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Abstract of Mechanisms of Spin and Charge Transport Across Oxide and Alloy Interfaces,
by Vineetha S. Bheemarasetty, Ph.D., Brown University, February 2026.

The control of spin currents through interfacial and spin-orbit-driven effects is central to the develop-
ment of next-generation spintronic technologies. This dissertation investigates how spin-orbit coupling
(SOC) and interfacial symmetry govern the generation, transmission, and conversion of spin currents
across three model material systems including half-metallic CrO,, RuO, /CrO; bilayers, and Ru-Pt alloys.
These systems were strategically chosen to trace the full pathway of spin manipulation: CrO; for intrin-
sic spin polarization and quantum transport, RuO,/CrO, for interfacial exchange and spin coupling, and
Ru-Pt for extrinsic spin-charge conversion.

Epitaxial CrO, thin films serve as a platform for intrinsic spin current generation and quantum trans-
port. Their nearly 100% spin polarization enables robust, coherent spin currents while low-temperature
transport measurements reveal quantum oscillations and high mobility, indicative of phase-coherent elec-
tronic motion. These results establish CrO, as an ideal half-metal for generating spin-polarized currents
and exploring SOC-influenced quantum transport phenomena.

RuO; /CrO; heterostructures exemplify interfacial exchange and spin coupling where an active spin-
orbit antiferromagnetic RuO; layer interacts with the CrO, ferromagnet. Magnetization measurements
reveal spin reorientation and exchange bias effects, illustrating how SOC and broken inversion symmetry
at the interface can modulate spin alignment, interlayer magnetic interactions, and the transmission of spin
angular momentum across oxide heterostructures.

Ru-Pt alloys provide a model for extrinsic spin-to-charge conversion, where spin currents generated
in a ferromagnet are converted into measurable charge signals via the spin Hall effect. Systematic map-
ping of the spin Hall angle across the full composition range demonstrates how crystal structure and SOC
control the efficiency of spin-charge interconversion. Beyond conventional impurity tuning, Ru-Pt demon-
strates structural phase evolution as an effective tuning parameter and poses as a promising alternative for
spin-orbit torque devices. These results highlight how extrinsic SOC effects can be engineered to detect,
manipulate, or generate spin currents in metallic systems.

Together, these studies establish a unified framework connecting intrinsic spin generation and interfacial
spin coupling to extrinsic spin-to-charge conversion and detection. The results provide insight into design
principles for low-power, scalable spintronic devices that exploit SOC and symmetry engineering to control
spin currents across diverse material platforms.



Chapter 1 | Fundamentals of Spintronics

SPINTRONICS, OR spin-based electronics, is an emerging field that exploits the intrinsic angular momen-
tum of the electron (i.e. its spin) in addition to its charge. By harnessing this additional degree of freedom,
spintronic devices promise enhanced energy efficiency, non-volatility, thermal stability, and faster oper-
ation compared to conventional charge-based electronics. The binary nature of electron spin, which can
align either “up” or “down,” provides a natural mechanism for encoding digital information, analogous to
charge-based logic.

In crystalline solids, the collective behavior of electrons gives rise to magnetic ordering, which forms
the foundation for many spintronic phenomena. Effects such as giant magnetoresistance (GMR) and
spin-transfer torque (STT) arise from the interplay between spin-polarized currents and magnetization.
These have enabled technologies including hard drive read heads and magnetic random-access memory
(MRAM). Beyond these classical effects, the interaction between electron spin and orbital motion (i.e. spin-
orbit coupling (SOC)) plays a central role in modern spintronics, giving rise to phenomena such as the spin
Hall effect (SHE) and spin-orbit torque (SOT), which allow the generation, manipulation, and detection of
spin currents in non-magnetic materials.

Spin-dependent scattering mechanisms, including impurity scattering, magnon scattering, and interfa-
cial scattering, further modulate the spin transport and dictate both the efficiency of spin current transmis-
sion and the lifetimes of spin-polarized carriers. Together, these fundamental concepts define a cohesive
framework for understanding spin current generation, transmission, and conversion in model systems
including half-metallic CrO;, RuO, /CrO; heterostructures, and Ru-Pt alloys presented in subsequent
chapters.

Magnetism in Crystalline Solids

EXCHANGE INTERACTION

Magnetism in solids originates from the quantum-mechanical ex-
change interaction which arises from the combination of Coulomb
repulsion and the antisymmetric nature of the total electronic wave-
function due to the Pauli exclusion principle. For two electrons with
wavefunctions ¢; and ¢;, the exchange integral can be expressed as

2
Ji = [ 909 (0 et ) e, ()



2 MECHANISMS OF SPIN AND CHARGE TRANSPORT ACROSS OXIDE AND ALLOY INTERFACES

The sign and magnitude of J;; determine whether the spins align
parallel (J;; > 0) or antiparallel (J;; < 0). In transition metals and
oxides, exchange coupling is mediated through indirect mechanisms
such as super-exchange and double exchange, depending on the
overlap between atomic orbitals and the intermediate anions.

A simplified Hamiltonian capturing this interaction is given by the
Heisenberg model:

H=—)JjSi-S; (2)
i#
where S; and S; represent localized spin moments. The competition
among exchange constants Jj; for different atomic pairs gives rise
to a variety of magnetic phases and textures observed in crystalline
materials.

EXCHANGE SPLITTING

In magnetic materials, the exchange interaction between neigh-
boring electron spins leads to an energy difference between spin-
up and spin-down electronic states. This effect is referred to as ex-
change splitting, which arises from the Pauli exclusion principle and
Coulomb repulsion. Together, they favor parallel spin alignment in
ferromagnets to minimize the total energy of the system.

The magnitude of exchange splitting, Aex, determines the degree
of spin polarization at the Fermi level and can be expressed as the
energy separation between the majority (1) and minority (}) spin
bands:

Aex:Ei_ET- (3)

In a strong FM, Aey is sufficiently large that one spin channel be-
comes completely filled while the other remains metallic, resulting
in a half-metallic band structure. This is the case in CrO,, where the
spin-up channel crosses the Fermi level while the spin-down channel
exhibits a bandgap.

Exchange splitting plays an important role in determining the
Curie temperature, coercivity, and magnetocrystalline anisotropy of
a material. In systems with significant spin-orbit coupling (SOC),
complex spin textures, spin-orbit torques (SOT), and anomalous
transport behavior can arise.

TYPES OF MAGNETISM

Depending on the balance between exchange coupling, crystal
symmetry, and electronic structure, solids can exhibit different forms
of magnetic order:

¢ Diamagnetism: A weak, negative susceptibility response arising
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from Lenz’s law, where induced currents oppose the applied mag-
netic field. It is a universal property of all materials but typically
masked by stronger effects.

¢ Paramagnetism: Describes materials with unpaired spins that
align weakly with an applied field, leading to a positive but
temperature-dependent susceptibility following Curie’s law:

C
X_T—G’ (4)

where C is the Curie constant and 6 represents the Weiss tempera-
ture.

¢ Ferromagnetism: Characterized by parallel spin alignment due
to positive exchange coupling (J;; > 0), resulting in spontaneous
magnetization below the Curie temperature (T¢). Examples in-
clude Fe, Co, and Ni.

* Antiferromagnetism: Neighboring spins align antiparallel (J;; <
0), leading to zero net magnetization in the ground state at zero
field. The transition temperature is termed the Néel temperature

(TN)-

¢ Ferrimagnetism: Similar to antiferromagnetism but with unequal
opposing sublattice moments, leading to a nonzero net magnetiza-
tion. Common in magnetic oxides such as magnetite (Fe30Oy).

¢ Half-metallicity: One spin channel behaves metallically while
the other is insulating, leading to 100% spin polarization at the
Fermi level. CrO; is a prototypical example, relevant for spintronic
applications.

Anisotropy and Magnetocrystalline Effects

MAGNETOCRYSTALLINE EFFECTS

Magnetic anisotropy refers to the directional dependence of a
material’s magnetic properties, arising from SOC, crystal symmetry,
and strain effects. The total anisotropy energy can be decomposed
into several contributions:

Eanis = Emagnetocrystalline + Eshape + Estress + Esurface- (5)

Magnetocrystalline anisotropy originates from the SOC interac-
tion between electron spins and the crystal electric field, leading to

3



4 MECHANISMS OF SPIN AND CHARGE TRANSPORT ACROSS OXIDE AND ALLOY INTERFACES

preferred magnetization directions (easy axes) along certain crystallo-
graphic orientations. The energy can be expressed as a series expan-
sion in the direction cosines «; of the magnetization with respect to
crystal axes. For a cubic crystal:

292, 292 99 229
Emca = Ky(agas + aza3 + az07) + Koagasas, (6)

where K; and Kj are anisotropy constants determined experimentally
or through first-principles calculations.

SHAPE AND SURFACE ANISOTROPY

For thin films and nanostructures, the demagnetizing field leads to
shape anisotropy that favors magnetization in the plane of the film.
The surface or interface contribution becomes significant at reduced
dimensions, where broken symmetry and strain alter the local elec-
tronic environment. These effects play a crucial role in determining
switching behavior and spin-orbit torque efficiency in heterostruc-
tures.

MAGNETOELASTIC COUPLING

Strain-induced changes in magnetic anisotropy, described by mag-
netoelastic coupling, can modulate magnetic states dynamically. This
effect forms the basis for straintronics and magnetoelectric coupling,
where electric fields or lattice distortions control magnetization with-
out direct current flow.

Opverall, understanding the balance between exchange interactions
and anisotropy energies is central to describing spin textures, domain
formation, and magnetization dynamics in low-dimensional systems.
These principles provide the theoretical basis for interpreting spin-
orbit-driven phenomena such as SOT and the spin Hall effect (SHE)
discussed in subsequent sections.

MAGNETORESISTANCE (MR)

MR refers to the change in a material’s electrical resistivity in
response to an applied magnetic field. It arises from the coupling
between charge carrier motion and the magnetic structure or spin
configuration of the material. In simple metals, MR originates from
the Lorentz force deflecting charge carriers, leading to a classical
quadratic dependence on field. In magnetic materials, however,
spin-dependent scattering plays a dominant role, where electrons
with spins parallel or antiparallel to the local magnetization experi-
ence different scattering probabilities. This gives rise to effects such
as anisotropic magnetoresistance (AMR), giant magnetoresistance
(GMR), and tunneling magnetoresistance (TMR). This phenomenon
is the basis for various magnetic sensors, including those used in
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hard drives, electronic compasses, and current sensors, which exploit
the change in resistance to detect and measure magnetic fields. It is
measured as

_ p(B) — p(0)
MR = 0(0)

where p(B) is the resistivity in an applied magnetic field B and p(0) is

x 100% (7)

the resistivity at zero field (B = 0).

MR measurements are widely used to probe electronic band struc-
ture, spin polarization, and scattering mechanisms. The sign, mag-
nitude, and field dependence of MR can reveal information about
carrier mobility, magnetic ordering, and quantum transport phenom-
ena such as weak localization or Shubnikov-de Haas oscillations.

In spintronic devices, MR serves as a key readout mechanism, di-
rectly linking electrical transport to spin configuration and magnetic
switching behavior.

ANISOTROPIC MAGNETORESISTANCE (AMR)

The AMR effect describes how the resistivity of a ferromagnetic
material changes with the angle between the current and magne-
tization due to SOC. It arises from the scattering probability being
affected by the rotating magnetic field. The magnitude of the total
AMR effect can be quantified as the ratio

Ao P —PL
P
where p|| and p, refer to the two extreme cases when the current is

®)

oriented parallel or perpendicular to the applied field, respectively.
Typically, the AMR exhibits a sinusoidal dependence on the angle (¢)
between field and current, given by

0p = P +(p)| — p.) cOS*(¢). 9)

From this, it follows that the minima are usually located at ¢ = 0°
and ¢ = 180° while the maxima occur at ¢ = £90°.

Spin-Orbit Phenomena

SPiN-ORrBIT COoUPLING (SOCQC)

SOC is one of the fundamental interactions that bridges an elec-
tron’s intrinsic spin with its orbital motion around the nucleus. It
originates from relativistic effects when an electron moving through
an electric field experiences an effective magnetic field in its rest
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frame. The magnetic field interacts with the electron’s magnetic mo-
ment, giving rise to an energy term of the form

Hsoc = AL-S, (10)

where A is the strength of the spin-orbit interaction, and L and S are
the orbital and spin angular momentum operators, respectively.

In solids, SOC plays a significant role in determining the elec-
tronic band structure, especially in materials containing heavy-metals
(HM) where relativistic effects are more pronounced. SOC lifts the
spin degeneracy in momentum space and leads to spin-splitting in
the band, even in the absence of an external magnetic field. Such
spin-momentum locking supports many emergent phenomena in
condensed matter physics including the quantum spin Hall effect
(QSHE), Rashba effects, and topological insulators.

For ferromagnetic systems like CrO;, SOC couples the magnetic
and crystalline anisotropies, defining the easy and hard magnetiza-
tion axes. This influences the magnetocrystalline anisotropy energy.
In non-magnetic HMs such as Pt, Ta, and S-W, SOC enables efficient
conversion between charge and spin currents through mechanisms
like the SHE. In hybrid heterostructures that combine ferromagnets
(FMs) with HMs, SOC gives rise to SOTs which enables the direct
electrical manipulation of the magnetization. Understanding SOC is
critical for interpreting both the spin transport phenomena and the
magnetization dynamics explores in this thesis.

SPIN-ORBIT TorQUE (SOT)

SOC couples an electron’s spin with its orbital motion in a crystal
lattice, enabling the conversion between charge and spin angular
momentum. This coupling forms the physical basis for SOT, which
allows the electrical control of magnetization dynamics in adjacent
magnetic layers.

When a spin current generated by the SHE or the Rashba-Edelstein
effect (REE) is injected into an adjacent FM, the transferred spin
angular momentum exerts a torque on the local magnetization. This
phenomenon is known as SOT which enables current-driven control
of magnetization without the need for an external magnetic field.
SOT has two major components:

1. Field-like torque (FLT):
T, x M X 0 (11)

which behaves like an effective magnetic field oriented along the
spin polarization direction ¢. Here M is the unit magnetization
vector.

Spin-transfer
torque
Precession

m X Hes

Figure 1: Schematic of field-like and
damping-like torques [4].
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2. Damping-like torque (DLT):
L xM X (M X 0) (12)

which modifies the magnetization damping and is effective in
switching and domain wall motion.

The efficiency of SOT-driven switching depends on various factors
including the spin Hall angle (SHA) of the HM, the transparency of
the interface, and the spin diffusion length within the FM. Materials
with strong SOC such as Pt and its alloys are particularly effective
at generating large DLTs. This thesis leverages such materials to
understand how alloy composition modulate the SOT strength and
magnetization dynamics.

SPIN-TRANSFER TORQUE (STT)

Another mechanism through which spin-polarized currents can
manipulate the magnetization of FM layer is spin-transfer torque
(STT). Unlike SOT which arises from the SOC at interfaces, STT oc-
curs when a spin-polarized current directly passes through a FM.
The interaction between the spin current and the local magnetization
results in a torque given by

51T & (J5 - AM, (13)

where J; is the spin current density.

The STT mechanism enables the operation of STT-MRAM and
current-induced magnetization switching in nano-pillars. Its effi-
ciency depends on the degree of spin polarization of the current and
the spin relaxation time within the FM. As such, half-metals provide
an ideal platform for maximizing STT efficiency. In CrO,-based sys-
tems, the intrinsic half-metallicity ensures that spin angular momen-
tum is transferred with minimal dissipation, making these materials
valuable for low-power spintronic devices.

ComrARrISON OF SOT AND STT DEvVICES

While STT devices rely on a spin-polarized current passing di-
rectly through a magnetic layer, SOT devices achieve magnetization
switching through the transverse spin current generated in an adja-
cent nonmagnetic HM with a large SHA. This distinction provides
several practical advantages. First, because SOT devices only require
a nonmagnetic layer with strong SOC to generate the spin-polarized
current, they eliminate the need for a fixed magnetic reference layer,
thereby simplifying device design and improving material flexibil-
ity. Second, the SOT geometry enables independent read and write

7
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paths, typically realized in two-terminal configurations, which re-
duces power dissipation and enhances device endurance compared
to the three-terminal STT structures. Additionally, SOT switching

is inherently faster, since the torque acts directly on the interfacial
spins rather than relying on spin accumulation through a tunnel bar-
rier. It further allows for field-free and deterministic switching when
combined with structural asymmetry or interfacial exchange bias.
Collectively, these advantages make SOT-based architectures highly
promising for next-generation nonvolatile memory and neuromor-
phic spintronic applications.

Hall Effects

Hair EFrFecT

The Hall effect originates purely from the Lorentz force, where
electrons move in curved paths described by F = @ x B in the pres-
ence of an external magnetic field. This creates a charge imbalance
accumulating at the edges of the sample that results in a voltage
difference along the transverse direction.

SpiNn Hairr Errect (SHE)

The SHE describes the generation of a transverse spin current
in the form a longitudinal charge current in materials with strong
SOC. When an electrical field is applied, electrons with opposite
spins experience opposing transverse forces due to spin-dependent
scattering or band-structure effects. This leads to spin accumulation
at the sample’s edges with no measurable potential difference. The
resulting spin current can be quantified by the spin Hall angle (SHA):

o =1, (1)
Je

where J; and . denote the spin and charge current densities, respec-
tively. The sign of the SHA denotes the polarization direction of the
spin current. There are two primary microscopic origins of the SHE...

Intrinsic Berry-Phase Mechanism

The intrinsic contribution to the SHE originates from the geometric
properties of electronic wavefunction encoded in the Berry curvature,
which acts as a momentum-dependent magnetic field deflecting spins
of opposite orientations in opposing directions. When an external
electric field is applied, electrons acquire an anomalous transverse
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velocity proportional to the Berry curvature of the occupied states.

In systems with strong SOC, this curvature becomes spin-dependent,
leading to opposite deflections for spin-up and spin-down electrons
even in the absence of impurity scattering. This gives rise to a pure
transverse spin current without net charge flow. The Berry curvature,
defined as

Qu(k) = Z.<Vkunk| X Ivkunk>/ (15)

with u,, representing the periodic Bloch functions, describes how
the phase of an electron wavefunction evolves in reciprocal space.

In materials with avoided band crossings or topologically nontrivial
band structures such as heavy-element alloys or correlated oxides,
the Berry curvature can be sharply peaked near regions of strong
spin-orbit hybridization. This results in a large intrinsic spin Hall
conductivity that is a direct manifestation of the band topology. Be-
cause it depends only on the geometric structure of the electronic
bands, the intrinsic contribution is robust against moderate disorder
and is therefore a fundamental property of clean, crystalline systems
where coherence is preserved. This geometric origin provides a pow-
erful framework for understanding and predicting large SHAs in
complex materials such as Ru-Pt alloys and transition-metal oxides.

Extrinsic Scattering Mechanisms

In contrast to the intrinsic Berry-phase mechanism, the extrinsic con-
tribution to the SHE originates from spin-dependent scattering off
of impurities and defects in the crystal lattice. These processes are
typically classified as skew scattering, where SOC introduced as
asymmetry in the scattering cross section, and side-jump scattering,
where electrons experience a transverse displacement during scat-
tering events. The total spin Hall conductivity is therefore a sum of
intrinsic and extrinsic contributions, reflecting both the underlying
band topology and the impurity landscape of the material.

Materials such as Pt, Ta and B-W exhibit large SHAs, often re-
ferred to as giant SHE materials, due to strong SOC and high scat-
tering rates. This promotes them as promising candidates for spin
current sources. In this work, the Ru-Pt binary alloy is explored as
a model platform for probing the interplay between intrinsic and
extrinsic spin-charge conversion mechanisms. Its tunable composi-
tion and structural phase evolution offer control over both electronic
coherence and scattering environments, while maintaining excellent
chemical stability and compatibility with FM interfaces. Understand-
ing these competing mechanisms provides valuable insights into the
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design of efficient spin-charge conversion materials for developing
robust, scalable spintronic materials for next-generation devices.

INvERSE SPIN HaLL ErrecT (ISHE)

The ISHE is the reverse of the SHE in that it is a spin-to-charge
conversion phenomenon in which a spin current flowing through
a non-magnetic material with strong SOC generates a transverse
charge current. Microscopically, the ISHE arises because electrons
with opposite spins are deflected in opposite directions due to spin-
dependent scattering or intrinsic spin-orbit interactions, producing a
measurable voltage perpendicular to both the spin polarization and
the spin current. Like the SHE, ISHE is also widely used to detect
spin currents and quantify the SHA of materials, making it a corner-
stone in the characterization of spintronic devices and SOTs.

AnomaLous Harr Errect (AHE)

The AHE is observed in FMs due to the imbalance of spin up
and spin down states. This imbalance manifests as a transverse Hall
voltage (Ry) independent of an applied field. This effect can be used
to probe the out-of-plane component of the magnetization vector:
Ry o M;. Unlike the ordinary Hall effect, which arises purely from
the Lorentz force on charge carriers, the AHE is dominated by spin-
dependent mechanisms, including intrinsic contributions from the
Berry curvature of electronic bands and extrinsic contributions from
skew scattering and side-jump processes.

Scattering Mechanisms

The transport properties of magnetic conductors are strongly influ-
enced by different kinds of scattering processes that determine the
charge carrier relaxation time, mean free path, and ultimately the
electrical resistivity. When an electric field drives electrons through a
solid, their momentum is continuously randomized by collisions with
imperfections or excitations in the lattice. Charge carrier scattering
arises from several distinct microscopic mechanisms, each exhibiting
a characteristic temperature dependence. The total resistivity can be
expressed as

P(T) =po+ Pph(T) + Pmag(T) + Panom(T)/ (16)

where pg represents the residual resistivity due to static disorder, ppp
the phonon contribution, pmag the magnon (spin-wave) contribution,
and panom terms arising from spin-orbit-coupled scattering, which are
particularly relevant to the AHE and SOT.
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These scattering events can be classified into three main types:

Impurity (Elastic) Scattering: This type of scattering occurs from
defects, vacancies, grain boundaries, or impurity atoms in the crys-
tal lattice. Since these centers are static, the energy of the electron
is conserved during scattering, but its momentum changes direc-
tion. This gives rise to a temperature-independent term pg, which
sets the baseline resistivity. Impurity scattering dominates at low
temperatures where phonon excitations are frozen out.

Phonon (Inelastic) Scattering: At elevated temperatures, electron-
phonon interactions become significant. Phonons act as perturba-
tions of the lattice potential, enabling inelastic processes where
electrons exchange energy with lattice vibrations. The relax-

ation time thus decreases with increasing temperature, leading

to a resistivity that scales approximately as p o« T° in the low-
temperature regime and linearly as p « T at higher temperatures.

Magnetic (Spin-Dependent) Scattering: In FMs and other magnetically-
ordered systems, the exchange interaction between conduction

electrons and localized magnetic moments introduces an addi-

tional scattering channel. Spin-flip scattering occurs when an

electron reverses its spin due to interactions with spin disorder,
magnons, or domain walls. The resulting resistivity contribution
depends strongly on the spin polarization and the degree of mag-

netic order, often giving rise to phenomena such as AMR and

GMR.

Spin-Orbit Coupled Scattering: SOC introduces additional asym-
metries in the scattering of spin-polarized electrons, leading to
two key mechanisms that contribute to both the longitudinal and
transverse (Hall) resistivities:

— Skew scattering: This mechanism arises from asymmetric scat-
tering of spin-up and spin-down electrons by impurities in the
presence of spin-orbit interaction. The resulting resistivity con-
tribution scales linearly with the longitudinal resistivity, i.e.,

Pskew & Pxx < T, (17)

reflecting its extrinsic origin tied to the impurity concentration
and the temperature-dependent scattering rate. The chiral fea-
tures of disorder scattering make are responsible for this sort of
scattering, where the transition probability depends on whether
it is left-handed or right-handed with respect to the magnetiza-
tion direction.

