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ABSTRACT OF THE DISSERTATION

Manipulation and Electrical Detection of the Néel Vector in Magnetoelectric
Antiferromagnet Heterostructures for Advanced Spintronics

by

Wei-Cheng Liao

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, December 2025
Dr. Jing Shi, Chairperson

Antiferromagnetic (AFM) materials offer exciting opportunities for spintronic
applications, yet the absence of net magnetization fundamentally hinders both the
manipulation and detection of their order parameter, the Néel vector, compared to the
ferromagnetic and ferrimagnetic counterparts. The coupling between electric and magnetic
orders, known as the magnetoelectric effect, provides a promising route to control and
detect the Néel vector electrically.

In my dissertation, I present studies on heterostructures based on magnetoelectric
antiferromagnets, including Cr.Os and the two-dimensional (2D) van der Waals material
MnPS:s. In Cr20s, we investigate the electrical detection of the Néel vector across the spin-
flop transition in adjacent Pt layers, enabling a clear separation of multiple spin transport
contributions. We further demonstrate electrical control of the Néel vector through linear

magnetoelectric coupling, realizing an analog of electrical read/write operations in a

vii



functional AFM-based memory device. For epitaxial Cr.Os thin films grown by pulsed
laser deposition, the top and bottom Pt Hall sensing layers exhibit inverted hysteresis loops,
reflecting Néel vector reversal driven only by an external magnetic field, with a distinct
thickness-dependent crossover behavior.

Finally, I present preliminary results on two types of heterostructures containing
antiferromagnetic MnPS3, i.e., MnPSs/Pt and WTe/MnPS3, where MnPSs imprints its
magnetism on the anomalous Hall effect in Pt layers and on the quantum oscillations in the
2D Weyl semimetal WTe:. Collectively, these studies advance our understanding of spin
transport signatures and magnetoelectric coupling associated with the Néel vector in AFM
systems spanning bulk crystals, epitaxial films, and 2D materials, highlighting the promise

of magnetoelectric antiferromagnets for advanced spintronic devices.
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Chapter 1 Introduction

Antiferromagnets have recently emerged as promising candidates for spintronic
applications due to their ultrafast spin dynamics, robustness against external magnetic
fields, and absence of stray magnetic fields, which can enable high-density, high-speed,
and energy-efficient devices. Meanwhile, the linear magnetoelectric effect provides a
potential pathway for low-power manipulation and detection of the Néel vector in certain
AFMs.

A Particular emphasis of this dissertation is placed on the antiferromagnetic order
parameter, the Néel vector, and its imprint on interfacial spin transport phenomena when
magnetoelectric antiferromagnets form heterostructures with certain sensing materials.
Such interfacial coupling governs key effects such as exchange bias, spin Hall
magnetoresistance, and proximity-induced magnetism, thereby linking the Néel vector
orientation to macroscopic electrical observables. The overarching goal of this dissertation
is to elucidate how these interactions can be harnessed and engineered to realize future
spintronic technologies.

In this introductory chapter, I provide an overview of the broader background of
spintronics, together with the fundamental concepts required to understand
antiferromagnetism, the linear magnetoelectric effect, and their associated spin transport

phenomena.



1.1 A Historic Overview of Spintronics

Spintronics, or spin electronics, is a vital subfield of condensed matter physics that
goes beyond the paradigm of charge-based electronics by exploiting the intrinsic spin
degree of freedom of electrons. While traditional electronic devices rely solely on charge
transport, spintronic systems seek to manipulate both charge and spin to enable new
paradigms of information processing and storage.

The historical foundation of spintronics can be traced back to the study of magneto-
transport phenomena in the 19th century. William Thomson (Lord Kelvin) first reported
the change in resistance of a metal under the presence of external magnetic fields, known
as magnetoresistance (MR) effect in 1857 [1]. His observation includes both ordinary
magnetoresistance (OMR) in non-magnetic metals and anisotropic magnetoresistance
(AMR) in ferromagnets. Later, Edwin H. Hall discovered the transverse voltage in normal
metal now known as the ordinary Hall effect (OHE) in 1879 [2], and the anomalous Hall
effect (AHE) in ferromagnet in 1881 [3]. These early findings revealed an important
connection between magnetism and electrical conduction.

While the OMR and the OHE can be explained by charge orbital motion in a
magnetic field, a spin-based theoretical framework was provided by Nevill F. Mott in
1930s [4]. Mott’s two-current model introduced the fundamental concept of spin-polarized
current and spin-dependent scattering by providing a microscopic picture to explain how
the resistivity of a ferromagnet depends on the distinct scattering rates of majority and

minority spins. His pioneering work is essential to the modern understanding of spin-



dependent transport phenomena like the AMR in ferromagnet metals and laid the
groundwork for the discoveries that would launch spintronics in the late 20th century.

Since the discovery of MR, the resistance change has been limited to a few percent
for over a century[5]. In 1988, the giant magnetoresistance (GMR) effect was
independently discovered by Albert Fert et al. and Peter Griinberg et al. in Fe/Cr magnetic
multilayer structures and Fe/Cr/Fe trilayer structures [6,7]. The enormous resistance
changes relative to conventional MR, depending on the alignment of the spin orientation
in adjacent magnetic layers, enabled practical applications and marked the birth of
spintronics. The achievement was later recognized by the 2007 Nobel Prize in Physics
awarded to Fert and Griinberg.

Following the discovery of GMR, spin-valve devices using nonmagnetic metal as
a spacer in ferromagnet/metal/ferromagnet structures were rapidly developed and
optimized throughout the 1990s for practical applications. As an important progress, Stuart
S. P. Parkin et al. introduced pinned magnetic layers through exchange bias and synthetic
antiferromagnetic reference structures [8]. The resulting GMR spin-valve read sensors
revolutionized magnetic recording, leading to an exponential increase in hard disk storage
density.

Parallel progress occurred in tunnel magnetoresistance (TMR), which employs
magnetic tunnel junctions (MTlJs), a ferromagnet/insulator/ferromagnet structure to replace
the spacer in spin-valve device with an insulating tunnel barrier. Though the basic TMR
effect was first observed by Julliere in 1975 [9], the critical breakthrough of room-

temperature high TMR were experimentally realized two decades later using amorphous



AlLOs barriers, led by J. Moodera et al. at MIT [10] and T. Miyazaki et al. at Tohoku
University [11]. This discovery was quickly adopted by semiconductor companies for the
development of magnetoresistive random access memory (MRAM) [12,13]. In 1998-1999,
Motorola demonstrated the first 256 Kb MRAM test chip based on Al,O3 MTJs. In 2006,
Freescale Semiconductor, a spin-off from Motorola, introduced the first commercial 4-
Mbit MRAM product. This first-generation MRAM, known as Toggle MRAM (see Figure
1.1), employed external magnetic fields from copper bit lines to switch the magnetic state

of the MT]J free-layer, which limited its power consumption and scalability [12,13].

' . LC‘l?! or (En”

Bit line with cladding —_—
} SAF
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—

Isolation Transistor

Figure 1.1 First-Generation “Toggle MRAM” Copper bit line is used to generate
magnetic field for information writing. Reproduced from Ref. [13].



A major advance came with the realization of spin-transfer torque (STT). The
concept of STT was introduced in 1996, when John C. Slonczewski and Luc Berger
independently proposed that a spin-polarized current could exert a torque on a
magnetization, enabling current-driven magnetization reversal [14,15]. Experimental
demonstrations of STT switching in magnetic nanopillars [16,17] and MTIJs [18,19]
followed soon after. In parallel, coherent tunneling through crystalline MgO barriers was
predicted [20] and demonstrated [21,22], leading to TMR ratios exceeding several hundred
percent at room temperature. MgO-based MTJs not only replaced GMR sensors in read
heads but also became the foundation of the second-generation MRAM, known as STT-
MRAM.

