

In the non-equilibrium case, contacts with different electrochemical potentials will
inject electrons into the device. Therefore, we want to find out the solutions corre-
sponding to these incoming waves. After connecting the contact 1 to the device, the
wavefunction of the whole system is |11 ,,) + [0%), where |1, ,,) is localized in the con-
tact 1. We assume that [ty ,,) is the solution of 7y [ty ,) = (E' — Hy) |¢1,,) and regard
|4®) as the retarded response to [¢;,,) spreading over the whole system. By applying

this wavefunction to Schrédinger equation and combining Eq. , we can get

(Hy +1i+Hy+ 7 + 75 + Ho + 1) ([Y1,0) + [07)) = E([tna) + [07)),

(H = B) [97) = =7 [t1.0).

(2.32)

Equation shows that [1)%) is the response of the whole system to a perturbation

of —T{r |Y1.n), and Eq. can be rewrite as
) = Grf [¢1) - (2.33)
For the device part, the wavefunction [i4) is

[Va) = Gari Y1) - (2.34)
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For the contact 2, the wavefunction |1)s) is

|12) = 9272 [tha) = gomaGar] [P1,0) - (2.35)

For the contact 1, we need to add the incoming wavefunction, as

(1) = (1 4+ gmGar!) [¢1.0) - (2.36)

Through DFT, we can use self-consistent field to describe the change of electron
density caused by the non-equilibrium condition. Consequently, we are interested in

the electron density matrix, which is defined as

p =" (B ) |9n) (¥l (2.37)

where f(E,, u1) is the Fermi-Dirac function with the electrochemical potential fi;.

The wavefunction of the device is given by an incoming wave in contact 1, as

Vi) = Gar{ [t10) - (2.38)

Adding up all states from contact 1 and considering Eq. , we can obtain pg 1,

which is the change of device electron density matrix caused by |1 ,,)

pus= [ AEY FEpSE - Bu) [an) (0]

o a

[e.e]

1 o0
= %/ AEf(E, 11)Gql1 Gl
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where ['y = T1TCL17'1 =i(X — Zi) Then we have

1 o
p=5r | 4B D FERGIG] (2.40)

i=1,2

2.2.4 Electric current

For a steady state, the probability to find an electron in the device is conserved. Due

to the conservation of the wave function, we can have

O3, wil*

0= =il

ot (2.41)
=i ([wilnlva) — @drllen)] + [Walmalwa) = Walrd )] )

Here, 3. |4 is the wave function summed over the device, i is the basis of wavefunc-
tions, and |i) (7| can be used as the projection operator. We interpret the term in the
first square bracket as the incoming probability current into the device from contact
1 and the second bracket from contact 2. Generalizing to an arbitrary contact j, and
using electron —e to multiply the probability current, we get the electric current as

(physical constants have been omitted for simplification)

iy = —i((; |75 ¢a) — (Walr[Iy)), j = 1,2. (2.42)
Take the electrical current from contact 1 to contact 2 as an example, we have

ifom 1102 = —0((¥2 [ 2] Ya) — (Yal S [a))- (2.43)
Considering Eq. , Eq. turns to be

ifrom 1to2 — <¢1,n‘TlGLF2Gd7—1T|¢1,n>7 (244)
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where 'y = TQT (g; — g2)7T under the non-equilibrium state. Adding all the energy levels

n filled in the device, it gives (2 for spin)

[from 1to2 — / dEf(E7 Ml) Z 5 (E - En) <¢1,n|TlGLP2GdTI|¢1,n>
F=—c0 n

R~ (2.45)

" or

AEf(E, uy) Tr(GIT,Galy)

E=—c

To get the total current through the device, the current from contact 2 to contact

1 have to be subtracted away. Then we can get the Landauer formula for current, as

1 [oe)
I = lhom 1102 = from201 = — / AE[f(E. ) = f(E. p12)] Te(GITGly ). (2.46)

—00

At the end of this section, we would briefly summarize how to calculate the electri-
cal current with NEGF-DFT method in Fig. @ Firstly, we give an initial guess for
the electron density of device p(r), after that, Vks[p(r)] can be calculated. Thus, the
Hamiltonian matrix H[p(r)] of the device is known, and then, the Green’s function of
the device can be calculated with self energies ¥; and 5. A new electron density can
be obtained using Green’s function, denoted as p/(r). Compare p'(r) with the initial
p(r), if they are equal or the difference is small enough to be neglected, we can regard
that the exact p(r) has been obtained. If not, we would mix the initial guess p(r)
with the new electron density p/(r), and then a new loop would be started again until
the difference is small enough to get self-consistent. Using the exact p(r), we output

Green’s function, which can be used for calculations of transport properties.

2.3 Summary

In this chapter, we introduce the basic concepts of density functional theory and

quantum transport theory. In Hohenberg-Kohn-Sham framework, the electron density
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[ Initial guess electron density ]

e

A 4

Calculate Kohn-Sham potential ]
J

VKS [p(l’)] = Vext(r) + VHaItree [p(l‘)] + I/xc [p(l‘)]

Y

Obtain Hamiltonian matrix

l Hp(r)] = =V* + Vis[p(®)] J

Y

Mixing density Calculate Green's function ]

{ p(r) = pp' () + (1 = Pp(r) J { G = (EI - Hp(®)] - £, - %)) J

A ¢

Calculate density matrix ]

l P =5 / dE ) f(E. ) Gal'G)

v

N
. > p(r) = p(r)
[ Output Green's function ]
{ G =(EI-H[p)] -, — %) J
A 4
[ Calculate electrical current ]

1 o0
{ I= Z_n/ dE[f (E, m1) — f (E, )] Tr(GI Gl ) J

Figure 2.3: Flow chart of electrical current calculation through NEGF-DFT method.

is the fundamental quantity to determine the physical properties. The Green’s function

can be used for transport calculations. In the NEGF-DFT workflow, Hamiltonian
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determined by the electron density can be used to construct the Green’s function,
which can output a new electron density. The SCF method can be employed to get

an exact solution of the electron density, to further calculate transport properties.



Chapter 3

TMR and SHE modulations by

heavy metals

3.1 Introduction

Basic functionalities of MTJ device involve reading and writing operations, which
employ TMR and STT/SOT effects, respectively. Great efforts have been devoted to
the enhancement of TMR to improve the reading reliability,[11] and SOT switching is
increasingly attracting attention due to its superiority such as low-power consumption
and high speed.[85, 110]

Recently, many experimental works have reported that HM layers in MTJs can
noticeably modulate TMR.[11, b1, 111, 112] This modulation effect is usually at-
tributed to the HM atoms diffusion which affects the crystallization of MgO, while
the intrinsic influence caused by HMs is often neglected. There is no doubt that the
existence of HMs would change the electronic structures of MTJs, hence impacting the
transport properties, i.e. spin-polarized reading current and subsequent TMR ratio.
However, despite abundant achievements in experiments, theoretical investigations on

essential influence caused by HMs remain quite inadequate. To improve TMR ratio

36
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furthermore, it is urgently required to fundamentally understand the mechanism of
TMR modulation caused by HMs, and figure out desirable HMs to achieve the TMR
optimization.

On the other hand, many works have reported various SOT threshold current
densities in devices with different HMs,[71, 86, 113, 114] demonstrating that HMs
in SOT devices play an important role in the modulation of power dissipation. To
further reduce the energy consumption, HMs with strong SHE and large SHA are
highly desired, since SOT can be induced by SHE [10, [71] and the threshold SOT
current density is inversely proportional to SHA.[115] Consequently, figuring out HMs
with remarkable SHE and SHA as well as the method to improve spin Hall properties
have great significance for the performance of SOT devices.

To optimize the reading and writing processes of MTJs, in this chapter, we will
investigate the mechanisms of TMR and SHE modulation induced by heavy metals,

and discuss the optimization of TMR and SHE enhancement.

3.2 Atomic model and method

The MTJ model is shown in Fig. El], composed of HM/CoFe/MgO/CoFe/HM struc-
ture, where CoFe has the 1:1 composition. We use symmetric structures, i.e. both free
layer and reference layer consist of 5 monolayers of CoFe, and identical heavy metals
are used as capping and seed layers. MgO of 5 monolayers, around 1 nm in thick-
ness, is employed as the tunnel layer. Layers are stacked along z direction, while the
periodic boundary condition is satisfied along = and y directions. After investigating
experimental works,[46, 19, 71, 113] we choose extensively used HMs including Ta,
W, Mo, and Ir in the face-centered-cubic (fcc) structures and with lattice constants
of 422 A, 4.06 A, 4.03 A, and 3.90 A, respectively.[116] The CoFe/HM interfaces are

matched by rotating HM by 45° in xy-plane,[117] and the in-plane lattice constant
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Figure 3.1: Schematic structure of the three-terminal MTJ. Capping layer and seed
layers are composed by the same heavy metal.
of all MTJs is fixed to 2.83 A according to the lattice constant of CoFe.[] Atomic
structures of the MTJs have been optimized by Vienna Ab initio Simulation Package
(VASP) [] using a cutoff energy of 520 eV, a k-mesh of 31 x 31 x 1, and a force
convergence criterion of 0.01 eV/ A. In the following, we use HM-MTJ to denote the
MTJ with HM as capping and seed layers.

Quantum transport properties were calculated by NanoDCAL package,[, ]
which is in the framework of non-equilibrium Green’s function combined with den-
sity functional theory (NEGF-DFT). Spin-dependent conductance can be derived by

Landauer-Bittiker formula

2
e
Gy = > Ek T,(k), Er), (3.1)
I



3.3. Influence on TMR caused by heavy metals 39

where o represents the spin index, and 75 (k)|, Er) denotes the o-spin transmission
coefficient at k| = (ky, ky). Ep is the Fermi energy, e denotes the elementary charge
and h is Planck constant. A 20 x 20 x 1 k-mesh was adopted in the self-consistent
calculation, and a dense k-mesh of 300 x 300 x 1 was employed in transmission calcu-
lation.

We calculated the intrinsic spin Hall conductivity of various HMs. QUANTUM
ESPRESSO package was employed for the ab initio calculations [[124] with a k-mesh
of 10 x 10 x 10 in self-consistent calculations. Then, DFT wavefunctions were trans-
formed to maximally localized Wannier functions using WANNIER90 package. [125,
126] SHC calculations employed Kubo formula Eq. , which indicates that SHC is

the integral over all occupied bands as

0;«2 = h VN3 Z yz (3.2)

where the k-resolved term is the spin Berry curvature. More details about the calcu-
lation method can be found in our previous work.[81] A dense 200x200x200 k-mesh
and the adaptive mesh refinement were adopted to deal with the rapid variation of the
spin Berry curvature in BZ. The Perdew-Burke-Ernzerhof generalized gradient approx-

imation (PBE-GGA) exchange-correlation potential [109] was used in all calculations.