11
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- Side-jump scattering: This effect originates from a lateral dis-
placement of the electron trajectory during each scattering
event, caused by the spin-orbit-induced anomalous velocity.
More specifically, it is due to the displacement of the wave vec-
tor when the wave packet is scattering by an impurity. The side-
jump contribution scales quadratically with the longitudinal
resistivity,

psj o Prx < T?, (18)

and is generally less sensitive to impurity concentration than
skew scattering.

e Magnon Scattering in Half-Metallic Ferromagnets: In conven-
tional metallic FMs, both spin channels are partially occupied
at the Fermi level. At finite temperatures, conduction electrons
can scatter by emitting or absorbing magnons (spin-wave exci-
tations). The simplest process is one-magnon scattering, which
flips the electron’s spin and changes its momentum. The magnon
population scales with temperature as 7,,(T) T3/2, following
Bose-Einstein statistics for low-energy magnons. Combining this
with the available electronic phase space leads to a resistivity con-
tribution that scales approximately as

P1-mag X TZ/ (19)

in the low-temperature limit.

In contrast, half-metallic FMs exhibit metallic behavior in only one
spin channel, while the other spin channel possesses a gap at the
Fermi energy, such that Er lies within a band gap for one spin
channel. This electronic structure prohibits the typical one-magnon
spin-flip processes, since transitions into the gapped minority spin
band are energetically forbidden at low temperatures.

As a result, two-magnon scattering becomes the dominant mecha-
nism for spin-dependent resistivity in half-metals. In this higher-
order process, an electron scatters while simultaneously creat-
ing/annihilating two magnons, thereby conserving the total spin
without requiring a spin-flip transition. Although such scatter-
ing events are much weaker, they exhibit a stronger temperature
dependence due to the quadratic dependence on magnon popula-
tion.

The temperature dependence of two-magnon scattering can be
derived by considering the magnon density of states D(€) « /e,
together with the quadratic magnon dispersion €; = Dk?. Integra-
tion over the joint two-magnon density of states yields a resistivity
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contribution of the form
P2mag & T 45, (20)

This T#° dependence is the defining feature of half-metallicity, re-
flecting the suppression of single-magnon spin-flip scattering due
to the minority spin gap. Double-magnon scattering is confirmed
by the results pursued in this thesis.

Resistivity Table 1: Summary of dominant scatter-
Mechanism Magnetic System Process Type Dependence ing mechanisms and their characteristic
- - — ; temperature dependence in magnetic
1-magnon scattering ~ Metallic ferromagnet Spin-flip T conductors.
2-magnon scattering Half-metal Spin-conserving T+5
Phonon scattering Any metal Lattice vibrations ~ T? (low T)
Impurity scattering Any metal Elastic (defects) TO (constant)

Spin-Dependent Conduction

One of the most important requirements for efficient spintronic
operation is the ability to generate, manipulate, and detect spin cur-
rents. Spin currents can arise from (a) spin-polarized charge currents
flowing through a FM, (b) spin pumping from precessing magnetiza-
tion, or (c) SOC phenomena such as the SHE and REE.

In thin-film heterostructures, such as HM/FM bilayers, spin cur-
rents generated by the SHE in the HM (i.e. Pt, Ta, or Ru-Pt alloys)
can diffuse into the FM layer and exert torques on its magnetization.
Materials with a large SHA are promising candidates for energy-
efficient spintronic devices, including magnetic memories, spin-orbit
oscillators, and logic elements.

The spin Hall conductance (SHC) therefore has multiple contribu-
tions from the side-jump and skew scattering as well as the intrinsic
mechanisms:

H int

Oyy = 0.

sj k
vy = Oy +0xy + 03 (21)

In the ideal case of a single, perfect crystal the intrinsic mechanism
is the dominant contribution to the SHE. Materials with little scatter-
ing contributions are advantageous to spintronic applications as they
correspond to fewer impurities and lower resistivities.

The field of spintronics has evolved from early discoveries of spin-
polarized transport in metals and semiconductors to the exploration
of complex materials with novel spin textures such as half-metals,
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topological magnets, and altermagnets (AM). These systems pro-
pose enhanced spin polarization and intriguing mechanisms for
generating and controlling spin currents. Understanding the fun-
damental physics governing SOC and spin-momentum locking is
crucial for interpreting experimental observations and for designing
next-generation spintronic architectures.

Spin Polarization

A central concept in modern spintronics is the control of spin po-
larization in electronic transport. In most conventional metals, both
spin-up and spin-down electrons contribute to conduction which re-
sults in only a partial spin polarization. The spin polarization, p, can
be quantified as the asymmetry of spin-up and spin-down states in a
FM:

p- ="M (22)
ny+n

where 74 and n are the density of spin-up and spin-down states at
the Fermi level, respectively. In contrast, half-metallic ferromagnets
(HMEF) exhibit a unique band structure where one spin channel be-
haves metallically, contributing to all conduction properties, while
the other is insulating or semiconducting at the Fermi level [5]. This
leads P to approach 100% in HMFs, making them ideal candidates
for spin-injection and spin filtering applications. As a results, HMFs
serve as nearly ideal sources of spin-polarized current for STT and
SOT experiments.

Spin polarization has several key implications for spintronic trans-
port:
¢ It ensures that only one spin species contributes to the charge
current. This effectively eliminates spin-flip scattering and allows
for efficient spin injection into adjacent NM or HM layers.

¢ The strong exchange splitting in HMFs stabilizes long-range FM
order, leading to a high T¢ and reduced thermal depolarization.

Despite their advantages, realizing and maintaining half-metallicity
in the low-dimensional limit of thin films poses several challenges.
Structural imperfections, interfacial disorder, and chemical non-
stoichiometry can introduce mid-gap states that partially depolarize
the spin current. Additionally, interfacial hybridization between
HMFs and HMs can modify the density of states (DOS) at the Fermi
level. In some cases, this can suppress full spin polarization. These
effects also make the synthesis of high-quality samples, successfully

Figure 2: Schematic of (a) ferromagnetic
and (b) half-metallic band diagrams [5].
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achieved in this work, a critical step toward accurately probing intrin-

sic spin transport phenomena.

In addition to their technological relevance, HMFs provide an ex-
cellent platform for studying fundamental spin-dependent transport
phenomena such as Shubnikov-de Haas (SdH) oscillations, quan-
tum interference effects, and AMR. Because only one spin channel
participates in conduction, any observed oscillatory or magnetore-
sistive behavior can be directly attributed to the spin-polarized band
structure and its interaction with external magnetic fields.

THE CAsE oF CrO»

The concept of half-metallicity was discovered in 1982 while
studying the conduction properties of NiMnSb, a Heusler alloy.
Since then, various materials including perovskite oxides, sulfides,
and zinc-blende structure compounds have been explored for their
potential half-metallic behavior [6]. Among these, chromium dioxide
(CrO;) stands out as one of the few experimentally verified HMFs
with robust, near-perfect spin polarization persisting up to room
temperature [7].

Band structure calculations and photoemission experiments con-
firm the majority-spin band crossing at the Fermi level while the
minority-spin band exhibits a clear gap [9, 10]. The DOS for majority
and minority spin states is shown [8]. The d band of the minority
spin state shifts due to exchange splitting such that the Fermi level
lies between the oxygen p states and the chromium d states.

Spin polarization is HMFs is, however, temperature-dependent. At
low temperatures, P = 1, but at finite temperatures it can decrease
due to thermal fluctuations which mix spin-up and spin-down states
at the Fermi level. This gradual depolarization of CrO, can be mea-
sured by the drop in net magnetization at elevated temperatures. As
shown in this work, the magnetization of bulk CrO, films decreases
notably from 100% at 300 K to ~ 70% at 2 K.

In addition to its unity spin polarization, CrO; has several de-
sirable properties including a high Curie temperature of Tc ~ 390
K, large magnetic moment of 2 yp at 10 K [11], and a rutile crystal
structure. CrO; is also a metastable FM which can reduce to Cr,Oj3 in
oxygen-poor environments and becomes an insulating antiferromag-
net (AFM) [12].

In this context, CrO, offers a clean and well-defined system for
exploring quantum transport in the half-metallic limit, serving as a
benchmark for theoretical models and a foundation for investigating
more complex spin textures in emerging materials like AMs and
AFMs.
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Figure 3: Calculated density of states
for CrO,. Dashed line indicates Fermi
level [8].
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Figure 4: Schematic of rutile structure.
CrO; forms a body-centered tetragonal
lattice surrounded by octahedra of
oxygen atoms.
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Quantum Transport in Metals

LANDAU QUANTIZATION

When a magnetic field is applied to a conducting material, the
motion of charge carriers becomes quantized due to the Lorentz force
which confines their trajectories into circular cyclotron orbits. The
quantization of these orbits gives rise to discrete energy levels known
as Landau levels (LLs). For a free electron in a uniform magnetic
field B applied along the z-axis, the energy spectrum is given by

1 n2k2
E, = <n+2> hwc+ﬁj, (23)

wheren = 0,1,2,... is the Landau level index, w, = fn—é is the cy-
clotron frequency, m* is the effective mass of the carrier, and k; is the
wave vector along the direction of the magnetic field.

Each LL represents a highly degenerate set of states correspond-
ing to electrons with quantized transverse motion but free motion
along B. When the magnetic field is sufficiently strong or the tem-
perature sufficiently low, the discrete nature of these levels becomes
experimentally observable.

At the Fermi level, oscillations in the DOS occur whenever a LL
passes through the Fermi energy. These oscillations manifest as peri-
odic modulations in a variety of measurable quantities such as resis-
tivity, magnetization, and heat capacity, thereby leading to quantum
oscillations.

SHUBNIKOV-DE HAaAs OSCILLATIONS

The Shubnikov-de Haas (SdH) effect refers to the quantum oscil-
lations in electrical resistivity observed under high magnetic fields
and low temperatures. It arises from the periodic variation of the
electronic DOS at the Fermi level due to Landau quantization. When
a LL crosses Er, the number of available conduction states changes,
modulating the scattering rate and thus the longitudinal resistivity
(0xx)-

Experimentally, the SdH oscillations are periodic in the inverse
magnetic field (1/B) rather than B itself. The background oscillatory
component of the resistivity can be expressed as

Apxx o cos [277? (1; + 7)] , (24)

where F is the oscillation frequency (in Tesla) and 7 is a phase factor
containing information about the Berry phase and Fermi surface
topology. The frequency F is directly related to the extremal cross-
sectional area Ar of the Fermi surface perpendicular to the magnetic
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field through the Onsager relation:

h

F= TMAF- (25)

This relation forms the basis for mapping the geometry of the Fermi
surface from SdH measurements. In materials with simple, isotropic
Fermi surfaces, Ar corresponds to a circular cross-section. In con-
trast, anisotropic or multi-band systems such as CrO, produce multi-
ple frequencies corresponding to different extremal orbits.

LirsHI1TZ-KOSEVICH FORMALISM

The amplitude of SdH oscillations carries rich information about
the quasiparticle dynamics and scattering mechanisms. The temper-
ature and field dependence of the oscillation amplitude is described
by the Lifshitz-Kosevich (LK) formalism, which incorporates both
thermal damping and impurity scattering:

Apxx « RTRp cos [271 (; + ’y)} , (26)
where
_ «Tm*/B B aTpm*
T~ sinh(aTm*/B) and Rp = exp ( B ) 27)

are the temperature and Dingle damping factors, respectively, with
a = 2m?kgmg /eh. Here, Tp is the Dingle temperature related to the
carrier scattering time 7 through

h

= 27‘[kBTD ’

(28)
At cryogenic temperatures, the dominant scattering mechanism tran-
sitions from phonon to impurity and magnetic scattering, leading

to long carrier lifetimes and mean free paths sufficient to resolve
Landau quantization and SdH oscillations. The Tp extracted from
the LK analysis quantifies the degree of disorder-induced broaden-
ing of LLs, directly related to the total scattering rate. A lower Tp
therefore indicates a longer relaxation time and higher sample purity,
both of which are prerequisites for observing quantum oscillatory
phenomena. In systems with strong spin polarization or reduced
dimensionality such as half-metals, magnetic heterostructures, or
two-dimensional electron gases, the interplay of these scattering
mechanisms determines not only the resistivity but also the efficiency
of spin-charge conversion and the stability of spin textures.

By fitting experimental data to the LK formula, one can extract
fundamental material parameters such as:

17



18 MECHANISMS OF SPIN AND CHARGE TRANSPORT ACROSS OXIDE AND ALLOY INTERFACES

o Effective mass m* of charge carriers,
¢ Dingle temperature Tp and corresponding scattering time T,
* Fermi wave vector kr, velocity vr, and carrier density #,

® Berry phase ¢p, which distinguishes between trivial and topologi-
cally nontrivial band structures.

Overall, Landau quantization and SdH oscillations provide a sen-
sitive window into the interplay between spin, charge, and topology
in correlated electron systems, making them central to understanding
magnetotransport in low-dimensional and spintronic materials.

Emerging Concepts

ALTERMAGNETISM

Altermagnets (AMs) are characterized by a compensated magnetic
structure with zero net magnetization, similar to AFMs, yet exhibit a
symmetry-protected spin splitting of electronic bands comparable to
that of FMs. This phenomenon arises from non-relativistic exchange
interactions combined with specific crystalline symmetries that break
spin degeneracy without requiring SOC. In contrast to traditional
AFMs, where opposing spins belong to inversion-related sublattices,
AMs possess magnetic sublattices connected by rotation or mirror
symmetries that preserve overall time-reversal breaking while main-
taining zero total moment. The result is a large spin polarization in
momentum space despite a vanishing macroscopic magnetization,
enabling efficient spin-charge conversion and magnetoresistive ef-
fects without stray fields. This unique symmetry-derived property
positions AMs as promising candidates for next-generation spintronic
devices, bridging the gap between ferromagnetic and antiferromag-
netic functionalities [13].
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To RESOLVE the magnetization dynamics of spins in the various systems studied in this work, a funda-
mental understanding of the physics and mechanisms behind different fabrication and characterization
techniques is crucial. A discussion of these techniques is included below to guide the reader in gauging the
significance of the resultant research projects.

Sample Fabrication

This section highlights the basic methodologies used for fabricating
the samples studied in this work.

WAFER PREPARATION

Silicon wafers are the predominant substrate used for perfor-
mance device fabrication. Thermal oxidation of silicon produces an
extremely high quality Si/SiO; interface with very low defect den-
sity. This passivation layer stabilizes the electrical properties of the
silicon surface and protects the device from environmental damage
and contamination. Therefore, bare silicon wafers are baked in an

oxygen-rich environment to facilitate the growth of this desirable
native oxide.

w

Figure 5: Image of bare Si wafer.

Procedure to bake bare Si wafers in dry oxidation furnace:

1. Obtain a 25-pack of 2-inch P/B (100) single-side polished (SSP)
prime Si wafers from WaferPro LLC with 1-10 ()-cm resistivity and
279 £ 25 pm thickness.

2. Turn on the breaker and throttle switch located in the chase at the
back of the furnace.

3. Open the Ni bottle and valve to purge the tube.
4. Turn on the top tube furnace and set the temperature to 1050°C.

5. In the meantime, arrange the wafers into the slots of the quartz
carriers such as to maximize the exposure of the polished side.
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6. Once the temperature is stabilized, load the wafer carriers care-
fully into the CENTER of the tube using a quartz stick.

7. Close the Ni valve and open the oxygen valve to flow research-
grade O, with a flow rate of 0.5 sccm/sec. Check that the oxygen
flow rate in Channel 2 reads 1.5.

8. Let the wafers bake for approximately 48 hours or until the color
changes from gray to teal.

This is a very standard, repeatable, and cost-effective procedure
which allows for precise control over the oxide’s thickness and qual-
ity and is preferred to purchasing oxidized wafers directly.

Magnetron Sputtering

Magnetron sputtering is a physical vapor deposition technique used
to deposit sub-micron thin films on silicon wafers. It is a room-
temperature deposition technique which requires a chamber capable
of reaching ultra-high vacuum (~ 108 Torr) to ensure a pristine de-
position environment. A cryopump held at ~ 15 K removes gaseous
impurities such as adsorbed water vapor and He atoms in the system
by use of activated charcoal. A rotary chain allows the silicon wafer
substrate holder to rotate from above from one target gun to another,
allowing us to build multilayer stacks of various materials.

Standard approach for depositing thin-film stacks using sputtering
systems:

® Check integrity of the shutters for all guns. Check targets are
sufficiently thick. Clean shutter undersides if build-up visible.
Blow targets with Ni gun to remove flakes and particles.

® Load up to 5 Si wafers onto the substrate holders (positions 3, 6, §,
10, 12). Blow with Ni gun.

¢ Close the chamber, pump down with mechanical pump and open
gate valve. Keep baffle at 100% OPEN.

* Turn on the heater tape and bake the system at 80°C for at least
one day, pumping for an additional 2-3 days until base pressure
~ 1078 Torr.

* OPEN Ar bottle, turn ON chiller for guns, ensure all power sup-
plies are ON. Set baffle value to 30% OPEN.

¢ As per calibration, set Ar pressure to 4 mTorr for all targets except
for MgO which should be set to 1.6 mTorr.

AND ALLOY INTERFACES

Figure 6: Image of oxidized Si wafer.

For best results, use wafers within 1-2
months of oxidation. This prevents
surface degradation, poor adhesion
from reduced surface energy, and
increased surface roughness from
airborne particles.

The flow rate of Ar can be manually
adjusted to account for slight deviations
of the baratron gauge. The baratron
should be zeroed to ensure an accurate
reading prior to deposition.

In the case of plasma ignition trouble:
increase Ar pressure, increase dc output
power, check that copper ring is tight
and in good contact with target, if gun
is dc try to light with rf.
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e With global rotation ON, pre-sputter targets of interest for 5 min
(new targets should be pre-sputtered for at least 2 hours.) This
step ensures that any gettered impurities are removed prior to
deposition. Ensure that plasma ignites (soft purple plume).

¢ Type in desired recipe for multilayer stack and appropriate target.

® Once deposition finishes, turn OFF Ar valve, OPEN baffle back

to 100%, turn OFF chiller. Let system stabilize for at least 1 hour

J Substrate ianode +) L
before removing wafers. s Thi im growtn
e, NI/
® As per sample documentation, label each wafer with initials, sam- B e e o0
. " . .
ple run number, substrate index, and date. \4 d
S N S

+#

The efficacy of magnetron sputtering relies on the physical bom-

bardment of energetic Ar ions with the target material atoms due to Figure 7: Schematic of magnetron
sputtering illustrating bombardment of

a voltage difference [14]. A sputtering source (the target) is charged Ar ions with target atoms.

with a negative voltage while a substrate (Si wafer) holder facing the
target is kept at ground. The large potential difference between the
target and substrate ionizes the Ar atoms by accelerating free elec-
trons which collide with Ar atoms. This, in addition to secondary
electron emission, creates a self-sustaining plasma in which the Ar
ions are accelerated toward the negatively charged target to sput-
ter atoms off its surface. These free atoms finally condense on the
substrate and forms thin films.

An electrically grounded aluminum shield with an opening at the
center is placed on top of the target, encasing the copper ring holding
down the target. The shield maintains a small gap with the target’s

surface, enabling ionization to happen at a much lower voltage. It is recommended that routine mainte-
nance and deposition rate calibrations
are performed to ensure high quality
and reproducibility of samples.

A strong permanent magnet (~ 1.5 kG) is placed below the tar-
get to generate a magnetic field parallel to the substrate surface. The
Lorentz force causes secondary electrons to spiral, which significantly
increases their chances of collision. The magnetic field of the gun
pulls electrons away, bending their paths and confining the electron
density near the target. Consequently, lower sputtering pressure and
power are required to sustain the plasma. Typically, dc sputtering is
used for metallic and magnetic targets and rf sputtering for insulat-
ing targets, like MgO, since rf fields alternately charge and discharge
the surface.

The sputtering yield, defined as the number of ejected atoms per
incident Ar ion, depends on target atom mass and ion energy. For
a target made up of multiple elements (i.e. CoFeB), elements with
higher sputter yield will be ejected more than others. This changes
the elemental composition at the target surface. Eventually a steady
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Chiller p ittt lstlsile
Gun cooling water

Figure 8: Magnetron sputtering system
used for sample fabrication. Important
components are labeled.

state is reached where the stoichiometry of ejected atoms equals
that of the target. To ensure uniformity, substantial pre-sputtering is
needed.

During deposition, the silicon wafers are self-rotating and off-
centered relative to the gun. This allows for a more uniform film
with fewer impurities. With this system, films as thin as 1 nm can be
deposited with angstrom-level precision. A custom Python GUI was
created for user system control and operation to reliably automate
the sputtering process and minimize user error across batches. This
GUI may also be used manually for troubleshooting and maintenance
procedures.



CHAPTER 2 | MATERIALS & METHODS 23

Chemical Vapor Deposition (CVD)

WARNING: Practice extreme caution

Chemical vapor deposition is used when depositing thin films that when handling the precursor. Wear
must have high epitaxial integrity. This technique requires a precur- all necessary PPE (lab coat, respirator,

. . . . double-layered gloves: nitrile + green).
sor material (typically in powder or pellet form), a carrier gas, and a Use designated spatula to scoop pre-
single-crystal substrate which determines the orientation of the film. cursor into boat. Do NOT dump excess

precursor into the sink, instead dissolve
in chromium etchant and pour into
significant vapor pressure and can evaporate. It is then transported chemical waste bottle.

When the precursor is heated above a critical temperature, it gains a

by the carrier gas and deposited on the substrate.

We employ a two-zone tube furnace to independently control the
precursor temperature (239°C) and the single-crystal TiO, substrate
temperature (370°C). Deposition is carried out in an oxygen (O;)-rich
atmosphere to support a stable deposition rate and good film quality.

Heater 2

Precurcor boat Sample carkier

— ; N =

R
e

LB ]

ot

Figure 9: Chemical vapor deposition
system used for epitaxial sample
fabrication. Important components are

1. Ensure all components are cleaned with chromium etchant/DI !
labeled. O, bottle not pictured.

solution (1oomL:300mL) and subsequently rinsed with methanol,
DI water. Of the 40omL etchant solution, use 20omL for cleaning
the boat and substrate holder in a wide-mouth beaker and the
remaining 20omL to clean the tube.

2. Pretreat the 25 mm? single-crystal TiO, substrates with acetone (5
min), IPA (5 min), and diluted hydrofluoric acid (20 min) to create
a clean, activated surface for film growth. Use within 48 hours for
reliable deposition.
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3. Load the substrates on the sample carrier at the 370°C end, push
to center of furnace, and seal the tube on both sides.

4. Turn on both heaters as well as the Omega heater (set to 240°C
located behind Heater 1. Start the flow of 100 sccm of O,. Wait =
1 hour until furnace temperatures stabilize. The TiO, substrates
should turn yellow-orange in color.

5. Carefully fill the hexavalent chromium precursor into circular
boat. Open the 239°C end of the tube, load the boat and push into
center of furnace. Seal the tube.

6. Time the deposition for desired film thickness. (Approximately
linear following an initial activation time ~ 10-12 min).

7. Turn off O, flow and all 3 heaters. Open the furnace hoods and
let system cool to room temperature before removing residual
precursor.

8. Reseal the tube, turn on all 3 heaters and anneal for additional 1
hour at 370°C under 100 sccm O; flow.

Steps 7 and 8 are crucial for high-quality samples. After deposition,
the films are heated again. This step improves the film by stabilizing
CrO,, which is metastable and tends to reduce to Cr,O3 or CrO3. The
oxygen anneal preserves the Cr** oxidation state, limits the formation
of non-stoichiometric defects, and enhances epitaxial crystallinity by
reducing structural imperfections.

Photolithography

Once the thin films have been deposited, they are patterned into de-
vices. This may entail a single patterning step or multiple, depending
on the complexity of the device and the subsequent characterization
technique(s) in mind. The Heidelberg Instruments MLA 150 Mask-
less Aligner is used to pattern discrete features as small as 2 ym.
Maskless patterning involves a 375 nm laser write head which rasters
across the entirety of the wafer, denaturing the photoresist (PR) poly-
mer only where exposed. It follows that a more complex pattern
spanning a larger area of the wafer will take longer to pattern.

1. Coat the wafer evenly with spin-on PR: AZ 5214-E (kept at 6°C)
using a clean dropper (do not use PR at bottom of bottle).

2. For ~ 1.2 ym thick PR, set spin-coater speed to 4,000 rmp for 30
seconds.

3. Bake the wafer on a hot plate for 2 minutes at 108°C.

Check thickness of films prior to pat-
terning using VSM (use the lowest
temperature to get the most accurate
reading of magnetic moment — see
Bloch’s law.