STT-MRAM represents one of the most important and mature technological
achievements in spintronics, marking the successful translation of spintronic concepts from
fundamental research to large-scale commercial applications. Owing to its nonvolatile
nature, high endurance, and low power consumption, STT-MRAM has the potential to
compete with mainstream memory technologies such as DRAM, SRAM, and Flash. In
2010, S. Ikeda and H. Ohno et al. demonstrated the first CoFeB-MgO MT]Js (Figure 1.2)
with perpendicular magnetic anisotropy (PMA) and low switching current [23]. This
achievement established the first reliable, scalable, and CMOS-compatible prototype of
STT-MRAM. Since then, both IBM and Everspin Technologies (a spin-off from Freescale)

have played key roles in the following development and commercialization.
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Figure 1.2 CoFeB/MgO/CoFeB MTJ Device This device architecture forms the core
element of STT-MRAM. Reproduced from Ref. [23].

In recent years, attention has turned to spin current generation and manipulation by
spin—orbit coupling (SOC), giving rise to the area known as spin—orbitronics. In these
systems, transverse spin currents are generated through the spin Hall effect (SHE) by
injecting charge currents into nonmagnetic heavy metals such as Pt, Ta, or W. The SHE
was first proposed by Dyakonov and Perel in 1971 [24] and revisited in 1999 [25], with
experimental observations in semiconductors [26,27] and metals [28,29] in the 2000s.
These milestones established the charge—spin interconversion as a universal phenomenon,
extending spin transport beyond the boundaries of ferromagnet.

Clearly distinct from STT, the ability of the SHE to generate spin currents from
charge flow enabled magnetization switching by the spin-orbit torque (SOT) [30] without

charge current passing through the magnetic layer itself. In this process, a spin current



produced in a heavy metal by the SHE diffuses into an adjacent ferromagnetic layer, where
the resulting torque can tilt or reverse its magnetization. This effect was experimentally
demonstrated by I. M. Miron et al. in Pt/Co/AlOx structures in 2011 [31] and by L. Liu et
al. in Ta/CoFeB/MgO in 2012 [32], and later in 2D magnet such as FesGeTe [33,34].
Beyond manipulation, SHE has also been harnessed to probe insulating magnets through
effects known as the spin Hall magnetoresistance (SMR), first reported in yttrium iron
garnet (YIG) and Pt bilayer systems in 2013 [35]. In SMR, spin accumulation at the
interface depends sensitively on the magnetization direction of the insulator, allowing
electrical detection of spin orientation in magnetic insulators.

The exploration of spin—orbitronics also revolutionized the field known as
magnonics, effectively folding it into the broader spintronic family. Magnonics studies the
generation, propagation, and manipulation of collective spin oscillations known as spin
waves or magnons in magnetic materials. The field originated from classical magnetism
and microwave physics in the mid-20th century, when researchers investigated
ferromagnetic resonance and spin wave dynamics [36,37]. For decades, magnonics
remained largely decoupled from charge-based electronics, focusing instead on wave-
based information transport in magnetic insulators. The resurgence of interest came with
the discoveries of the spin pumping [38,39], SHE [26] and its inverse counterpart [40], and
spin Seebeck effect (SSE)[41]. Recent studies have shown efficient generation and
electrical detection of antiferromagnetic magnons [42,43] and magnetization switching

through magnon-mediated spin torque [44]. These findings unified spintronics and



magnonics, bridging charge, spin, and collective excitations for future low-power
information technologies.

The evolution of spintronics continues to inspire a wide range of emerging concepts
and device architectures. Proposals such as the Datta—Das spin field-effect transistor [45]
and S. Parkin’s domain-wall racetrack memory [46,47] have demonstrated the potential of
controlling spin degrees of freedom for both logic and memory applications (Figure 1.3).
More recently, research has expanded toward topological spintronics and
antiferromagnetic spintronics, leveraging complex spin structures and interfacial textures
for ultrafast, low-power information processing, while spintronic elements are being
integrated into neuromorphic and quantum architectures. In parallel, spin caloritronics
explore the coupling between spin and heat. Together, these developments illustrate how
spintronics has evolved from a fundamental study of magnetoresistance into a central

platform for next-generation information technologies.
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Sensors

Figure 1.3 Datta—Das Spin FET and Domain-Wall Racetrack Memory (a) Datta-Das
spin field-effect transistor use the top gate to control the Rashba SOC in the transport
channel. Graph reproduced from Ref. [48]. (b) Racetrack memory stores digital data in the
magnetic domain walls of nanowires. Graph reproduced from Ref. [47].



1.2 Spin Transport and Interfacial Phenomena

The modern frontier of spintronics lies at the interfaces, where heterostructure
engineering plays a crucial role. Within magnetic heterostructures, numerous studies have
uncovered a rich variety of interfacial spin phenomena and emergent functionalities. Key
among these are proximity-induced magnetism and the anomalous Hall effect, spin Hall
effect and spin Hall magnetoresistance, Dzyaloshinskii-Moriya interaction, the Rashba
effect, and exchange bias. These interfacial phenomena offer promising pathways toward

advanced data storage and computing technologies with ultralow power consumption.

1.2.1 Anomalous Hall Effect

The Hall effect, first observed by Edwin H. Hall in 1879 [2], describes the
generation of a transverse voltage across a current-carrying conductor when subjected to a
perpendicular magnetic field. This phenomenon, now known as the ordinary Hall effect
(OHE), arises from the Lorentz force acting on moving charge carriers, deflecting them to
one side of the conductor. Shortly after this discovery, Hall reported an additional,
unexpected transverse voltage in ferromagnetic metals even in the absence of an external
magnetic field, a phenomenon that later became known as the anomalous Hall effect
(AHE) [3]. This observation revealed that the internal magnetization of a ferromagnet can
itself act as an effective magnetic field for the charge carriers, giving rise to a Hall voltage

proportional to the sample’s magnetization (See Figure 1.4 for an example).
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Figure 1.4 AHE for Two-Dimensional Van Der Waals Ferromagnets Fe:GeTe: (left)
and FesGe:Te: (right) exhibit magnetic hysteresis loops in their transverse (Hall) resistance
below their respective Curie temperatures when an out-of-plane magnetic field is applied.
The results demonstrate robust perpendicular magnetic anisotropy down to the three-layer
limit. Reproduced from Ref. [49].

Phenomenologically, the Hall resistivity (py,) in a ferromagnetic metal can be
expressed as the sum of ordinary and anomalous contributions [50]:

Pxy = RoH + RgM,

where R, is the ordinary Hall coefficient, His the external magnetic field, R is the
anomalous Hall coefficient, and M, is the magnetization perpendicular to the measurement
plane. The first term originates from the Lorentz force, while the second originates from
the spin-dependent scattering or band structure effects associated with the magnetization
and spin—orbit coupling. Experiments revealed that Ry has a subtle dependence on the

longitudinal resistivity p,, in the form of a power law Rg « p2,. In the absence of external

magnetic field, this is equivalent to p,,  py,. We can convert this to the relation between
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the anomalous Hall conductivity gy, and longitudinal conductivity oy, , yielding the
expression gy, & g™ under resistivity tensor inversion.

The microscopic origin of the AHE has been extensively studied and can be broadly
classified into extrinsic and intrinsic mechanisms (see Figure 1.5). The extrinsic
mechanisms arise from spin—orbit coupling during impurity scattering. Among them, skew
scattering, proposed by Smit in 1955 [51] and 1958 [52], produces an anomalous Hall
conductivity that scales linearly with the longitudinal conductivity (o,  0y,). Side-jump
scattering, introduced by Berger (1970) [53], results from a lateral displacement of the
electron trajectory during scattering and is independent of the scattering time, yielding
Oxy X 02.. On the other hand, the intrinsic contribution, formulated by Karplus and
Luttinger (1954) [54], originates from the Berry curvature of occupied electronic bands,
which acts as an effective magnetic field in momentum space. This contribution is also
independent of the scattering rate, yielding gy, « a2, and typically dominates in materials

with strong spin—orbit coupling and high crystallinity.
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a) Intrinsic deflection

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

d{r)

dt

Electrons have an anomalous velocity perpendicular to
the electric field related to their Berry's phase curvature

b) Side jump

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

c) Skew scattering

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

Figure 1.5 Three Main Mechanisms for AHE (a) Intrinsic deflection (b) Side jump (c)
Skew scattering. Reproduced from Ref. [50].

