ABSTRACT

ZHANG, XUANYI. Interfacial Spin and Structural Interactions in Magnetic Thin Films for
Spintronic Applications. (Under the direction of Divine Kumabh).

The interface-driven phenomena in transition metal oxide perovskite thin films and su-
perlattices have emerged as a fertile ground for new physics, influencing the fundamental
properties of these materials and making them promising candidates for spintronics appli-
cations. Interfacial effects have shown the potential to manipulate magnetic anisotropy, spin
textures, and transport properties, all of which are crucial for the functionality of spintronics

devices.

In this thesis, we investigate the interplay between interfacial distortions and the resulting
magnetic properties in specific perovskite systems, namely STRuO; (SRO), LaCrO;/LaMnO;
(LCO/LMO) superlattices, and SRO/LaNiO; (LNO) heterostructures. Our findings highlight how

strain and exchange coupling at interfaces can lead to varied and intriguing magnetic behaviors.

For SRO thin films, structural investigations using Synchrotron X-ray Diffraction and trans-
mission electron microscopes (TEM) reveal substrate-induced distortion leading to symmetry
breaking, potentially enabling the formation of Skyrmion structures. The magnetic properties
probed by SQUID show a relation between these distortions and the film’'s magnetic anisotropy.
The same techniques applied to the SRO/LNO superlattice reveal that the interface between
SRO and LNO directly impacts structural distortions, influencing the magnetic anisotropy and

leading to an in-plane easy axis.

In LCO/LMO superlattices, Synchrotron X-ray Diffraction uncovers octahedral rotation
in the film, leading to in-plane magnetic anisotropy. Magnetic characterization using XMCD
and SQUID shows this anisotropy can be suppressed by oxygen annealing. Further, the spin
transport properties measured via FMR in these superlattices reveal that their ferrimagnetic

state enhances the spin coherence length compared to its paramagnetic state.

These results contribute to the understanding of interface-driven phenomena in perovskite
thin films, crucial for designing next-generation spintronic devices with tailored magnetic
properties and potential robust topological structures, such as Skyrmions. The insights offered
by this work highlight the potential of exploiting interfacial effects in the development of

efficient, high-performance spintronic devices.
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CHAPTER

1

INTRODUCTION AND BACKGROUND

1.1 Overview of Spintronics and Importance of Magnetic Tran-

sition Metal Oxide Thin Films

The burgeoning eld of spintronics has the potential to revolutionize the landscape of modern
electronics by utilizing the electron spin in addition to their charge to process and store infor-
mation. It has emerged as an important research frontier that promises to deliver devices with
faster speeds, increased data storage density, and lower energy consumption than conventional
charge-based electronics.

The origins of spintronics can be traced back to the discovery of tunneling magnetore-
sistance (TMR) by Michel Julliere in 1975 [29], where the electrical resistance of a layered
ferromagnet / insulator / ferromagnet structure changes when the magnetic orientations of the
separated ferromagnetic layers are switched. Since then, the evolution of spintronics has been
underscored by the development of numerous intriguing concepts such as giant magnetoresis-
tance (GMR), spin transfer torque (STT), and spin Hall effect (SHE). These discoveries have
not only pushed the boundaries of fundamental physics but have also paved the way for the
creation of groundbreaking technologies like magnetic random access memory (MRAM) and



hard disk drive read heads.

At the heart of spintronics lies the central focus of manipulating spin dynamics, and mag-
netic thin Ims, particularly those made of transition metal oxides, play a pivotal role in achiev-
ing this. Transition metal oxides are a class of materials with incompletely lled d orbitals.
Due to the exibility in the electronic con gurations of transition metal ions, magnetic tran-
sition metal oxide offer a unique playground for the emergence of exotic magnetic phases
and intricate spin structures that can be controlled by chemical doping and epitaxial strain.
Furthermore, thin Ims enable the realization of interface-driven phenomena that would
be impossible in bulk counterparts. The interplay between structure and magnetism at the
atomic level in these systems profoundly impacts spin behavior, which is crucial for designing
next-generation spintronic devices.

The importance of magnetic transition metal oxide thin Ims in spintronics is manifold.
Firstly, they allow for the tailoring of magnetic anisotropy, a key property in uencing the sta-
bility and orientation of magnetization, which in turn affects the performance of spintronic
devices. Secondly, thin Ims can host magnetic skyrmions - topologically protected spin tex-
tures with promising prospects for ultra-dense data storage and energy-ef cient logic devices.
Lastly, the spin currents - the ow of spin angular momentum  [30] - which are fundamental to
the operation of spintronic devices, can be in uenced by the unique magnetic and structural
properties of superlattice thin Ims. The ability to control and manipulate these characteristics
can lead to the creation of more ef cient and versatile spintronic applications.