Due to the viscoelasticity of the PR,

the edge of the wafer will likely have
thicker PR and thereby yield non
uniformity in patterning steps. Avoid
placing important device features at the
edges.
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4. Let cool for 30 seconds and place in MLA for patterning. Make
sure the flat edge of wafer is flush with the aligner and centered.
The laser is sensitive to height non-uniformity so ensure the wafer
is clean and there is no PR residue on backside.

5. Set MLA parameters: 375 nm laser, 200 mJ/cm? dose.

6. Upload appropriate AutoCAD design file. Check if inversion
required (exposes all BUT patterned area — used for ion milling

step).

7. After patterning complete, develop in undiluted AZ 917MIF until
PR dissolves and reveals pattern. Development time varies based
on feature size and complexity. Verify in microscope.

For the works detailed in this thesis, the MLA was used to pattern
all electrical leads, VSM circles, Hall crosses, and quarter sectors for
XRD/XRR. The standard Hall cross dimensions are 55 ym X 20 ym.

Etching

(1) Physical ion milling is used to define patterns on films and mul-
tilayer stacks deposited with magnetron sputtering. This type of
etching involves accelerating highly-energetic Ar atoms at the wafer
surface, causing bombardment and release of metal atoms. To ensure
good collimation of the incident beams, a screening grid is placed
after the acceleration grid, which accelerates the Ar ions to a high
energy. This technique is relatively insensitive to the stack’s compo-
sition and yields a rather uniform milling rate of about 15 nm/min.
To avoid charge accumulation, a neutralizer filament is placed in be-
tween the ion source and substrate which emits electrons to neutral-
ize the Ar ions. A filament is also used as the cathode of the plasma
generator where hot electron emission initializes and stabilizes the
plasma. Constant in-plane rotation and a 45° offset between the
wafer and Ar beam ensures clean edges, sidewall cleanliness, and
uniformly-milled surfaces. Strong thermal contact between the wafer
and wafer plate is necessary to prevent overheating and hard-baking
of PR. The substrate holder is water-cooled and can rotate from 0° to

o

90°.
(2) Reactive ion etching (RIE) was used specifically for the CrO,

samples deposited using the CVD technique. RIE is a dry chemical
etching technique that relies on the chemical reactivity of the precur-
sor gases to the film composition. The plasma in RIE is generated by
rf power supply between two parallel metal plates from a reactive gas
or mixture of reactive and inert gas. The discharge generates highly

Signs of underdevelopment (keep
developing): rainbow colors inside
pattern, absence of dark outline at edge
of pattern. Signs of overdevelopment
(must re-pattern): curved corners, lack
of sharp edges.

Figure 10: Image of patterned wafer af-
ter physical ion milling and photoresist
wash-off. Circles used for VSM, film for
XRD/XRR, Hall bars for resistivity.
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Figure 11: Schematic of physical ion
milling method used to etch samples

[15].
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reactive radicals that chemically etch the sample, while the electric
field between the metal plates also accelerates the ions to bombard
the sample surface. This is a highly selective etching technique in
which the precursor gas must be chosen carefully such as to etch
only the film of interest. For the case of CrO;, the films were etched
for 60 seconds using a mixture of 8o sccm CF4 and 40 sccm O, gases
on a PlasmaTherm Vision 320 RIE system.

Si SV/SiO, Si/Si0,/CoFeB  Si/Si0 /CoFeB
with photoresist

Characterization

This section briefly explains the fundamental concepts and tech-
niques used for characterizing the samples studied in this work. The
experimental results of these techniques can be found in the relevant
chapters.

X-ray diffraction (XRD)

XRD is a characterization technique used to determine the crystal
structure and grain size of thin films. Monochromatic Cu-Ka X-rays
are scattered by the regularly spaced atoms in the crystal lattice. At
specific angles, the scattered waves align perfectly, resulting in con-
structive interference and a strong amplified signal. These conditions
are described by the Bragg condition:

nA = 2d sin(0) (29)

where 1 is a positive integer, 6 is the Bragg angle, A = 1.5406A is

the characteristic X-ray wavelength of Cu-Ke, and d is the interpla-
nar spacing of the lattice. A detector measures the intensity of the
diffracted X-rays at various angles, producing a diffraction pattern. A
Bruker D8 Discovery High Resolution X-ray Diffractometer is used to
collect this information.

1. Load and secure the sample, flush to the mount in the path of
X-rays.

2. Set the detector to Lynxeye oD (HiRES). Choose the slit size to be
1.2 mm. The X-rays should be set to 40 kV at 40 mA.

Si/Si0_/CoFeB  Si/SiO /CoFeB
post-patterning post-etching

Figure 12: Schematic of sample process
flow from bare Si wafer to patterned
device.
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3. Zero all parameters and set Primary Rot Absc to 58.22.

4. Perform a Z-scan (mode: STEP, time/step: 0.1s, range: -1.3mm to
1.9mm with step size o.o1mm). Double-click the Z value at half the
max counts, this will fix the optimal Z-height of the sample.

5. Perform a rocking curve (mode: CONTINUOUS, time/step: 0.1s,
range: -5.0° to +5.0° with step size 0.01°). Double-click the center
of the Gaussian, this will fix the optimal value for Q).

6. Repeat the Z-scan.

7. Perform the 20-() scan (time/step: 0.2s). Set the detector to Lynx-
eye 1D.Set the Primary Rot Absc to 1. Choose the desired range
for diffraction scan (typically 20° — 90°)
As a check, look for Si (0o4) peak from
substrate at 20 = 69°.

X-ray Reflectometry (XRR)

XRR can be used to non-destructively extract the film thickness us-
ing the same XRD machine. It works by shining the X-rays at very
shallow, or "grazing", angles. Due to X-rays having a refractive in-
dex slightly less than 1 in most materials, they undergo total external
reflection at these shallow angles. A portion is reflected from the
surface, while another part penetrates slightly. If the sample has mul-
tiple layers with different electron densities, X-rays reflect off each
interface. These reflected beams interfere, meaning they can either
reinforce (constructive interference) or cancel each other out (de-
structive interference). This constructive and destructive interference
creates a distinctive oscillation pattern, known as interference fringes,
in the measured reflectivity data.

1. Load and secure the sample, flush to the mount in the path of
X-rays.

2. Set the detector to Scinti. Choose the slit size to be 0.2 mm. The
X-rays should be set to 40 kV at 40 mA.

3. Zero all parameters and set Primary Rot Absc to 58.22.
4. Perform a Z-scan.

5. Perform a rocking curve.

6. Repeat the Z-scan.

7. Set 82-H to 0.5°. Repeat rocking curve.
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8. Perform the 26-() scan (time/step: 0.1s). Set the Primary Rot 1000000 ¢
Absc to 1. Set 26 range from 0.0 to 5.0° with step size 0.005° and
time/step: 1.0s). Change counts to log-scale to resolve fringes. 100000 £

Intensity (cps)

A rough, back-of-the-envelope calculation can be used to estimate

10000 +

the thickness of the film prior to a more detailed Fourier analysis:

1000 +

88 -3 1.0 15 20 25 3.0
~~n (30) 20 (deg)
A260 fringe

tim(A) =

Figure 13: Example XRR scan of Ru-Pt

alloy. Spacing of fringes used to extract
data can also be analyzed carefully to gauge the surface roughness at thickness.

where A26y,,, is the spacing between two consecutive peaks. XRR

the interface between the film and substrate.

Energy Dispersive X-ray Spectroscopy (EDS)

EDS was used extensively to quantify the chemical compositions of
various alloys. It is a material analysis technique that identifies ele-
ments in a sample by bombarding it with an electron beam, causing
the atoms to emit characteristic X-rays at specific energies. The in-
cident beam ejects an electron from an atom’s inner electron shell,
creating a "hole". An electron from a higher-energy outer shell then
moves to fill this hole. The energy difference between the shells is
released as an X-ray photon. The energy of these emitted X-rays is
unique to the specific element and the energy level transition in-
volved. A detector then measures the energy of these X-rays and
their number and provides a spectrum of X-ray intensity and charac-
teristic energy.

Transmission Electron Microscopy (TEM)

TEM is a powerful imaging characterization technique that uses an
electron beam to study the internal structure of ultra-thin films. The
beam of electrons interacts with the specimen and transmit through
the sample. The image is then magnified and focused onto a fluo-
rescent screen. Due to the small de Broglie wavelength of electrons,
TEM can provide much higher resolution image than optical mi-
Croscopy.

In this case, 10 nm-thick films were deposited on 25 nm-thick, 3.05
mm O.D. pure-carbon films (no Formvar) supported by 400-mesh
copper grid TEM disks. This mesh size allows for a uniform film

with structural integrity while allowing transmission of electrons

through the film for imaging. Figure 14: Optical image of TEM
copper grid with 10 nm thick RuzgPty»
deposited by magnetron sputtering.
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The same instrument, JEOL 2100F - S(TEM), was used to collect
diffraction patterns of the film, illustrating the degree of polycrys-
tallinity. These rings represent the accumulation of diffraction spots
from each tiny crystallite, with different crystals contributing reflec-
tions at various angles, which, when averaged, create continuous
rings rather than discrete spots. The radii of these rings are measured
and analyzed to determine the d-spacings and crystal structure of the
material using Bragg’s Law, similar to XRD.

PaYSICAL PROPERTY MEASUREMENT SYSTEM (PPMS)

The EverCool II Physical Property Measurement System (PPMS)
from Quantum Design is a versatile cryogen-free characteriza-
tion piece of equipment with various measurement modules, full
temperature-field control and is designed to perform a variety of
automated measurements.

Ultrahigh-purity He gas is condensed into a liquid by a compres-
sor and is collected in a dewar. The superconducting coil can provide
up to 12 T in uniaxial magnetic field strength and is immersed in the
liquid He, while evaporating He gas from the bottom of the dewar
provides cooling of the sample space.

The most commonly used modules relevant to this work are dis-
cussed below:

Vibrating Sample Magnetometer (VSM)

The VSM module is used to collect magnetization hysteresis (MH)
loops as a function of field and temperature. These sorts of mea-
surements provide insight into the magnetic ordering of spins in a
material and the resulting moment of the sample.

VSM measures the magnetic properties of a material by oscillat-
ing it at a certain frequency within a magnetic field. The vibrating
sample, moving through pickup coils, induces a voltage according
to Faraday’s Law. By measuring this induced voltage and relating it
to a known standard, the VSM can determine the sample’s magnetic
moment and other magnetic characteristics.

1. Identify whether an in-plane (IP) or out-of-plane (OOP) sample
holder is required depending on the sample and property of inter-
est. IP sample holder is quartz, OOP is brass.

2. Adhere the sample to the sample rod using varnish and let dry for
at least 1 hour. Ensure that the sample is within the bounds of the
holder and not protruding.

To reliably detect the transmitted
electrons in TEM, the sample should to
be less than 100 nm thick.

Figure 15: Schematic of PPMS dewar
[16].

The field inside the PPMS is oriented
perpendicular to the ceiling.

Verify using the provided Pd standard
that the VSM is well calibrated (account
for any field drift). This should be done
every 3 months or after 10 consecutive
field sweeps above 5 Tesla.

The PPMS limits are 2 K - 400 K &
+9T. Do not exceed or approach these
limits for extended periods of time. Do
not exceed a temperature rate change of
+12 K/min.
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3. Install the VSM module:

(a) Vent the chamber. Ensure all modules are deactivated.

(b) Insert the temperature sensor using the puck insertion tool.
(c) Insert guide rod (hollow plastic rod).

(d) Install the VSM motor carefully and clamp the flange.

(e) Connect the VSM module cable (box) and the motor cable.

(f) Activate the VSM option. Make sure the motor (yellow po-
sition indicator moves to top) and the coil thermometer are is
initialized properly.

4. Screw the sample into the sample rod and insert at the top of the
motor. Replace the cover.

5. To locate the sample, apply a small field (100 Oe) and follow in-
structions on the MultiView software to complete the setup.

The MH curves, field-cool (FC), and zero-field cool (ZFC) measure-
ments presented in this thesis are all performed using this module.

BREAKING DOWN A MAGNETIZATION Loor

The key features of a typical magnetization (MH) curve are identi-
fied and explained below:

® Mg is the saturation magnetization, which can be found by nor-
malizing the total magnetic moment of the sample when all mag-
netic moments are aligned with the field to a unit of volume. The
units are typically [emu/cm?].

® Hg is the saturation field, intuitively the field at which Mg is
reached.

® H_, is the coercive field with units of Oersted [Oe]. This quantity
refers to the magnitude of the external magnetic field required to
demagnetize a FM after it has been driven to magnetic saturation.
Typically, it is the width of the MH loop at M = 0 and calculated
as the average of the positive and negative x-intercepts of the MH
loop:

= el tec] G

Materials with low coercivities are considered magnetically soft
while those with large coercivities are magnetically hard (i.e. per-
manent magnets).

He gas is used up faster for high-field
scans (> 3T) than for low-temperature
scans. Be sure to maintain He levels
above 70%.

DO NOT purge the system if the black
seal at top of motor is not put back.

You must perform an extended purge if
cooling below 250 K.

0op

Figure 16: Out-of-plane (OOP) and
in-plane (IP) samples holders used for
VSM measurements.
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® H, is the kink field, also with units of [Oe], and is given by

2K,
Hy = 2
K= Mg (32)

where K, is magnetocrystalline anisotropy energy density and pg
is the vacuum permeability. In thin films or anisotropic materials,
it typically corresponds to the field required to rotate the mag-
netization from the easy axis toward the hard axis. If the field is
applied along a direction that is not the easy axis, Hy marks the
onset of significant magnetization rotation toward the field direc-
tion. In materials with large K,,, Hy indicates the field strength
needed to start reorienting spins against the anisotropy energy. For
multi-domain systems, the kink can represent the field at which
domain walls start to move significantly. Hence, Hy is strongly
direction-dependent, reflecting the in-plane versus out-of-plane
anisotropy.

* Hgg is the exchange bias field in units of [Oe]. It arises due to
exchange coupling at FM/AFM interfaces. This parameter is de-
picted as a horizontal shift of the MH loop and quantifies the bias
imposed by the AFM on the FM.

Hggp= ———F— (33)

It is temperature-dependent and typically decreases with increas-
ing temperature, vanishing above the AFM’s Ty. It can also be
training or history-dependent due to domain reconfiguration.

® M;em is the remnant magnetization in units of [emu/ cmd]. Tt
quantifies the residual magnetization remaining after the exter-
nal field is reduced to zero. For soft magnets, Mrem is low whereas
for hard magnets it is high.

Electron Transport (Resistivity)

The resistivity module provides temperature- and field-dependent
four-probe characterization of a sample. This requires wire-bonding
the sample to a sample chuck and applying a current while measur-
ing the voltage difference between leads. This module can be used

for measuring both transverse (or Hall) (Ry,) and longitudinal (Rxx)

resistances depending on the wire bonding geometry. Additionally, R

Figure 17: PPMS resistivity sample
i K K . chuck. Image shows 2 separate bonded
biguous samples with atypical geometries. samples.

van der Pauw measurements can also be performed on more am-

1. Adhere the sample to the sample puck using varnish and let dry
for at least 1 hour. You may bond up to 3 different samples on a
single puck.
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2. Install the resistivity module:

(a) Vent the chamber. Ensure all modules are deactivated.

(b) Insert the sample at the bottom using the puck insertion tool.
Make sure to rotate and confirm it is inserted properly by align-
ing the notch.

(c) Insert baffle rod (thin plastic rod) and clamp the flange.
(d) Connect the resistivity module cable.

(e) Activate the resistivity option.

3. Check the bridge configuration and confirm connectivity of all
pins and contacts for each channel.

The MR and longitudinal transport measurements presented here are
all performed using this module.

Additionally, a rotator mount was employed to measure angle-
dependent Ry, between the sample’s surface normal and the applied
magnetic field. This enables 360° freedom in sample rotation, en-
abling precise AMR measurements.

Magneto-Optic Kerr Effect (MOKE) Microscopy

MOKE microscopy is a nondestructive technique which can be used
to visualize the magnetic domain configurations inside a magnetic
material. Its setup requires a high-output-power optical source, a
high extinction ratio of polarizers, a large bit-depth camera (i.e. low
noise level), and sufficiently high spatial resolution AX given by:

AX=— (34)

where C = 0.61, Ay is the numerical aperture of the objective lens,
and A is the laser wavelength.

Linearly polarized incident light becomes elliptically polarized
after reflection. As the light reflects, the material’s magnetization
causes the light’s polarization to change. If the direction of magne-
tization in the material is reversed, the direction of the polarization
rotates and the sense of the ellipticity also reverses. The polarized
light is then focused onto the magnetic sample through a beam split-
ter. The reflected light beams passes through an analyzer, which is
oriented almost 90° to the incident polarizer such as to filter the un-
polarized light after reflection. This light is reflected back through
the objective lens and the analyzer before being focused on the CCD
detector.

For standard measurements, set the
control limits to 10 A, 10 mV and
100 uW. If the applied current is sig-
nificantly less than the control limit,
try reducing the limit or check the
connectivity of the wire bonds.

Figure 18: PPMS resistivity rotator
mount used for angle-dependent Ry
measurements.



CHAPTER 2 | MATERIALS & METHODS

Mirror 2 —
/] Laser
Filter

ground glass diffuser

Lens = Motor

Ground Glass Diffuser

Lens

Used to decrease the coherence
of the laser.

Motor controller

ar

Collection objective

Lens

S& ccb
Louder Polarizer
Lens

Sample

focusing objective
P

Analyzer
Lens

> fiber
Detector

> objective

Analyzer

Beam splitter
Laser

Polarizer

Objective lens

33

Figure 19: Schematics and photographs
of polar-MOKE setup with various

Contrast in a MOKE image comes from magnetization polariza- optical component labeled.

tion, not depth contrast as in optical images. MOKE is categorized by
the direction of the magnetization vector relative to the sample sur-
face and the plane of incidence of the light. The three main types are
polar, longitudinal, and transverse. Polar-MOKE is predominantly
used in this work, which detects the out-of-plane magnetization.

Ferromagnetic Resonance (FMR)

FMR describes the phenomenon in which the magnetization of a
ferromagnetic material absorbs energy from an applied microwave
field when their frequencies match, causing the magnetization to
precess (wobble) at a specific resonant frequency determined by the
material’s properties and an applied external magnetic field. Spin-
torque FMR (ST-FMR) is a widely-used technique to determine the
SHA of a material. It has the added advantage of not requiring per-
pendicular magnetic anisotropy (PMA) of the FM layer to maximize
the out-of-plane magnetization response. This is a limitation that fol-
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lows directly from the shape and surface anisotropy favoring in-plane
magnetization of spin in a thin film.

A non-magnet/FM bilayer is required for this measurement. A
constant magnetic field is applied to set the magnetization of the
magnetic layer. A radio frequency (rf) current is then applied, caus-
ing precession of the material’s magnetization. This allows one to
measure the oscillating spin torque generated by the spin current
through FMR.

Due to strong SOC in the non-magnetic heavy metal layer, a trans-
verse oscillating spin current is generated by the SHE. This spin
current is then injected into the adjacent FM layer, which exerts an
oscillating spin torque on it. This spin torque induces magnetization
precession of the spin in the FM. The spin dynamics in the FM layer
can be described by the well-known Landau-Lifshitz-Gilbert (LLG)
equation:

aM aM

— =—yYMxH MX —+y——

dt YL et TNV X +723;40Mst
(35)

Important terms include the torque from the effective field Hegs ~

Heyt — 4tMeg for thin films with in-plane magnetization, the torque
induced by the spin current J; injected into the FM layer, and the
torque induced by the Oersted field H,¢ generated from the rf cur-
rent. Here, v is the gyromagnetic ratio, « is the Gilbert damping
coefficient which accounts for how fast the precessing spin dampens
to the applied field direction, y is the permeability of free space, M;
is the saturation magnetization of the FM, t is the thickness of the
FM, and ¢ is the spin direction.
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Figure 20: Spin precession and damp-
ing about a constant external applied
field direction in response to an applied
rf current.

Figure 22: FMR signal of CoFeB/Pt
bilayer used for system calibration in-
dicating symmetric and antisymmetric
contributions to Vi, [17].

Figure 21: Screen capture of pulsed rf
signal for FMR measurements. Signal
produced by modulating reference
square pulse from signal generator
(yellow) with rf GHz signal (purple).
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oscillates with the angle of the applied external field. This resistance
mixes with the rf current and generated a dc voltage across the sam-
ple (Vmix) in response to the torques.

This voltage can be detected using a lock-in amplifier and man-
ifests as a dip in the voltage signal as a function of applied field,
resembling a superposition of a symmetric (S) and antisymmetric (A)
Lorentzian function. By analyzing the these two contributions, the
SHA can be derived as

S eugM;td 47tM,
OsH, FMR = ZVOTSG +4/ Hfteff)- (36)
ex

Crucial components of the FMR setup include: an electromag-
net to provide the static magnetic field, an rf probe with a ground-
signal-ground (GSG) configuration to match the coplanar waveguide
geometry of the sample, an rf generator to supply the rf current at
a sufficiently large power (~ +10) dBm, a signal generator to pulse
the rf current using a square wave to stimulate spin dynamics in the
ferromagnet/heavy metal bilayer, a bias tee to split the dc from the
rf component of the reflected voltage signal, and a lock-in ampli-
fier to detect the small dc component, typically on the scale of a few
microVolts.

Figure 23: Ferromagnetic resonance
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measurement setup. Important compo-

nents are labeled.
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The sample geometries are carefully chosen such that they are
impedance matched to ~ 50 () to maximize the signal quality with-
out unwanted losses.

The G-5-G sample configuration is crucial for several reasons:

e [t produces a coplanar transmission line with well-defined elec-
tromagnetic field confinement between the signal line and the
surrounding grounds.

e It provides additional degrees of freedom to carefully tune the
sample dimensions which allows precise matching to the desired
characteristic impedance.

¢ The two grounds on either side of the signal line produce a sym-
metric electric and magnetic field profile. This symmetry prevents
unwanted electric field coupling and ensures that the generated

microwave magnetic field is localized and uniform across the sam- Figure 24: Optical image of coplanar

ple area directly above the signal line. waveguide device used for ST-FMR
measurements. Ru-Pt rectangular strip
¢ The grounded planes confine the field, reducing stray radiation is shown along with G-5-G Cr/Au leads

. . . . . for rf .
which can enhance the signal-to-noise ratio of the FMR signal. or rf probe contacts



Chapter 3 | Intrinsic Spin Polarization & Quantum Trans-
port in CrO,

A CENTRAL challenge in spintronics is the efficient generation of spin-polarized currents, which serve as
the foundation for downstream spin transmission and manipulation. Half-metallic FMs, where conduction
occurs predominantly through a single spin channel, provide an almost ideal platform for this purpose.
Epitaxial CrO, thin films are a canonical example, combining robust ferromagnetism, near-perfect spin
polarization, and high crystalline quality. This makes CrO, an ideal material for exploring fundamental
spin-dependent transport phenomena. Understanding the intrinsic transport behavior of CrO, is there-
fore critical for both developing new spintronic devices and establishing benchmarks for interfacial spin
transmission.

In this chapter, the low-temperature, high-field magnetotransport properties of CrO; thin films with a
particular focus on phenomena that reveal the quantum-coherent motion of spin-polarized carriers. Angle-
dependent anisotropic magnetoresistance (AMR) measurements probe the symmetry and orientation of the
electronic density of states, offering insight into the interplay between crystal structure and spin-dependent
scattering. The first experimental observation of Shubnikov—de Haas (SdH) oscillations in CrO, provides a
direct window into its Fermi surface geometry, effective masses, and quantum coherence of the conduction
electrons. The results discussed in this chapter have been recently published in [18]. The combination of
these techniques allows us to link the half-metallic nature of CrO; to its ability to generate highly spin-
polarized currents, establishing a firm foundation for the subsequent study of spin transmission across
interfaces such as in RuO,/CrO; bilayers.

Placing CrO; within the broader context of spin generation, spin transmission, and spin-charge conver-
sion, this work emphasizes its role as a model spin injector, highlighting the intrinsic transport properties
that enable efficient spin current flow and setting the stage for understanding interfacial phenomena in
complex oxide heterostructures.