Depending on the conductivity regime, different mechanisms dominate the
AHE [49,50,55] (see Figure 1.6). In highly conductive metals (g,, > 10° S/cm), skew
scattering tends to prevail. In the intermediate regime (10* < g,, < 10° S/cm), the
intrinsic and side-jump mechanisms are often comparable. In contrast, in dirty “poor metal”
regime where conductivity is dominant by hopping transport (o,, < 10* S/cm), a
characteristic scaling of oy, < oz’ is reported [56,57]. These dependencies provide

powerful experimental means to identify the dominant mechanism in different materials.
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plotted. Reproduced from the Supplementary Information of Ref [55].

In recent years, the concept of AHE has evolved beyond the realm of conventional
ferromagnets with magnetization perpendicular to the measurement plane, revealing its
profound connection to the topology of electronic band structures. Studies of noncollinear
AFMs such as Mn3X [58-63] and collinear AFMs such as RuO» [64,65] (also referred to
as altermagnets) have led to the discovery of large unconventional AHE signals in materials
without net magnetizations, known as anomalous Hall antiferromagnets [66]. Moreover,

in-plane anomalous Hall effect (IPAHE) has been predicted [67] and observed [68], where
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the out-of-plane Berry curvature is induced by in-plane magnetization due to sufficiently
low point-group symmetry. Such IPAHE is odd under time reversal, which is different
from planar Hall effect.

On the other hand, the quantum anomalous Hall effect (QAHE) represents the
quantized limit of the AHE, realized when magnetism is introduced to a topologically
protected boundary states, producing a dissipationless Hall current in the absence of an
external magnetic field [69]. QAHE was first experimentally realized in magnetically
doped topological insulators (B1,Sb).Tes [70] and later in MnBixTes [71] and Moiré
systems [72,73]. Meanwhile, the topological Hall effect (THE) arises from a real-space
analogue of Berry curvature generated by chiral spin textures such as skyrmions [74,75],
where the emergent effective field gives rise to an additional Hall contribution distinct from
both the ordinary and anomalous terms.

These developments extend the AHE from a classical ferromagnetic phenomenon
to a universal probe of band topology, spin—orbit coupling, and symmetry breaking in a
broad range of quantum materials. As a result, the AHE now serves not only as a
fundamental transport signature of magnetism, but also as a key tool in exploring and

engineering topological and spintronic functionalities in emerging materials systems.
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1.2.2 Magnetic Proximity Effect

Proximity effects refer to the emergence of new physical properties in a material
when placed in contact with another, arising from interfacial coupling and wave function
overlap without the need for chemical modification. One well-known example is the
superconducting proximity effect, where Cooper pairs leak from a superconductor into an
adjacent normal metal, inducing superconducting correlations over a short distance.
Similarly, spin—orbit coupling (SOC) proximity effects can occur when a material with
weak intrinsic SOC (such as graphene) is interfaced with a heavy-element substrate,
resulting in enhanced Rashba SOC [48,76]. In another manifestation, charge-transfer
proximity arises when two materials with different work functions form a heterostructure,
leading to interfacial charge redistribution that modifies carrier density, band alignment,
and even magnetic or topological properties.

The magnetic proximity effect (MPE) refers to the induction of magnetic order in
a non-magnetic material when it is placed in contact with a magnetic layer. Through
interfacial exchange interaction, the electronic states of the non-magnetic layer can become
spin-polarized, thereby acquiring an effective magnetization. This interfacial magnetism
provides a unique route to integrate magnetic functionalities into otherwise non-magnetic
materials, enabling new types of spintronic devices.

A common strategy to realize MPE in heterostructures is to interface a heavy metal
with strong spin-orbit coupling (e.g., Pt, Pd, W, or Ta) and a ferromagnetic insulator. The
induced interfacial magnetization can lead to measurable changes in transport properties

such as the AHE and AMR, even though the metallic layer itself is nominally non-
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magnetic. For example, Huang et al. reported an anomalous Hall effect in Pt/YIG bilayers
and attributed it to proximity-induced ferromagnetism [77]. Later, Lu et al. confirmed the
observed magnetization induced in Pt adjacent to YIG using x-ray magnetic circular
dichroism (XMCD) [78]. The approach has since been applied to other similar systems
such as TmIG/Pt and TmIG/W bilayers to identify AHE contributions from different

microscopic mechanisms [79] (see Figure 1.7).

HM s Pioe e
Mi

Figure 1.7 Different Mechanisms for AHE in HM/MI Bilayers (a) Spin Hall anomalous
Hall effect. (b) Magnetic proximity effect-induced anomalous Hall effect. Reproduced
from [79].

The discovery of 2D van der Waals magnetic materials [80—84] launched a new
frontier in condensed matter physics and provided new platforms to explore proximity-
induced magnetism in atomically sharp and contamination-free interfaces. Subsequent
studies have revealed induced magnetic signatures in heavy metals interfaced with these

2D magnets. For instance, Lohmann et al. reported an anomalous Hall effect (AHE) in

Pt/Cr.Ge:Tes (CGT) heterostructures, serving as a sensitive probe of the CGT magnetic
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order [85]. Later, Su et al. observed a spin-flop transition in Crls that could be electrically
detected through magnetoresistance in an adjacent Pt layer and further manipulated via
current injection, demonstrating efficient spin-current transfer and its interplay with 2D
magnetic order [86].

More recent works have extended MPE studies to the heterostructures of magnetic
materials and quantum materials, where proximity-induced exchange gaps or spin splitting
can open new avenues for topological or quantum spintronic devices. One of the
representative quantum materials that attracts huge attention is graphene, which exhibits
quantum Hall effect because of its exceptional topology of the band structure [87]. Despite
weak intrinsic SOC [88,89], topological nontrivial states such as quantum spin Hall effect
(QSHE) [90] and quantum anomalous Hall effect (QAHE) [91] can be realized in graphene
when a sizable SOC and spin polarization is introduced by MPE [76,92,93].

The first successful introduction of spin polarization in graphene by magnetic
proximity effect was reported by Z. Wang et al. in 2015, in which single layer graphene
coupled to an atomically flat YIG thin film shows ferromagnetism evidenced by an
anomalous Hall effect [94], which can be observed up to room temperature (see Figure
1.8). Later studies revealed spin-polarized transport in graphene on various magnetic
insulators (BiFeO3, EuO, EuS)[95-97] and van der Waals magnets (Cr2Ge:Tes,

CrBrs) [98,99].
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Figure 1.8 AHE in Graphene/YIG Heterostructure (a) R,z — B at different
temperatures. (b) Ry — T. Reproduced from Ref. [94].

Beyond graphene, topological insulators (TIs) that exhibit long spin coherence and
consequently fault-tolerant information storage are also extensively studied for topological
spintronics [100]. TIs such as (B1,Sb)2(Se,Te)s interfaced with ferromagnetic insulators
(YIG, EuS, TmIG) exhibit MPE-induced gap opening in surface states and AHE [101—
103], offering a potential route to realize the QAHE without magnetic doping. In recent
years, 2D TIs, also known as quantum spin Hall insulators (QSHIs), have emerged as a
new class of materials hosting topologically protected helical edge states within an
insulating bulk. A well-established example is monolayer WTe-, which behaves as a type-
IT Weyl semimetal in its bulk form [104,105] but becomes a 2D TI in its single-layer
limit [106—-108], therefore attracting strong research interest in exploring novel physics
when the helical edge states is brought into close proximity with magnetic materials, such

as Crlz [109] or Cr2GexTes [110].
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Together, these developments highlight the central role of MPE in modern
spintronics.  Understanding how proximity-induced magnetism manifests in
heterostructures is crucial for advancing next-generation spintronic and topological devices

that harness magnetic functionalities without the drawbacks of magnetic doping.