In the following sections, we will delve deeper into these areas, exploring the role of magnetic
anisotropy, magnetic skyrmions, and spin currents in the context of spintronics and magnetic
transition metal oxide thin Ims.

1.1.1 Magnetic Anisotropy

Magnetic anisotropy embodies the directional dependence of a material's magnetization. Its
distinct characteristic lies in the energy of magnetic anisotropy (MAE), which determines
the preferred directions of magnetization, typically aligning with what is termed the "easy
axis". This alignment results in the lowest energy state. Conversely, magnetic anisotropy resists
aligning with the "hard axis", a direction that would inherently lead to a maximized energy state.

Distinct forms of magnetic anisotropy, notably perpendicular magnetic anisotropy (PMA)
and in-plane magnetic anisotropy (IMA), exert substantial in uence on the operational dy-



namics of various spintronics devices. PMA, for instance, has found signi cant applicability in
Magnetic Tunnel Junctions (MTJs). It permits the alignment of magnetization perpendicular to

the plane of the layer, which is instrumental in achieving high areal density in magnetic storage
devices. This alignment also improves thermal stability and decreases the current required for
magnetization switching, thereby augmenting the ef cacy of spin-transfer-torque magnetic
random-access memories (STT-MRAMSs) [31, 32]. Conversely, IMA plays a pivotal role in several
other spintronics devices, such as magnetic skyrmion-based logic devices [33]. In such contexts,
the IMA magnetic track fosters the coexistence of two opposing skyrmions, thereby enabling
the double-bit transfer in a single magnetic wire and facilitating the creation of two-bit logic
gates.

Typically magnetic anisotropy has three kinds of contribution: shape anisotropy, stress
anisotropy, and magnetocrystalline anisotropy. Throughout this thesis, we are mainly focusing
on the contribution from the magnetocrystalline anisotropy of the transition metal oxide thin

Im we investigated.

The shape magnetic anisotropy arises from the shaped-dependent demagnetization eld.
The origin of demagnetizing eldH 4o mag, Can be traced back to the magnetic surface charges or
surface poles. As implied by its title, this eld counters the magnetization M within the volume
and extends as a dipolar stray eld externally [34]. The shape of the volume in uences the
demagnetizing eld. For the magnetic thin Im as will be discussed in this thesis, the H demag
is perpendicular to the Im surface and its demagnetization MAE ~ Ugemag iS given by[35]:

Ugemag =2 MZcos® (1.1)

Where the M is the saturation magnetization. And is the polar angle reference to the out-of-
plane direction. The magnetization tends to align in the Im plane under this shape magnetic
anisotropy.

The stress anisotropy arises from the magnetoelastic effect, which is essentially the converse
phenomenon of magnetostriction. This involves a change in magnetization in response to the
application of stress [34]. When uniaxial stress is applied with suf cient force to dominate other
anisotropies, it can de ne a distinct preferential direction of magnetization, referred to as the
easy axis.

Aside from the extrinsic magnetic anisotropies written above, magnetocrystalline anisotropy



is an intrinsic property related to the crystal structure of magnetic material. The magnetocrys-
talline anisotropy results from the spin-orbital coupling  [34]. In the transition metal compounds,
the d orbitals of the metal ions are affected by the static electric eld produced by surrounding
ligands, breaking the degeneracy of the orbital states [36]. Therefore the orientation of the
electron orbital is coupled with the lattice structure of the transition metal oxides. While the
external magnetic eld interacts with the electron spin in the material, the electron orbital will
also reorient the spin. Thus the magnetocrystalline anisotropy energy is required to overcome
the spin-orbital coupling.

1.1.2 Magnetic Skyrmions

Magnetic skyrmions are topologically non-trivial, nanoscale spin textures with unique proper-
ties that make them promising candidates for future spintronic applications [37]. As depicted in
Figurel.1, skyrmions exhibit a whirl-like spin arrangement where the spin direction twists from
pointing in one direction at the center of the skyrmion to pointing in the opposite direction at

its periphery [3]. Because of these unique spin texture, skyrmion are topologically protected
particles and robust against local perturbations [38].

Figure 1.1: Spin arrangement of non-chiral and chiral skyrmion  [2]

Furthermore, these unique spin arrangements of skyrmions give rise to what is known as
the topological Hall effect, a signi cant anomaly in the Hall resistivity, which can be used as a
signature to detect the presence of skyrmions [39]. As illustrated in Figure 1.2, the topological



Hall effect arises due to an emergent magnetic eld that originates from the non-trivial spin
texture of the skyrmions [39], leading to a de ection of the charge carriers in a manner similar
to the Lorentz force in real magnetic elds.