3.3 Influence on TMR caused by heavy metals

In this section, we will discuss TMR effects in MTJs with different heavy metals
including Ta, W, Mo, and Ir. Different from experimental works which attribute the
impact on TMR to the diffusion of HM atoms, [52, [127-129] in this section, we would
study the intrinsic influence on TMR in terms of transmission channels and band

structures of HMs .
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3.3.1 Transmission channels

(@)]

k (Tr/a)

Figure 3.2: 2D transmission channel spectra along z direction of (a) majority-spin
CoFe, (b) minority-spin CoFe, (c) MgO, (d) Ta, (e¢) W, (f) Mo, and (g) Ir. Colorbar

indicates the number of transmission channel.

Firstly, we show the transmission channel spectra in 2D BZ of different materials
in Fig. @ The transmission channel was calculated by counting the number of Bloch
waves existing in the material and propagating along z direction. It can be observed in
Figs. @(a)—(b) that the majority-spin CoFe exhibits extensive open regions, while the
minority-spin component suppresses transmission in most parts. Zero-channel MgO in
Fig. @(c) indicates the tunneling transport in MTJs. Different HMs exhibit diverse
transmission channel spectra in Figs. @(d)—(g), and open transmission fractions would

influence the outlines of transmission spectra.

3.3.2 Spin-dependent conductance and TMR

We calculated the spin-resolved conductance of Ta-MTJ, W-MTJ, Mo-MTJ, and Ir-
MTJ, and present the result in Fig. @ There are four channels in each MTJ, i.e.,

GITDC, Glﬁc, and G, which is the same as GXPC due to the structural symmetry. We
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Figure 3.3: (a) Spin-resolved conductance. (b) TMR of MTJs with different heavy
metals as shown in the horizontal axis. The blue stars denote our calculated results
corresponding to the left vertical axis, and the green stars indicate the experimental
reports corresponding to the right vertical axis.

define TMR = %, where Gpe = G;O + G%,C and Gapc = GXPC + GXPC. It
is obvious that MTJs with different HMs vary a lot in the aspect of conductance and
the subsequent TMR. Compared to Ta-MTJ, W-MTJ has higher TMR due to its low
Gapc, and Mo-MTJ also exhibits a remarkable TMR thanks to its high Gpc. More
intriguingly, Ir-MTJ presents a TMR four times as large as that of Mo-MTJ, and
the reason can be attributed to the high Gpc and ultralow Gapc in Ir-MTJ. Except

the absence of experiment on Ir-MTJ, our results are qualitatively corresponding to
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previous experimental reports, i.e., W-MTJ and Mo-MTJ has higher TMR than Ta-
MTJ,[44, 46, 49] as shown by green stars in Fig. @(b) Our work indicates that W,
Mo, and Ir can be promising candidates as HMs of MTJ for high TMR.

3.3.3 Analyses of transmission spectra

According to Eq. Ell, conductance is the integral of all transmission coefficients in 2D
BZ. To analyze the conductance, we studied the spin-resolved transmission spectra,
as shown in Fig. @ The first and the second columns are the majority-spin and
minority-spin transmissions in PC, respectively, and the last column is the majority-
(minority-) spin transmission in APC. Four rows correspond to four MTJs with Ta,
W, Mo, and Ir layers. We use the red and blue colors to denote the high and low
transmission probabilities, respectively. As reported in previous work,[31] in the MTJ
consisting of Fe/MgO/Fe stack, there is a broad peak at the center of 2D BZ in
the majority-spin channel. This phenomenon is attributed to the low decay rate of A;
states, as introduced in Sec. @ For MTJs with HMs, Ta-, W-, and Ir-MTJs present
centered broad peaks, which contribute dominantly to GIT)C. Moreover, compared to
those of Ta- and W-MTJs, the peak of Ir-MTJ is more prominent as shown in Fig.
@(J) by the red color, leading to the high G;C of Ir-MTJ. Combining the ultralow
Gapc, Ir-MTJ realizes the highest TMR among all MTJs. On the other hand, as
shown in Fig. @(g), it is distinctive that the centered peak disappears in TITDC of
Mo-MT\J. Meanwhile, transmissions augment in a centered ring, leading to a high GEC
of Mo-MTJ.

To understand the unusual transmission spectrum of Mo-MTJ shown in Fig. @(g),
we study the band structures of four metals, as shown in Fig. @ Bands are plotted
along I'-Z direction, and A; states containing s, p,, d,2 orbitals are projected. It can

be observed that A; bands cross the Fermi energy in Ta, W, and Ir. However, the A
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Figure 3.4: Spin- and 2D kj-resolved transmission spectra of MTJs capped by diverse
heavy metals. Colorbar indicates the transmission coefficients.

band of Mo has no intersection with Er. Since the A; states play a determined role in
the transmission peak at k) = (0,0), we conclude that the disappearance of centered
peak in Fig. @(g) can be attributed to the absence of A; states crossing the Fermi

energy of Mo metal.
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Figure 3.5: Band structures of different heavy metals along I'-Z direction. (a) Ta.
(b) W. (c) Mo. (d) Ir. A; bands have been projected by Blue stars.

On the other hand, Fig. @(a) shows that Mo-MTJ presents the highest Gf—,,c
among all MTJs. Through observing the transmission spectrum Tﬁc carefully, we
find that Fig. @(h) shows some very sharp transmissions at corners of 2D BZ,
indicated by some red point. We measured the value of ultrahigh transmission co-
efficients in this tiny fraction, and we find that the highest one is T%,C = 0.8991 at
Ekj = (0.526,0.900). Since the transmission coeflicient is close to unity, we infer that it
is caused by the interfacial resonant states, and the ultrahigh transmission peaks are
called “hot spots™[31] Hot spots can be understood by the formation of bonding and
antibonding hybrids between the interfacial states on both sides of the barrier, and
electrons could tunnel through the barrier with no or little attenuation.[130] When
the barrier thickness is broadened, the coupling between the interfacial resonances at-
tenuate and disappear, then normal tunneling transport with high decay rate and low
transmission coefficient happen.[131] In our work, the minority-spin channel is dom-
inated by the interfacial resonant states due to the thin tunnel layer. Actually, Fig.

@ shows that for all MTJs, hot spots occur in minority-spin channels with diverse
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Figure 3.6: Spin- and layer-resolved (a) density of states and (b) density of scattering
states of parallel Mo-MTJ on the transmission peak of k| = (0.526,0.900).

amplitudes. Note that hot spots are very sensitive to the interface roughness and
the symmetry of junction.[] From this perspective, an ideal symmetric MTJ would
strengthen TMR effect.

Figure @ validates our discussions on interfacial resonant states. Density of
states (DOS) and density of scattering states (DOSS) of Mo-MTJ projected on k) =
(0.526,0.900) are shown in Figs. @(a) and (b), respectively. Fig. @(a) shows that

in Mo layers, the majority-spin and minority-spin DOS overlap since Mo is nonmag-
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netic. The minority-spin DOS are strongly localized at both CoFe/MgO interfaces,

indicating the existence of interfacial resonant states which yield huge wavefunction

amplitudes. Figure @(b) presents DOSS at k) = (0.526,0.900), where transmission

coefficients are T;C = 1.28 x 107® and Tlﬁc = 0.8991, respectively. It shows that

the majority-spin DOSS decay rapidly, while the minority-spin DOSS present negligi-

ble attenuation, verifying the occurrences of interfacial resonant states and resonant

tunneling transport.
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Figure 3.7: Non-equilibrium transport properties. The left column is for Mo-MT/J,
and the right column is for [r-MTJ. (a) and (d) are the currents in PC. (b) and (e)
are the currents in APC. (c) and (f) are the TMRs.
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3.3.4 TMR under bias

Figure @ presents TMR in non-equilibrium states, where TMR = %, Ipc =
Lo + Ihg, and Iape = Thpo + Iipo. The left column is for Mo-MTJ, while the right
column is for Ir-MTJ. It can be observed that IIT)C, IZPC and IXPC are rising with
increasing bias, while Ilﬁc and TMRs decline with increasing bias. Compared with
the value at equilibrium state, TMR of Mo-MTJ is reduced by 30% at bias of 50 mV,
and that of Ir-MTJ is reduced by 18% at bias of 50 mV. The falling TMR can be
partly attributed to the decline of minority-spin current in PC. Since I%’C is mainly
contributed by the interfacial resonant states which would be greatly impacted and

destructed by the bias condition, Ilﬁc decreases in both Mo-MTJ and Ir-MTJ with

rising bias, leading to the reduction of Ipc and TMR.

3.4 SHE of HMs and alloys

In this section, we will discuss SHE of HMs which can induce SOT and achieve switch-
ing of MTJ. Since the spin Hall conductivity of Ta and W has been reported, 81, 132]
we investigate the SHC of HMs including Mo and Ir, as well as the realization of SHC

enhancement through substitutional doping.

3.4.1 SHC of Mo

Figure @ shows the energy-resolved SHC of Mo metal, inset is the primitive cell we
used in calculations. By tuning the position of Fermi energy, SHC changes a lot in
both magnitude and sign. Figure @ shows that SHC of Mo is negative, to be exact,
SHC = —412 (h/e)S/cm at Er. There is a small peak near the Fermi energy, i.e. SHC
= —841 (h/e)S/cm at E = Er —0.3 eV. Moreover, a larger SHC up to 1230 (f/e)S/cm
can be found at £ = Er + 3.82 eV.
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Figure 3.8: Energy-resolved SHC of Mo metal, inset is the structure of primitive cell.

To elucidate the underlying mechanism of the of SHC, we show the band structure
projected by spin Berry curvature. We firstly introduce the concept of spin Berry

curvature. The Kubo formula for SHC calculation is given by [133, [134]
AL 33)
0., = ——F :
vz h VN} - yRRe
where the k-resolved term is the spin Berry curvature. It is defined as

and the band-projected spin Berry curvature term is

_21m[<nk|§{&m,@y}\mkxmk!@z\nkﬂ_

(Enk: - Emk)2

(k) =1 (3.5)

m#n

We discuss SHC in the aspect of the spin Berry curvature, Qf (k). Figure @

presents analyses of spin Berry curvature of Mo. Figure @(a) shows the band-
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Figure 3.9: Analyses of spin Berry curvature of Mo. (a) Band-projected spin Berry
curvature. Colorbar indicates the amplitude of spin Berry curvature in the log scale
defined as Eq. @ Two black dashed horizontal lines denote energy points £ = Ep
and £ = Er — 0.3 ¢V. (b) and (c) present the amplitudes of spin Berry curvatures
at ¥ = Fr and E = Er — 0.3 eV, respectively. (a), (b), and (c) are along the same
k-path.