MOTIVATION

Chromium dioxide (CrO;) is an exemplary half-metallic oxide
[19] that has attracted considerable interest due to its exceptionally
high spin polarization at the Fermi level, approaching P = 96 — 98%
[8, 20—24]. It also possesses a relatively Tc of approximately 390 K
[25]. Its ferromagnetic ordering above room temperature, driven by
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the double-exchange mechanism, makes CrO; a strong candidate

for spintronic devices that demand reliable control of spin states.

In addition, CrO; exhibits a large bulk saturation magnetization,
reaching about 480 emu/ cm? at room temperature [26]and increasing
to nearly 640 emu/cm? at low temperatures [27].

Due to the single-spin conduction channel in half-metals, there
are distinct technological advantages available to enhancing mag-
netotransport properties. The oxide’s structural compatibility with
rutile altermagnets (XF,, where X = Mn, Fe, Co, Cu) as well as with
other unconventional spin-torque materials such as RuO; and IrO;
[28, 29] further extends its applicability [30-33]. In addition to these
electronic benefits, CrO; is chemically stable and straightforward to
synthesize, making it well suited for robust, long-term applications.
A defining characteristic of its half-metallic nature is the large MR
it exhibits, a property of central importance for magnetic sensing
technologies.

Despite these attractive properties, the quantum electronic and
magnetotransport behavior of CrO,, especially in the thin film
limit, has not been thoroughly investigated. Most of the prior stud-
ies on this topic have concentrated on bulk films, microcrystals,
or polycrystalline samples, often restricted to low-field or high-
temperature regimes [25, 34, 35]. In this chapter, the high-field and
low-temperature MR of epitaxial CrO; thin films is examined in the
sub-100 nm limit. The findings address several gaps in the current
understanding of the quantum transport properties of CrO, thin
films, and further highlight their promise for spintronic and magne-
totransport applications.

FABRICATION

CrO, films were epitaxially grown via CVD. TiO, substrates with a
(100) orientation, measuring 25 mm? in lateral area were used. These
substrates were specifically chosen to minimize lattice mismatch and
reduce the effects of strain on the magnetocrystalline anisotropy in
CrO; films. For transport studies, the CrO; films were patterned into
55 um x 20 ym Hall bar devices using photolithography techniques.
These Hall bars were designed to be oriented along both the b ([o10])
and c ([oo1]) crystallographic directions to allow simultaneous trans-
port measurements under identical conditions. The devices were
etched out by reactive ion etching. Following photoresist removal, the
Hall bars were wire-bonded for electrical measurements.

e
(001)
;.\

Figure 25: Optical image of CrO, Hall
bars oriented along [010] and [o0o01]
directions. Inset shows wire-bond
geometry for pyy measurements.
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Structural Characterization

Surface Oxidation

It is known that CrO; reduces to Cr;O3 in an oxygen-deprived en-
vironment (i.e. under ambient conditions). Cr,Oj3 is an AFM and is
undesirable for this study on CrO,. Using a wide-range XRD scan, it
was confirmed that these films do not reduce to the native oxide. A
50-day old, 9 nm-thick CrO, film is measured, which is thin enough
to prevent saturation of the Cr,O3 signal from bulk CrO, beneath it.
The absence of peaks at the expected 26 positions for Cr,O3 confirms
that the films, given the resolution of the instrument, have less than a
nanometer of Cr,Oj3 at the surface, if at all.

X-Ray Strain Analysis

Structural characterization was carried out using high-resolution
X-ray diffraction (HRXRD) on a Rigaku Smartlab diffractometer
equipped with a Ge (220) double-bounce monochromator. The epi-
taxial quality of the 53 nm sample used for the transport experi-
ments below was confirmed [36, 37]. A wide-angle symmetric §-26
scan shows the film has only one out-of-plane crystal phase which
matches that of the substrate.
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Figure 26: XRD scan of g nm CrO; film
after 50 days in ambient conditions. No
Cr,O3 peaks are observed (expected

at red markers), indicating little to no
oxidation.
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A full-range ¢-scan of the asymmetric 301 planar family for both
the CrO; film (blue) and the TiO; substrate (orange) was collected,
which confirms that there is also only one in-plane crystal phase
of the film that matches the rutile structure of the substrate. The
diffraction results indicate an isostructural rutile phase consistent

Q;/2m (1/nm)

(301)CrO,

(301)TiO,

T T
36

Qx/27 (1/nm)

Figure 27: Structural characterization
of 53 nm CrO; film by high resolution
X-ray diffraction. (a) Symmetric /26
scan, (b) ¢ scan of asymmetric 301
planar families, and (c) reciprocal
space map of asymmetric (301) plane.
Scans performed by David T. Plouff
and collaborators at the University of
Delaware.
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with the TiO, substrate, with relatively small compressive strains of
0.48% and 0.38% along the a and c lattice parameters, respectively.
Furthermore, a reciprocal space map (RSM) of the asymmetric (301)
peak illustrates that the film is relatively unstrained, with extracted
lattice parameters a=4.398 A and c=2.904 A. When comparing these
lattice parameters to those of an unstrained powder reference sample
(using PDF Card o01-071-0869), strain values of -0.48% and-0.38% are
obtained for the a and c lattice parameters, respectively.

Magnetic Characterization

For this project, several CrO; films of varying thicknesses were fab-
ricated. Thickness calibrations were performed on as-deposited, un-
patterned films using VSM and further confirmed with ellipsometry.
The advantage of using VSM here is that it is a non-destructive mea-
surement technique that relies on the strong FM moment of the CrO,
films. The net saturation magnetization (M) can then be normalized
by the area of the film to calculate its thickness with high precision.
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0.00 1 w i
. —0.05 ] E
=
g  02{11.98nm 2.5 nm
:
e
= 0.0 E
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5 -0.2- :
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Thickness-Dependent Fit to Bloch’s Law

Magnetization (MH) loops are collected at both room temperature
(300 K) and at low temperature (7 K) using VSM. Only the M; at 7
K, however, is used to extract the film thickness data. This is because

Figure 28: Magnetization loops mea-
sured using VSM for six different CrO,
samples at 7 K and 300 K along [010],
with calculated thickness denoted.
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FMs follow Bloch’s law at low temperatures, meaning their magneti-
zation is closer to the intrinsic M;(0) at o K. This behavior is captured
by the equation

My(T) = Ms(0)[1 — BT>/?], (37)

where B is the magnitude of the external applied field and T is the
temperature. Additionally, lower temperatures are marked by re-
duced thermal noise and minimized diamagnetic background from
the substrate or sample holder.
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Bloch’s law describes how the M;
of a FM decreases with increasing
temperature, valid for T < Tc.
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As shown, Bloch’s law describes the data well for samples thicker
than 5 nm, as expected for FMs in the bulk regime. A notable devi-
ation from Bloch’s T%/2 fit is observed for samples with thicknesses
below 5 nm, approaching 1 nm. This points to a possible 2D tran-
sition for CrO, in the ultra-thin regime and is worth exploring in
future studies.

A JA Woollam M-2000 Variable Angle Research Grade ellipsometer
was also used to characterize these films by analyzing changes in the
polarization state of light as it reflects off or passes through the sam-
ple. It is a non-destructive optical technique employed to determine
the thickness and optical constants of surfaces and thin films. Both
approaches, VSM and ellipsometry, provide good agreement on the
thicknesses of the CrO, films studied here.

Analysis of MH Loops

The magnetization loops are also analyzed to extract key parameters
including the coercive field (H.) and to map the M; to the deposition
time of CVD.

2500 3000 3500 4000 4500 5000
T3,’2(K3,f2)

Figure 29: Deviation from Bloch’s law.
(Left) Saturation magnetization plotted
as function of temperature for CrO,
films of varying thicknesses. (Right)
Normalized data replotted as a function
of T3/2,
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It is found that M increases linearly with CVD time with an ini-
tial "activation" time of approximately 12 minutes, during which
no deposition occurs. The coercive field is also found to be strongly
thickness-dependent, following a clear 1/ /#c,0, trend. This is con-
sistent with previous studies on CrO, [36] as well as other FM sys-

tems [38].
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Figure 30: Saturation magnetization
(M;) determined from VSM measure-
ments plotted as a function of CVD
time. Top left inset illustrates differ-
ences in M for 52 nm and 106 nm
films. Bottom right inset shows strong
agreement in calculated film thick-
nesses from ellipsometry data with M;
extrapolation from MH curves.

Figure 31: Coercive field (H.) extracted
from VSM measurements plotted as a
function of CrO; film thickness. Inset
illustrates differences in the normalized
H, for 1 nm versus 106 nm thick films.
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Electron Transport Characterization

Longitudinal Resistivity

The patterned films are wire-bonded and loaded into the resistivity
module in the PPMS to collect electron transport properties. First,
the temperature-dependent longitudinal resistivity (oxy) of the CrO,
films with various thicknesses is compared, with current applied
along the two in-plane orthogonal crystallographic axes.

Opverall, the resistivity increases with decreasing film thickness,
as expected. It follows a quadratic trend with temperature, point-
ing to the typical scattering mechanisms predicted to dominate in
metallic systems. The low-temperature resistivities along [010] are
almost always higher than those along [oo1]. This observation can be
explained by the cross sections of the crystallographic unit cell along
these directions. More scattering centers (i.e. atoms) are present
within a smaller volume in the (010) plane as compared to the (oo1)
plane. This breaks down once the film becomes sufficiently thin,
approaching the 2D limit, where the low-temperature resistivities
converge while the high-temperature values deviate notably.

2500 Figure 32: Longitudinal resistivity of

9.4 nm

2000 — ;Zz / cross section of crystallographic unit

cell along these directions.
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The residual resistivity ratio (RRR), defined as p(400 K)/p(2 K),
is a useful metric to quantify the electronic quality of the samples.
Further analysis of the temperature-dependent py, data reveals a
strong anisotropy in RRR values along the [010] and [001] directions.
The results show that the RRR along [010] exceeds that along [001]
for all the film thicknesses, in some cases by as large as 150 times
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' CrO; films of varying thicknesses along
I || [010] =l I || [00 I] b ([o10]) and c ([oo1]) axes. Insets show
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50

for bulk samples. The RRR reaches a maximum of 45 along the [001] o v e
direction for the 53 nm CrO; film, reflecting the high crystalline. For . .
comparison, reported RRR values for CrO; thin films span roughly g N
6 to 50, depending on substrate orientation, composition, and film . v
thickness [8, 39—41]. i '
Interestingly at low temperatures, the resistivity of CrO; thin films 1:: .
shows a slight upturn that becomes more pronounced in thinner 125
films. When the characteristic temperature of this upturn is plotted . 100
as a function of film thickness tc,0,, a clear 1/tc,0, decay of the }E’ % 7
turning point temperature is observed. =
This behavior reflects the increasing influence of surface and in- 22 2 .
terfacial scattering as the film thickness decreases. In thick films, the 20 4 80 80 100

CrO; Thickness (nm)
Figure 33: Summary of residual resisi-
tivity ratios (RRR) calculated along the
scattering. However, as the film becomes thinner, electron motion b [o10] and ¢ [001] current directions.

conduction is dominated by bulk metallic behavior, and resistivity
decreases monotonically with temperature due to reduced phonon

becomes increasingly confined, and the contribution from surface
and grain boundary scattering (which are temperature-independent)
begins to dominate at low temperatures. The crossover temperature
where this becomes significant scales inversely with the effective
thickness of the conducting channel.

150 - Figure 34: Plot of upturn (turning
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Additionally, CrO, is a HMF, so the low-temperature upturn may
also involve quantum corrections to conductivity such as weak local-
ization or electron-electron interaction effects, which are enhanced in
reduced dimensions. These effects become more pronounced when
the electron mean free path approaches the film thickness, again
consistent with the inverse scaling behavior.

In this context, the observed resistivity upturn is best understood
as a manifestation of finite-size and interfacial scattering effects,
marking a transition from bulk-dominated to surface-dominated
transport as the film thickness decreases. This scaling thus provides
a quantitative signature of the dimensional confinement of charge
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carriers in epitaxial CrO; films.

Characterization of Scattering Mechanisms

For subsequent discussions and analysis, the focus is placed on the

temperature-dependent py, data of the 53 nm film, with current

applied along the two crystallographic axes. As expected, T¢ at ap-
proximately 396 K. Interestingly, a crossover between the py, curves

along the two current directions occurs near 195 K, in good agree-
ment with earlier studies [34]. A logarithmic plot better illustrates the

low temperature scaling.
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First, pyy is extrapolated to o K which enables the extraction of the

400

residual resistivity (op). These values are low, comparable to those

from prior studies [42, 43], and determined with very high precision.

The temperature dependence of pyy is then modeled using a power

law of the form

pxx(T) = po + AT",

where n characterizes the scattering processes.

(38)
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Temperature-dependent resistivity is presented by (oxx — o) on a
logarithmic scale, enabling the precise determination of the critical

Figure 35: (a) pxx of 53 nm CrO; film
with current applied along the [o010]
and [oo1] directions. (b) Data replotted
with logarithmic scaling to show details
at low temperature.

Figure 36: Extraction of scattering
exponent 1. Low (blue) and high

(red) temperature regimes indicated
by verticals T} and Ty, respectively.
Dashed lines are linear fits along (a)
[o10] and (b) [001] with corresponding
slopes denoted by 7.
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temperatures Ty and T; which are used to distinguish between the
high- and low-temperature regimes, respectively. Linear fits yield
the exponent n. This provides insight into the underlying transport
mechanisms.

Axis  pz0 (uQem)  po (4Qem)  RRR - Tc (K)  Tp (K) Ty (K)  n(T)  n(Ty)

26.4191

[010] 237 +0.0004 16 397 56 112 4.52 2.44
14.1752

[001] 303 +0.0010 45 396 9 50 2.98 2.98

Along the [010] axis, two clear transport regimes are observed: an
exponent n = 2.44 for temperatures above Ty = 112 Kand n = 4.52
below T} = 56 K. Models of spin-fluctuation scattering typically pre-
dict values of n in the 2-3.5 range [44, 45]. Other studies propose that
conduction is curtailed by Anderson localization of the minority-spin
channel, producing a resistivity dependence of pxy « T?° above
roughly 60 K [46], which matches the temperature span of the ob-
served crossover. At temperatures above 100 K, spin-disorder scat-
tering is likely the primary mechanism, which yields n ~ 2 — 2.5.
Because HMFs lack accessible minority-spin states, single-magnon
scattering is suppressed, leaving double-magnon scattering domi-
nant at low temperatures. This is indeed consistent with the low-
temperature slope of n = 4.5 observed in this data [47-51]. Similar
behavior has also been described within a rigid-band framework [51].
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In contrast, the [oo1] direction shows a nearly constant exponent of
n = 2.98 across the full temperature range from 5—400 K range, with
a brief increase to n = 3.56 between g K and 50 K. Because this de-
viation occurs over such a limited interval, additional measurements
are needed to determine whether the trend is truly monotonic. An
exponent near 3 has been reported before and linked to non-rigid-
band effects [52], likely stemming from unconventional one-magnon

Table 2: Summary of transport parame-
ters of 53 nm CrO; film along [010] and
[oo1] current directions.

Figure 37: Plot of scattering exponent
n as a function of thickness, with inset
showing example of fit for 53 nm
sample.
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scattering [48]. The relatively weak temperature dependence suggests

that magnetic order and interactions are more uniform along the
[oo01] axis.

A thickness-dependent study of the scattering exponent n was also

performed using this same approach. A very clear transition from
n = 1ton =~ 2.5 is observed for samples above 10 nm in thickness.
The dependence of n on thickness is clearly binary, with a notable
threshold value observed within the measured range of thicknesses
in this study.

Band Structure & Theory

Half-metals possess complete spin polarization at the Fermi level
and a gap in the minority-spin band. As such, their charge-carrier
scattering is especially sensitive to spin-dependent interactions and
electronic anisotropy. Coupling between spin, charge, and lattice
degrees of freedom is therefore a defining feature of many HMFs.
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The directional anisotropies observed in p,, point to variations in
the band curvature and dispersion near the Fermi energy along the
[o10] and [001] axes. Crystallographically, [010] corresponds to the
M — T path in the first Brillouin zone (BZ), while [oo1] corresponds
to the I' — Z. Previous works report significant band crossings along
[0o01] [44, 53], including the presence of two triple points (TPs). This
indicates a more complex band structure compared to [010], where
only single bands appear with no notable degeneracies [54].

TPs enhance the DOS, leading to more intricate and less temperature-

dependent spin scattering. This is consistent with the nearly constant
n along [0o1] over a wide temperature range. In contrast, the ab-

Figure 38: Electronic structure of

CrO,. (a) Sample orientation used

for measurements. (b) Reciprocal

space bulk Brillouin zone of CrO,

with high-symmetry points labeled.

(c) Cross-sectional rendering of Fermi
surface along the kyk, plane (adapted
from [44, 53]. (d) Band structure of spin
majority carriers in CrO; near Fermi
level. Triple point crossings indicated as
red stars.
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sence of TPs along [010] results in simpler transport behavior with
clear temperature-dependent transitions. The fewer bands and sim-
pler electronic structure along [o10] suggest that temperature has

a stronger influence on scattering mechanisms, as seen in the pro-
nounced transition of #n from 4.5 at low temperatures to 2.5 at room
temperature.

Notably, these TPs lie slightly below the Fermi energy (within
about 0.5 eV). However, they can shift closer to Er under external
perturbations and thereby influence the electronic transport behavior.
Low-temperature double-magnon scattering, observed above, could
alter the spin-wave interactions and lead to an adjustment of the TP
energies and potentially bring the nearby electronic states closer to
the Fermi level [8, 55]. Additionally, Zeeman splitting between spin
channels under strong magnetic fields combined with substantial
SOC [56] could lift the TP degeneracies and produce significant en-
ergy shifts.

MAGNETOTRANSPORT CHARACTERIZATION

Magnetoresistance (g = 90°)

Magnetotransport characterization was performed using a PPMS
which enabled measurements of pyy as a function of magnetic field
orientated parallel to the film’s surface normal.

The magnetic field, B, is oriented perpendicular to the sample’s
surface. By sweeping the field at low temperature, MR curves for
CrO; films of various thicknesses are obtained. An important obser-
vation is the thickness-dependent crossover from negative to positive
MR at high fields. This is fairly common in conducting FM films.
Several intertwined mechanisms can explain why thicker CrO, films
show larger positive MR, while thinner films display weaker, negative
MR.

The evolution from negative to positive MR with increasing film
thickness can be understood as a shift in the dominant scattering
mechanisms. In ultra-thin films strong interface disorder, epitax-
ial strain, and grain-boundary or domain-wall scattering enhance
spin-disorder and magnon-related processes. When a magnetic field
aligns spins and suppresses these fluctuations, the resistivity drops,
producing negative MR.

Thin films can also exhibit weak localization and other quantum
corrections that favor a negative field response. As the film thickness
increases, remnant strains relax and the average crystalline quality
improves, leading to higher carrier mobility and a longer mean free
path. Under these conditions, classical orbital MR arising from the

-

Figure 39: Orientation of magnetic field,
B, relative to in-plane crystallographic
axes of CrO;.
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Lorentz force that bends charge carriers becomes the primary con-
tribution and scales positively with field. The net effect is a gradual
crossover: negative MR weakens as spin-disorder and localization
diminish while positive orbital MR strengthens, resulting in the ob-
served increase in positive MR for thicker films and the correspond-
ing decrease in negative MR for thinner ones.
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As expected, the MR is also strongly orientation dependent. Re-
plotting this data more directly to compare the MR along the b and ¢
axes illustrates a strong axis-dependence anisotropy that disappears
for sufficiently thin films. Thicker films in the bulk regime always
exhibit higher, positive MR along the c axis. Below a certain critical
thickness, the MR shifts to being negative. For very thin samples
(tcro, < 10 nm), the MR curves along the b and c axes converge,
illustrating isotropic magnetotransport behavior.

Plotting the maxima MR achieved at 8 T along the [010] and [001]
current directions better depicts this divergence with increasing
thickness. The dashed lines represent an exponential growth in MR
with CrO; film thickness.

Anisotropic Magnetoresistance (6g # 90°)

More interesting phenomena appears when the applied magnetic
field is oriented at an arbitrary angle relative to the sample’s surface

normal with a nonzero in-plane component. For these measurements,

the magnetic field, B is oriented at some angle 0 relative to the sur-
face normal. The schematics show how the same angle is oriented
differently along the b and c in-plane crystallographic axes.
Angle-dependent py, measurements were performed to investigate
the influence of temperature and magnetic field on the 53 nm CrO;

Figure 40: Magnetoresistance measure-
ments along [010] and [0o1] current
directions at 3.5 K for CrO; films of
varying thicknesses.
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film with current applied along the [oo1] and [010] crystallographic
directions. The focus was on the out-of-plane angular dependence of
the anisotropic magnetoresistance (AMR), defined as

(§) — MR(90°)
MR(90°) '

MR
AMR(H) = (39)
where 6 is the angle between the applied magnetic field B and the
film’s surface normal.

As B is rotated from an in-plane orientation parallel to the cur-
rent to an out-of-plane configuration perpendicular to the current at
T = 1.8 K, the AMR reaches its maximum value of approximately
2.4% near 8 = 0°, 180°, and 360°, with minima at 8 = 90° and 270°.
This produces a characteristic four-lobed "bow-tie" or butterfly-like
pattern. This AMR magnitude is among the highest reported for
epitaxial CrO, films, highlighting the importance of spin-dependent
scattering in this highly spin-polarized system [40].

This behavior suggests a strong link between the electronic band
structure and spin-dependent scattering mechanisms. Three-fold
band degeneracy points (i.e. TPs) can enhance the SOC via increased
orbital hybridization, which promotes anisotropic spin-dependent
scattering and contributes to the observed AMR. Single-crystalline
CrO; has been reported to exhibit strong direction-dependent SOC
along the [010] and [oo1] axes [56], and the intrinsic anisotropy of the

Figure 41: Magnetoresistance measure-
ments replotted along the b [o10] and
¢ [oo1] current directions at 3.5 K for
CrO; films of varying thicknesses.

&

6.

Figure 42: Orientation of magnetic field,
B, relative to in-plane crystallographic
axes of CrO,.
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Figure 43: Summary of magnetoresis-
tance values measured at B; = 8T and
T = 3.5K along the b [010] and ¢ [oo01]
current directions.
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Fermi surface near TPs likely plays a key role in the AMR patterns

(571
In conventional metals, scattering between states is restricted by

momentum and energy conservation. Near a TP, the unique band

topology opens additional scattering channels, which can either E
enhance or suppress certain processes, giving rise to anisotropic :g
transport. =
The evolution from a sharp, cusp-like feature in the AMR at low
fields (< 2 T) to a double-humped shape at higher fields likely re- T 0000 oy

flects the strong magnetic anisotropy between the in-plane ([o10] and

[0o01]) and out-of-plane ([100]) directions. VSM measurements along Figure 44: VSM analysis of the un-
patterned 53 nm CrOz film along the

[oo1], [010], and [100] crystal orienta-
film to illustrate this directional anisotropy when tilting the mag- tions.

netic field out of the plane. The low-field VSM results highlight the
directional magnetic anisotropy of the CrO, film and the associated

these orientations were performed on the bulk, unpatterned 53 nm

variations in the DOS and scattering pathways. The differences in the
MH loops along the [010] and [001] in-plane directions highlight the
anisotropy observe in other measurements.
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Figure 45: Anisotropic magnetore-
sistance (AMR) along [001]. (a)

The AMR of CrO; exhibits a strong dependence on the applied Field-dependent AMR at 1.8 K with

magnetic field, reflecting both magnetic anisotropy and electronic polar plot representation in (b). (c)
structure effects. At low fields (below 2 T), the AMR is primarily gov- Temperature-dependent AMR at 12 T

. . . with corresponding polar plot in (d).
erned by the magnetic anisotropy imposed by the crystal symmetry. Dashed lines at 8 = 180°.

This is observed as a sharp, elongated teardrop-like profile in the
angular polar plot, highlighting the strong directional dependence
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of scattering. At higher fields (above 3 T), the electronic structure
increasingly dictates the AMR response. As shown in the earlier
schematic, the electron Fermi surface of CrO; forms a pillbox around
the zone center, and the kyk, cross-section closely resembles the bow-
tie AMR pattern seen experimentally at high fields. Slight deviations
from this idealized shape arise from in-plane warping of the Fermi
surface induced by the applied field which modifies the available
electronic states.