1.2.3 Spin Hall Effect and Spin Hall Magnetoresistance

When a charge current /. flows through a heavy metal such as Pt, Ta, or W, the
spin—orbit interaction deflects electrons with opposite spins to opposite transverse edges,
generating a pure spin current flowing perpendicular to the charge current. This
phenomenon, known as the spin Hall effect (SHE), was first observed experimentally in
semiconductors [26,27] and later in metals [28,29]. Conversely, when a spin current enters
a heavy metal, the inverse spin Hall effect (ISHE) [40] converts it back into a measurable
transverse charge voltage. The discovery of the SHE and ISHE marked a major milestone
in spintronics, revealing that spin and charge currents can be interconverted in materials
with strong spin—orbit coupling (SOC).

Building on these concepts, Spin Hall Magnetoresistance (SMR) was discovered
by Nakayama et al. [35] in Pt/YIG (Yttrium Iron Garnet, Y3FesO12, a ferrimagnetic
insulator) bilayers. Unlike conventional magnetoresistance effects that originate from spin-
dependent scattering within a ferromagnet, SMR arises from the modulation of spin current
reflection and absorption at the interface between a non-magnetic metal (NM) with strong

SOC and an adjacent magnetic insulator (MI). (see Figure 1.9) When a charge current J .
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flows in the NM layer, the SHE generates a spin current J¢ with polarization ¢ L J.. Upon
reaching the NM/MI interface, part of this spin current is absorbed if ¢ is non-collinear
with the local magnetization M, while it is reflected if o || M. The reflected spin current is
then converted back into a charge current through the ISHE, modifying the longitudinal
resistance of the NM layer. This interplay between SHE, ISHE, and spin transfer at the
interface gives rise to a magnetization-dependent resistance change known as the SMR.

In the case of ferromagnetic insulator (FMI)/heavy metal (HM) bilayers such as
YIG/Pt, the longitudinal and transverse resistivities can be described phenomenologically
as [35,111]:

Pxx = Po + Ap (1 —m3)
Pxy = Apy mymy, + Ap,m,

where p, is the baseline resistivity, Ap; quantifies the SMR amplitude, m; are the vector

. . M o
components of the magnetization unit vector m = TR and Ap, represents a contribution to
s

the transverse voltage known as the spin Hall anomalous Hall effect [111]. This expression

predicts characteristic angular dependences of R, and Ry, when the magnetization unit
vector m is rotated with respect to the charge current J .. Specifically, R,, shows a cos % ¢

dependence, while R, exhibits a sin ¢ cos ¢ behavior, where ¢ is the angle between m

and J.. These angular dependencies are widely used as experimental signatures to

distinguish SMR from other magnetoresistive effects [112—114].
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Figure 1.9 Spin Hall Magnetoresistance (a) Spin Hall effect. (b)(c) Inverse spin Hall
effect. (d) When o || M, J is mostly reflected at NM/MI interface and converted back to
charge current. (¢) When ¢ L M, J; is mostly absorbed at NM/MI interface. (f) Spin
accumulation by SHE. Reproduced from Ref. [35].

The concept of SMR has been extended to antiferromagnetic (AFM) systems,
where the relevant order parameter is the Néel vector L (or unit vector I) rather than the
magnetization M. In AFM/HM bilayers, the same spin current reflection mechanism
applies, but the resistance depends on the orientation of I with respect to J.. The
corresponding resistivities can be expressed as [115]:

Pxx = Po —Dp(1—15)
Pxy = Ap lxly
which share the same mathematical form as in FM systems, with m replaced by [. This

AFM SMR has emerged as a powerful tool for probing the Néel vector orientation and
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magnetic phase transitions in insulating AFMs [115-117], establishing SMR as a

cornerstone technique in AFM spintronics.

1.2.4 Exchange Bias

Exchange bias is a phenomenon that arises at the interface between a FM and an
AFM, where interfacial exchange coupling leads to a shift of the FM hysteresis loop along
the magnetic field axis [118,119]. This shift, quantified as the exchange bias field Hg,
reflects the unidirectional anisotropy imposed on the FM by the AFM (see Figure 1.10).
The effect is typically established by cooling the FM/AFM bilayer through the Néel
temperature of the AFM in the presence of an external magnetic field, which aligns the
AFM spins at the interface. The magnitude and direction of exchange bias depend on
factors including interfacial quality, AFM thickness, crystallographic orientation, and

temperature, making it a sensitive probe of interfacial magnetic interactions.
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Figure 1.10 Exchange Bias in FM/AFM Exchange bias is established by field cooling the
FM/AFM bilayer through the AFM Néel temperature. Reproduced from Ref. [118].
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1.3 Antiferromagnetic Spintronic

Antiferromagnetism was identified and systematically explained by Louis Néel in
the 1930s. In his Nobel lecture, Néel emphasized the conceptual importance of staggered
(Néel) order while noting that, for a long time, antiferromagnets (AFMs) appeared to be of
no practical use [120]. Néel's famous assessment that AFMs were “interesting but useless”
set the tone for decades of research.

The primary reason for this historical pessimism and the central technical challenge
is the difficulty in controlling and detecting the AFM order parameter, the Néel vector.
Unlike FMs, which possess a net magnetization and couple strongly to an external
magnetic field, AFMs have zero net magnetization. This inherent property makes AFM
immune to conventional magnetic field control and invisible to standard magnetometers
and readout techniques. How to electrically write, read, and propagate spin information
therefore became the key to realizing AFM spintronics.

Despite the challenges, AFMs found an early and still critical practical role as
passive elements in spintronics. The discovery of exchange bias by Meiklejohn & Bean in
1956 [121] showed that coupling an AFM to a FM pins the FM’s magnetization and gives
rise to a shifted hysteresis loop, a phenomenon that became central to read-heads, sensors
and later MRAM stacks including spin-valves and magnetic tunnel junctions [8].

More recently the field has inverted the question: instead of using AFMs only as
passive pinning layers, researchers have asked whether AFMs can be active functional
materials for information storage and manipulation. AFM spintronics offers several

intrinsic advantages over conventional ferromagnetic systems as emphasized in several
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influential reviews [43,122—125]. The absence of net magnetization and stray fields makes
AFMs robust and minimizes interference, enabling high-density device integration. Their
characteristic ultrafast spin dynamics, often in the terahertz regime, opens the possibility
for high-speed logic operation and communications. Moreover, AFMs naturally provide
non-volatility, maintaining their spin configuration without power consumption. Together,
these features directly address key demands of modern electronics, positioning AFM-based

devices as highly promising candidates for next-generation spintronic technologies.

1.3.1 Current-Driven Electrical Switching

In 2014, Zelezny et al. predicted that in crystals with the right symmetry a lateral
electrical current can generate staggered, sublattice-opposite torques, known as Néel SOT,
capable of reorienting the Néel vector, opening a clear route to electrical writing in
AFMs [126]. Building on this idea, Wadley et al. demonstrated current-induced switching
of the transverse signals of multi-terminal CuMnAs devices [127] (see Figure 1.11), which
they interpreted as signatures of Néel vector reorientation driven by the Néel SOT. Later,
similar current-driven electrical switching are achieved in other AFM systems such as
MnzAu [128,129] and extended to HM/AFM bilayers such as Pt/NiO [130,131] and Pt/a-
Fe 03 [132].

Later investigations by Chiang et al. examined the HM/AFM multi-terminal device
response and showed that comparable switching-like transverse signals can also arise from
anisotropic thermal effects even without AFM layer, highlighting that such electrical

measurements may admit both magnetic and thermal interpretations [133]. This result
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underscored the need for complementary magnetic characterization to unambiguously

distinguish Néel-vector switching from thermal artifacts.
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Figure 1.11 Electrical Switching of the Antiferromagnet CuMnAs (a) STEM image of
CuMnAs/GaP. (b) M vs. H of the CuMnAs/GaP bilayer. (¢c) XMLD-PEEM image of the
CuMnAs film. (d) Optical microscopy image of the device and schematic of the

measurement geometry. (e) Electrical switching of the transverse resistance by applying
writing pulses. Reproduced from Ref. [127].