T
n,Yz

projected spin Berry curvature QF , (k), in the log scale as defined as

sgn(z)lg|z|, |z| > 10,
result = (=) lglel. o] (3.6)

6 |z| < 10.
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Several high-symmetry points are selected to present the k-resolved contribution to
SHC. Figure @(a) presents that the spin Berry curvatures are relatively small at Ep
shown by the green color. At the energy £ = Er — 0.3 eV, the positive contributions
along W-L path are reduced, since SHC is the integral over occupied bands. Thus,
the negative SHC increases to —841 (h/e)S/cm. Figures @(b) and (c) present more
intelligible results, i.e. the amplitudes of spin Berry curvature at different energy
points. It can be observed that spin Berry curvatures along the k-path are widely
negligible except some peaks. Figure @(b) illustrates that at F = Ef, the spin Berry
curvature along W-L is positively large, and positive contributions occur along I'-X
and W-I", originating from the valence bands close to Ep. Figure @(c) shows the
spin Berry curvature at £ = Er — 0.3 eV. It has a negative peak along L-I". More
intriguingly, contributions along I'-X and W-I' turn to be negative, reinforcing the

negative SHC of Mo.

(a) U (b)

Figure 3.10: The spin Berry curvature in 2D slices of k, = 0 in BZ for oy, SHC of Mo.
(a) Slice at £ = Ep. (b) Slice at F = Er — 0.3 €V. The color bar indicates the term

is in the log scale defined as Eq. @ r (0,0,0), L (%, 0, 0), and X (%, \/?5, 0) are
employed as high symmetry points.

To present a more visual picture on the spin Berry curvature of Mo, we display the

spin Berry curvature on the 2D slice of k, = 0 in BZ. The slice crosses high-symmetry
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points of I', L and X. Figure (a) shows the result at £ = Fr and Fig. (b)
is for & = Er — 0.3 €V. The red and blue colors on slices illustrate the positive and
negative spin Berry curvatures, respectively, and black lines denote the intersections
of 2D slice and Fermi surface. Figure (a) presents that most regions of the slice at
Er are shown by the white color, manifesting the negligible magnitude of spin Berry
curvature. Some parts contributing negatively are shown in blue. Figure (b) shows
that at £ = Er—0.3 eV, although some positive regions appear, the negative fractions

augment, leading to a negatively large SHC of Mo.

3.4.2 SHC of Ir

Figure shows the energy-resolved SHC of Ir metal, inset denotes primitive cell.
SHC at Fermi energy is 403 (h/e)S/cm. An SHC peak occurs at E = Ep +0.84 €V,
where SHC reaches up to 2056 (i/e)S/cm. By lowering the position of Er, SHC can
become negative to be —1713(h/e)S/cm at £ = Ep — 4.42 eV and —1577 (h/e)S/cm
at B = Ep —3.74 €V.

2000

T

N

o

o

o
L]

SHC [(h/e) S/m]

-1000

-2000

2 . 4 . 6 l 8
E-E.(eV)

T
Opf = === =@ = = = = -
1

8 -6 -4 -2

Figure 3.11: Energy-resolved SHC of Ir metal, inset is the structure of primitive cell.
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Figure 3.12: Analyses of spin Berry curvature of Ir. (a) Band-projected spin Berry
curvature. Colorbar indicates the amplitude of spin Berry curvature in the log scale
defined as Eq. @ Two black dashed horizontal lines denote energy points £ = Ep
and F = Er + 0.84 ¢V. (b) and (c) present the amplitudes of spin Berry curvatures
at £ = Fp and F = Er + 0.84 eV, respectively. (a), (b), and (c) are along the same
k-path.

Figure presents analyses of spin Berry curvature of Ir. Figure (a) shows

that the spin Berry curvature is relatively small at Er, however, at the energy E =
Er + 0.84 eV, positive spin Berry curvature occurs at X point as shown by the red

color. This can be attributed to the strong spin-orbit splitting at X point. When the
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energy is shifted to £ = Er 4 0.84 eV, double degeneracies lifted by the SOC can be
observed at the X point in Fig. (a), further inducing to the large SHC of 2056
(h/e)S/cm. Figures (b) and (c) visually illustrate that most spin Berry curvatures
are negligible along the k-path, except the regions around L and X points. Figure
(b) shows that at £ = Er, the spin Berry curvature at L point is negative. The
reason can be attributed to the valence band close to Er at L point, as shown in blue
color in Fig. (a). The spin Berry curvature around X point varies, especially at
points where bands cross Ep. Figure (c) shows the spin Berry curvature term at
E = Er+0.84 eV. At L point, spin Berry curvature turns to be positive, and dramatic

changes occur around X point owing to the bands with strong spin-orbit splitting.

(&) I I2

L r L

Figure 3.13: The spin Berry curvature in 2D slices of k, = 0 in BZ for o, SHC of
Ir. (a) Slice at E = Ep. (b) Slice at E = Er + 0.84 ¢V. The color bar indicates the

term is in the log scale defined as Eq. @ I (0,0,0),L (3 0 0),and X (3, ‘/?5, 0)
are employed as high symmetry points.

Figures (a) and (b) show the 2D slices of spin Berry curvature of Ir at £ = Ep
and F = Er + 0.84 eV, respectively. Figure (a) shows that around X point,
the spin Berry curvature exhibits dramatic changes, and the trade-off of positive and
negative contribution leads to the vanishing SHC. Moreover, at L point, the spin

Berry curvature is negative, shown by the slightly blue color. When the Fermi energy
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is elevated by 0.84 eV as shown in Fig. (b), the spin Berry curvature around L
point turns to be positive as shown by the red color. This variation is corresponding
to the projected band structures in Figs. (b) and (c), where the sign of spin Berry
curvature at L point is reversed by the shift of Er position. Besides, the positive
contribution expands and strengthens, whereas the negative regions disappear around
L point, resulting in the enhancement of positive SHC, i.e. from 403 (h/e)S/cm at
E = Ep to 2056 (h/e)S/cm at E = Ep +0.84 eV.

At the end of this section, we summarize and compare spin Hall properties of
several HMs. Table El] presents the calculated SHC and observed SHA of different
HMs. It is noticeable that Pt has the highest SHC among all HMs. In fact, the peak of
Pt SHC is exactly located at Ef,[135] resulting in an SHC as high as 2200 (h/e)S/cm.
Attracted by the inspiring theoretical result, people devote to the SHE experiments of
Pt, and report a 0.076 SHA of Pt.[77] The relatively small SHA is owing to the superior
electrical conductivity of Pt. Besides, 8-W has an SHC of —1255 (fi/e)S/cm,[132] as
well as an SHA reaching up to 0.30£0.02 due to its low electrical conductivity.[86] It
has been reported that the SHA of -Ta is in the range of 0.12-0.15,[71] and the SHA
of Ir is 0.02£0.005.[87] Later on, attributed to the SHE and exchange bias, the field-
free SOT switching has been achieved based on Ir layer,[[113] illustrating the potential
to realize SOT MTJ with Ir metal.

Table 3.1: Spin Hall properties of different HMs. SHC is the calculated value at Ep,
SHCyax is the peak value of SHC, both are in the unit of (h/e)S/cm. Energy is the
position where SHCy;ax occurs, in the unit of eV. SHA is the result of experiments.

HMs Pt[77, 135]  5-W[R6, 132]  B-Ta[rl], 81] Mo Ir[87]

SHC 2200 —1255 —389 —421 403
SHC\ax 2200 —1565 —2055 1230 2056
Energy Er Er—04 Er+1.24 Er+382 Ep+0.84

SHA 0.076 0.30+0.02 0.12-0.15 - 0.02+0.005
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3.4.3 SHC optimization through doping

Figure 3.14: Atomic structures of Ir;_,Pt, or Ir;_,Au, alloys. (a) x = 0.125. (b) =
= 0.25. (c) x = 0.375. (d) = = 0.5.

Efficient SOT switching requires the HMs with superior spin Hall properties, thus,
the method to optimize SHC and SHA has great significance. Previous work has
verified that substitutional doping is an effective method to achieve SHC optimiza-
tion.[] Through analyzing the SHC outlines of Mo and Ir, we conclude that it is
more promising to improve the SHC of Ir, since the SHC peak of Ir is higher and
closer to Ep, i.e., 2056 (h/e)S/cm at E = Er + 0.84 €V. It is quite probable to tune
the SHC of Ir with substitutional Pt or Au atoms, since the element Pt has one more
electron than Ir, and Au has two more electrons than Ir. Substitutional atoms with
more electrons would elevate Er and then enhance the SHC of Ir alloys.

Based on this idea, we built a 2 x 2 x 2 supercell of Ir, and replaced part of Ir atoms
by Pt or Au atoms. Atomic structures are shown in Fig. where periodic boundary
conditions are satisfied. We calculated SHC of Ir alloys with varying components and
present results in Fig. , where the SHC of Ir metal is set as references in the top

subfigures. Results in the left column illustrate that for the Pt doping, the SHC is
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Figure 3.15: SHC of Ir alloys. Left column is for Ir;_,Pt, alloys and right column is
for Ir;_,Au, alloys. x = 0.125, 0.25, 0.375, 0.5, respectively. SHC of pure Ir metal is
given for references. Values in subfigures indicate the SHC at Ep.

rising with increasing Pt component, since the SHC peak is approaching to Er. A more
inspiring result can be found in Au-doped alloys, where Irg75Aug.o5 alloy presents an
SHC reaching up to 1475 (i/e)S/cm, more than three times as large as the SHC of pure

Ir. Considering that doping would probably increase the resistivities of metals,[136]

large SHAs can be expected in Pt-doped and Au-doped Ir alloys.
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We discuss the SHC of Irg75Aug .25 alloy briefly. Figure presents the analyses
of spin Berry curvature. A complicated band structure of Irg75Augo5 has been pre-

sented in Fig. (a), where many bands cross Ep, leading to rapid changes of spin

Figure 3.16: Analyses on SHC of Irg75Aug25. (a) Spin Berry curvature projected on
the band structure. (b) Amplitudes of spin Berry curvatures at £ = Ep. (c) The
spin Berry curvature term in slices of the BZ at k, = 0 for Ty SHC of Irg75Aug.05 at
E=Fr.
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Berry curvatures as shown in Fig. (b) Figure (c) shows that most fractions
contribute positively to SHC. Regions around I' point make dominant contributions
to SHC, while other regions exhibit variations in both amplitudes and signs. Through
comparing Fig. B.16(c) with Fig. (a), we can find that 25% Au concentration
makes great difference, since it not only alter the electronic band structure, but also

tune the position of Fermi energy.