The [oo1] crystallographic direction in CrO; shows enhanced spin-
dependent scattering, which can be linked to a higher projected DOS
(PDOS) along this axis. Both theoretical calculations and experimen-
tal results indicate that [0oo1] is the easy magnetization direction,
correlating with an increased number of electronic states at the Fermi
level [58]. This abundance of states facilitates spin-dependent scatter-
ing and leads to a larger AMR amplitude along [oo1]. In contrast, the
[o10] direction exhibits a significantly smaller AMR, approximately
one-third of that along [oo1]. This suppression is associated with a
lower PDOS along [010], meaning fewer available scattering sites.
Bands that are steeply dispersing along [010] contribute to this effect,
as they provide a smaller number of states within a given energy
range, resulting in weaker scattering and a reduced AMR response.

Triply degenerate points near the Fermi level further influence the
transport properties. TPs enhance magnon-mediated scattering by in-
creasing the PDOS at specific energies, leading to more frequent scat-
tering events. They also strengthen SOC through enhanced orbital
hybridization, producing strongly anisotropic spin-dependent scatter-
ing that directly impacts the AMR. The interplay between SOC and
magnon scattering near TPs also plays a critical role in the tempera-
ture dependence of the resistivity [59]. Specifically, double-magnon
scattering processes are amplified by the presence of TPs as they
increase the DOS at energies that contribute to magnon-mediated
transport.

AMR scans performed at high fields (12 T) show that the AMR
is strongest at low temperatures, where the conduction electron
spin polarization is most robust. With increasing temperature, the
AMR magnitude decreases due to weakening of the spin-dependent
scattering. The characteristic bow-tie or butterfly-like AMR pattern
remains evident, similar to observations in type-II Weyl semimetals
that also possess highly-anisotropic electron Fermi surfaces [57].

Angle-dependent AMR measurements along the orthogonal [010]
direction confirm that the AMR amplitude is much smaller, reaching
a maximum of only ~ 0.7%, about one-third of the [oo1] response.
Despite the reduced amplitude, the general trends and qualitative
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polar plot shapes are consistent with those observed along [oo1]. The
suppression along [010] can be understood as a consequence of align-
ing the magnetic field with directions of lower PDOS, reducing the
number of available electronic states for scattering and thus decreas-
ing the AMR. In this context, a low-PDOS direction refers to bands
that are steeply dispersing, which provide fewer states within a given
energy range, resulting in weaker spin-dependent scattering and a
smaller AMR signal.

0.8 .
- 0.6

180F

AMR (%

AMR (%)

Figure 46: Anisotropic magnetore-
sistance (AMR) along [010]. (a)
Field-dependent AMR at 1.8 K with
Experimental ferromagnetic resonance (FMR) measurements indi- polar plot representation in (b). (c)

cate a large anisotropy of the effective Gilbert damping in CrO; [56], Temperature-dependent AMR at 12 T

. . . X . with corresponding polar plot in (d).

supporting the strong directional magnetic anisotropy along the [010] Dashed lines at 6 = 180°.

and [001] axes observed in the AMR. Similarly, studies on thermal

magnon transport suggest that factors such as next-nearest neighbor

hopping, easy-axis anisotropy, and the presence of Dzyaloshinskii-

Moriya interactions (DMI), which are manifestations of SOC, stabilize

FM order and influence magnon dynamics [60]. These effects are

expected to be enhanced by TPs, which amplify SOC-driven, angle-

dependent spin scattering.

Field-Dependent Background Magnetoresistance

Longitudinal resistivity measurements were carried out as a function
of magnetic field strength on the same 53 nm CrO; film at 1.8 K over
a broad range of tilt angles. Using Hall-bar devices patterned along
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both [o10] and [0o01] crystallographic axes, the MR is determined
according to

RXX(B) - RXX(O)

MR(B) = =R 20

(40)

By extending the magnetic field range compared to earlier re-

ports [39, 40, 47, 61], significantly higher MR values are achieved.

A second-order polynomial was fitted to the high-field regime at

f = 0° and extrapolated back to zero field, yielding a maximum MR

of 6.58% [47, 62, 63]. This represents the largest MR reported
The MR originates from a combination of classical and quantum to date for epitaxial CrO; thin films!

effects. In the high-field limit, the MR follows a quadratic depen-

dence on the magnetic field ( B?), consistent with a classical orbital

contribution. In this regime, the cyclotron radius becomes smaller

than the electronic mean free path, and the Lorentz force acting on

charge carriers produces a non-saturating MR response.

15.4 7 3.5
26.61
& 16 (b) 6/B 13.0
15.2} \ﬁ %\
T {5 26.5¢ S 125
S 15.0} =
& I [001] 1 26.4] I][[010] 12:0 55
3_’:14.8- T=18K 13 | 11572
X 26.3}
Q146! \/"\/ 2 11.0
N2V 11 26.2f 10.5
14.4} 53 nm R s
2 R 0 il - oo

12108 642024 6 81012 12108 64202 4 6 81012

)
B (T) B (T)

Figure 47: Angle-dependent magne-

toresistance (MR) of bulk CrO,. MR

measurements collected at 1.8 K along
At lower fields, additional quantum contributions emerge due (a) [0oo1] and (b) [010]. Dashed line

to interference effects in the presence of SOC. Along the [001] cur- ienzi%ieggffanel (a) is quadratic fit to
rent direction, a small positive MR is observed in the range of 1—2%,

which can be attributed to weak localization arising from the break-

ing of time-reversal symmetry by the applied field. This feature is

gradually suppressed with increasing magnetic field strength. Such

behavior is consistent with spin-dependent weak antilocalization

effects previously reported in other HMFs [64, 65].
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Oscillatory Behavior in the High-Field Regime

Quantum oscillations in pyy are a powerful probe of the Fermi sur-
face, yet they are notoriously difficult to observe in materials with
large carrier densities or strong scattering. In the case of CrO,, theory
has long suggested that Shubnikov—-de Haas (SdH) oscillations may
be detected given the relatively low carrier concentration and high
carrier mobility [47]. However, the observation of such oscillations
has remained elusive, in part due to the large Fermi surface which
tends to mask the periodic component of the MR.

This constitutes the first clear experi-
In the measurements described here, the high crystalline quality of mental demonstration of SdH oscilla-
the epitaxial films combined with exceedingly low temperatures and tions in a half-metallic ferromagnet!
strong applied magnetic fields makes it possible to detect these subtle
quantum oscillations. After removing the smoothly varying back-
ground MR with a second-order polynomial fit, periodic modulation
in the longitudinal resistivity is uncovered, denoted as Apyy. This
data is plotted as a function of inverse magnetic field, as SAH oscilla-
tions are typically depicted. The periodicity and field dependence of
these oscillations are consistent with SAH behavior, providing direct

evidence of Landau level (LL) quantization in CrO,.
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Figure 48: (c) and (d) illustrate under-
lying quantum oscillations Apy, after
subtracting smoothly-varying polyno-
along the [oo1] axis. Systematic measurements as B is tilted between mial background from data in (a) and
(b) above.

The oscillations are most clearly resolved when current flows

f = 0° and 90° reveal a pronounced angular dependence. The os-
cillation amplitude decreases continuously with tilt, with strong
suppression both near the out-of-plane (90°) and in-plane (0°) geome-
tries. The reduction at 8 = 90° is expected in thin film systems, where
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the Lorentz force acting on carriers becomes ineffective and orbital
motion is minimized. More surprising is the suppression at 8 = 0°,
which suggests that the extremal orbits responsible for the SdH effect
are absent when the field is strictly aligned along the symmetry axis.
In anisotropic Fermi surfaces, extremal cross-sections occur only at
certain field orientations, and if the orbit at 6 = 0° is non-extremal
(i.e. not a true minimum or maximum cross-sectional area), quantum
oscillations will vanish even though LLs still form.

The observed behavior therefore provides insight into the topol-
ogy of the CrO, Fermi surface. The fact that oscillations appear most
strongly at intermediate tilt angles indicates that high-mobility elec-
tronic pockets dominate transport away from the high-symmetry ori-
entations. This angular selectivity reflects the warped and anisotropic
nature of the Fermi surface, where only certain orbits contribute to
quantum oscillations.

From a broader perspective, the MR of CrO; is shaped by both
classical orbital effects and quantum corrections arising from Lan-
dau quantization. Since electronic transport is governed by carriers
near the Fermi energy, the angular dependence of py, can be directly
tied to the Fermi surface geometry and the DOS along different crys-
tallographic directions. The ability to observe oscillations in these
measurements highlights the combination of high film quality, low

scattering rates, and the extreme experimental conditions employed. Further enhancement of field strength
or reduction of temperature would

. . . likely amplify the oscillatory compo-
[oo1], the SAH oscillations are robust, consistent with a smaller effec- nent, making it an even more powerful

tive mass, higher carrier mobility, and a lower scattering rate com- probe of the electronic structure.
pared to [o10]. Along the [010] axis, by contrast, the oscillatory signal
is nearly absent. This asymmetry points to a Fermi surface that is

The anisotropy between crystallographic axes is striking. Along

strongly direction-dependent: warped in such a way that extremal or-
bits exist primarily along [0o1]. The presence of subtle subharmonic
features even after background subtraction further supports the idea
of a complex and anisotropic Fermi surface, consistent with prior
theoretical reconstructions of the electronic structure of rutile CrO,

[53, 66].

The detection of SAH oscillations in CrO; not only establishes the
presence of Landau quantization in a HMF but also provides new
insight into its highly anisotropic electronic structure. The above
results emphasize that quantum transport in CrO; is dominated by
a small number of high-mobility carriers associated with extremal
Fermi surface pockets, whose contribution is highly sensitive to the
field orientation.
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Landau Quantization

To further analyze the oscillatory contribution in Apyy, a fast Fourier
transform (FFT) of the data is performed. At § = 30°, the spectrum
reveals a dominant SAH oscillation frequency of f = 48 &+ 6 T, indi-
cated by the dashed guidelines.

In principle, each extremal cross-sectional area of the Fermi sur-
face produces its own oscillation frequency. Since band structure
calculations predict a rather intricate Fermi surface for CrO;, one
might expect several discrete peaks. However, in this case, only a
single well-resolved frequency is visible with indications of addi-
tional, unresolved side components. The absence of clearly separated
secondary frequencies is attributed to experimental limitations in
the lowest temperature (1.8 K) and maximum field strength (12 T)

achieved.
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The origin of the oscillations is understood within the framework
of Landau quantization, where electronic states condense into dis-
crete LLs in a magnetic field. To analyze these levels, the peak po-
sitions of Apyy are extracted as a function of inverse field, 1/B and
used to construct LL fan diagrams for several tilt angles. The linear

Figure 49: Analysis of Shubnikov—-de
Haas (SdH) oscillations. (a) Data along
[oo1] after background subtraction at

6 = 30°. Inset shows corresponding FFT
spectrum. (b) Landau level fan diagram
of peak positions (indicated by dashed
lines in (a)) at various tilt angles. Linear
fits with slopes F plotted as a function
of tilt angle in inset of (b).

Extending measurements to even lower
temperatures and stronger magnetic
fields should enhance the oscillation
contrast and may reveal further fre-
quency components predicted by band
structure calculations.
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fits are described by the simplified expression

N = g + f—i -4, (41)
where F denotes the oscillation frequency, N is the LL index number,
and ¢ encodes any relevant phase shifts.

The intercepts of these LL linear fits provide insight into the Berry
phase (¢p = 27t8), where § = 1/2 corresponds to a topologically non-
trivial Berry phase (¢p = 77) associated with Dirac or Weyl fermions.
Using the convention in [67], we conclude a mixed 2D- and 3D-like
Fermi surface, where carriers accumulate a Berry phase as they tra-
verse closed orbits [57]. The nontrivial Berry phase extracted from
the LL fan diagram points to additional topological corrections to the
MR.

The sharpness of the observed LLs further underscores the high
crystalline quality and low impurity content of the 53 nm epitax-
ial film studied here. The presence of TPs and spin-polarized con-
duction in CrO; could introduce Berry-curvature-driven transport
anisotropies, further modifying MR behavior.

Angle-Dependent Frequency Analysis

The angular dependence of the oscillation frequency F is explored
next. As the tilt angle is increased from 6 = 15° to 6 = 75°, the SdH
oscillation frequency shifts from f =41 4+3 T to 308 22 T, following
a trend consistent with F o« 1/cos 6. This scaling indicates that the
oscillations are governed primarily by the perpendicular component
of the magnetic field B, = B cos 6, which is typical of quasi-2D
transport. In a perfectly 2D system, F(8) would diverge as § — 90°,
when the field is fully in-plane. In the measurements shown here,
however, finite oscillations persist even at 8 = 90°, demonstrating that
the system retains strong three-dimensional bulk contributions.

This angular response reflects the highly anisotropic Fermi surface
of CrO,. Elongated pockets along the [001] direction can generate
quasi-2D oscillation signatures as the magnetic field is tilted away
from high-symmetry axes. Although the film thickness exceeds typ-
ical confinement length scales, partial confinement effects cannot be
excluded. Instead, the dominant mechanism is more plausibly the
intrinsic Fermi surface anisotropy. The persistence of the SdH signal
across a wide range of 8 combined with residual oscillations at full
in-plane fields strongly supports the conclusion that the oscillations
are bulk in origin rather than arising from surface states [67, 68].



CHAPTTER 3 | INTRINSIC SPIN POLARIZATION & QUANTUM TRANSPORT IN CRO2 59

Thermal Damping

Beyond the angular dependence of pyy, the temperature sensitiv-

ity of the SdH oscillations is also studied. At the base measurement
temperature of 1.8 K, oscillatory features are clearly resolved. As the
temperature is increased, however, the oscillation amplitude dimin-
ishes rapidly and becomes indiscernible. Even with advanced signal
processing and careful background subtraction, no reproducible os-
cillatory features could be detected at higher temperatures, indicating
that thermal broadening of LLs is the dominant suppression mecha-
nism. In the framework of Lifshitz-Kosevich (LK) theory, this thermal
damping is captured by the factor

aTm* /B

r= sinh(aTm* /B)’ 42)

where « = 27t%kp /(fe), m* is the cyclotron effective mass, T is the
temperature, and B is the applied magnetic field. As the temperature
increases, smearing of the Fermi-Dirac distribution reduces the con-
trast between filled and empty LLs, leading to a rapid suppression of
the oscillation amplitude.

Extraction of Material Parameters

In practice, the LK formalism provides a powerful tool for extracting
the carrier effective mass. By measuring the oscillation amplitude
at a fixed magnetic field and fitting its decay with R7(T), one can
determine m* with high accuracy. However, in the case of CrO;, the
oscillations become indiscernible already above T = 1.8 K, making
such an analysis challenging with the present dataset. This rapid
suppression nevertheless implies that the contributing extremal orbits
correspond to carriers with a relatively small effective mass, which
makes them especially sensitive to thermal broadening.

To quantify these oscillations at 1.8 K, a modified thermodynamic
LK fit of the normalized oscillatory component Apyy/pxx(0) for 6 =
30° along [oo01] is utilized [68—71]. It can be expressed as

A B Tm* Tpm* *
Prx \/—L exp (—(X D' ) cos (agm ) cos(27tN),
Pxx(o) 2F mgB sinh (’XTB;V ) Bmy 2my
(43)
where my is the free electron mass, kg is Boltzmann’s constant, 7 is

the reduced Planck’s constant, and g is the electron g-factor. The
Dingle temperature Tp captures the effects of impurity scattering.
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Figure 50: Temperature dependence

of SdH oscillations. Low-temperature
characterization of a 53 nm sample
from 1.8 K to 80 K at a fixed angle of

6 = 17°. Data shown is post-background
subtraction.
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0.0020 Figure 51: Magnetic field-dependent
data along [oo1] at 0 = 30° fit to the
modified Lifshitz-Kosevich (LK) model.
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This fit allows extraction of several key physical parameters. The
scattering time is determined from v = 71/(2ekgTp), which in turn
enables calculation of the carrier mobility y = et/m* and mean free
path | = top. The fit also provides Fermi surface statistics including
the Fermi wavevector kg = +/2eF /h, Fermi velocity v = hkp/m*,
and the cross-sectional area of the Fermi pocket A = 7tk. The
values obtained from these fits are in good agreement with both
theoretical predictions and other experimental studies performed
using angle-resolved photoemission spectroscopy (ARPES) [72, 73],
further corroborating the high quality and low impurity content of
the CrO; films.

Parameter Symbol Measured Units Table 3: Summary of extract.ed Itnaterial
parameters for CrO; from Lifshitz-

Oscillation frequency fsdn 48+ 6 T Kosevich fit.

Effective mass m* 0.53 +£0.05 my

Scattering time T (3.3+0.8) x 10713 s

Dingle temperature Tp 3.6 £0.5 K

Carrier mobility i 0.12 +£0.02 m?/Vs

3D carrier density nsp (2.8 +0.4) x 10%3 cm 3

Fermi wave vector kr 1.21 £0.08 At

Fermi velocity v (0.824+0.13) x 10° m/s

Fermi pocket area Ar 4.6 £0.6 A7

Mean free path l 27 +8 nm

Dimensionless parameter weT 1.31+0.34 -
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The Dingle temperature Tp provides a measure of the damping of
SdH oscillations due to scattering and captures the effective thermal
broadening of LLs. In CrO,, the extracted Dingle temperature is rel-
atively low compared to other materials exhibiting SAH oscillations
[67, 69, 70], indicating minimal thermal broadening. This property

is particularly advantageous for applications that require thermal
stability across a wide temperature range including optical and elec-
tronic devices. The mean free path derived at 1.8 K is consistent with
prior experimental measurements at 2 K [23, 33, 40, 62, 63]and aligns
with theoretical predictions for single-crystal CrO, at o K [8], further
corroborating the high quality of the films.

The scattering time 7, determined from Tp, lies within the ex-
pected range of 10714 to 10712 s that is typical of transition metal
oxides [41]. Likewise, the electron effective mass m* extracted from
these fits agrees with theoretical calculations at high-symmetry points
on the Fermi surface [33, 42, 53, 74]. To further characterize quan-
tum transport,the cyclotron frequency w, = eB /m* is computed,
which describes the orbital motion of electrons in a magnetic field. In
the quantum regime, where w,T > 1, electrons complete multiple
cyclotron orbits before scattering, giving rise to well-resolved SdH
oscillations. The clear observation of such oscillations in the data
confirms that w,T > 1 for the relevant carrier pockets in CrO,.

Carrier mobility in bulk CrO, thin films has been previously
reported to reach several hundred cm?/Vs at low temperatures
[33, 41, 47]. The extracted mobility values fall within this expected
range, consistent with the observation of strong SAH oscillations,
since higher mobility directly enhances oscillation amplitude. Using
the standard single-band model n = k3 /372, with kr obtained from
the SAH frequency assuming a spherical Fermi surface, the carrier
density can be estimated. This approach provides an approximate
upper bound because it neglects anisotropic Fermi surface effects,
which have been theorized to exist in CrO, and are shown experi-
mentally in the angular-dependent measurements above. Therefore,
comparisons to carrier densities derived from more complex multi-
band analysis should be made cautiously [47].

The findings provide insight into the longitudinal MR, which
exhibits a positive B2 scaling consistent with classical orbital contri-
butions. The extracted 3D carrier density exceeds previously reported
values [66], in agreement with the enhanced DOS along [0o1] and
the pronounced visibility of SAH oscillations. Additionally, the Fermi
wave vector [75] and Fermi velocity [10, 44, 63, 76] derived from the
SdH analysis are in excellent agreement with theoretical calculations

61
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and prior experimental reports. The consistency between these ex-
tracted parameters and earlier studies validates the modified LK fit-
ting procedure and demonstrates its reliability for characterizing the
electronic structure and quantum transport properties of high-quality
CrO; thin films.

Key Findings

This study marks the first experimental observation of Shubnikov—de
Haas (SdH) oscillations in a half-metallic oxide, marking a signif-
icant step in probing quantum transport in ferromagnetic oxides
beyond the ultra-thin limit. These oscillations, observed even in bulk
films, establish CrO; as a promising platform for exploring quantum
phenomena in half-metallic ferromagnets. Complementary mea-
surements reveal temperature-dependent double-magnon scattering
and pronounced, axis-dependent AMR, consistent with strong SOC
and band anisotropy. The results are quantitatively described by the
Lifshitz—Kosevich formalism and Landau level indexing, yielding
material parameters that closely match previous studies. Together,
these findings underscore CrO,’s unconventional electronic struc-
ture and highlight its potential as a model system for spintronic and
half-metallic quantum materials research.

Looking Ahead

The transport behavior of CrO, offers more than just a window into
its electronic structure, it represents a platform for generating highly
spin-polarized currents at the source. The half-metallic nature of
CrO; makes it ideal for probing spin-dependent transport phe-
nomena and for injecting spin currents into adjacent layers. These
findings position CrO; as a model system for exploring how spin-
polarized carriers propagate, interact, and couple across interfaces.
This is a central theme that motivates the following discussion on in-
terfacial exchange and spin transmission in RuO, /CrO, heterostruc-
tures.



Chapter 4 | Interfacial Exchange & Spin Coupling in
RMOQ/CT"Oz

INTERFACES BETWEEN antiferromagnetic and ferromagnetic oxides provide a versatile platform for explor-
ing interfacial spin coupling, exchange phenomena, and spin-orbit effects, which are central to the design
of next-generation spintronic devices. In the context of the spin current pipeline, where CrO; serves as

a robust source of highly spin-polarized carriers, RuO,/CrO; bilayers allow us to probe how these spin
currents interact, transmit, and are modified at interfaces. By combining a half-metallic ferromagnet with
an antiferromagnetic oxide, this system provides a controlled environment to study the interplay between
spin polarization, magnetic anisotropy, and interfacial symmetry. We gain insight into how these factors
govern spin alignment, exchange interactions, and magnetization dynamics.

Magnetization measurements reveal a distinct exchange bias shift in the hysteresis loops of CrO; in-
duced by the RuO; capping layer. This demonstrates unidirectional interfacial coupling that is strongly
temperature dependent and disappears well below the Néel temperature of RuO;. Zero-field-cooled (ZFC)
and field-cooled (FC) magnetization measurements show magnetic irreversibility and low-temperature bi-
furcation, indicative of interfacial spin freezing or reorientation. A pronounced field-dependent kink in the
high-temperature regime reflects competing exchange interactions. Furthermore, notable deviations from
Bloch’s law in the saturation magnetization further point to modified spin-wave excitations and enhanced
magnon scattering across this interface.

Taken together, these observations highlight the critical role of interfacial exchange and SOC in me-
diating the transmission of spin-polarized currents from the ferromagnet to the adjacent oxide layer. By
providing a tunable and well-characterized platform for studying spin-orbit-driven interfacial phenomena,
RuO,/CrO; bilayers bridge the gap between intrinsic spin generation in CrO, and spin-charge conversion
in heavy-metal systems.

MOTIVATION

Ruthenium dioxide (RuO;y) has recently attracted significant at-
tention as a correlated metallic oxide that combines high electrical
conductivity, chemical stability, and rich SOC effects. Unlike con-
ventional noble metals, RuO, exhibits an unconventional collinear
antiferromagnetic ground state with compensated spin moments on
the Ru sublattices, yet it remains metallic at room temperature.

This duality of metallic conduction coexisting with antiferromag-
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netic order places RuO; among a new class of itinerant AFMs that
have been proposed as active layers in SOT and exchange-bias het-
erostructures [77]. Its noncentrosymmetric rutile crystal structure fur-
ther allows for moment canting and anisotropic spin transport, which
can give rise to phenomena such as altermagnetism and symmetry-
protected spin polarization even in the absence of net magnetization.

A Controversial Altermagnet

The rutile-structured oxide has attracted significant attention in spin-
tronics because it was proposed to belong to the emergent class of
altermagnets (AMs). These are materials that combine zero net mag-
netization (like AFMs) with spin-band splitting (like FMs). In one
line of work, theoretical symmetry-analysis and experiments such

as ARPES claimed that RuO; exhibits momentum-dependent spin
band splitting and time-reversal symmetry breaking in its electronic
structure, which are characteristics of altermagnetic ordering [13, 79].
Earlier neutron diffraction studies even inferred small antiferro-
magnetic moments and lattice distortions that seemed to support
itinerant antiferromagnetism up to at least 300 K [80, 81].