Figure 1.2: Schematic diagram of topological Hall effect. The emergent magnetic eld la-
beled as b is induced from the local spin distribution of magnetic Skyrmion. As current ows
through this Skyrmion, the trajectory of the electrons is de ected due to this emergent magnetic
eld, demonstrating the topological effect. Owing to momentum conservation, the magnetic
Skyrmion is subsequently scattered in the opposite direction, a phenomenon known as the
Skyrmion Hall Effect. [3]

A crucial interaction that forti es the magnetic skyrmion is the Dzyaloshinskii—-Moriya
Interaction (DMI). Regarded as the antisymmetric component of the anisotropic superexchange
interaction, the Hamiltonian of DMI is given by the following equation [4]:

SHELICEE a2

Where D;; is the DM factor and S denotes the spin at each site. Figurel.3 illustrates that the DM
interaction results in a canted alignment of the spins, as opposed to parallel or anti-parallel
orientations. This consequently allows the spins to construct the topologically non-trivial
skyrmion.



DMI typically manifests in materials exhibiting strong spin-orbit coupling and the violation
of inversion symmetry, traits prevalent in transition metal oxide thin Ims. Therefore, these
magnetic transition metal oxide thin Ims serve as an excellent platform for the realization
and manipulation of skyrmions.

Figure 1.3: schematic of DMI interaction between two atomic spins  [4]

One of the most compelling features of magnetic skyrmions is their small size, which can
be as small as a few nanometers in diameter [40]. This characteristic, combined with their
topological robustness, makes them promising for high-density data storage applications such
as skyrmion-based magnetic random access memory [41] where skyrmions are used to store
binary information and skyrmion racetrack memory has also been suggested where skyrmions
move along nanowires and their positions represent stored information  [42].

1.1.3 Spin Currentin Spintronics Devices

The concept of spin current, which refers to the ow of spin angular momentum, is integral

to the operation of spintronic devices. Unlike traditional charge current where the motion

of charged particles such as electrons and holes generates electrical current, spin current is
related to the transport of spin angular momentum, and can even occur in insulators. The
generation and transport of spin current is crucial for developing ef cient spintronic devices.



There are several ways in which spin current can be generated. The rstis through spin-
Iter tunneling, a process in which electrons with different spin orientations are transmitted
through a ferromagnetic tunnel barrier at different rates  [5]. As depicted in Figurel.4, due to
the spin-splitting band of the ferromagnetic tunnel barrier, the barrier height for spin-up
electrons is taller than for the spin-down electrons. Consequently, this phenomenon generates
a spin-polarized current. Note that this spin- Iter tunneling can not generate spin current with
zero net charge transmission.

Figure 1.4: schematic of metal / EuO/ metal spin Iter. The current with random spin orienta-
tion gets polarized after passing through the EuO barrier. [5]

Spin pumping is another method of generating spin currents. In this process, a ferromag-
netic material is placed in an oscillating magnetic eld, causing the spins in the material to
precess. This precession can then induce a spin current in a nearby non-magnetic material
through the spin transfer torque at ferromagnetic  / non-magnetic material interface [43]

The Spin Hall Effect (SHE) also provides a mechanism for spin current generation. Essen-
tially, the SHE posits that as a charge current passes through a material system with strong
spin-orbital coupling, electrons of different spin orientations are scattered in opposite direc-
tions. Consequently, a transverse spin current emerges. As for the transport of spin current,
it depends on both spin- ip scattering and spin dephasing. When a spin-polarized current
traverses through a conductive material, the spins can undergo scattering events due to in-
teractions with impurities, defects, phonons, and other electrons.  [44, 45, 46] These scattering



Figure 1.5: Schematic of spin pumping effect. The spin current | ? is injected into the non-
magnetic material adjacent to the ferromagnetic material  [6]

Figure 1.6: Schematic illustration of spin hall effect. the spin with opposite orientation is scat-
tered perpendicular to the direction of the indecent electron current (J ), creating a transverse
spin current(J ) in the material. [7]

events can ip the spins, leading to the reduction of the net spin polarization of the current.
Spin dephasing, on the other hand, refers to the loss of phase coherence between the spins
in a spin-polarized current. Spin dephasing occurs due to the precession of spin under the
magnetic eld [47], which will be discussed in detail in 6. In order to develop ef cient spintronic
devices, itis thus important to minimize the effects of spin scattering and spin dephasing. This
could be achieved through careful material selection and engineering, enabling the creation of
materials with long spin diffusion lengths and low spin dephasing rates.

1.2 Novel Magnetism and Interfacial Distortions in Perovskite
Thin Films

Perovskite is a group of materials that have the same type of crystal structure as the mineral
calcium titanium oxide (CaTiO 3), known as perovskite structure. As depicted in Figurel.7,
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