3.5 Summary

Plenty of experiments have reported that heavy metals could modulate performances
of MTJs. However, theoretical works on intrinsic influence caused by HMs remain
inadequate. To reveal the intrinsic mechanism and provides guidelines to experiments,
we theoretically studied the TMR and SHE in MgO-based MTJs with different heavy
metals.

We firstly designed symmetrical MTJs with different HMs including Ta, W, Mo,
and Ir, which are used as capping and bottom layers. Ab initio calculations manifest
that HMs can greatly impact the spin-dependent conductance as well as the subse-
quent TMR. Compared to Ta, both W and Mo are desirable candidate for high TMR.
More intriguingly, Ir-MTJ exhibits remarkable TMR effects thanks to its high Gpc
and ultralow Gapc. Diverse transmission channel spectra of different materials are
presented. Spin-resolved transmission spectra show that in PC, the majority-spin
transmission peaks occur in all MTJs except Mo-capped MTJ. Analysis of projected
band reveals the absence of Ay band crossing Er in Mo metal, explaining the disap-
pearance of the centered transmission peak. Meanwhile, the minority-spin channel in
PC is dominated by the interfacial resonant states, which attenuate slightly in the
tunneling transport. The voltages applied on MTJs reduce TMR ratios, partly due to

the destruction of resonant tunneling in the minority-spin channel of PC.
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After that, we investigated SHC of heavy metals since SOT can be induced by
spin Hall effect. SHC of Mo and Ir metals have been presented. Mo has an SHC of
—412 (h/e)S/cm at Ep. SHC of Ir is 403 (h/e)S/cm at Er, and 2056 (h/e)S/cm  at
E = Er +0.84 eV. We analyzed SHC in the aspect of spin Berry curvature. After
the examination, we find it is promising to optimize the SHC of Ir by doping using
substitutional Pt or Au atoms. Substitutional atoms with more electrons can elevate
the position of Er and then enhance SHC in Ir alloys. We studied the SHC of Ir;_,Pt,
and Ir;_,Au, alloys, where x = 0.125, 0.25, 0.375, 0.5, respectively. It turns out that
Irg 75Aug o5 can realize an SHC of 1475 (h/e)S/cm, over three times as large as the
SHC of Ir metal. The result demonstrates that substitutional doping is an effective
way to improve SHC, hence raising the efficiency of SOT switching. Works above
clarify the TMR and SHE modulations induced by heave metals, providing guidelines

on the choice of heavy metals to optimize MTJ performances.



Chapter 4

MTJ based on vdW heterojunction

4.1 Introduction

Despite great achievements, MgO-based MTJs are facing the challenge induced by 2%
lattice mismatch at the ferromagnet/insulator interface.[37] This obstacle, which is
harmful to the material crystallization and the device performance, has become the
bottleneck in MTJ development. On the other hand, the emergence of vdW materials
removes the concept of lattice mismatch in vdW heterojunctions, where vdW materials
are vertically stacked without in-plane lattice limitation.[53-b5] In this way, diverse
functionalities can be integrated into one heterostructure through stacking vdW mate-
rials, enabling various possibilities of devices. Many experimental works have reported
vdW MTJs in the thickness of atomic scale.[60-65] However, although giant TMR ef-
fects have been observed at ultralow temperature, the absence of room-temperature
TMR hinders the practical applications of vdW MTJs. Besides, the conventional mag-
netic field switching of vdW MTJs [64, 65] impedes the miniaturization of devices. To
fill the vacuum of applicable vdW MTJ, in this chapter, we will discuss the vdW MTJ
working at room temperature as well as the possibility to switch vdW MTJ using

SOT.

60
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4.2 TMR in MTJ of VSes/MoS;, heterojunction

The intrinsic room-temperature ferromagnetism has been observed in VSe, monolayer
grown on MoS, substrate by molecular beam epitaxy.[59, 137] Inspired by the progress
in experimental works, we design the vdW MTJ on basis of VSe,; /MoSs heterojunction

and study its transport properties.

4.2.1 Atomic model and method

Two vdW MTJs based on ferromagnetic VSe, monolayers are proposed. Figure @(a)
shows the 1T VSes/1H MoSs/1T VSey, MTJ, which is abbreviated as MT MTJ in
the following. MoS, in 1H phase is used as the tunnel layer with the bandgap of
1.9 eV.[138] The VSey in 1T phase is employed as the ferromagnetic layer. Since
the magnetization of VSes decays with the increasing layer number,[59, 139] we only
study the VSe; monolayer in this work. MoS, is a good substrate for uniform growth
of VSey,[p9] thus the VSes/MoS, heterojunction is highly feasible in experiments. For
MT MTJ, we define the PC (APC) as the bottom VSe; monolayer having the parallel
(anti-parallel) magnetized orientation relative to the top VSe, monolayer, i.e. the
bottom VSey; monolayer is the free layer.

Besides, we design another vdW MTJ using 1H VSe; to be the tunnel layer as
shown in Fig. @(b), with the abbreviation of VI MTJ. For VT MTJ, we define the
PC (APC) as the 1H VSe, tunnel layer holding the parallel (anti-parallel) magnetized
orientation relative to the other two 1T VSe; monolayers, namely, 1H VSe, is the free
layer. Since 1H VSey is the magnetic semiconductor,[140] we expect that both tunnel
transport and spin filtering would happen in VT MTJ, as well as the subsequently
high TMR. Apart from the basic MTJ structure, the metallic vdW material, 1T phase
MoS, layers are adopted as the electrodes above and below MTJs. For both MTJs,

the tunneling transport is along x direction.
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Figure 4.1: Atomic models of (a) 1T VSes/1H MoSs/1T VSey MTJ (abbreviated as
MT MTJ) and (b) 1T VSey/1H VSes /1T VSey MTJ (abbreviated as VI MTJ). Green
arrows illustrate the magnetized orientation. Role of every layer is shown in the right
side.

The structure optimizations were performed using VASP, with the optB88-vdW
functional and the Hubbard Uy = 1.0 €V on d orbital of V element.[141] Energy
cutoff of 520 eV, k-mesh of 1 x 21 x 21, and maximum force convergence criterion of
0.01 eV/A were adopted. The in-plane lattice constant is fixed to 3.35 A[] In MT
MTJ, the distance between 1T VSe, layer and 1H MoS, layer is 3.067 A. In VT MTJ,
the distance between 1T VSe, layer and 1H VSe, layer is 3.234 A. Both MTJs are

symmetrical to keep the most stable interfacial configurations.
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The electrical transport properties were calculated using OpenMX package.[143—
145] The pseudoatomic orbitals are specified by V8.0-s2p2d1, M09.0-s2p2d1, Se8.0-
s2p2, and S8.0-s2p2. A Hubbard term on the d orbital of V was considered with U =
1.0 eV. The energy cutoff was set to be 3000 eV. The self-consistent calculations were
performed using k-mesh of 1 x 21 x 21, and the transport properties were calculated
with k-mesh of 1 x 150 x 150.

We calculated the intrinsic spin Hall conductivity of MoSs using the same method
as introduced in Sec. @ The plane-wave cutoff energy was 600 eV. A k-mesh of
6 x 16 x 16 was used in self-consistent calculations, and a dense k-mesh of 200 x200x 200
with adaptive mesh refinement was employed for SHC computations. GGA-PBE was

used in all calculations.

4.2.2 Spin-resolved transmission

Table 4.1:  Spin-resolved conductance and TMR ratios at the equilibrium state in MT
MTJ and VT MTJ. The temperature condition is set to be 300 K, and the conductance
is in the unit of 107°¢?/h.

MTJs Ghe Gpe Glpo Gipo TMR (%)
MT MTJ 225 45 111 111 22
VT MTJ 69 182 34 9 484

We calculated the spin-resolved conductance and TMR of both MT and VT MTJs
at the equilibrium state and 300 K temperature, results are presented in Table [1! The
TMR in MT MTJ is only 22%, however, the VT MTJ presents a much remarkable
TMR up to 484%. In both MTJs, the conductance has a comparable scale in PC,
while the conductance varies a lot in APC. Distinctly, G}p = 1.11 x 1073 ¢2/h in MT
MTJ is over one magnitude larger than GXPC =9 x107° ¢2/h in VT MTJ. As the

TMR ratio is inversely proportional to Gapc, low Gapc results in high TMR in VT
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MTJ. We attribute the low Gapc to the effective spin filtering in APC of VT MTJ,
where VSe, trilayer is stacked in anti-ferromagnetic ordering, blocking spin transport

especially for the minority-spin states.

i l
Tre Tec

MT MTJ

VT MTJ

Figure 4.2: Spin- and kj-resolved transmission spectra. (a)-(c) are for MT MTJ and
(e)-(h) are for VT MTJ. (d) is the Fermi surface of 1T MoS, electrode, projected on
k, = 0 in BZ. The color bar denotes the transmission scale.

Although VT MTJ can realize high TMR ratio at equilibrium state, it is not feasible
for the SOT switching, since the free layer of VI MTJ is in the middle of junction
instead of adjoining the bottom layer, incompatible to the conventional SOT device.
We may make the bottom 1T VSe; ferromagnetic layer as the free layer of VI MTJ,
but the double spin filtering effect would vanish, further impairing TMR.. Consequently,
we consider to analyze and improve the low TMR ratio in MT MTJ. To present more
details of conductance, we plot the kj-resolved transmission spectra. Figures @(a)—
(h) show the transmission spectra in different spin channels in both MT and VT MTJs

except for Fig. @(d), which is the Fermi surface of 1T MoS, electrode, determining



4.2. TMR in MTJ of VSe;/MoS, heterojunction 65

the outlines of the transmission spectra. Figure @(a) shows that in the majority-spin
channel in PC of MT MTJ, a peak, with the maximum transmission coefficient of
TITDC = 0.16 at I" point, results in the high conductance GITDC. Due to the symmetrical
structure of MT MTJ, the transmission spectra of TLPC and TKPC is identical at
equilibrium state, so we only show the TRPC in Fig. @(c) In APC of MT MTJ, a
sharp peak, with TTAPC = TXPC = 0.57 at " point, occurs as shown by the deep red
color and leads to the high conductance Gl p, = Gipe = 1.11x 1073 €2/h in MT MTJ.
On the other hand, for VT MTJ, a remarkable broad peak of T%’C can be observed in
Fig. @(f), resulting in the high conductance G, = 1.82 x 1073 ¢2/h in VT MTJ.
Due to the double spin filtering effect in VT MTJ, the transmission in minority-spin
channel of APC is negligible, as shown in Fig. @(h) For example, TXPC =1.19x1074
at I' point. Based on discussions above, we conclude that the low TMR ratio in MT
MTJ can be attributed to the ultrahigh Tapc, such as TRPC = TXPC =057 at I’

point.