Recent studied with more sensitive bulk probes such as polarized
neutron diffraction, muon spin-rotation, and terahertz spectroscopy,
however, have found no evidence for long-range magnetic order or
significant local moments in stoichiometric bulk RuO; crystals [82—
84]. These studies argue that earlier signals may have arisen from
defects, secondary phases, or misinterpreted diffraction features. The
discrepancy has led to a reassessment of RuO;’s status. Rather than
a prototypical AM, it may instead be a nonmagnetic metal whose
spin-splitting effects may stem from subtle structural or surface-
confinement effects.

The current consensus is that while RuO, remains a very inter-
esting material owing to its metallicity, high crystalline quality, and
compatibility with spintronic heterostructures, the claim of intrinsic
altermagnetic order in the bulk remains unproven and highly con-
tested. This debate has in fact sharpened research interest: on the one
hand to clarify whether altermagnetism can be realized in metallic
oxides at all, and on the other to explore how strain, dimensional
confinement, doping or interface engineering might drive RuO5,
or RuO;,-derived systems, into an altermagnetic or spin-polarized
regime.

Extending the work on CrO,, this chapter investigates the integra-
tion of RuO, with CrO; which offers a unique model system where
a metallic AFM is exchange-coupled to a HME, a configuration rarely

[oo1]  [110]

Figure 52: Spin density isosurfaces

of RuO,. Black atoms are oxygen;
antiferromagnetically-ordered Ru atoms
in blue and pink [78].
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explored experimentally.

In this bilayer geometry, the RuO, /CrO, interface can mediate an
(EB) effect, observable as a horizontal shift in the magnetic hysteresis
loop. Such a shift arises from interfacial exchange coupling between
the uncompensated spins at the RuO, surface and the ferromagnetic
moments in CrO,. This coupling effectively breaks time-reversal
symmetry at the interface, leading to a unidirectional anisotropy
that pins the CrO, magnetization during reversal. Importantly, the
temperature dependence and magnitude of this bias field provide
microscopic insight into the nature of the interfacial spin alignment
and the magnetic order in RuO;. Observing a measurable exchange
bias in this system is thus highly significant, not only as a confirma-
tion of magnetic exchange coupling between an itinerant AFM and a
half-metal, but also as supporting evidence to push for RuO,-based
heterostructures in all-oxide spintronics and SOT devices.

Origins of Exchange Bias

The exchange bias (EB) effect arises in heterostructures that combine
a FM and an AFM through interfacial coupling. When such a bi-
layer is cooled through the Néel temperature (Ty) of the AFM in the
presence of an external magnetic field, exchange interactions at the
FM/AFM interface lead to a preferential orientation of the interfacial
AFM spins. This interfacial spin alignment creates a unidirectional
anisotropy that manifests macroscopically as a shift in the MH loop.
In practice, the EB effect stabilizes one direction of magnetization,
enabling applications such as magnetic memory pinning, spin-valves,
and tunneling magnetoresistance (TMR) sensors.

At the microscopic level, the exchange bias originates from inter-
facial exchange coupling energy between uncompensated AFM spins
and the FM spins at the interface. The coupling energy density can
be expressed as

Eex = —JintMEMm - MaAEM (44)

where iy is the interfacial exchange constant and Mgy and Magm
represent the local magnetization vectors of the FM and AFM lay-
ers, respectively. The sign and magnitude of Jj,; determine whether
the exchange coupling is ferromagnetic or antiferromagnetic, and
thus whether the resulting bias is positive or negative. The existence
of uncompensated spins at the AFM interface, which comes from
surface roughness, atomic steps, or spin canting, is crucial for estab-
lishing the bias.

The temperature dependence of the exchange bias provides valu-
able insight into the interfacial spin structure and the strength of
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coupling. The EB field typically decreases with increasing tempera-
ture and vanishes above a characteristic temperature known as the
blocking temperature, Tg. This temperature represents the point at
which the AFM spin structure becomes thermally unstable and can
no longer maintain a fixed orientation relative to the FM layer.

In general, Tg lies below Ty of the AFM since only a subset of in-
terfacial spins contribute to the bias effect. There are several reasons
for this:

¢ Ty is an intrinsic property of the AFM while Tg depends on the
stability of the AFM/FM interfacial spin configuration under ther-
mal stress. Hence, even if the AFM remains ordered up to Ty, the
exchange coupling to the FM may collapse earlier.

¢ In the RuO,/CrO; bilayer, EB originates from interfacial exchange
coupling between Ru** moments and the half-metallic FM Cr**
sublattice. Spin frustration or canting at the interface can cause
the spins to become thermally unstable. The strong ferromagnetic
ordering of CrO; relative to the weak itinerant AFM of RuO; can
also cause spin dragging that can destabilize AFM pinning when
heated.

® In particularly thin RuO; films below 30 nm, strain from lattice
mismatch (= 2-3% with CrO,) can suppress the AFM order pa-
rameter. Interfacial roughness and further weaken the exchange
coupling. This finite-size effect can push Tg down to 150250 K,
even if the intrinsic Tyy of RuO; is closer to 400 K.

In the limit that T < Tp, the interfacial spins in the AFM are rigidly
pinned, resulting in a maximum bias field. As temperature increases,
thermal activation allows partial reorientation or depinning of these
spins, gradually reducing Hgg. Near Tg, stochastic spin fluctuations
dominate, leading to the complete disappearance of the bias. This
behavior can be described by a power-law decay:

Hin(T) o (1~ )" 43)
B

where the exponent m reflects the origin and mechanism of the inter-
facial coupling and spin anisotropy [85, 86].

Bilayer Architecture

The RuO, /CrO, bilayers of interest were fabricated on single-crystal
TiO, substrates with a (111) orientation.

Very thin RuO; films, 10 nm in thickness, were deposited using
magnetron sputtering of a Ru target in an oxygen-rich environment
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by our collaborators at the University of Delaware. They confirm
high-quality epitaxial growth of the RuO, films with XRD.

Once received, the CrO, film is deposited on top via CVD. To en-
sure that the interfacial exchange bias effect can be resolved with the
PPMS, the thickness of CrO, was also chosen to be on the order to
10 nm. This is a key design consideration for observing a measurable
and tunable EB in such bilayer systems. The EB field arises from in-
terfacial exchange coupling, and only a small fraction of spins at the
interface contribute to Hgg. The bulk magnetic behavior of the layers
can dominate and dilute the interfacial effects if the layers are too
thick. Thinner RuO, films supports single-domain-like AFM ordering
that can couple more coherently to CrO,. The EB field roughly scales
as:

] int
M;tem

Hgp « (46)

where tpy is the thickness of the FM. Following this, a thinner CrO;
layer leads to a larger shift because the interfacial coupling energy is
distributed over a smaller magnetic volume. A layer too thin, how-
ever, may lose the necessary long-range FM ordering. Strain coupling
also promotes stronger, more temperature-dependent exchange cou-
pling. Since both materials are rutile oxides of similar lattice con-
stants with a slight mismatch of about 2%, thinner films will have
more pronounced strain than thicker ones. Finally, the blocking tem-
perature goes as

Tg o Kapmtarm (47)
where Kapy is the anisotropy energy. It follows from this relation

that if RuO; is too thin, Tg approaches Ty, and if too thin, Tg drops
rapidly due to unstable AFM ordering.

T
60 80 100
20/w, °

Figure 53: (Left) XRD scans of 30 nm
RuO; film sputtered on double-side
polished (DSP) (110) TiO, substrate.
(Right) 10 nm CrO, film deposited
via CVD on single-side polished (SSP)
(100) TiO,. Clear peaks indicate good
epitaxial film quality.
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Temperature-Dependent Exchange Bias

In the RuO, /CrO; bilayer system, the temperature-dependent EB
provides a sensitive probe of the magnetic ordering in RuO; and

its coupling to the half-metallic CrO, layer. Experimentally, a non-
negligible, temperature-dependent Hgp is observed. The maximum
EB is approximately 30 Oe, with a blocking temperature of Tg ~ 250
K, which is consistent with the prediction that Tg < Ty. This points
to the presence of robust spin correlations or weak ferromagnetic
canting in the RuO, layer.

A power-law decay exponent of m = 3 is observed, which is highly
unusual and a very significant result for a FM/AFM coupled system.
Such a high exponent indicates a rapid suppression of interfacial ex-
change coupling with increasing temperature, consistent with strong
thermal fluctuations in the interfacial spin structure. This behavior
suggests that the RuO; layer exhibits short-range or frustrated AFM
order that becomes unstable as the thermal energy approaches the
anisotropy energy of the AFM domains.

The large m value further implies that the EB originates from
a nonuniform interfacial spin configuration, likely influenced by
finite-size effects and reduced dimensionality in the thin RuO,
layer. Similar temperature dependencies have been reported in sys-
tems like LaSrMnQO3 /SrMnQOj [87], LaCaMnQO3/CaMnQOj; [88], and

Figure 54: Temperature-

dependent exchange bias in (111)
RuO;(10nm)/CrO;(10nm) bilayer. Inset
illustrates the largest observed bias at
3.6 K.

The size of the error bars in this plot
reflects the resolution of the PPMS.

The exchange bias field was measured
after an oscillating 3 Tesla degaussing
procedure to ensure that no trapped
remnant fields from the PPMS chamber
contributed to this effect.
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NiMn/CoFeB [89]. These studies report spin-glass-like freezing at

the bilayer interfaces, with exchange bias emerging below the inter-
facial freezing temperature and well below Ty. The magnitude of the
exchange bias is further influenced by the training effect and by inter-
facial frustration and strain. These findings support the interpretation
that the RuO, /CrO, interface hosts a complex exchange environment
rather than an ideal AFM/FM coupling.

As the temperature increases, these correlations diminish, leading
to the disappearance of the bias field. The sharpness of this transi-
tion and the overall magnitude of Hgp thus reveal crucial information
about the interfacial exchange strength, the degree of spin compensa-
tion in RuO,, and the thermal stability of the exchange coupling. In
this bilayer, the extracted m = 3 exponent suggests a strongly coupled
interfacial exchange regime, where the AFM RuO, spins exhibit rigid
pinning of the CrO; FM layer. This behavior typically arises from
enhanced interfacial anisotropy or spin canting, leading to a more
abrupt decay of the exchange bias field with temperature compared
to systems dominated by weaker coupling (e.g. m < 2). Below is
a summary of model systems, their power-law exponents, and the
typical underlying mechanisms:

FM/AFM Bilayer Power-law Exponent  Possible Mechanisms

Weak interfacial coupling
Co/CoO 0.5-1 Uniaxial AFM domain behavior

Moderate spin frustration
NiFe/FeMn 1-2 Thermally activated reversal

Strong interfacial exchange
Fe/IrMn 2-3 Anisotropy coupling

Rigid exchange coupling
Interfacial spin pinning
RuO,/CrO; (this work) 3 AFM spin canting

Trends in Coercive Field

In addition to analyzing Hgg, the coercive field also exhibits a pro-
nounced temperature dependence. The decay of H. is more gradual
and diminishes only at high temperatures, close to the Tc of CrO,.
The values of H. can be extracted with much higher precision than
those of Hgpp due to a significantly larger magnitude of the effect. The
H. often shows the opposite trend of Hgp, peaking near Tp as ther-
mal energy facilitates domain-wall pinning and reversal asymmetry.
In exchange-biased heterostructures like RuO,/CrO,, the coercive
field H, reflects the strength of pinning and the energy barrier for

Table 4: Model systems exhibiting
temperature-dependent exchange bias
[1-3].



70 MECHANISMS OF SPIN AND CHARGE TRANSPORT ACROSS OXIDE AND ALLOY INTERFACES

700 Figure 55: Temperature-dependent
coercive field of (111)RuQO,/CrO,
=) bilayer. Inset compares MH loops at
600 o three different temperatures to show
Q variation in H..
£
500 =
c
Q
T 400 B
e =
T 300 -2000-1000 0 1000 2000
In plane Field (Oe)
200}
100}
TiO,(111) / RuO,(10) / CrO,(10)
0 .

0 50 100 150 200 250 300 350 400
T (K)

magnetization reversal. Its temperature dependence typically differs
from that of Hgg because:

¢ Different origins: Hgp arises from unidirectional exchange anisotropy
at the FM/AFM interface whereas H, arises from domain wall
pinning and magnetocrystalline anisotropy of the FM layer, which
are both temperature-dependent.

* Persistence of interfacial pinning: Even after Hgp vanishes (when
interfacial exchange becomes thermally randomized near the Tg),
local AFM order or uncompensated spins can still pin domain
walls. This leads to finite coercivity up to the T¢ of CrO;, even
though Hpp becomes negligible.

* H. follows a similar power-law decay:
T
He(T) o (1= )" 48)
C

where 1 depends on the anisotropy and domain behavior of the
system. The slower decay compared to Hgg(T) reflects that mag-
netocrystalline anisotropy and pinning energies decrease more
gradually than interfacial exchange coupling.

¢ The large H, at 2 K indicates strong interfacial roughness, spin
disorder, or exchange frustration at the RuO, /CrO; interface.
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The coercive field of the RuO; /CrO, bilayer exhibits a markedly dif-
ferent temperature dependence from the exchange bias field. While
Hgp decays rapidly and vanishes near the blocking temperature of
RuO,, H, remains large (reaching approximately 650 Oe at 2 K) and
decreases gradually with increasing temperature, ultimately ap-
proaching zero near the Curie temperature of CrO;. This distinct
behavior arises from their different physical origins.

Hgp reflects the interfacial unidirectional exchange anisotropy,
which is sensitive to thermal fluctuations in the AFM, whereas H.
is governed primarily by magnetocrystalline anisotropy and domain
wall pinning within the FM. Even after the interfacial EB is thermally
randomized, residual uncompensated RuO, spins and interfacial
roughness continue to impede magnetization reversal, leading to
a finite coercivity up to Tc. The high low-temperature coercivity
therefore reflects strong interfacial coupling and spin frustration at
the RuO, /CrO, interface, consistent with rigid exchange pinning
inferred from the m = 3 dependence.

Thermal Evolution of Magnetization

The most notable behavior of the magnetic ordering at this interface
can be captured by zero-field-cooled (ZFC) and field-cooled (FC)
measurements. These magnetization measurements are used to re-
veal temperature-dependent magnetic behavior including magnetic
hysteresis, irreversibility, divergence, superparamagnetic blocking,
and spin-glass-like behavior.

ZFC measurements are collected by cooling the sample down from
400 K (carefully chosen to be above the ordering temperature(s) of
the system: Ty and T¢)), down to 3 K in zero field. The magnetiza-
tion of the sample is then measured as it is heated under a constant
external applied field Hext = 5000 Oe. Conversely, FC measurements
involve cooling the sample down from above the ordering tempera-
ture in the presence of the same applied external field. The charac-
teristic features of these measurements and resulting inconsistencies
yields very important information about how the magnetic ordering
of RuQ; is influenced by CrO; at the interface.

Firstly, the FC and ZFC data in the high-temperature regime are
indistinguishable. This overlap indicates that the system exhibits
thermally-reversible magnetic behavior. It signifies that thermal
energy is sufficient to overcome any anisotropy barriers or interfa-
cial spin pinning such that the magnetization is independent of the
sample’s thermal or magnetic history. In this state, the RuO, layer
behaves as a paramagnetic or weakly antiferromagnetic system, and

Typically, the measurement order is
as follows: ZFC — FC. This ensures
that we accurately capture the spin

behavior while also minimizing the
time required for repeated cycles.
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no exchange coupling to the CrO, layer is observed. The absence of
bifurcation at high temperatures therefore suggests that the measure-
ment was performed above the interfacial spin-freezing or blocking
temperature, above which the RuO; spins remain thermally disor-
dered and do not contribute to exchange bias.
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In addition to the overlap of the ZFC and FC curves at high tem-
peratures, a distinct kink (Ty;nx) is observed in this regime, separating
two linear regions with different temperature dependencies (see
dashed lines). Closer analysis of the kink feature reveals a strong
field dependence. The position of this kink shifts systematically with
the applied external magnetic field strength. As the measurement
field increases, the temperature at which the kink occurs decreases
approximately linearly. This linear field-dependent behavior sug-
gests that the kink corresponds to a magnetic transition or crossover
that is sensitive to the applied field strength, such as the suppression
of magnetic correlations or the gradual onset of short-range order
within the RuQO; layer. The linear decrease of the kink temperature
with field indicates a Zeeman-like influence on the transition, consis-
tent with a magnetic energy scale that competes with thermal fluc-
tuations. This feature may therefore reflect a field-tunable magnetic
crossover in the RuO; layer or at the RuO, /CrO; interface, preceding
the onset of exchange coupling at lower temperatures.

Figure 56: Temperature-dependent

FC and ZFC measurements of same
RuO, /CrO; bilayer. Scans were col-
lected at various Hext. Lighter-tone
lines represent FC and darker-tone lines
represent ZFC data.
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Figure 57: Kink temperature behavior

as a function of applied external field.

Dashed line to illustrate linear fit.
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Magnetic Irreversibility

Upon cooling, a divergence between the ZFC and FC curves emerges
as interfacial spins begin to freeze, marking the onset of exchange
bias coupling in the bilayer. At low temperatures, a distinct bifur-
cation between the ZFC and FC magnetization curves is observed,
indicating the onset of magnetic irreversibility associated with inter-
facial spin freezing or exchange coupling. For small applied magnetic
fields, the ZFC magnetization decreases upon cooling while the FC
curve remains relatively flat, suggesting that spins at the RuO,/CrO,
interface become partially frozen in random orientations in the ab-
sence of sufficient field alignment. This behavior is characteristic of
systems with pinned or frustrated spins, where thermal relaxation is
hindered below the blocking temperature.

Interestingly as the external applied field strength is increased
beyond approximately 0.3 T, the ZFC magnetization instead increases
at low temperatures, and the FC curve follows this upward trend.
This upward trend indicates that the previously frustrated or pinned
interfacial spins are now more free to align with the larger external
field, thereby increasing the net magnetization. The crossover in
the low-temperature ZFC data reflects the field-induced alignment
of interfacial spins and the progressive suppression of the frozen
spin component. The high-field regime therefore corresponds to a
transition from a spin-frozen to a more uniformly-aligned interfacial
state, consistent with the field dependence expected for an exchange-
biased AFM/FM bilayer.

Anomalous Features

Interestingly, a sharp peak appears exclusively in the ZFC magnetiza-
tion data at approximately 50 K for all applied field strengths, while
the FC curves remain smooth through this temperature. The pres-
ence of this anomaly only in the ZFC curve indicates that it originates
from a thermally-activated spin reconfiguration that depends on the
sample’s magnetic history. In the ZFC protocol, the system is cooled
in zero field, leading to a frozen, randomly-oriented configuration of
interfacial or surface spins. Upon warming in the presence of a small
measurement field, these frustrated spins gradually gain enough
thermal energy to overcome local anisotropy barriers and align with
the applied field, resulting in a sudden increase in magnetization.
Once this alignment occurs, further heating leads to thermal demag-
netization, producing the characteristic peak shape in the ZFC curve.
In contrast, during FC measurements the spins are already aligned
while cooling under an external field, so this relaxation process does
not occur and no corresponding peak is observed.
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Figure 58: Temperature-dependent
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Similarly to the magnetic characterization carried out on the CrO,
films in the previous chapter, the temperature-dependent saturation
magnetization (M) of the RuO,/CrO; bilayer sample was collected
and plotted relative to select CrO, films of varying thicknesses. This
temperature dependence reveals a marked deviation from conven-
tional Bloch’s law behavior in the bilayer. While CrO, films exhibit
a T3/2 dependence consistent with thermally-excited spin waves in
a 3D FM as shown in the previous chapter, the bilayer follows a T/2
trend. The steeper temperature dependence indicates a modifica-
tion of the magnon spectrum due to interfacial exchange coupling
and enhanced spin-orbit scattering introduced by the RuO, layer.
Such effects suppress low-energy magnon excitations and introduce
higher-order temperature terms in the magnetization decay.

The same interfacial coupling likely gives rise to the anomaly ob-
served near 50 K, where partially frustrated RuO; spins reorient
and transiently modify the effective magnetization of the bilayer.
The temperature of this ZFC peak (=~ 50K) corresponds closely to
the location of the dip observed in the temperature dependence of
the saturation magnetization M;, suggesting a common origin. This
feature likely marks a spin reorientation or spin-freezing transition
within the RuO; /CrO; bilayer, arising from competition between
the exchange coupling at the interface and the intrinsic anisotropy
of the CrO; layer. At this temperature, interfacial RuO; spins that
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are weakly coupled to CrO; may undergo partial ordering or a spin-
glass-like freezing, transiently enhancing the net magnetization be-
fore becoming thermally disordered at higher temperatures. The
observation of this anomaly in both ZFC and M;(T) data supports the
interpretation of a localized, field-sensitive interfacial transition that
modifies the effective magnetization of the bilayer around 50 K.

Additional Physical Interpretations

Role of Spin-Orbit Coupling

RuO; possesses intrinsically strong SOC arising from its 4d electron
character and partially filled t,g orbitals. The SOC constant for Ru
is an order of magnitude larger than that for typical 3d FMs [90],
leading to significant spin-orbit-driven band splitting and Berry
curvature effects.

Additionally, the rutile crystal field resulting from tetragonal sym-
metry leads to splitting of the Ru 4d states. SOC can strongly mix the
spin and orbital degrees of freedom of these degenerate states near
the Fermi level, leading to band splitting and anisotropic transport
properties confirmed previously in both ARPES and ab initio studies

[90, 91].

While direct studies of the RuO;/CrO; interface have not yet been
published, analogous oxide heterostructure work shows that broken
inversion symmetry at heavy-element oxide interfaces can enable
large Rashba-type SOC [92]. The rutile structure also lacks inversions
symmetry along certain directions at the surface or interface. While
bulk RuO; is centrosymmetric, interfacing it with another oxide like
CrO; can break that symmetry, enabling Rashba-type SOC at the
interface. So, even if bulk RuO, has moderate SOC, the interfacial
SOC becomes enhanced due to the combination of heavy 4d element,
broken inversion symmetry, and hybridization with 3d Cr orbitals.

Magnetic Proximity and the Induced Moment

Although RuO; is nominally antiferromagnetic or paramagnetic,
proximity to ferromagnetic CrO; could induce a small ferromagnetic
polarization in the RuO, layer near the interface. This may explain
the field-dependent kink and exchange bias, both as signatures of a
magnetically-polarized interfacial RuO, layer that gradually decou-
ples with temperature. This idea connects to proximity magnetism
which is currently a hot topic in the field of oxide spintronics.
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Field-tunable Interfacial Exchange Regime

The linear decrease of the kink temperature with applied field could
be interpreted as a Zeeman-driven suppression of interfacial spin cor-
relations, implying that the interface behaves as a tunable magnetic
subsystem. This could suggest that RuO, /CrO; serves as a model
system for field-controlled exchange bias, an idea worth exploring for
various spintronic applications.

Magnetic Relaxation and Training Effects

Repeated hysteresis data after successive field cycles could help us
better understand and comment on training effects. One such exam-
ple is the gradual reduction of exchange bias with cycling to support
the interfacial spin freezing interpretation. Future work could exam-
ine this aspect of the measurement routine.

Key Findings

The strong SOC of RuO;, when interfaced with the HMF CrO,, cre-
ates a platform where exchange interactions and relativistic effects
coexist at the atomic scale. The combination of a heavy 4d AFM with
a nearly 100% spin-polarized FM breaks inversion symmetry and
gives rise to pronounced interfacial spin-orbit fields. These can mod-
ify the interfacial anisotropy and even induce weak spin canting or
pinned uncompensated spins at the interface. These are all consistent
with the exchange bias, spin freezing, and temperature-dependent
irreversibility observed experimentally. The non-monotonic features
in magnetization and the deviation from conventional Bloch-like be-
havior further suggest that SOC modifies spin dynamics and magnon
spectra in these coupled system.