1.3.2 Long-Range Nonlocal Spin Transport

Experiments showed that AFM insulators can carry spin information via magnons
over tens of micrometers, a surprisingly long distance, and that transport can be turned
on/off electrically, paving the way for AFM-based magnonic interconnects and logic. A

representative demonstration from Lebrun et al. shows electrically controllable long-
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distance spin transport through a crystalline AFM a-Fe;Os [134]. Another study from
Yuan et al. demonstrated long-distance spin transport and signatures of spin superfluid

ground state in AFM Cr,03 [135].

1.3.3 Sub-THz Spin Pumping

AFMs operate in the native terahertz (THz) frequency range, which is orders of
magnitude higher than conventional FMs. This high-frequency operation positions AFMs
as a premier platform for ultrafast spintronic devices. The key to accessing these dynamics
is spin pumping: the process where a precessing magnetization dynamically injects a pure
spin current into an adjacent heavy metal like Pt. The injected spin current is then converted
into a measurable electrical voltage via the Inverse Spin Hall Effect (ISHE). Extending this
crucial spin-charge conversion mechanism to the sub-THz regime of AFMs is central to
the field.

The theoretical possibility of this mechanism was established by Cheng et al. in
2014 [136]. Contrary to the initial intuition that the antiparallel spin dynamics would
cancel, the theory showed that the coherent precession of the two sublattices at the
antiferromagnetic resonance (AFMR) frequency can, in fact, constructively add up,
resulting in a net, pumped spin current.

This fundamental prediction was definitively confirmed by two landmark
experimental studies in 2020. Li et al. demonstrated sub-THz spin pumping in a Cr2O3/Pt

heterostructure by coherently exciting the AFMR at 0.240 THz [42]. They verified the
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nature of pure spin current by observing a polarity reversal in the ISHE voltage when
switching the spin detector from Pt to [ -Ta. Simultaneously, Vaidya et al. utilized
circularly polarized sub-THz radiation on MnF/Pt interfaces to selectively excite magnon
modes with a specific chirality [137]. Observing that the ISHE voltage polarity depended
directly on the magnon's handedness provided the clean, definitive proof of coherent
dynamical spin pumping from an AFM.

Together, these pioneering works validate the use of THz AFM dynamics for
practical spin current generation. They shift AFMs into the role of active, ultra-high-
frequency components, paving the way for ultrafast, compact, and energy-efficient

spintronic devices.

1.3.4 Magnetoelectric Control of the Néel Vector

The magnetoelectric (ME) effect links electronic and magnetic properties, offering
unique opportunities to control magnetism through applied electric fields, or vice versa.
This dual control mechanism has attracted significant attention from both applied and
fundamental perspectives. Many known magnetoelectric materials are antiferromagnets
(AFMs) [138-140]. As the first theoretically predicted and experimentally confirmed
magnetoelectric material, Cr-Os has been extensively studied for more than six decades,
yielding a wealth of insights into its fundamental properties.

Early investigations in the last century laid the groundwork for understanding the
magnetoelectric characteristics of Cr20; [141-145]. In 2005, Borisov et al. demonstrated

the electric-field control of perpendicular exchange bias in FM/Cr20; heterostructures
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through magnetoelectric coupling [146], highlighting the ability to manipulate and detect
the Néel vector in Cr:0s. Building on this progress, He et al. achieved isothermal
magnetoelectric switching in Cr20s single crystals in 2010 [147], followed by Ashida et al.
who extended this result to thin films in 2015 [148]. These studies primarily relied on
exchange bias in FM/AFM systems, where the presence of a ferromagnetic layer provided
indirect readout but limited the realization of truly AFM-based spintronic devices.

A major breakthrough came in 2017, when Kosub et al. demonstrated a purely
AFM magnetoelectric memory based on Cr20s, achieving both magnetoelectric switching
and electrical detection of the surface uncompensated moment using a Pt Hall layer [149].
This work established magnetoelectric antiferromagnets as strong candidates for next-
generation memory technologies. Recently, we reported the electrical detection of Néel
vector orientation across the spin-flop transition in Cr20s [150] (see Fig. 1.12). Both field
cooling and magnetoelectric control were employed to manipulate the Néel vector. Our
advances in Cr20s3 will be discussed in detail in the following chapters.

Spin-Flop Transition
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Figure 1.12 Electrical Detection of Néel Vector in Cr,03 Reproduced from Ref. [150].
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1.4 Properties and Dynamics of Uniaxial Antiferromagnets

Magnetic materials can exhibit a wide range of ordered states depending on the
nature of the exchange interaction between atomic moments (see Figure 1.13). In the
paramagnetic (PM) state, thermal fluctuations dominate, and the magnetic moments are
randomly oriented, resulting in zero net magnetization. In contrast, ferromagnetic (FM)
materials exhibit parallel alignment of magnetic moments below the Curie temperature,
leading to spontaneous macroscopic magnetization. Ferrimagnets (FiM) consist of two or
more magnetic sublattices aligned antiparallelly but with unequal moments, producing a

finite net magnetization.
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Figure 1.13 Different Types of Magnetic Order (a) Paramagnetic. (b) Ferromagnetic. (¢)
Antiferromagnetic. (d) Ferrimagnetic. Reproduced from Ref. [138].
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In antiferromagnets (AFM), neighboring spins align antiparallel with equal
magnitude, resulting in zero net magnetization while maintaining long-range magnetic
order below the Néel temperature. This antiparallel arrangement is stabilized by the
exchange interaction, which favors opposite spin alignment. Among various AFM
configurations, the uniaxial antiferromagnet represents the simplest and most fundamental
case. In such systems, the magnetic anisotropy constrains the spins of the two sublattices

to align collinearly along a single crystallographic easy axis.

1.4.1 Néel Vector

In a uniaxial AFM, the magnetic moments of neighboring atoms align antiparallel
due to strong exchange interactions, resulting in vanishing net magnetization in
equilibrium. Instead of the total magnetization, the order parameter describing the magnetic
state of an AFM is the Néel vector, defined as

L=M,—-M,
where M; and M; are the sublattice magnetizations of the two oppositely aligned spin
sublattices. The Néel vector thus characterizes the orientation and magnitude of the AFM
magnetic order, playing a role analogous to the magnetization M in ferromagnets.

Because the net magnetization L = M + M, is typically negligible in AFM, the
Néel vector serves as the fundamental quantity governing AFM properties and dynamics.
Its direction is key to spin-dependent transport and magnetoelectric effects, while its

orientation under external fields or stimuli lies at the heart of AFM spintronics.
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1.4.2 Spin-Flop Transition

The Néel vector L in AFM responds differently from the magnetization M in
ferromagnets to an external magnetic field. In a collinear AFM, neighboring spins align
antiparallel to each other due to strong exchange interaction J. When an external magnetic
field H 1s applied along the easy axis, the system initially resists reorientation because of
the uniaxial magnetic anisotropy K,,. However, once the field exceeds a critical threshold
Hsr, known as the spin-flop transition field, the AFM sublattice moments abruptly undergo
a first-order transition to form a canted spin configuration, with a small canted moment
parallel to the applied field, and the Néel vector perpendicular to it. This transition is known
as spin-flop transition (SFT), which minimizes the total energy by reducing the Zeeman
energy while also maintaining substantial antiparallel alignment between the sublattices to
reduce the exchange energy [151,152].

Physically, the spin-flop transition represents a balance among three key energies:
(1) Exchange energy favoring antiparallel spin alignment, (ii) Anisotropy energy favoring
spin alignment along the easy axis, and (iii) Zeeman energy favoring spin alignment along
the external field. If we consider a simple two-sublattice uniaxial AFM model with
sublattice magnetizations M; and M2, each of magnitude M,, with magnetic field uyH
applied along the easy axis (2), the free energy density F' can be expressed by the simple
model:

F=]my -m;— Ku(m%z + m%z) - HOHMs(mlz + mZz)
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where J is the exchange interaction favoring antiparallel alignment (J > 0), K, is the

uniaxial magnetic anisotropy favoring spins along easy axis (K, > 0), m; and m, are the

unit vector of M4 and M,.
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Figure 1.14 Phase Diagram of Spin-Flop Transition Reproduced from Ref. [151].