4.2.3 Quantum-well states

To understand the unusual transmission coefficient and clarify the APC transmission,
we present the minority-spin transmission analysis at I point for APC of both MT
and VT MTJs, where TXPC = 0.57 and 1.19 x 1074, respectively. The analysis of
wavefunction components indicates that the s and p, orbitals in S and Se atoms,

as well as the s, p,, d,2_2 and d, orbitals in Mo and V atoms, make the dominant

Y
contribution to the transmission, especially d orbitals. The shapes of p, orbitals in
S and Se atoms can be observed by the wavefunctions in Figs. @(b)—(d), as well
as the d, orbitals in Mo and V atoms. Figure @(a) shows the transmission versus

energy curve of MT MTJ. The transmission peaks of both spin components locate

approximately at Ep, at £ = Er — 0.02 eV to be exact. The transmission coefficient
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Figure 4.3: Spin-resolved transmissions and resonances of Tapc at I' point for MT
MTJ. (a) Transmission coefficients versus energy. (b) Transmission eigenchannel wave-
functions of minority-spin states at Er. (c) and (d) are transmission eigenchannel wave-
functions of the majority- and minority-spin states, respectively, at £ = Er — 0.02
eV. Green dashed lines present the position of Er. Red and blue dot lines indicate the
energy levels of quantum-well states.

at Epis T XPC = 0.57, which is extraordinarily high for tunneling transport. Figure
@(b) shows that eigenchannel wavefunctions localize at the left VSe; and the middle
MoSs layers. Considering the high transmission and wavefunction localization, we infer
that the quantum-well resonances arise in MT MTJ. Because of the weak interlayer
interaction and the strong intralayer covalent bond, quantum-well resonances are very
likely to occur in vdW heterojunctions.[@, ] Quantum-well states are reflected
back and forth, forming a standing wave pattern and resulting in the localization
of wavefunctions as well as the transmission probability close to unity. The bottom
panel of Fig. @(b) gives a more intelligible picture on resonances by the schematic

plot of the potential profile. Close to Ep, the energy levels of quantum-well states

in the left VSe; and the middle MoS, layers match with each other, resulting in the
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resonances, as well as the intense localization and ultrahigh transmission. Moreover,
we studied the transmission at £/ = Er — 0.02 eV and present the majority-spin and
minority-spin results in Figs. @(c) and (d), respectively. Stronger resonances of
both spin components can be observed at the energy point £ = Er — 0.02 eV where

transmission TXPC = TXPC =0.91.
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Figure 4.4: Spin-resolved transmissions and resonances of Tapc at [' point for VT
MTJ. (a) Transmission coefficients versus energy. (b) Transmission eigenchannel wave-
functions of minority-spin states at Ep. (c¢) Transmission eigenchannel wavefunctions
of majority-spin states at £ = Er — 0.15 eV. (d) Transmission eigenchannel wave-
functions of minority-spin states at £ = Er — 0.36 eV. Green dashed lines present
the position of Er. Red and blue dot lines indicate the energy levels of quantum-well
states.

Figure Q(a) shows the energy-resolved transmission for VI MTJ. Two peaks
deviate from the Ep, as Thpo = 0.95 at E = Ep — 0.15 ¢V, and Ty, = 0.94 at
E = Er—0.36 €V. Due to the rapid attenuation, the transmissions at Fr for both spins

are negligible, and it turns out that TXPC = 1.19 x 10~* at Ep. Figure @(b) shows

the minority-spin eigenchannel wavefunctions for VI MTJ at Ep. It can be observed
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that the incoming wavefunctions decay along the transport z direction. Note that for
minority-spin states, both the left 1T VSe, and the right 1T VSe, have the prohibitive
magnetization, this spin filtering effect results in the negligible transmission. We
plot the diagram of potential profile in the bottom panel of Fig. Q(b) Due to
the mismatch in energy levels of quantum-well states, no resonance happens and the
wavefunctions attenuate rapidly along the transport direction. However, the majority-
spin transmission peak at £ = Ep — 0.15 eV and the minority-spin one at £ =
Er—0.36 €V can be explained by the resonance. Figure @(C) shows the eigenchannel
wavefunctions for majority-spin states at £ = Ep — 0.15 eV with the transmission
coefficient T;PC = 0.95 at I" point. In the VSe; trilayer, quantum-well states match in
energy, leading to the resonances and high transmission at this energy point. Figure
@(d) shows the eigenchannel wavefunctions for minority-spin states at £ = Er—0.36

eV, discussions are omitted here.
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Figure 4.5: Square amplitudes of wavefunctions of transmission states at K’ point in
PC of MT MTJ.

To emphasize the importance of resonances, we take MT MTJ as an example to

present the non-resonant transmission at kj = (0.283,0.283), which is named as K'.
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It can be read out in Fig. (a) that TIDC = 9.5 x 1073 at K', relatively high for
tunneling transport. The square amplitudes of wavefunctions at K" are shown in Fig.
@. Different from the quantum-well states, wavefunctions at K’ point decay along the
transport direction without electron localization effect, and the minority-spin states

decay much faster than the majority-spin states, resulting in a negligible transmission

of Tpe = 3.8 x 107,

4.2.4 Non-equilibrium transport

Discussions above illuminate that the quantum-well resonances play an important role
in the equilibrium transport. However, non-equilibrium transport tells another story.

At the non-equilibrium state, the current is calculated as the integral

L= [ TB)SE = m) - £(E - m)laE. (4.1

where f is the Fermi-Dirac statistics, p; and ps are the electrochemical potentials of
the left and right contacts, respectively. Since the quantum-well resonances generally
occur at certain levels, they have limited influence on the current which is an integral
of transmissions in the bias window. The APC transmission spectrum of MT MTJ in
Fig. @(a) shows that there is almost no transmission above Er. To reduce the current
in APC and improve TMR, we applied the positive bias to MT MTJ and calculated
the non-equilibrium transport properties. As a reference, non-equilibrium transport
in VI MTJ was also studied.

Figure @ shows the spin-resolved current and TMR ratio under electric field. Here
we define that TMR ratio = % x 100%. We observe that in both MTJs, PC cur-
rents rise with increasing bias, and majority-spin current is larger than minority-spin
current, as shown in Figs. @(a) and (d). However, APC currents behave distinctly
in MT and VT MTJs. Figure @(b) shows that in MT MTJ, both majority-spin
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Figure 4.6: Non-equilibrium transport properties at 300 K. The left column is for M'T
MTJ while the right column is for VT MTJ. (a) and (d) are the currents in PC. (b)
and (e) are the currents in APC. (¢) and (f) are the TMR ratios.

and minority-spin currents in APC remain almost unchanged with increasing bias,
while APC currents in VI' MTJ rise with increasing bias, as shown in Fig. @(e).
Consequently, in MT MTJ, TMR augments with the increasing bias because of the
changeless APC current, as shown in Fig. @(c) Meanwhile, TMR in VT MTJ de-
clines due to the enhancement of APC current with increasing bias, as shown in Fig.

@(f) At the bias of 0.5 V, MT MTJ presents a TMR of 846%, which is a considerable

result for the room-temperature application.
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Figure 4.7: Spin-resolved Tapc under varying bias. The left column is for MT MTJ
and the right column is for VT MTJ. (a) and (d) present the result of 0.1 V bias. (b)
and (e) present the 0.3 V bias. (c) and (f) present the 0.5 V bias. Bias windows are
shown by vertical green dashed lines.

Since the current is obtained by integrating transmission with respect to energies in
the bias window, we turn to the analysis of the energy-resolved transmission spectra
of APC under varying bias. APC transmission spectra of MT and VT MTJs are
shown in Fig. @, where transmission is the integration over all k| points in BZ.
We find that the transmission spectra of MT MTJ are almost changeless in all bias
windows where the transmission coefficients approximate to zero. In the equilibrium
state, the resonances at I' point make the wavefunctions intensely localized. Affected
by the bias in non-equilibrium states, the resonances move out of the bias windows

and result in suppressed currents. On the other hand, majority-spin states dominate

in the transmission of VT MTJ. With the rising bias, more majority-spin transmission



4.2. TMR in MTJ of VSe;/MoS, heterojunction 72

MT MTJ VT MTJ

[ (a) —m— Majority spin | (d) —#— Majority spin
. | e Minority Spin L BN 22 Minority Spin
< 107¢ -
g | :
g ! !
S 10°F -
O L L

10 . P ? ................ ? ................ ? ................ ? I I I . .

(b) —#— Majority spin (e) —#— Majority spin
107 @ Minority spin | @~ Minority spin
< ] i
=
()
=
S
&)

)
—
N
o
o

L]
T

N
o
o

L)

L)

|

0 1 1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 04 0.5 0.1 0.2 0.3 0.4 0.5

Bias (V) Bias (V)

Figure 4.8: Non-equilibrium transport properties at 100 K. The left column is for MT
MTJ while the right column is for VI MTJ. (a) and (d) are the currents in PC. (b)
and (e) are the currents in APC. (c¢) and (f) are the TMR ratios.

peaks enter into the bias window and contribute to the current. Due to the effective
spin filtering, the minority-spin transmission is suppressed in all of the bias windows.
Combining the majority-spin and minority-spin currents together, we get the total
current of APC, which increases with bias in VT MTJ. Analyses above explain the
different behaviors of APC currents in MT and VT MTJs, explaining the subsequent
TMR ratios.
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Apart from the calculation at 300 K temperature, we present the calculation at
100 K temperature in Fig. @ It worth stressing that a TMR ratio up to 1277% can
be observed in MT MTJ, and the TMR enhancement is attributed to the decline of
APC current at 100 K. Consequently, similar to that in the traditional MgO-based
MTJ,[37, B8] the TMR ratio in vdW MTJ can also be enhance by the temperature

decline.