Looking Ahead

Beyond explaining these specific magnetic anomalies, the RuO, /CrO,
bilayer highlights a broader design principle for oxide spintronics:
using 4d and 5d transition-metal oxides as SOC-active layers to tune
interfacial exchange, magnetic anisotropy, and spin transport in fer-
romagnetic heterostructures. Because RuO; is metallic, chemically
stable, and epitaxially compatible with CrO;, such bilayers could
serve as a model system for exploring spin-orbit torques, topolog-
ical spin textures, or spin Hall effects in fully oxide-based devices.
This work thus establishes RuO; /CrO, as a versatile and previously
unexplored material platform for controlling interfacial magnetism
through spin-orbit coupling.



Chapter 5 | Extrinsic Charge—Spin Conversion in Ru—
Pt Alloys

IN THE broader context of spintronic devices, the ability to convert charge currents into spin currents ef-
ficiently is as critical as generating and transmitting spin polarization. Materials exhibiting a large SHE
play a central role in this process, enabling SOT mechanisms that can manipulate magnetization with-

out the need for charge currents to flow through a FM, as in conventional STT devices. By providing a
robust and controllable source of spin-polarized currents, SHE materials form the final stage of the spin
current “pipeline,” complementing the intrinsic spin generation in HMFs and the spin transmission across
AFM/FM interfaces studied in the preceding chapters.

Among candidate SHE materials, Ru-Pt alloys are particularly attractive. Their strong SOC, structural
stability across a wide compositional range, low electrical resistivity, and high crystalline order promote
them ideal platforms for exploring the factors that control spin-charge conversion efficiency. In this chap-
ter, the detection of the SHA in Ru-Pt alloys is carried out using three complementary experimental tech-
niques: magneto-optic Kerr effect (MOKE) microscopy, spin-torque ferromagnetic resonance (ST-FMR),
and time-domain terahertz (THz) emission spectroscopy (TDTS). The results discussed in this chapter have
been submitted for publication [V. S. Bheemarasetty et al. "Structure-Driven Trends of the Spin Hall Effect
in Ru,Pt;_, Thin Films" manuscript submitted 2025]. This multimodal approach provides both static and
dynamic probes of the spin currents generated in Ru-Pt, establishing a foundation for understanding how
composition, structure, and SOC jointly influence spin-charge interconversion.

By situating Ru—-Pt in the context of the broader spintronic workflow from generation (CrO,) to trans-
mission (RuO;/CrO, interfaces) to conversion (Ru-Pt alloys), this study emphasizes the material’s role as a
tunable, high-performance platform for next-generation SOT devices.

MOTIVATION

The search for materials with high charge-to-spin conversion ef-
ficiency remains one of the key challenges in spintronics. This effi-
ciency represents the ability of a material to transform an applied
charge current into a spin current, a process that underpins the op-
eration of SOT devices, SHE-based architectures, and numerous
other spintronic applications. Materials exhibiting a large conver-
sion efficiency are particularly desirable because they enable reduced
power consumption, faster switching dynamics, and improved de-
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vice functionality, all of which are critical for the advancement of
next-generation memory and logic technologies.

Several heavy metals including B-W [93] and Ta [94] have been
extensively investigated due to their relatively large SHAs, which can
reach values exceeding 0.33. These materials, however, are hindered
by very high resistivities. For instance, f-W has a resistivity of ap-
proximately 263 u{) cm which is considerably greater than those of
typical conductive materials. Elevated resistivity introduces signifi-
cant Joule heating during current flow, leading to energy dissipation
and compromised thermal stability. These can be particularly prob-
lematic for nanoscale spintronic devices. In addition, high resistivity
restricts the maximum current density that can be driven through
the material and reduces the efficiency of spin-current injection into
adjacent magnetic layers. This poses obstacles to scalability and long-
term device reliability.

The strong correlation between resistivity and SHA in these sys-
tems often arises from intrinsic mechanisms of the SHE. In such
cases, the SHA typically increases with resistivity, as materials with
stronger Berry curvature in their electronic band structures naturally
exhibit larger conversion efficiencies [95].

Beyond intrinsic mechanisms, the SHE can also arise from extrinsic
processes, which are driven by spin-dependent scattering from im-
purities or structural defects. Two dominant scattering mechanisms
have been identified: skew scattering [96] and side-jump scattering
[97]. Skew scattering has been experimentally reported in several al-
loy systems including Culr, CuBi, and CuPb, with measured SHAs
of approximately 0.02, 0.24, and 0.13, respectively [95, 98, 99]. These
examples point to alloy engineering as a promising strategy for en-
hancing SHA by introducing controlled impurity concentrations,
thereby leveraging extrinsic contributions to the SHE. This helps to
optimize the balance between spin-charge conversion efficiency and
conductivity.

The resistivity of a sample can be engineered by carefully selecting
alloy constituents. AuTa alloys, for example, can achieve a SHA of
0.5 while maintaining a moderate resistivity of around 85 p() cm,
making them attractive for device applications. Inspired by these
results, a similar design strategy is adopted here: selecting a host
metal with desirable properties and incorporating heavy-element
impurities to enhance the SHA. Since the strength of the SOC scales
with the atomic number as Z#, heavier elements are particularly
favorable for maximizing the SHE.
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The design of effective spin Hall materials requires considera-
tion of SOC strength as well as structural stability, phase forma-
tion, and ease of fabrication. Platinum (Pt), a 5d transition metal, is
well known for its strong SOC and large intrinsic SHA, making it
an excellent candidate for engineering high-performance spintronic
materials. Ruthenium (Ru), a 4d transition metal, is widely used in
spintronic devices due to its role in interlayer exchange coupling, and
offers structural compatibility with Pt. Specifically, Pt crystallizes in
a face-centered cubic (FCC) lattice, which is highly compatible with
the hexagonal close-packed (HCP) structure of Ru, enabling stable
alloy formation. When combined, the Ru-Pt binary system offers a
promising platform to investigate tunable electronic properties and

Weight Percent Ruthenium

the potential for enhanced performance through extrinsic scattering

mechanisms. Pt provides strong SOC and an FCC crystal structure,
while Ru contributes structural compatibility, reduced resistivity,
and stability across a wide composition range. This allows for direct
investigation of how crystal structure and impurity concentration
impact spin-charge conversion.

In this chapter, the Ru-Pt binary alloy is systematically explored

as a model platform for probing the interplay between intrinsic and

extrinsic spin-charge conversion mechanisms. Its tunable composition
Figure 59: Binary phase diagram of

the Ru-Pt system. Solid phases labeled
coherence and scattering environments, while maintaining excellent with stable-state crystal structures [100].

and structural phase evolution offer control over both electronic

chemical stability and compatibility with FM interfaces.

Method of Co-sputtering

Ru-Pt alloy thin films are deposited on silicon substrates using high-
vacuum magnetron sputtering. The sputtering was performed at

a dc power of 30 W with a background argon pressure of 4 mTorr
and a base chamber pressure of 3 x 1078 Torr. A series of Ru,Pt;
alloys from x = o to 100 were fabricated via the co-sputtering tech-
nique from elemental Ru and Pt targets, allowing precise control of
film composition. Co-sputtering here refers to the geometric con-
figuration of a complete, primary target (i.e. Ru) with pieces of a
secondary target (i.e. Pt) placed on top. This arrangement effectively
forms a binary target whose composition can be carefully tuned by
varying the geometry of both materials. The nominal stoichiometry
of bulk samples was estimated from the relative geometry of the bi-
nary target using area calculations. The compositions of each element
were further verified to high precision using energy dispersive X-ray
spectroscopy (EDS) in an SEM. The bulk film thicknesses were de-
termined using X-ray reflectivity (XRR), which revealed a monotonic
decrease in deposition rate with increasing Ru content from 1.214
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A/sat x = 38 to 0.689 A /s at x = 100. This is consistent with the rel-
ative sputtering rate yields of these elements: 16 Pt atoms are ejected
for 10 Ar ions, while only 13 Ru are ejected for the same ion count.
As such, a higher Pt concentration in the alloy is expected to yield a
higher sputtering rate

Nominal (Ru:Pt)  Ru (x) Pt (1-x)  Rate (A/s)

0:100 O 100 1.03

25175 38.0+ 1.0 62.0=+ 1.0 1.21

4555 495+ 13 505+13 19 Figure 60: Sample co-sputtering target
55:45 587+ 09 413+09 1.04 geometry for Ru-Pt alloy. This shows Pt
70:30 64.7 + 0.7 35.3 + 0.7 1.03 target.geometry for the 45:55 nominal
80:20 78.4 £ 04 21.6+o04 0.92 stolchiometry.

90:10 86.5 = 0.5 13.5 £ 0.5 0.92

100:0 100 0 0.69

Crystal Structure Analysis

The as-grown crystalline structure of the Ru,Pt; _, films was ana-
lyzed using XRD. The pure Pt film (x = o) exhibits an FCC structure
dominated by the (111) diffraction peak, which was indexed using
the ICDD Powder Diffraction File. Conversely, the pure Ru film (x =
100) displayed an HCP structure with a prominent (002) peak. As the
stoichiometry is systematically tuned across the alloy series, a con-
tinuous structural transition from FCC to HCP is observed. This is
consistent with increasing the concentration and is evident by the pri-
mary diffraction peak shifting from the FCC (111) position towards
the HCP (002) 20 position with increasing Ru content.

This trend is also confirmed using the Visualization for Electronic
and Structural Analysis (VESTA) simulation software package. This
is a 3D visualization program that can simulate diffraction patterns
from a given structural model or crystal morphology. Beginning with
the FCC Pt unit cell, Ru impurity atoms were gradually introduced,
first as interstitial impurity atoms and then as substitutional atoms
in the lattice. By incrementally changing the lattice constant of the Pt
FCC unit cell, the experimental XRD results are reproduced to very
good precision.

The gradual peak shift reflects a progressive reduction in the lat-
tice constant as Pt atoms are increasingly substituted by smaller Ru
atoms. Importantly, the presence of sharp and well-defined diffrac-
tion peaks confirms that the films are polycrystalline with clear grain
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structure, even though they were deposited by magnetron sputtering
without any post-deposition annealing. This poses as a major advan-
tage to the Ru-Pt alloy system, since no post-processing procedures
are required to attain robust polycrystalline structure.

The lattice constants of the Ru,Pt;_, alloys were determined
using the 26 positions of these diffraction peaks and Bragg’s law:

nA = Zdhkl sin 6, (49)

where 1 is the diffraction order taken to be 1, A is the characteristic
Cu-Ka X-ray wavelength, and dyy; is the interplanar spacing of the
(hkl) plane.

For the FCC structure, the cubic lattice constant apcc is deter-
mined using

arcc = dhkl h2 + k2 + 12. (50)

For the HCP structure, the unique lattice constants aycp and cycp
were calculated using the relation:
1 4(h®+hk+k?) 12

—_ = + . (51)
2 2 2
Ay 3agcp Cricp

Conveniently, the interplanar spacing of the FCC (111) planes is
equivalent to that between the HCP (002) planes, allowing a direct
comparison of this parameter. As calculated, the measured d-spacing
(dpx1) decreases smoothly as the alloy composition transitions from
FCC-dominated Pt-rich films to HCP-dominated Ru-rich films. This
continuous trend is consistent with the Ru-Pt binary phase diagram

Figure 61: VESTA simulation results
(top) confirm experimental XRD scans
of Ru-Pt alloys shifting from Pt FCC
(111) peak to Ru HCP (002) peak
(bottom). Vertical lines are guide to the
eye.

Figure 62: Comparison of interpla-
nar spacing in FCC and HCP planes
with corresponding lattice constants
denoted.
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and reflects the progressive lattice compression caused by substitut-
ing smaller Ru atoms into the Pt lattice. The systematic constriction
of the lattice constant confirms that alloying drives a well-behaved
structural evolution across the entire composition range.

TEM analysis of a sputtered x = 78 alloy is also presented, which
independently confirms the lattice spacing values obtained from
the previous calculations. The corresponding selected-area electron
diffraction (SAED) pattern exhibits high-intensity diffraction rings
pointing to a polycrystalline sample. Careful image analysis indicates
these rings are indeed aligned along the specific crystallographic
planes that are characteristic of the HCP-dominant crystal structure
of the x = 78 composition.

To evaluate the average grain size of the Ru,Pt; _, polycrystalline
films, the Scherrer equation is used:

kA

= Brwiv cos 6’ (52)

s

where g; is the average grain size, k is the shape factor (taken as

0.89 for approximately spherical grains), A is the characteristic X-ray
wavelength, 0 is the Bragg angle, and Brwa is the full-width at half-
maximum of the dominant diffraction peak, expressed in radians.
The average grain sizes fall within the range of approximately 11 nm
to 27 nm, indicating that the films are composed of nanocrystalline
grains. The grains tend to be smaller for Pt-rich films, approaching 10
nm in size, and grow to almost three times that size for Ru-rich films.

Figure 63: Characterization of as-grown
Ru-Pt alloys. (a) 6 — 26 scan for Pt
sample indicating FCC (111) peak

and Si substrate. (b) 0 — 260 scans of
alloys with increasing Ru content. (c)
Extracted lattice spacing d ;) and
corresponding grain size (blue data)
from full-width at half-maximum of
XRD peaks in (b). (d) STEM micrograph
of x = 78 sputtered film. (e) Diffraction
pattern of sample in (d) with HCP
planes identified.
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This behavior can be understood in terms of nucleation and growth
dynamics during film deposition, adatom mobility, and alloying
effects.

Grain growth in thin films is fundamentally driven by the min-
imization of total energy, including surface and grain boundary
contributions. Ru, with stronger metallic bonding compared to Pt,
tends to form fewer nucleation sites during deposition. The lower
nucleation density allows individual grains to grow larger before im-
pinging on neighboring grains, resulting in a coarser microstructure.
In contrast, platinum-rich films favor a higher nucleation rate due
to lower surface energy and more uniform wetting of the substrate,
producing a larger number of smaller grains.

Adatom mobility further contributes to this trend. Ru adatoms
possess higher diffusion lengths under typical deposition conditions,
facilitating growth of existing grains rather than the formation of
new nuclei. Conversely, Pt adatoms, which nucleate more readily and
experience solute drag at grain boundaries, are restricted in lateral
motion, limiting grain coarsening. In alloyed films, increasing Pt
content can further impede Ru grain growth due to lattice strain and
solute effects, reinforcing the formation of finer grains.

Electronic Transport Properties

As before, the Ru,Pt; _, films are patterned into 20 x 55 um? Hall-
bar devices using photolithography followed by physical ion milling.
The longitudinal resistivity (o) of the patterned films was measured
as a function of temperature using a PPMS.

Temperature-dependent p, indicates clear metallic transport
behavior, characterized by a gradual increase in resistivity with tem-
perature over the range from 2 K to 300 K. The RRR values, defined
here as pxx(300 K)/pxx(2 K), are found to be relatively low (< 1.3) for
all alloys. This indicates the presence of strong impurity and alloy
scattering in this compositional range. In contrast, typical high-purity
metals have very large RRR values reaching 1000 due to minimal
scattering.

Despite the enhanced scattering, the measured resistivity for all
alloys in this series remains below 70 u{) cm. This is significantly
lower than other high-resistivity alloy systems such as AuTa and
TaW which are commonly noted for their large SHAs, promoting
Ru, Pty _ alloys for spintronic device applications with minimized
Joule heating effects and reduced energy dissipation. When plot-
ted as a function of composition, the p,, data at 2 K exhibits a clear

33
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parabolic dependence, characteristic of alloy scattering. This smooth,
systematic behavior confirms that the observed resistivity trends are
consistent with what is expected and that no anomalous scattering
mechanisms dominate within this composition range.

An important connection can now be identified between the evo-
lution of the lattice structure, the resistivity, and the spin Hall perfor-
mance: FCC alloys, marked by low Ru content (x < 50%), have less
scattering due to higher symmetry. This results in lower py,.

70 59 Figure 64: (a) Longitudinal resistivity
e —— as a function of temperature for various
eee— 65 alloy compositions. Inset: Resistivities

at 2 K plotted as a function of Ru
composition (x%). (b) Evolution of

—’//- 49 residual resistivity ratio (RRR) with x%.
a)l 78
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The combination of FCC structure and a low Ru impurity content
favors skew scattering-dominated contributions to the SHE, enabling
larger SHAs without compromising on the conductivity of the alloy.
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As Ru content increases leading to HCP-dominant alloys, the lattice
becomes increasingly more compressed with higher impurities, in-
troducing additional disorder and scattering centers. This increases
pxx. HCP alloys with higher disorder and smaller lattice constants are
more susceptible to side-jump and intrinsic mechanisms, which typ-
ically require higher resistivities to achieve comparable SHA values.
This connection between crystal structure and electronic proper-

ties points to the significance of crystallography and alloy design in
optimizing charge-to-spin conversion efficiency for spintronic appli-
cations.

Spin Hall Angle Characterization

Bilayer structures of RuyPt;_,(5nm)/CogoFes9B2o(10nm) were fab-
ricated to quantify the charge-conversion efficiency of the non-
magnetic HM Ru-Pt layers. Here, CoggFe49By is the FM layer which
serves as a spin detector. When a charge current flows through the
HM, the SHE generates a transverse spin current. This spin current
diffuses into the adjacent FM, where it can exert a torque on the mag-
netization or produce a measurable voltage. Without the FM layer,
there is no mechanism to convert the spin accumulation into an ob-
servable signal, making it impossible to quantify the SHA.

Three independent techniques were utilized to directly probe the
SHE in these Ru,Pt;_, alloys: spin-torque magneto-optic Kerr ef-
fect (ST-MOKE) microscopy, spin-torque ferromagnetic resonance
(ST-FMR), and time-domain terahertz (THz) emission spectroscopy
(TDTS). The results of these measurements provide insightful connec-
tions between the observed spin-charge conversion efficiency, alloy
composition, crystal structure, and scattering mechanisms.

Spin-Torque MOKE

The SHA of the Ru,Pt;_, alloys was determined firstly using the
spin-transfer MOKE (ST-MOKE) microscopy technique. This tech-
nique is used to probe magnetization dynamics in ferromagnetic
materials. In this method, a spin-polarized current or spin current
exerts a torque on the magnetization of a ferromagnet, inducing pre-
cession or switching. The resulting changes in magnetization are
detected optically via the Kerr effect, where the polarization of re-
flected light rotates proportionally to the magnetization component
along the measurement axis, enabling time-resolved observation of
spin-transfer-induced dynamics. The setup is similar to the polar-
MOKE setup discussed previously, with a few modifications to allow
for rapid detection of spin dynamics.

85
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A pulsed laser source with a wavelength of 780 nm was used
with a focused spot size of approximately 19.6 um? [101]. During the
measurement, a sinusoidal AC current with a peak amplitude of 20
mA at 1.333 kHz was applied along the x-axis of the sample. MOKE
voltages are measured as the laser position is held fixed and the
sample is moved along the y-direction. The MOKE signal was then
used to probe the effective fields associated with the damping-like
and the field-like torques.

To extract the SHA, the self-calibration method was employed
[102, 103]. In this approach, the measured MOKE signal contains
contributions from both the SOT and the Oersted fields, allowing
us to simultaneously quantify their respective effects. The resulting
signal can be expressed as:

AV , x, f / d /d / Oersted (y )
Oersted ( Y )= Hegs + Mg (53)
and W)
AVisor(x, ]{ / iy dx eS0TV
sor(x,y) = YA My (54)

where 7 is the radius of the laser spot,
~(a= =y
e=e ” (55)
and ¢ describes the sensitivity of the MOKE response defined as
¢ = VMTQFE. The finite size of the laser spot necessitates that the
Kerr rotation be calculated as an integral of the local magnetization
reorientation, weighted by the Gaussian function of the spatial distri-

bution of the laser. The magnitude of the SOT-induced reorientation
is then calculated as [104]:

hsor  _ AVsor(x,y)/€e
/270 AVigren(x,2)/ § [ dy'dxin(“55)e

with w = 50um being the width of the device strip. The SHA of the
Ru,Pt;_, alloy using MOKE, ®@pokg, can then be calculated by:

(56)

2¢e h
OMOKE = 7 SOT

HoMsdcrs, (57)
JRu-Pt

where ¢ is the elementary charge, 7 is the reduced Planck’s constant,
jru-pt is the current density in the Ru,Pt; _, layer, y is the vacuum
permeability, M and dcpp are the saturation magnetization and
thickness of the CoFeB layer, respectively. CoFeB has a resistivity

of about 100 p() cm. By considering the thickness of Ru,Pt;_, and
CoFeB through the parallel resistor model, the current density in the
Ru, Pty _ layer at different compositions can be estimated reasonably
accurately.

ST-MOKE measurements were per-
formed by our collaborators Xinhao
Wang and John Q. Xiao at the Univer-
sity of Delaware.



CHAPTER 5 | EXTRINSIC CHARGE—SPIN CONVERSION IN RU-PT ALLOYS

L ) Ref -
Lock-in
generator

L

TFL
Yo -
Bias-T T
1
3
L A . dat
20 (b) Eq:m 5 //‘
S 1 0 500 1000
5 Hres (Oe)
Y 0
>
-1
\ ~2[ SGHz

2180 2200 2220 2240 2260 2280 2300 2320 2340

Position (m)

1000 1500

H (Oe)

500

Spin-Torque FMR

To independently confirm the SHA obtained from the ST-MOKE
measurements, the spin-torque ferromagnetic resonance (ST-FMR)
technique is used. This technique measure SOTs and magnetization
dynamics in ferromagnetic/heavy-metal heterostructures. An rf cur-
rent applied to the device generates a spin current via the SHE in the
heavy metal, which exerts a torque on the ferromagnet and drives
magnetization precession. The resulting oscillations of the mag-
netization produce a rectified voltage across the device due to the
anisotropic magnetoresistance, allowing quantitative measurement of
the spin-torque efficiency and magnetic properties.

The RuyPt;_,(5nm)/CoypFes0B20(10nm) bilayers are now pat-
terned into coplanar waveguide (CPW) devices with the desired G-
S-G probe configuration detailed previously. An rf current (I) with
an input power of +10 dBm was applied along the x-axis of the pat-
terned device. This rf current induces SOTs in the CoFeB layer due
to the spin current generated within the Ru,Pt;_, layer. During the
measurement, the external magnetic field was fixed at an in-plane an-
gle of 45° to maximize the mixing signal. The resulting rectified volt-
age Vi, arises from the dynamic interaction between the rf current,
magnetization precession, and SOTs present. The measured voltage
spectrum is fitted using a combination of symmetric Lorentzian and

THz Amplitude (mV)
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Figure 65: (a) Schematic of SOT in
CoFeB from spin Hall effect in Ru-Pt
used for MOKE measurement. (b)
Determination of the magnitude of
SOT using self-calibration. Magnitude
of the SOT is determined by fitting to
the out-of-plane Oersted field (top)

and SOT (bottom). (c) Schematic of the
ST-FMR measurement setup and device
structure with rf excitation and lock-in
detection. (d) Frequency-dependent
ST-FMR spectra showing resonance
shift with external magnetic field.

Inset: Kittel fit. () Schematic of THz
spectroscopy setup. (f) THz emission of
x=78 alloy.
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antisymmetric dispersive components [105] and expressed as:
=clv AHz +V AI_I(I_Iext B Hres)
¢ o AH? + (Hext - I_Ires)2 e AH? + (Hext - I_Ires)2 '
(58)

Va4

Here, c is an arbitrary constant used as a scaling factor, AH is the half
linewidth of the Lorentzian, H,s is the resonance field, and Hey; is
the applied external magnetic field, respectively.

By this notation, Vsym and Vasym are proportional to the in-plane
torque 7| and the out-of-plane torque 7, , respectively. Analogously,
these correspond to the out-of-plane effective field and the in-plane
effective field, respectively. In this case it is reasonable to assume
that 7, is dominated by the torque originating from the Oersted field
[94, 105]. The SHA of the Ru-Pt HM can thus be expressed as:

T epgM.
OpMmr = JMdCFBdRu—Pt
T h ( )
59
)% M. M,
= M PO ferpdRacpey | 1+ .
Vasym h Hg

Sweeping the rf signal frequency enables the extraction of Mg by
fitting the resonant frequency fres to the resonant field Hyes using the
Kittel formula [106]:

fres = % \/Hres(Hres + VOMeff)- (60)
THz Emission Spectroscopy

As a third independent verification of the SHE in Ru,Pt;_,, time-
domain terahertz emission spectroscopy (TDTS) was utilized. THz
spectroscopy uses short pulses of electromagnetic radiation in the
THz frequency range to probe the dynamical properties of materials.
A THz pulse is typically generated and directed onto the sample,
where it interacts with charge carriers, spins, or lattice vibrations.