Minimizing the total energy with respect to the spin canting angle gives the critical

field for the spin-flop transition:

Hsp = \JHy(2Hg — Hy)
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2/%s s the exchange field, and H, =

Mo HoMs

2Ky

where Hy = is the anisotropy field. In the

common case where Hy < Hpg, this simplifies to
Hee ~ (2T
It is worth noting that the magnetic anisotropy K;, in the above expression generally
includes multiple contributions, such as magnetocrystalline, shape, and strain-induced
anisotropies. In antiferromagnetic crystals like Cr.Os, the magnetocrystalline term
typically dominates. However, in epitaxial thin films or multilayer structures, K;, should
be regarded as an effective anisotropy that incorporates additional factors, such as strain-

induced anisotropy or interfacial exchange arising at FM/AFM interfaces.

1.4.3 Dynamics and Resonance
Landau—Lifshitz—Gilbert (LLG) equation describes the dynamics of magnetization
. M, . .
M (unit vector m = V) in a solid:

dm dm

— = —ymXH + amXxX—
ac . s T

- NP
precessional torque  .po damping
where y is the gyromagnetic ratio, a is the Gilbert damping constant, and Hzf is

the effective magnetic field. This equation includes two terms. The first term describes the

angular precession motion of the moment in Hsr. The second term describes an energy

dissipative process that aligns the moment with H s, known as Gilbert damping. The Hgf

o . ] Do
comes from the partial differentiation of the free energy — ﬁ, which includes exchange,
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anisotropy, Zeeman, and other interaction terms. LLG equation is introduced by Landau &

Lifshitz in 1935 [153], and later reformulated by Gilbert in 1955 [154].

. . . . M M
For uniaxial AFMs with two magnetic sublattices, m; = M—l, and m, = M—Z, the
S S

dynamics can be described by considering each sublattice individually:

dm, X H + X dm,
= —-ym am
dt ymy effi 1 dt
dmy X H + X dm;
= —-ym am
dt ym; eff.2 2 dt

It’s sometimes useful to formulate the equations in terms of the Néel vector [ =

mq—

m . . mi+tm
TZ and net magnetization m = ——=

[123,155]. The antiferromagnetic resonance

(AFMR) frequency can be derived by considering the precessional motion, which is
demonstrated by Kittel [156,157]. The resonance frequencies of the uniform precessional

modes (with wave vector k = 0) are

w
= \/ZHAHE i H (fO?”H < HSF)

Yo
w

= \/HZ - ZHAHE (fO?”H > HSF)

Yo

Where H is the external magnetic field applied along the easy axis.

To give a brief overview of the equations, the AFMR frequency in Cr203 from
Ref. [42] is reproduced in Figure 1.16. The spin-flop field Hgy = \/m separates the
AFM dynamics into two distinct regimes. For H < Hgg, the frequencies of two dynamical

modes exhibit opposite chirality, which are split by the longitudinal magnetic field into a

high-frequency mode (HFM) and a low-frequency mode (LFM). The HFM exhibits right-
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handed chirality with respect to the magnetic field, a larger precession cone for sublattice
magnetization M;, and carries spin-down angular momentum. In Contrast, the LFM
exhibits left-handed chirality with respect to the magnetic field, a larger precession cone
for sublattice magnetization M>, and carries spin-up angular momentum. The frequency
separation between the two modes increases linearly with increasing H until the ground-
state configuration becomes unstable at the critical field Hgg. For H > Hgg, the quasi-

ferromagnetic resonance (QFMR) frequency increases monotonically with field.
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Figure 1.15 AFM Resonance in Cr;03 (a) Calculated AFM resonance frequency (k = 0
magnons) as a function of the magnetic field applied along the c-axis of Cr203 at 0 K. (b)
RH mode. (¢c) LH mode. (d) QFMR mode. Reproduced from Ref. [42].
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Chapter 2 Electrical Detection of Single-Domain Néel Vector

Reorientation across the Spin-Flop Transition in Cr;O3 Crystals

Electrical transport measurements in heterostructures of antiferromagnetic Cr2O3
bulk crystals and a thin Pt layer exhibit sharp responses as the Néel vector of the Cr.O3
undergoes the spin-flop transition. This abrupt change can arise from several distinct
mechanisms including magnetostriction, proximity-induced anomalous Hall, spin Hall
anomalous Hall, and spin Hall planar Hall effects. While large Pt devices sensing multiple
up/down domains can produce indistinguishable Hall signal jumps due to different initial
Neéel vector orientations, smaller Pt devices that sense single domains isolate the proximity-
induced Hall signals. This allows direct electrical detection of Néel vector reorientation
across the spin-flop transition in single domain regions. Furthermore, the single-domain
state can be prepared by magnetic field cooling or magnetoelectric cooling. We
demonstrate a method to control and characterize almost the three-dimensional orientation
of single-domain Néel vectors by exploiting Hall measurements and cooling techniques,

crucial for future antiferromagnetic spintronic applications.

37



2.1 Background and Motivation

The spin-flop transition (SFT) is an important phenomenon in antiferromagnetic
(AFM) materials characterized by a sudden rotation of antiparallel spins, and thus the
reorientation of the Néel vector L, accompanied by canting when an applied magnetic field
overcomes the magnetic anisotropy. In bulk crystals, the SFT can be detected using various
techniques, including neutron scattering [158—161], magnetometry [162—164], magnetic
resonance [42,43,165], and transport methods such as spin Seebeck effect [166—168]. In
AFM insulators like Cr20s, electrical transport in an adjacent heavy metal layer, such as
Pt, can be sensitive to the spin configurations near the interface. This allows for the
electrical detection of the Néel vector reorientation at SFT, providing a convenient and
versatile interface-sensitive approach particularly suited to AFM thin films and
nanodevices. By exploiting this method, we can gain valuable insights into the Néel vector

L at the nanoscale.
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2.2 Methods

In this work, we investigate the Néel vector orientations across the SFT through
electrical transport measurements in Cr2O3/Pt heterostructure devices. We utilize Cr20;3
single crystals with thicknesses of 0.5 mm. Two crystal orientations are chosen: (1010)
and (0001). In the (1010)-oriented crystal, the c-axis lies in the surface plane, resulting
in a compensated surface. Conversely, in the (0001)-oriented crystal, the c-axis is
perpendicular to the surface, and the surface spins of a single domain originate from only
one AFM sublattice, creating an uncompensated surface. The polished Cr,O; crystal
surface is smooth with a root-mean-square (RMS) roughness of approximately 0.2 nm,
which is subsequently coated with a 3 or 5 nm thick Pt layer using magnetron sputtering.
Photolithography or electron beam lithography is used to define Pt Hall bar or Hall cross
patterns with lateral dimensions ranging from 100 um to 0.1 um. Transport measurements
on these devices are performed using Quantum Design’s Physical Property Measurement

System (PPMS). More details can be found in Section 2.6: Supporting Information.
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2.3 Spin Seebeck and Magnetoresistance at Spin-Flop Transition

We start with the (1010)-orientation with a compensated surface of Cr.O3 on
which no intentional net magnetic moments participate in the electrical transport of Pt
placed on top. As the in-plane magnetic field is swept along the c-axis, the uniaxial
direction of Cr»2O3, there is an abrupt jump at 6 T, the spin-flop field, in the spin Seebeck
effect (SSE) response, as shown in Figure 2.1(a), signaling the switching of magnon spin
polarization. More details about the SSE features were reported previously [167-169]. This
SSE jump marks the discontinuity in spin-wave excitation spectrum in Cr>O3. Since the
near-90° sudden rotation of static spin configuration occurs at this transition, it is expected

to be sensed resistively using Pt [86].
A clear upward jump appears in the longitudinal magnetoresistance (MR) of Pt, A?R,

at approximately the same field (Figure 2.1(b)). It is tempting to assign this MR jump to
the spin-Hall magnetoresistance (SMR) effect just as in bilayers consisting of a
ferrimagnetic insulator and a heavy metal [35,77,111,112,170]. However, a closer
examination reveals crucial discrepancies. First, as Néel vector L rotates away from the c-
axis, i.e., the current flow direction in the device, it should give rise to a downward SMR
jump, opposite to the trend observed here. Second, to eliminate the SMR effect, we insert
a 10 nm-thick, pinhole-free Al,O3 layer between Cr2O3 and Pt. Despite this insulating layer,
we still observe a similar magnetoresistance upward jump but with a slightly reduced
magnitude (Figure 2.1(c)). These facts suggest that a spin-independent magnetoresistance

mechanism dominates the SMR effect in Cr,O3/Pt.
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It was known that the magnetostriction effect causes the material to elongate along

the c-axis while contracting laterally upon the spin-flop transition [171,172]. We find that
. o . . AR _ 2AL _5

this effect can quantitatively account for a resistance jump of — =~ 5.6 x 107 at 20

K, which is close to our observed value of 4.5 X 107> in Cr,O3/Pt at 20 K [171,172]. The

subtle difference between these two values might be attributed to the SMR effect.