4.2.5 Concept of SOT vdW MTJ

The magnetic field switching of vdW MTJs [64, 65] impedes the device miniaturization,
while the STT switching is not recommended due to the low spin polarization of 1T
VSes.[147] Thus, we consider the possibility to realize SOT switching in the vdW
MTJ. Recently, SOT switching of Fe3GeTe, magnetization has been observed in the
Fe3GeTey /Pt bilayer thanks to the SHE in Pt.[[148, 149] Compared to the conventional
SOT devices, high SOT efficiency has been found in the FezGeTey/Pt bilayer, and
the efficiency enhancement is attributed to the atomically flat surface which provides
excellent interface and Based on works above, we put forward the concept of SOT
vdW MTJ, as shown in Fig. @(a). When the writing current is injected into the
bottom 1T MoSs electrode, the spin current occurs along the vertical direction with
the in-plane spin momentum, which can be used to switch the magnetization of the
VSe, layer adjoining to the bottom MoS, layer. To explore the strength of SHE,
we study the intrinsic spin Hall conductivity of 1T MoS,. Results are shown in Fig.
@(b) Although the SHC at EF is limited to —34 (h/e)S/cm, SHC at £ = Er — 2.0
eV reaches up to 400 (h/e)S/cm, illustrating that gate voltage control can help to
improve SHC and realize the SOT switching of vdW MTJ.
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Figure 4.9: Concept of SOT vdW MTJ. (a) The atomic schematic diagram of SOT
MTJ including the bottom layer, which is composed of 1T MoS, in MT MTJ and used
for SOT switching. The blue arrow indicates the writing current, green and purple
arrows in VSe, layers denote the magnetized orientations, and the small arrows in black

and white represent the spins of electrons originating from SHE. (b) Energy-resolved
SHC of the 1T MoS, in bulk.

4.3 SHE of semimetals MoTe, and WTe,

Since the SHC of MoS, requires the enhancement via the gate voltage, we consider if
we can find a material which has the intrinsic high SHC at Er. WTe, attracted our at-

tention due to its extraordinary SOT performance. Experimental works have reported
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that WTey/permalloy (Py) device can produce an out-of-plane anti-damping torque
when the current is applied along a low-symmetry axis. This is due to the absence of
twofold rotational symmetry in WTe, /Py bilayer.[[150, 151] Moreover, the anisotropic
enhancement of SOT in WTey/Py device has also been observed in experiments.[152]
Works above trigger a motivation to explore the SHE of WTe,. More intriguingly, it
is expected to discover large SHA in WTe, which is the semimetal with low electrical

conductivity.

4.3.1 Atomic model and method

We studied the transition-metal dichalcogenide (TMDC) materials including MoTe,
and WTey, both of them are type-II Weyl semimetals with strong SOC and reduced
crystalline symmetry.[153-156] Figure (a) shows the atomic structure of MoTe,
and WTey. The space group is Pmn2; (No. 31), indicating the crystal structure
possesses one mirror plane x = 0 and one glide mirror plane parallel to y = 0, which
respectively transform to k, = 0 and %k, = 0 planes in BZ as shown in Fig. (b)
This crystalline structure can be classified into the mmm magnetic Laue group, which
determines there are six nonzero SHC elements with different magnitudes.[157] Our
calculations employ the atomic structures in previous reports, [153, 158] with the lattice
constants @ = 3.458 A, b = 6.304 A, ¢ = 13.859 A in MoTey, and a = 3477 A, b =
6.249 A, c = 14.018 A in WTe,.

SHC of MoTey, and WTe, was calculated using the same method as the SHC
calculation of MoS, in Sec. @ The plane-wave cutoff energy was 600 eV. A k-point
grid of 12 x 10 x 6 was used in DFT self-consistent calculations, and a dense k-mesh

of 500x500x500 with adaptive mesh refinement was employed for SHC calculation.
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Figure 4.10: (a) Atomic structure of T4-MTey (M=Mo or W). (b) Schematic diagram
of the three-dimensional BZ of MTe,, the high symmetry points are indicated by black
dot lines.

4.3.2 SHC anisotropies

Table @ shows the calculated SHC of MoTey and WTe, at Er. SHC O’ZYB is a third-
order tensor and represents the spin current along « direction generated by an electric
field along § direction, where the spin current is polarized along v direction.[[159]
MoTe; and WTe, exhibit more SHC anisotropies than heavy metals. Generally speak-
ing, heavy metals, such as Pt, Pd, Au, a-Ta, 5-Ta, a-W, 5-W, have C}, symmetry,
which restricts their non-zero SHC as o}, = —0o

, f] However, owing to the special symmetry, both MoTe, and WTe, have

= = g% =gV = —g¥
=o0,, = —o03, =0y, = —0}_[132,

six non-zero SHC tensor elements of different magnitudes. For MoTe,, the maximum

of SHC is o}, = —361 (h/e)S/cm, and 0¥, = 286 (h/e)S/cm is also noticeable. For

Table 4.2: Non-zero SHC tensor elements in MoTe, and WTey at Ep, in the unit of
(h/e)S/cm. SHAp\ax is defined as Eq. @

Semimetals Oy, oz oY, ¥, Ory O SHAMAx
MoTe, —18 45 —88 286 —176 —361 —0.72

WTe,y —44 —44 —61 103 —204 —15 —0.54




4.3. SHE of semimetals MoTe, and W'le, 77

WTe;, the maximum of SHC is o7, = —204 (i/e)S/cm. Compared with SHC in heavy
metals, the SHC in MoTe; and WTe, are considerable.[81], 82, 162] These results will
provide helpful information for the experimental detection of the SHE.[163] We also
calculated spin Hall angle. In Table @, the SHA\ax is defined as

SHAAx = mgx(agﬁ(Ep))/am (4.2)
a’ 77

where max, g, (0} 5(Er)) is the maximum SHC among all six tensor elements at Ep
and o, is the experimental result of charge conductivity. The conductivity of MoTe,
is 1x10% S/cm,[164] and the conductivity of WTey is 7.4x10% S/cm.[165] Calculated
SHA\iax is —0.72 for MoTe, and —0.54 for WTe,. It can be seen that SHAs of MoTe,
and WTe, are larger than the SHA of heavy metal Pt, which is only 0.076 according
to experiments.[166, 167] The superior spin Hall properties in MoTe, and WTe, make

it promising to realize the SOT vdW MTJ.

4.3.3 SHC tensor elements

Figure presents the energy-resolved SHC. In the left panels of Fig. , MoTe,
shows peaks around Er for o;,, 0%, and o7, tensors, as high as —390, 306 and —178
(h/e)S/cm, respectively. The relatively high SHC, with an absolute value over 200
(h/e)S/cm, remains from —0.5 eV to 0 eV for o7,. In the right panels of Fig. {.11,
WTe, exhibits an SHC of o}, = —528 (h/e)S/cm at the energy point of ' = Er—0.094
eV. High SHC around —400 (%/e)S/cm occurs at £ = Ep+0.47 eV for 07, and the 0¥,
value reaches up to 370 (h/e)S/cm at E = Er — 0.048 eV. Discussions above indicate
that tuning the position of Er is an effective way to enhance SHC. Meanwhile, it
has been demonstrated that transition metal doping atoms in the context of layered

TMDC materials can modulate the position of Er, hence improving their performance

and extending their potential for applications.[16§]
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Figure 4.11: SHC tensor elements relative to the energy for (a)-(c) MoTeq and (d)-(f)
WTe,. Different colors represent different anisotropies.

4.3.4 Analysis of spin Berry curvature

To elucidate the underlying mechanism of the enhancement of SHC induced by Ep
shift, we show the band structure projected by spin Berry curvature in Fig. . We
take o7, in WTe; as an example, since it varies a lot and reverses its sign in a small
energy range, from —204 (h/e)S/cm at £ = Ep to 127 (h/e)S/cm at E = Er — 0.09
eV, marked by horizontal green dashed lines in Fig. (b) Figure (a) shows

the band structure projected by spin Berry curvature Q22 (k) with the log scale, and

n7xy
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Figure 4.12: (a) Band structure projected by spin Berry curvature with log scale. (b)
SHC o7, of WTe, versus energy. (c) and (d) are k-resolved spin Berry curvatures at
F = FErand E = Er —0.09 eV, respectively. Identical high symmetry points are used
in (a), (c), and (d).

red (blue) color denotes the positive (negative) contribution of spin Berry curvature.
It illustrates that the negative SHC at £ = Ep is due to the negative contribution
along Z-U and X-T" path. When the energy is shifted by —0.09 eV, positive spin
Berry curvature arises and overwhelms the negative one, resulting in an SHC of 127

(h/e)S/cm. To make it more intelligible, Figs. (c) and (d) show the k-resolved

spin Berry curvature with the log scale. At Ep, the negative spin Berry curvature
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Figure 4.13: The k-resolved spin Berry curvature with log scale in a slice of the
2D BZ at k, = 0 for SHC oZ, of WTey at (a) E = Ep and (b) E = Er — 0.09 eV,

zy

respectively. High symmetry points are I (0, 0, 0), X (0.5, 0, 0), Y (0, 0.5, 0) and S
(0.5, 0.5, 0). Black curves are the intersections of Fermi surface with the slice of BZ.
dominates along Z-U and X-I'" paths. Some sharp peaks are caused by the bands
crossing with Er. When FEf is shifted by —0.09 eV, the negative spin Berry curvature
along X-I" path weakens while the positive one strengthens, especially at the I" point.
As a result, SHC turns out to be positive. Remarkably, the spin Berry curvature varies
dramatically along I'-Z path. In such a case, the method of adaptive mesh refinement
can be effective for efficient convergence of SHC calculation.[]

Figure shows the k-resolved spin Berry curvature projected on the 2D slice of
k, = 0 in BZ. Figures (a) and (b) are the results at £ = EFp and £ = Er — 0.09
eV, respectively. The spin Berry curvature is also in the log scale and red (blue) color
denotes a positive (negative) contribution. It can be seen that the spin Berry curvature

depends sensitively on Fermi energy shift. The sign reverses throughout a large fraction

of the 2D BZ, especially around I' point. Figure (a) shows that at £ = Ep, the
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spin Berry curvature at I' point is close to zero as shown by white color, and the
negative region surrounded by black curves has large magnitude considering the log
scale. At E = Er —0.09 eV in Fig. (b), the spin Berry curvature around I' point
becomes positive as shown by red color. Besides, the positive region expands widely
and strengthens, while the negative region shrinks and weakens. The integration of
spin Berry curvature in 2D BZ results in the reversal of SHC sign, from the negative
one at F = Ef to the positive one at ' = Er—0.09 eV. The above analyses clarify the
mechanism of SHC variation with the position of Er, and shed light on the method to

optimize SHC.