By measuring the transmitted or reflected THz pulse in the time do-
main and performing a Fourier transform, one can extract frequency-
dependent material properties such as conductivity, dielectric re-
sponse, or spin dynamics.

In this experiment, 150 mW femtosecond laser pulses ~4o0 fs in du-
ration with a 8oo nm center wavelength, 10 kHz repetition rate, a flu-
ence of 2.23 mJ cm?, and a spot size of roughly 1 mm were directed
onto the sample. In the context of THz spectroscopy, the fluence of a
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pulse refers to the energy per unit area delivered to the sample. It is
an important parameter because the sample’s response depends on
fluence, with higher values potentially inducing nonlinear effects or
heating. Electro-optic sampling was used to detect the emitted THz
wave with a 1 mm-thick (110) ZnTe crystal. The single-crystal ZnTe
is used as a nonlinear optical crystal to both generate THz pulses via
optical rectification and detect them through electro-optic sampling.
This enables time-resolved measurement of the THz electric field. A
static magnetic field of 1.4 kOe, generated by a pair of permanent
magnets, maintained the magnetization direction of the FM layer
during measurements. The total electric field of the THz radiation is
then extracted in order to calculate the SHA.

When the laser excites the CoFeB layer, photo-excited spin-up and
spin-down electrons are driven above the Fermi level and diffuse
into the Ru,Pt; _, underlayer, creating a spin current. Within the HM
layer, this spin current is converted into a transverse charge current
through the ISHE [107], which emits a broadband THz pulse (also
referred to as THz wave radiation). The magnetization direction of
CoFeB determined the polarization of the injected spin current. As
such, the sign of the THz electric field reverses when the magneti-
zation of the CoFeB is flipped by the external field, confirming the
spin-dependent origin of the signal. A finite THz response is detected
across the full Ru-Pt composition range. The emitted amplitude
reflects not only the SHA but also contributions from the HM resis-
tivity and the optical absorption efficiency of the FM layer, consistent
with prior studies [108-110].

To quantify the relative SHA from THz spectroscopy, Orp, of each
alloy, the analysis in [111] is implemented. The THz signals of each
alloy cannot be determined absolutely but rather as a proportion
relative to that of pure Pt. This is due to various technical limitations
of the setup used. In order to calculate the absolute SHA of Pt, the
detector response function and photo-to-spin current conversion
efficiency, B(w), must be known, as shown below:

Sr11,() = AB(@)A, tanh (M )05, 7(w). (61)

In this equation, Stp,(w) is the emitted THz signal amplitude mea-
sured in volts. A is the pump-fluence absorbance which represents
the fraction of the pump pulse energy absorbed by the sample. In
optically-pumped THz-probe experiments, only the absorbed por-
tion of the pump can excite carriers, spins, or lattice vibrations,
which then contribute to THz emission. Higher absorption generally
leads to stronger THz signals. B(w) is the phonon spin-conversion
efficiency which quantifies how efficiently energy from the pump-

THz emission spectroscopy mea-
surements were performed by our
collaborator Shreya Shrestha under the
supervision of advisors Matthias Ben-
jamin Jungfleisch and Lars Gundlach at
the University of Delaware.
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induced lattice vibrations (i.e. phonons) is converted into a spin
current in the material. In some spintronic THz experiments, lat-
tice excitations can couple to the spin system so B(w) measures the
fraction of this energy that contributes to spin dynamics.

25 d T : T . T v Figure 66: Summary of THz emission
signals of Ru-Pt alloys relative to Pt
signal. Compositions labeled.
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A, is the spin-current relaxation length representing the char-
acteristic distance over which a spin current decays in a material
due to spin scattering or relaxation. In a heavy-metal/ferromagnet
heterostructure, it determines how far the spin current can prop-
agate before losing polarization, which directly affects the ampli-
tude of the THz emission. Finally, Z(w) is the effective impedance
of the spintronic heterostructure to the emitted THz radiation. It
determines how efficiently the spin-to-charge conversion (or spin-
current-induced THz emission) couples to free space. A mismatch in

impedance can reduce the observed THz signal. Note: The spin-current relaxation
length A, describes the distance over
which an ultrafast, pump-induced spin
current decays before it relaxes or is
Given the limitations of the setup, these parameters cannot be converted into a measurable signal.
This is different from the spin diffusion
. . length A;¢, which characterizes the
alternative approach, we extract the SHA from amplitude of the steady-state decay of spin polarization
Ru-Pt alloys THz signals relative to that of pure Pt. We do so by in a material.

assuming that the detector response function will be the same for

calculated in a straightforward manner for these samples. As an

all the samples, as all the samples are measured in the same system
under identical conditions. We also assume and that the spin-to-
phonon conversion efficiency is the same for every sample:
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Ornz _ StHz(w) 62)

fre AB(w)), tanh(“ByPt) Z(w)’

Here, Op; is the reference SHA of pure Pt. From this, the SHA calcula-
tion can be simplified from

@ITzﬁ—ZPt:SIT{ﬁ—ZPt(w) y APt y BPY(w)
ort, SPt (w) ~ ARuPt T BRuPY(y)
APt ) tanh(%) . 7P (w) (63)
ARSPE tanh( ;%1111—_11’,%) ZRuPt()
to
ORGP @) am am EnhGE) o gmgg
i Shul) AR gy " 28T
(64)
Following the approximation made by [111],
ME _ 55 10-50m?, (65)

Oxx

with Ayr denoting the electron mean free path which A, approaches
as w — 0o, and oyy is the electrical conductivity of the HM. Using
the room-temperature pyy data previously collected, we can calculate
the corresponding oy, with which we further extract the A\ for each
composition.

Contextual Analysis of Ru—Pt Spin Hall Angles

The SHA values derived from ST-MOKE peak at x = 38 with a value
of 0.117, which is 36% higher than the 0.086 measured for pure Pt
under the same conditions. ST-FMR confirms the trend with an
even larger SHA of 0.158 at the same composition. The composition-
dependent SHA exhibits a skewed parabolic trend with a maximum
skewed towards Pt-rich compositions. This is consistent with previ-
ous studies on Pt-based alloys where maxima were observed for Pt
concentrations between 60 — 90% [112]. This parabolic behavior can
be understood in terms of the scattering mechanisms. Pt-rich alloys
exhibit strong SOC and low disorder favor skew scattering, which
enhances the SHA without significantly increasing resistivity. As Ru
content is increased, the lattice transitions towards an HCP structure
and additional disorder introduces side-jump scattering contribu-
tions which scale significantly with resistivity and reduce the SHA at
higher Ru concentrations despite continued alloying.

91



92 MECHANISMS OF SPIN AND CHARGE TRANSPORT ACROSS OXIDE AND ALLOY INTERFACES

20.0

—o— MOKE
¥ THz
15.0 —— ST-FMR

17.5

12.5

10.0

Osh (%)

1.5

5.0

2.5

0.0

0 20 40 60 80 100
X (%)

Spin Hall angle (©gy)

-0.04

0142

0.1}

0.08 |

0.06

0.04 |

—+— Agy Pty
Al Pt

Au, Pt
CU'_,(PI,

Hf, Pt (fcc)
HfyxPt, (hop)

o— Iry Pt
s Pd1_xF’lx

0.02 [

-0.02 [%

0 01 02 03 04 05 06 07 08 09 1
Pt concentration (x)

For comparison, the best-performing alloy composition in this
study (RuzgPtsy) is placed in the context of other well-studied HM
systems with regards to resistivity and SHA. The Ru-Pt binary alloy
poses as a promising candidate with a competitive SHA and a rela-

tively low room-temperature resistivity compared to leading heavy
metals such as B-W and Ta or topological insulators, highlighting its
potential as a competitive spin-current source. These material prop-

erties are advantageous for energy-efficient spintronic devices com-
pared to higher-resistivity systems. This underscores the advantages
of FC-rich, low-impurity Ru-Pt alloys where structural order, moder-
ate resistivity, and skew scattering combine to optimize spin-charge

conversion efficiency.
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Figure 67: (Left) Summary of SHA
data measured for each Ru-Pt alloy
composition using three independent
techniques. (Right) Comparison of
trends in SHA as a function of Pt
concentration for various Pt-based
alloys [112].

Figure 68: Comparison of maximum
SHA from this work (RusgPtsp) to other
elements and alloys of interest.
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Probing the Scattering Mechanisms

To further understand the contributions to the notable SHA observed
in the Ru-Pt alloy system, the SHA is plotted as a function of the al-
loy resistivity at room temperature, pyy. Both the intrinsic mechanism
and the side-jump scattering contribution exhibit a linear depen-
dence between SHA and pxy. This linear dependence suggests that
side-jump is the main contribution to the extrinsic SHA.

To further prove this claim, we employ following equation to sepa-
rate the intrinsic and extrinsic components of the spin Hall resistivity:

—psH = O81iP3x — Psii (66)

where pgy is the total spin Hall resistivity of a given Ru,Pt;_, alloy
extracted from

Ogpy = — 21 67)

Pxx
Here, 0! is the intrinsic contribution of Ru to the spin Hall resis-
tivity, and pgl';p is the extrinsic spin Hall resistivity introduced by
Pt. Since the phonon contribution to the total spin Hall resistivity
is known to be negligible, it is omitted from our analysis. However,
the intrinsic contributions of the spin Hall conductivity, (Té"f{t, is re-
tained because pure Ru exhibits a finite spin Hall angle even though
it is roughly an order of magnitude smaller than that observed in
RusgPtep.
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To quantify this intrinsic term, we examine the limiting case of
x = 100, where the impurity-related spin Hall resistivity pls'?lp vanishes
and the total resistivity of the alloy reduces to that of pure Ru (x = o).
Under this condition, we can rewrite the previous expression as:

Figure 69: (a) MOKE SHA values

93

plotted a function alloy resistivity over
the alloy region. (b) Extracted values of

Pimp Versus pl.sn%. Linear fits in red.
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; o
PRu PRu
where sy Ry and pry are the SHA and resistivity of pure Ru, respec-
tively. By substituting these relations for (fgl’{t and fsp, the expression
simplifies to

i 0
_PZSH;IP = PxxGSH —( S:){R’ Ru

P (69)
u
We plot | pé"ﬁlp| as a function of p;,,, which is defined as pjyp = pxx —
PRrRu- The curve can then be fitted with
in SS S] 2

IPSHP = USHpimp + ‘TS}IIpimp' (70)
where 055 represent the contribution from skew scattering and Ussgl
represent the contribution from side-jump. These terms represent
the two mechanisms of the extrinsic SHE. From the fitting, we deter-
mine the magnitudes of these two contributions: Ugé = 0.052 and
(TSSI]{ = 0.002uQ " tem 1. We find that for Pimp = 26 Q) cm, the con-
tributions from skew scattering and side jump to the extrinsic SHE
are comparable. For p;,,, > 26 () cm, the side-jump contribution
is larger. Considering that the resistivity of the alloys are all above
40 Q) cm, we can conclude that side-jump is the dominant scattering
mechanism in the Ru-Pt alloy samples studied here.

Reliability of Measurement Techniques

While the ST-FMR results exhibit the same overall trend as the ST-
MOKE SHAs across the entire Ru-Pt composition range, the absolute
values obtained from ST-FMR are systematically larger. This discrep-
ancy can be attributed to the presence of artifact contributions in the
ST-FMR measurements that are absent in the MOKE technique.

Artifacts in ST-FMR have been widely studied and are known
to arise from several competing mechanisms [104, 113-120]. When
the FM layer is driven into resonance, additional spin currents can
be generated within the FM itself through processes such as spin
pumping (SP) and the longitudinal spin Seebeck effect (LSSE). These
spin currents flow from the FM layer into the HM layer, where they
are converted into a detectable dc voltage via the ISHE. Furthermore,
resonant microwave excitation leads to localized heating within the
bilayer, creating an out-of-plane thermal gradient. This gradient
can induce additional thermoelectric voltages through the ordinary
Nernst effect (ONE) or the anomalous Nernst effect (ANE).
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Many of these artifact-related voltages contribute a symmetric
Lorentzian component to the ST-FMR signal, typically oriented per-
pendicular to the magnetization axis. If sufficiently strong, these
contributions can mask or distort the extraction of the damping-like
torque (tpr), which plays a central role in determining the SHA from
ST-FMR analysis.

Another challenge arises from the angular dependence of the sig-
nals. Both genuine spin-torque rectification voltages and spurious
signals from SP and thermoelectric effects share the same functional
dependence under an in-plane magnetic field, following a charac-
teristic sin(26) behavior, where 6 is the angle between the applied
field and the current direction [121-123]. This similarity in angular
dependence makes it particularly challenging to disentangle artifact-
induced contributions from the intrinsic ST-FMR signal in quantita-
tive SOT studies such as this one.

Similarly to the ST-FMR signal contributions, the framework used
by THz spectroscopy to calculate the relative SHAs considers that
the spin-to-charge conversion is only taking place in the HM layer
due to the SOC. However, the process may be a convolution of the
conversion in the FM and FM-HM interface as well, which has not
been taken into consideration. For the initial change in the signal
from x = 0% to 38%, the FM-HM interface change may also be
contributing to the off-trend in THz emission amplitudes. Literature
has also predicted that the THz emission from the FM-HM interface
may be primarily due to the charge pumping in the FM layer itself
[124, 125]. Contributions from FM-HM interface charge pumping
can reduce the apparent SHA and may explain the consistently lower
SHA values obtained by THz emission spectroscopy [111, 126]

Key Findings

A systematic mapping of SHA versus composition in Ru-Pt alloys
using complementary techniques (ST-MOKE, ST-FMR, THz) has
not previously been reported. The observation of a maximum SHA
of 0.158 in the RuzgPts; alloy composition with resistivity below

7o uQ) cm is novel and of clear relevance for device applications.
Connecting this enhancement to the structural evolution from FCC
to HCP represents a noteworthy structure-property correlation with
implications for alloy design in spintronics.

From a practical perspective, these large SHA values are achieved
in as-deposited sputtered films across the full alloy composition
range, eliminating the need for complex growth protocols or post-
deposition annealing. These findings highlight Ru-Pt alloys as a
scalable and tunable platform for SOT device applications, where
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phase evolution itself serves as an effective control parameter for
optimizing spin transport. While the broader concept of impurity
tuning to enhance SHA is well established in alloys such as CuB;,
AuTa, and Ptlr, Ru-Pt occupies a distinct niche: it bridges the gap
between 4d and 5d metals and provides a rare binary example where
structural phase evolution itself acts as a tuning parameter.

Looking Ahead

Looking forward, several key directions emerge. (1) Integrating Ru—
Pt with ferromagnetic and antiferromagnetic oxide layers could en-
able hybrid heterostructures that combine efficient spin-charge con-
version with tunable interfacial exchange coupling, extending the
concept of all-oxide spintronic platforms. (2) Probing the temperature
and frequency dependence of the spin Hall response using ultrafast
and high-frequency probes may reveal new insights into dynamic
SOTs and magnon-spin current interactions. (3) The compositional
flexibility of the Ru-Pt system opens the door to exploring ternary
extensions such as Ru-Ptlr or Ru-PtOs, where additional spin-orbit
channels or Berry curvature hot spots may further enhance spin con-
version efficiency.

Beyond immediate materials optimization, this work points to a
broader design principle: crystal symmetry and electronic topology
can be engineered to tailor the flow of spin and charge. The Ru-Pt
study thus represents not only the culmination of the spin current
pipeline from generation in CrO; to transmission in RuO,/CrO,
and conversion in Ru-Pt, but also a blueprint for discovering and
controlling spin-orbit phenomena across a wide range of correlated
and metallic systems.
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REVISITING THE MOTIVATION

At the most fundamental level, this dissertation aims to under-
stand how spin currents (i.e. collective flows of angular momentum)
can be generated, transmitted, and converted across materials with
distinct magnetic and electronic symmetries. As the field of spin-
tronics moves beyond conventional ferromagnet/heavy-metal stacks
toward all-oxide and strongly correlated systems, the interfacial and
spin-orbit-driven mechanisms underlying spin transport become in-
creasingly rich and complex. My work explores this frontier through
three carefully chosen systems: CrO;, RuO,/CrO,, and Ru-Pt alloys.
Together, these candidate systems map out the full life cycle of a spin
current from its intrinsic generation in a half-metal, to its transmis-
sion across a spin-orbit-active interface, and finally to its extrinsic
conversion into charge.

While each material system has its own microscopic mechanisms,
unifying themes include spin-orbit coupling (SOC) and broken sym-
metry at interfaces which dictate the efficiency and characteristics of
the resulting spin transport. SOC not only links spin and momentum,
but also acts as the bridge between magnetic order and electronic
topology, allowing purely electronic structure effects to manifest as
measurable magnetic phenomena. This dissertation demonstrates
how tuning SOC through composition, crystal symmetry, and di-
mensionality can control the fundamental processes that underlie
spintronic function.

A Unified Picture of Spin Current Evolution

In epitaxial CrO,, the story begins with the intrinsic generation of
spin-polarized currents. As a half-metal with nearly complete spin
polarization at the Fermi level, CrO; provides a unique platform
where the spin degree of freedom is not an additional variable but
a defining feature of conduction itself. The observation of quan-
tum oscillations and coherent electronic transport reveals that the
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spin-polarized carriers in CrO, maintain phase coherence over long
distances, enabling a regime where quantum transport and spin
transport are inseparable. This establishes CrO, as a model for un-
derstanding intrinsic spin current generation in systems where mag-
netism and electronic structure are strongly intertwined.

At the next stage, the RuO,/CrO; bilayer shifts the focus from
generation to transmission. Here, the interface between an antiferro-
magnet (RuO;) and a ferromagnet (CrO,) serves as a natural system
for probing how spin information is transferred across dissimilar

magnetic orders. The interplay between interfacial exchange, spin re
orientation, and SOC reveals a complex picture. Even in the absence
of long-range order coupling, the interface can mediate effective ex-
change bias and modify the spin-wave spectrum of the underlying
ferromagnet. These findings extend our understanding of spin trans-
mission beyond the classical exchange bias paradigm, showing that
spin communication across oxide interfaces can be driven as much
by spin-orbit interaction and anisotropy as by conventional exchange
coupling.

Finally, in Ru-Pt alloys, the story culminates in the conversion of
spin current into charge current. By systematically mapping the spin
Hall angle across the compositional and structural phase space, this
work demonstrates how SOC and crystal symmetry jointly determine
the efficiency of spin-charge interconversion. The discovery that
structural phase evolution, rather than impurity scattering alone, can
tune the spin Hall response establishes a new design scheme. Here,
crystal structure itself can act as a continuous control parameter for
SOC-driven effects. In this way, Ru-Pt provides both a mechanistic
insight and a materials blueprint for engineering efficient spin-orbit
torque platforms.

Taken together, these three studies reveal a coherent narrative of
spin transport: CrO, generates spin-polarized currents, RuO, /CrO;
transmits them across a complex interfacial barrier, and Ru-Pt con-
verts them into charge signals. This progression reflects the funda-
mental processes underlying all spintronic devices, yet explored here
in materials that highlight the physics of each stage with clarity using
novel techniques.

Broader Physical Insights

The broader significance of this work lies in demonstrating that spin
transport is not a single material property but an emergent, mul-
tiscale phenomenon arising from the coupling between electronic
structure, magnetic order, and interfacial symmetry. Several key in-
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sights emerge:

¢ Interfacial spin coupling as a SOC-mediated process: In oxide
heterostructures, SOC can serve as an effective channel for spin ex-
change even in the absence of direct orbital overlap. This reframes
the notion of exchange bias as merely a static pinning effect, but
rather a dynamic reflection of interfacial spin-orbit entanglement.

¢ Quantum coherence in half-metals: The persistence of quantum
oscillations in CrO; suggests that fully spin-polarized systems can
sustain coherent transport typically associated with nonmagnetic
conductors. This bridges the conceptual gap between quantum
materials physics and spintronics, showing that half-metallic fer-
romagnets can host topological or Berry-phase-driven transport
phenomena traditionally reserved for nonmagnetic topological
systems.

e Structural control of spin-orbit effects: The Ru-Pt study demon-
strates that manipulating crystal symmetry (i.e. transitioning from
cubic to hexagonal coordination) provides a powerful means of
tuning SOC strength and spin Hall response. This suggests that
lattice symmetry can be an equally powerful lever as chemical
composition in governing spin-charge coupling.

Collectively, these insights deepen our understanding of how SOC
mediates spin current behavior across different energy and length
scales. They move the field toward a unified description of spin
transport grounded in symmetry, topology, and collective excitations
rather than purely phenomenological parameters.

Extending the Principles to Other Systems

The principles developed here extend naturally to a wide class of
materials beyond those studied in this work. In oxide heterostruc-
tures, the sensitivity of spin transmission to interfacial symmetry and
anisotropy opens the door to designing engineered spin-orbit-active
interfaces using perovskite oxides, antiferromagnets, or topological
insulators. Similarly, the demonstration of spin-coherent transport
in CrO, suggests that other half-metallic systems such as Fe30y4 or
double perovskites could host quantum oscillations or topological
spin textures under appropriate strain or dimensional confinement.
In metallic systems, the structural tunability observed in Ru-Pt
points toward a new class of compositionally flexible spin-orbit ma-
terials, where the interplay of disorder, phase transitions, and lattice
symmetry can be harnessed to tailor spin-orbit torque efficiency. This
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approach could guide the design of future device platforms where
crystalline order and spin current conversion are co-optimized.

At a conceptual level, the unifying idea is that spin transport can
be coherently engineered by controlling SOC and symmetry across
interfaces. This principle transcends specific material chemistries and
applies equally to oxides, half metals, and complex alloys, providing
a road map for integrating spin functionality into diverse technologi-
cal contexts from memory and logic devices to quantum sensing.

Outlook and Future Directions

Looking ahead, several avenues emerge from this work. On the ex-
perimental front, coupling the CrO, and RuO,/CrO, systems with
direct spin transport probes, such as spin Seebeck or spin pumping
measurements, could quantitatively establish the efficiency of spin
transmission and the role of interfacial SOC in spin angular momen-
tum dissipation. Time-resolved or angle-resolved spectroscopy could
further elucidate how interfacial magnetic states evolve dynamically
under applied current or field.

For Ru-Pt and related alloys, extending the phase-space map-
ping to include epitaxial strain, substrate effects, and temperature-
dependent transport could uncover new regimes of spin Hall en-
hancement, potentially approaching those of topological materials
but in simpler metallic hosts. On the theoretical side, ab initio mod-
eling of RuO;/CrO; and Ru-Pt could provide microscopic insight
into the SOC-induced spin textures and Fermi surface anisotropies
responsible for the observed phenomena.

In the broader context of spintronics, the conceptual framework
advanced here points toward a materials-by-design approach where
SOC strength, lattice symmetry, and interfacial structure are jointly
optimized to control the full spin current pathway. The insights
gained may inform the design of next-generation spin-orbit torque
memory elements, oxide-based spin transistors, and hybrid sys-
tems that couple spin transport with superconductivity or ferroelec-
tricity. Furthermore, the demonstration of quantum-coherent and
spin-polarized transport in CrO, suggests intriguing possibilities for
integrating half-metals into quantum information or neuromorphic
architectures, where spin coherence and dissipation-less control are
essential.

Closing Remarks

In summary, this dissertation presents a cohesive exploration of how
spin-orbit coupling and interfacial symmetry govern the flow of spin
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information across complex materials. From the intrinsic quantum
transport in CrO; to the interfacial exchange in RuO,/CrO; and

the spin Hall conversion in Ru-Pt, the findings together construct a
unified picture of spin current evolution. Beyond the novel individual
discoveries, the overarching insight is that spin transport can be
coherently designed and tuned, not merely observed, by leveraging
SOC and symmetry as active control parameters.

This principle bridges the gap between fundamental spin physics
and practical spintronic design. It shows that the same underlying
interactions responsible for magnetism, anisotropy, and quantum
coherence can be orchestrated to realize scalable, energy-efficient de-
vices. In doing so, the work not only deepens our understanding of
spin transport mechanisms but also provides a conceptual foundation
for the next generation of materials and technologies built upon the
spin degree of freedom.
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