Evidently, the magnetostriction-dominated longitudinal magnetoresistance lacks sufficient

sensitivity required to probe the spin configurations.
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Figure 2.1 Spin-flop Transition of Cr,03(1010) Crystal (a) SFT detected by the SSE
at 50 K. (b) SFT-induced resistivity jump in Cr2O3/Pt at 20K. (c¢) SFT-induced resistivity
jump in Cr203/Al,03/Pt at 20K. Insets show the measurement schematics.
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2.4 Hall Detection of the Néel Vector

To electrically detect the orientation of L more decisively, we exploit the Hall effect
which is inherently insensitive to the resistance change caused by a magnetostriction effect.
By utilizing the uncompensated (0001) surface of Cr.O3, we induce a net magnetic moment
m in Pt via the proximity effect. For Cr2O3, even above the SFT, the field-induced canting
is very small due to the strong exchange interaction relative to the anisotropy. Therefore,
the orientation of one sublattice spins can approximately represent that of L, which means
that the direction of the induced m in Pt can serve as a reliable indicator of the direction of
L. As L reorients, the change in the Hall signal can be generated through two mechanisms:
the anomalous Hall effect (AHE) arising from m,, the perpendicular component of m; and
the planar Hall effect (PHE) [115,164,173]. We acknowledge that the AHE signals in
Cr203 thin films have been attributed to the proximity-induced magnetic layer at the
interface [174,175] or the spin current reflection by the interfacial moments [176—178],
both of which are proportional to m,. The PHE is proportional to either mxmy (due to the
in-plane components of m in Pt), or LxLy (due to the in-plane components of L via the spin
current generated by the bulk Cr,O3), which provides information about the in-plane
orientation of m or L. Unlike the PHE, AHE can detect whether the 180° reversal occurs

form or L.
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2.4.1 Hall Resistance in 50um X 50um Active Area

We perform Hall measurements on a 50 um wide Cr2O3/Pt Hall cross device by
passing a current through each of the two orthogonal channels in geometries G and G’, as
illustrated in Figure 2.2(a). The magnetic field is intentionally tilted slightly away from
the c-axis, with an in-plane component approximately aligned with the ¢ = 45° direction
to maximize the PHE responses above the SFT. As the magnetic field is swept, the
transverse resistances R)x in both G and G’ are measured, as shown in the inset of Figure
2.2(b). After the linear ordinary Hall effect (OHE) background is subtracted, the corrected
Hall signals are presented in the main panel of Figure 2.2(b).

In each Hall channel, sharp jumps occur at +6 T, the SFT fields where m and L
abruptly rotate by approximately 90° from out-of-plane to in-plane. Above the SFT, the
AHE signal is expected to vanish due to the zero m, component, but the PHE signal can
suddenly jump from zero to a finite value which is proportional to sin 2¢. In theory, both
the z-component and the in-plane component of m and L are obtained from the AHE and
PHE responses, subject to an ambiguity in the in-plane direction between ¢ and ¢ +
7 [164]. Notably, the two orthogonal channels in G and G’ report opposite PHE signals if
there is an in-plane m or L component.

By averaging the Hall signals from G and G’, i.e., (RH(G) + RH(G'))/Z, we
effectively eliminate both the mixed signal from the longitudinal channel due to unintended
device geometry asymmetry [179,180] and the PHE signals as discussed above, leaving
only the AHE signal, Ryyr. Conversely, the difference signal contains only the PHE and

geometry-induced mixed signals, which produce opposite signs in G and G’ channels. The
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well-defined Hall cross devices result in negligible mixing of the longitudinal signal (see
Section 2.6); therefore, we attribute the half of the difference, i.e., (RH(G) — Ry (G’)) /2,
to the PHE signal Rpyg.

Figure 2.2(c) displays both the Ryyr and Rpyg curves. Clearly, the Ryyy signal
remains nearly flat across the entire field range, showing no observable features at the SFT.
The absence of R,y below the SFT suggests the presence of multiple domains within the
50um X 50um region, leading to a net (m,) of approximately zero. On the other hand,
because the Rpyy signal cannot distinguish between the two oppositely aligned in-plane
directions of L, the rotation of L from the initial multi-domain state to the in-plane direction
does not result in signal cancellation even if there are spin-flop domains, and therefore

produces finite Rpyr jumps.
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Figure 2.2 Hall Resistance of Cr:03(0001)/Pt in 50pmx50pm Active Area (a)
lustrations of G and G’ geometries for Hall measurements. (b) Transverse resistance Ryx
measured in G (Ru(G)) and G’ (Ru(G’)) at 2 K by subtracting OHE background from
original Hall signals (Inset). (¢) Rane = (Ru(G)+Ru(G’))/2 and Rpue = (Ru(G)-Ru(G’))/2
are displayed. The cartoons show multi-domain spin configurations in antiferromagnetic
(AFM) phase and spin-flop (SF) phase.
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2.4.2 Hall Resistance in 10um X 10um Active Area

While we have demonstrated the sensitivity of the PHE responses to Néel vector
rotation at the SFT, the absence of the AHE signal, resulting from the cancellation of m; in
multiple domains, hinders the determination of the state of the Néel vector below the SFT.
To unequivocally detect the proximity-induced AHE signal in Pt below SFT, smaller Hall
cross devices capable of probing single domains are necessary. We fabricate smaller Pt
Hall cross devices with widths ranging from 10 pum to 0.1 pm using electron beam
lithography.

Figure 2.3(a) illustrates the Hall signals, Ry (G), and Ry (G"), obtained at 2 K from
the G and G’ channels of a 10 um device subjected to zero magnetic field (ZFC) from 320
K, exceeding the Néel temperature (Tn ~ 307 K). Both R, (G) and R, (G") signals exhibit
a sharp SFT, similar to what was observed in the 50 um device. However, in contrast to
the 50 um device, wherein Ry (G) and Ry, (G") display opposing jump directions, the 10
um device demonstrates concurrent downward jumps in both signals at the SFT fields. This
results in a non-zero R,yp signal below the SFT. This observed finite R,y is attributed to
a net m, within the 10 pm X 10 um area, arising from either incomplete m, cancellation
due to multi-domain configurations or a single domain state. This behavior is in marked
contrast to that of the 50 um device.

To influence the ZFC state, field cooling (FC) is performed from 320 K to 2 K
under positive (PFC) and negative (NFC) 1 T fields. The corresponding Hall responses,
presented in Figures 2.3(b) and Figure 2.3(c), demonstrate a near inversion of the Ru(G)

and Ru(G’) features between PFC and NFC, which suggests opposite signs of m, resulting
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from the application of opposing FC fields. Figure 2.3(d), 2.3(e), and 2.3(f) display the
Ryyr and Rpyp curves for ZFC, PFC, and NFC, respectively. While Rpyp curves remain
largely unchanged and are approximately field symmetric, R,y curves display distinct
differences. First, the jumps at the SFT fields can be upwards or downwards, depending on
FC conditions. Second, disregarding the difference in SFT jump sizes, the overall PFC and
NFC responses are inverted. Third, the ZFC curve closely resembles the NFC curve.