4.4 Summary

Traditional MgO-based MTJ faces the challenge of lattice mismatch, impeding the
improvement of its performances. In this chapter, we propose the MTJ on the basis of
vdW heterojunctions, which can be vertically stacked without the limitation of lattice
match. Previous experiments have verified the room-temperature ferromagnetism of
VSey; monolayer grown on the MoSy substrate. Fully considering the practical imple-
mentation, we proposed the vdW MTJ using VSes/MoSs/VSes stack and studied its
properties.

NEGF-DFT calculations illustrate that at equilibrium state, the APC conductance
of vdW MTJ is considerable, leading to the decline of TMR ratio. Analyses on wave-
functions illustrate that transmission states localize at certain layers, resulting in the
quantum-well resonances and ultrahigh transmission coefficients close to unity. The
bias voltage, which would suppress the resonances, can be an effective method to re-
duce the APC current and enhance the TMR ratio of vdW MTJ. Under the voltage
control, a room-temperature TMR ratio up to 846% can be achieved, as well as a

TMR ratio of 1277% at 100 K.
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We put forward the concept of SOT vdW MTJ, where MoS, is used as the bottom
layer for writing current and SOT switching. We calculated the SHC of MoS,. It
turns out that at Fr, SHC of MoS, is only —34 (h/e)S/cm, and it can reach up to 400
(h/e)S/cm at E = Ep— 2.0 eV. The tunable SHC of MoS, brings the possibility to
realize SOT switching in the vdW MTJ.

To find out the material with intrinsic high SHC at Ep, we investigate semimetals
MoTe,; and WTe,. Superior to MoS,, MoTey exhibits a noticeable SHC of Opr =
—361 (h/e)S/cm at Ep, and WTe, shows an SHC of o7, = —204 (h/e)S/cm at Ep.
Both semimetals exhibit large SHA, which can be attributed to high SHC and low
electrical conductivity of the semimetal. The superior spin Hall properties in MoTes
and WTe, make it promising to realize the SOT vdW MTJ. Intriguingly, because of
the reduced structural symmetry, MoTe, and WTey exhibit unusually diverse SHC
elements of different magnitudes. Analyses of spin Berry curvature have also been
presented to clarify the mechanism of SHC. Investigations above would promote the
practical applications of 2D spintronics devices, and provide new concepts for their

future developments.



Chapter 5

2D spin injection system

5.1 Introduction

2D materials show great potential for the realization of spin logic devices.[99, 169
171] With the characters of massless Dirac fermion and weak SOC, graphene is an
extraordinary material for spin transport in logic devices.[93-95, 98] One of the most
promising applications of graphene is the field effect transistor (FET), which requires
the opening and controlling of the energy gap. However, monolayer graphene remains
zero-gap semimetallic under an external vertical electric field since it has two equivalent
planar sublattices, making it difficult to operate the graphene FET. Great efforts have
been devoted to the research on 2D materials with a controllable energy gap. Thanks
to the successful experimental synthesis,[[172, [173] silicene, the monolayer consisting
of Si atoms, is attracting increasing attention.[174, 175] Similar to graphene, silicene
has the hexagonal structure and the Dirac cone at K point composed by p orbitals of
Si atoms.[[174] Superior to graphene, silicene overcomes the problem of compatibility
with the present silicon-based semiconductor technology.[176] More intriguingly, it has
been predicted that tunable gap can be opened in silicene by applying vertical electrical

field due to its buckling structure.[177, 178] Thanks to the innovation of encapsulated

83
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delamination transfer method, experimentalists successfully prepared a silicene FET,
where a small gap was opened.[[179] Works above demonstrate that it is practical to
exploit silicene as the transport channel and realize the switching functionality of spin-
FET. On the other hand, despite the abundant achievements in graphene spintronics,
the spin device using silicene as the transport channel remains absent. In this chapter,
we will discuss the spin injection system based on silicene as well as its spin-resolved

performance.

5.2 Spin injection in Fe/silicene system

We propose a spin injection system, where Fe(111)/silicene stack acts as the spin
injector, and silicene is used to be the spin transport channel. Through NEGF-DFT
calculations, we revealed the remarkable spin injection efficiency under bias. The
density of states of Fe(111)/silicene stack as well as the energy-resolved transmission

spectra have been analyzed to understand the physical mechanism.

5.2.1 Atomic model and method

The spin transport system is composed of Fe(111)/silicene stack and pure silicene
channel. Figure lS:ll shows its atomic model, Fig. @(a) is the side view, Fig. lil!(b) is
the top view. Fe(111)/silicene stack is the spin injector and generates spin-polarized
current. The pure silicene is the spin transport channel where spin-polarized current
propagates. The spin transport is along x direction, and the scattering length along
the transport direction, excluding left and right electrodes, is 26.74 A. The system
extends periodically in y direction, and the normal direction of silicene plane is z
direction where vacuum layer exists. The unit cell of Fe(111)/silicene stack is shown
in the red box, and the lattice constant is kept to 3.86 A according to the lattice

constant of silicene.[180] Note that the lattice constant of bee Fe is 2.866 A, [131] thus
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Figure 5.1: Diagram of the spin injection system. The black arrows indicate the left
and right electrodes, extending to +oo and consisting of Fe(111)/silicene stack (left
electrode) and pure silicene (right electrode). The center part is the scattering region.
The red box indicates the unit cell of Fe(111)/silicene stack. (a) The side view. (b)
The top view.

the lattice constant of hexagonal Fe(111) section is 2.866 x v/2 = 4.053 A. For the
match between Fe(111) and silicene, the Fe is homogeneously strained by less than 5%
in this model. Buckling distance in silicene 0.46 A[]

The configuration of Fe(111) /silicene unit cell was validated by the interlayer spac-
ing test using VASP with a 33 x 33 x 1 k-mesh.

Figure @ shows the details about interlayer spacing test. The binding energies of
six different configurations have been checked for varying Fe(111)/silicene interlayer
spacing. Our result illustrates that the most stable configuration is “B,Cgown” con-
figuration with 1.1 A interlayer spacing, which has the largest binding energy. We
briefly discuss the experimental feasibility of this device. DFT calculations of phonon

dispersion have proved that the structure of silicene is dynamically stable,[, ]

consequently it is possible to move silicene onto another substrate. Later on, experi-
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Figure 5.2: Binding energy of a silicene monolayer on Fe(111) surface as a function of
the stack configuration and the interlayer spacing. Different kinds of stack configura-
tion are shown in the inset.

mental works put forward a method to transfer silicene by the encapsulation through
Al, O3 capping layer.[179, 181] Based on works above, we assume that silicene can be
transferred onto the Fe(111) layer, meanwhile the silicene buckling structure is well
preserved.

NanoDCAL package was employed for the calculations of transport properties. A
1 x 21 x 1 k-mesh was used for the self-consistent calculation of the whole system,
and a dense sampling of 1 x 500 x 1 was employed for the transmission calculation.

GGA-PBE exchange-correlation potential [109] was used in all calculations.

5.2.2 Bias-dependent SIE

Using the atomic model introduced above, we calculate the spin-resolved transport

properties. Spin-resolved currents and total currents are shown in Fig. (a). It can
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be observed that at finite positive bias voltage, the minority-spin current is remarkably

higher than the majority-spin current. Minority-s

pin current increases rapidly with

bias, while majority-spin current remains close to zero until the bias reaches up to 50
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Figure 5.3:  Transport properties of the spin inj

ection system in non-equilibrium

states. (a) Spin-resolved and total currents. The red line with up-pointing triangles
and blue line with down-pointing triangles indicate the majority-spin current and
minority-spin current, respectively. The black line with dots denotes the total current.

(b) Spin injection efficiencies defined as p.1l.
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mV. For the negative bias, the condition is different. Both majority-spin and minority-
spin currents are arising with increasing bias, and majority-spin current is higher than
the minority-spin current.

On the basis of spin-dependent currents, the non-equilibrium spin injection effi-

ciency SIE is defined as
-1

SIE = |——
M+

x 100%, (5.1)

where 1" is the majority-spin current and I* is the minority-spin current. Fig. @(b)
presents SIEs at various bias excluding the zero bias point due to the nonexistence of
current. It shows that for the positive bias, SIE is close to 100% in the bias range from
10 mV to 50 mV. This perfect spin filtering effect can be attributed to the overwhelming
minority-spin current. The decline of SIE starts from 60 mV, because at this bias point,
the majority-spin current begins to rise and compete with the minority-spin current.
For the negative bias, SIE decreases with the increasing bias owing to the comparable

majority- and minority-spin currents.

5.2.3 Analysis of band structures

To understand the remarkable SIEs, we investigate the projected band structure and
the partial density of states (PDOS) of the Fe(111)/silicene unit cell. Figures @(a)
and (b) show the majority-spin and minority-spin bands, respectively. The black up-
triangles (blue down-triangles) denote p orbitals of the high-position (low-position) Si
atom, and the red dots represent the d orbitals of Fe atoms. In pure silicene monolayer,
the Dirac cone at K point is composed by the p orbitals of Si atoms.[174] However, due
to the existence of Fe layers, the Dirac cone of silicene disappears in the band structure
of Fe(111) /silicene stack. For the majority spin, p bands of Si atoms cross the Er. For
the minority spin, d bands of Fe atoms cross the Er. Figure @(c) presents the PDOS

of all Fe atoms in the Fe(111)/silicene stack. It can be seen that majority-spin states
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Figure 5.4: Band structure of Fe(111)/silicene unit cell stack for (a) majority-spin
states and (b) minority-spin states. Black up-triangles (blue down-triangles) show the
p orbitals of the high-position (low-position) Si atom, and the red dots represent the d
orbitals of Fe atoms. (c¢) Projected density of states of Fe atoms in the Fe(111)/silicene
stack.

are obviously suppressed above Er. Consequently, the minority-spin states contribute
primarily to the total current. In details, d.2 orbital is prominent, as shown by the red
line in Fig. @(c) Dominant minority-spin component induces the spin-filtering effect,
resulting in high minority-spin current and remarkable SIE in the transport system.
Below Ep, there are both majority-spin and minority-spin states, making two kinds
of current comparable. Thus, SIE is relatively trivial under the negative bias. The
above analyses of PDOS clarify the obvious difference between majority-spin current

and minority-spin current at non-equilibrium states.
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5.2.4 'Transmission spectra

Energy-resolved transmission spectra T(E, V') at finite bias are shown in Fig. @ Cur-
rent is obtained by integrating transmission coefficients in the bias window —V/2 <

E < +V/2, denoted by vertical green dashed lines. Figure @(a) presents that for
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Figure 5.5: Energy-resolved transmission spectra of the system under different bias
V.(a) V=30mV. (b) V=60mV. (¢) V=290 mV. The bias window is denoted by

the two green dashed lines.
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30 mV bias, the bias window nearly locates in the transmission gap for majority-
spin states, resulting in a dominant minority-spin current and a nearly 100% SIE, as
shown in Fig. . Figure @(b) shows that for 60 mV bias, minority-spin trans-
mission strengthens with the increasing bias, while majority-spin transmission is still
suppressed by a transmission gap. Figure @(C) illustrates that for the 90 mV bias,
majority-spin transmission peak moves into the bias window, consequently, the dif-
ference between majority-spin current and minority-spin current narrows, making SIE
decline as shown in Fig. (b) The transmission spectra agree well to the spin-

resolved I-V curves, further explains the mechanisms of high SIEs.

5.3 Summary

The spintronics device based on silicene has desirable advantages, such as the con-
trollable switching operation induced by vertical electric field, the compatibility with
silicon semiconductor technology, as well as the long spin diffusion length. In this
chapter, we designed a spin injection system, where the Fe(111)/silicene stack acts as
a spin injector, and silicene is used to be the spin transport channel. The most stable
configuration of Fe(111)/silicene stack and the experimental feasibility of this device
have been fully considered.

We focus on the performance of SIE, which is proportional to the difference between
majority- and minority-spin currents. NEGF-DFT calculations reveal that in a certain
range of positive bias, the minority-spin current dominates in the non-equilibrium
transport, making the system exhibit high SIEs close to 100%.

To understand the extraordinary phenomenon, the spin-resolved band and den-
sity of states of the Fe(111)/silicene stack have been investigated. It shows that the
majority-spin states are suppressed above Fermi energy, leading to an overwhelming

minority-spin current under the positive bias. To present more details of transmission
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coefficients in bias windows, energy-resolved transmission spectra were also studied.
Considering silicene is an ideal switchable transport channel superior to graphene,
this proposal of silicene device would help to develop spin-FET and other spin logic

devices.



Chapter 6

Summary and perspectives

In this thesis, we have investigated spin-dependent quantum transport through ab
initio calculations. To design high-performance spintronic devices, we investigated the
tunneling magnetoresistance effects in magnetic tunnel junctions, the spin Hall effect
in heavy metals and TMDCs, as well as the spin injection efficiency in silicene system.

We firstly designed the MgO-based MTJs with heavy metals including Ta, W, Mo,
and Ir, and theoretically studied the modulation on TMR effects induced by HMs.
It has been found that different HMs lead to diverse transmission channel spectra,
which affect the spin-resolved transmission spectra and conductance of MTJs. Inter-
estingly, due to the absence of A; band crossing Fermi energy in Mo metal, the cen-
tered majority-spin transmission peak disappears in the PC of Mo-MTJ. Meanwhile,
interfacial resonant states primarily contribute to the minority-spin conductance in
PC, resulting in high TMR in Mo-MTJ. Moreover, due to the ultralow conductance
in APC, W-MTJ and Ir-MTJ are able to present remarkable TMR effects.

To reveal HMs which are efficient for the SOT switching of MTJs, we studied SHE
and calculated the intrinsic spin Hall conductivity of Mo and Ir metals. We have found
that the SHC of Mo is —412 (h/e)S/cm at Ep, and the SHC of Ir is 403 (h/e)S/cm at

Er. Intriguingly, we realize the SHC enhancement of Ir alloys. Exploiting substitution
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doping, an SHC of 1475 (h/e)S/cm is achievable in Irg75Aug 25 alloy, over three times
as large as the SHC of Ir metal. Works above clarify the TMR and SHE modulations
induced by HMs, and provide guidelines to optimize reading and writing performances
through selecting HMs in MTJs.

Despite the great progress in MgO-based MTJs, the mismatch problem between
ferromagnetic electrodes and tunnel layer is difficult to overcome. Advances in van
der Waals materials enable a bond-free integration strategy without lattice limitation.
Inspired by the observation of room-temperature ferromagnetism in VSe, grown on
MoSs, we proposed vdW MTJs on basis of VSes/MoSs heterojunction. Quantum-well
resonances in vdW MTJs are highlighted, and voltage control has been demonstrated
to be an effective method to modulate TMR ratio, which can reach up to 846% at
room temperature and 1277% at 100 K temperature.

We put forward the concept of SOT vdW MTJ, which is fully composed of vdW
materials and switched by the SOT in bottom vdW layer. To find out the desirable
vdW materials for SOT switching, we studied the SHC of type-II Weyl semimetals
MoTey and WTe,. It turns out that MoTe, can exhibit a noticeable SHC of Opr =
—361 (h/e)S/cm at Ep. Thanks to the reduced symmetry, extraordinarily diverse SHC
anisotropies have been found in MoTey and WTey. It is worth stressing that due to
the high SHC and low electrical conductivity, large spin Hall angle can be expected in
these two semimetals.

Lastly, motivated by the demand of a 2D switchable device with long spin diffu-
sion length, we proposed the spin injection system with the silicene as spin transport
channel and the Fe(111)/silicene stack as spin injector. It has been proved that at
non-equilibrium states, this spin injection system can exhibit high spin injection ef-
ficiencies close to 100%, originating from the unique spin-resolved density of states

of the Fe(111)/silicene stack. Works above present the potential of 2D spintronics
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devices, as well as the new concepts for their future developments.

In summary, in this thesis, we propose spintronics devices with high performances
through ab initio calculations. Our works would shed light on the mechanisms of
spin-resolved phenomenon as well as promote the spintronics applications.

Our future work will focus on the computation of SOT and the investigation of
spin dynamics in MTJs. We intend to extract the key parameters from ab initio
calculations of the spin Hall effects and interfacial Dzyaloshinskii-Moriya interactions.
Then we would build the model on extensive scale to simulate the real process of spin
dynamics, and observe the spin precession and SOT switching. We believe plenty of
novel phenomena can be discovered in 2D systems thanks to the ultrathin layers and

flat surfaces of vdW materials.
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Résumé :

Les dispositifs spintroniques exploitent le degré de li-
berté du spin électronique pour traiter I'information.
Dans cette these, nous étudions les propriétés de trans-
port quantique dépendant du spin pour optimiser les
performances des composants associés. Par I’approche
ab initio, nous calculons la magnétorésistance a ef-
fet tunnel (tunneling magnetoresistance, TMR), 1'effet
Hall de spin (spin Hall effect, SHE) et lefficacité d’in-
jection de spin (spin injection efficiency, SIE). Nous
montrons ainsi que les métaux lourds (heavy metals,
HMs) influencent la TMR dans des jonctions tunnel
magnétiques (magnetic tunnel junctions, MTJs) a base
de MgO. L’utilisation de W, Mo, ou Ir peut améliorer
la TMR. De plus, le dopage par substitution aide a op-
timiser le SHE dans les HM, ce qui renforce les angles
de Hall de spin (spin Hall angle, SHA) pour rendre
plus efficace le renversement d’aimantation par couple
spin-orbite (spin-orbit torque, SOT) dans les MTJ.
Afin de contourner les problémes induits par le désac-

cord de maille entre couches ferromagnétiques et MgO,
nous avons congu une MTJ basée sur ’hétérojonction
VSez/MoSs de van der Waals (vdW) et calculons la
TMR a température ambiante. L’apparition d’effets
de résonance tunnel permet d’utiliser la tension appli-
quée pour moduler la TMR dans cette structure. Nous
proposons également d’y favoriser le SOT en utilisant
des matériaux bidimensionnels (two-dimensional, 2D)
avec un fort SHE. MoTe, et WTe, apparaissent comme
de bons candidats. Ces dichalcogénures de métaux de
transition (transition metal dichalcogenides, TMDC)
présentent un fort SHE ainsi que de grands SHA grace
a leur faible conductivité électrique. Enfin, motivés par
la demande d’un dispositif commutable 2D & grande
longueur de diffusion spin, nous étudions un systeme
d’injection de spin dans le silicéne et obtenons des SIE
élevés sous tension appliquée. L’ensemble de ces tra-
vaux apportent un éclairage pour la recherche de nou-
veaux dispositifs spintroniques.
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Abstract :

Spintronics devices manipulate the electron spin de-
gree of freedom to process information. In this the-
sis, we investigate spin-dependent quantum transport
properties to optimize the performances of spintronics
devices. Through ab initio approach, we research the
tunneling magnetoresistance (TMR), spin Hall effect
(SHE), as well as spin injection efficiency (SIE). It
has been demonstrated that heavy metals (HMs) are
able to modulate TMR effects in MgO-based magnetic
tunnel junctions (MTJs), and tungsten, molybdenum,
and iridium are promising to enhance TMR. Moreo-
ver, substitutional atom doping can effectively opti-
mize SHE of HMs, which would strengthen spin Hall
angles (SHAs) to achieve efficient spin-orbit torque
(SOT) switching of MTJs. To eliminate the mismatch
between ferromagnetic and barrier layers in MgO-
based MTJs, we design the MTJ with bond-free van
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der Waals (vdW) heterojunction VSez/MoSs and re-
port the room-temperature TMR. The occurrence of
quantum-well resonances enables voltage control to be
an effective method to modulate TMR ratios in vdW
MTJ. We put forward the idea of SOT vdW MTJ,
which employs SOT to switch vdW MTJ and requires
vdW materials with strong SHE. Research on MoTes
and WTey verifies the possibility of realizing this idea.
Both of them are layered transition metal dichalco-
genides (TMDC) and exhibit strong SHEs, as well as
large SHAs thanks to their low electrical conductivity.
Lastly, motivated by the demand of a two-dimensional
(2D) switchable device with long spin diffusion length,
we construct the spin injection system with silicene
monolayer, and reveal high SIEs under electric fields.
Works in this thesis would advance the research of
spintronics devices.
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