The three R,y curves are plotted together in Figure 2.3(g). Notably, while the
NFC and PFC conditions produce two distinct AHE values below the SFT, the two curves
converge above the SFT. Moreover, the fact that the ZFC curve is nearly identical to the
NFC curve suggests that even the ZFC state is a single-domain state. These results
collectively demonstrate that the Néel vector of the single domain can be reversed solely
by a cooling magnetic field, which can be electrically detected. While the detailed
mechanism by which FC influences AFM domains remains unclear, similar FC effects
have been previously reported by other groups [181,182,149,183,174,184]. Such FC
effects were tentatively attributed to an above-Néel-temperature memory effect within
residual AFM domain walls [183], a phenomenon that warrants further investigation.

It is crucial to observe that, despite the main curve’s inversion indicating the
reversal of L, the features at the SFT fields are not symmetric about the field. In fact, the
two FC Ryyp curves are not perfectly inverted. By averaging the two FC R,y curves
shown in Figures 2.3(e) and 2.3(f), we can extract the non-inverted component, Ry 4,
as depicted in Figure 2.3(h). The field-antisymmetric component, R,y 4, invariant with

the cooling field direction, is removed from Figure 2.3(g). This isolates the cooling field-
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reversible, field-symmetric components, Ryyg s, as shown in Figure 2.3(i). FC process
establishes m and L in one of two single-domain states, indicated by the two plateaus on
the Ryyr s curve. During successive low-temperature field sweeps between +14 T, the
R,y s curve repeats, demonstrating that m and L, once in a single-domain state, maintain
their orientation below the SFT and undergo reversible rotation across the SFT, regardless
of sweeping field direction. These behaviors are qualitatively different from those reported
in thin films where the ferromagnetic-like AHE loops are observed [174,185]. In contrast,
the Ryyp 4 component exhibits a distinct behavior, changing sign with field reversal.
Intriguingly, the Rjyr 4 component peaks near the SFT fields and diminishes with
increasing field, where m and L are expected to lie within the film plane. However, in-
plane rotation of m and L would not produce an averaged Hall signal. Therefore, we
suggest alternative mechanisms, such as the topological Hall effect [74,186—188], induced

by spin textures that form when the effective anisotropy weakens near the SFT.
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Figure 2.3 Hall Resistance of Cr,03(0001)/Pt in 10pm*10pm Active Area (a-c) Ry
measured in G & G’ at 2K after (a) zero field cooling (b) positive field cooling (c)
negative field cooling. (d-f) Extracted Rane & Rpu at 2K after (d) zero field cooling (e)
positive field cooling (f) negative field cooling. (g) Raue (h) Rane_a (1) Rane_s. The
cartoons show the corresponding spin configurations in a single domain.
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2.4.3 Controlling Néel Vector by Field Cooling and Magnetoelectric Coupling

We have demonstrated that the cooling field direction can reliably toggle the Néel
vector state with the single-domain region under the 10 um Pt Hall cross device. To validate
this FC effect, we have performed similar FC experiments on four additional Hall cross
devices, fabricated on a separate Cr203 crystal using electron beam lithography and Pt
etching (see Section 2.6.3). These devices, A (10nm), B (10 pm), C (1 um), and D (0.1
um), different in width, are shown in Figure 2.4. The upper two rows present the R,y
results for all four devices under 1 T positive (PFC) and negative (NPC) fields, with arrows
indicating the corresponding Néel vector orientations. Notably, all devices, regardless of
size, exhibit nearly identical R,yr plateau magnitudes (~ 3 mf2), confirming that they
sense single domains. Furthermore, the Néel vector is consistently reversed between PFC
and NFC, reinforcing our previous findings. Interestingly, despite being located up to
approximately 0.8 mm from each other on the same substrate and subjected to the identical
cooling field, the Néel vector orientation is not uniform across the substrate. These findings
indicate that while FC is effective in switching Néel vector orientations, it is not sufficient
for the deterministic selection of a specific orientation to achieve a single AFM domain
across the entire material.

Cr203 is a magnetoelectric material where the Néel vector can be controlled by both
electric and magnetic fields [141-143,145-147,149,181,183,189-196]. Utilizing Pt Hall
crosses as the top electrode and silver paint on the bottom surface as the bottom electrode,
we demonstrate deterministic Néel vector orientation setting via magnetoelectric cooling

(MEC). The lower two rows of Figure 2.4 show the R,y results for three devices
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subjected to MEC with a 1 T magnetic field and +50 V across the 0.5 mm thick Cr,O3
crystal, corresponding to an electric field of 1 kV/cm. With +50 V (PMEC), the Néel vector
is consistently set downward in three tested devices. Conversely, a -50 V (NMEC) results
in an upward Néel vector direction in the same devices, independent of their size. This

confirms the deterministic control of Néel vector orientation using MEC.
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Figure 2.4 Néel Vector Orientations under Different Conditions The upper optical
micrographs present the four Hall cross devices being tested. The devices are cooled down
from 320K to 2K under PFC, NFC, PMEC, and NMEC conditions. R4yg s vs. applied field
are extracted from spinning Hall measurements and plotted accordingly. Arrows labeled
with “L” represent Néel vector orientations inferred from Rypg s .



2.4.4 Temperature Dependance of AHE and PHE

Both the PHE and proximity-induced AHE signals in a single domain should be
proportional to the magnitude of the Néel vector and other relevant parameters such as the
spin-mixing conductance and anomalous Hall angle. The temperature dependence of these
two signals is measured and shown in Figure 2.5 for Device A in Figure 2.4. As the Néel
temperature is approached, both signals decrease as expected. The overall temperature
dependence exhibits a broad maximum around 100 K. A similar non-monotonic response
was observed in the magneto-optical Kerr effect signal from the top Cr2O3 surface [147].
The broad peaks in both AHE and PHE likely originate from the Cr,O3(0001) sublattice
moment and therefore the magnitude of the Néel vector, both of which are imprinted in the

Hall responses of Pt.
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Figure 2.5 Temperature Dependence of AHE and PHE (a) Raue_s & RpuE curves at
different temperatures. (b) Corresponding Raue_s and Rpur magnitudes vs. temperature.
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2.5 Summary

In conclusion, we present the unequivocal electrical detection of single-domain
Néel vector reorientation across the SFT of Cr203, using micro- and nano-fabricated Pt
Hall cross devices. Magnetoelectric cooling provides deterministic control of the single-
domain Néel vector, unlike the domain configuration changes induced by magnetic field
cooling. This precise manipulation and electrical readout of the AFM order parameter at

the single-domain level represents a key milestone in the development of AFM spintronics.
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2.6 Supporting Information

In this section, I present additional experimental details, complementary

measurements, and discussions for a comprehensive understanding of this work.

2.6.1 Magnetometry Characterization of Cr.O3 Bulk Single Crystal

Prior to transport measurements, we first verify the easy-axis AFM phase of Cr203
by performing magnetometry characterization as shown in Figure 2.6. We choose a
(0001)-oriented single crystal with dimensions of 5 mm x 5 mm X% 0.5 mm (inset of Figure
2.6(a)) for the characterization. Figure 2.6(a) shows the temperature dependence of the
magnetic susceptibility without external magnetic field. Interestingly, we observed a
characteristic increase with temperature up to the Néel temperature (Ty = 307 K),
followed by a cusp and a nearly temperature-independent behavior above Ty . This
temperature dependence differs from that of conventional antiferromagnets, where the
susceptibility typically follows Curie—Weiss behavior and decreases as temperature rises
above Ty [197,198]. The anomalously flat susceptibility in Cr.Os has been reported
previously [164,165,183,199], and may be attributed to the persistence of short-range
antiferromagnetic correlations above the Néel temperature.

Figure 2.6(b) presents the field-dependent magnetic moment m (red curve) and
dm/dH (blue curve) at T = 10K, with the magnetic field uoH applied along the easy-axis
direction. When the applied field is below 6 T, the magnetic moment remains close to zero.

Upon increasing the positive (negative) magnetic field to 6 Tesla, a sharp increase
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(decrease) of moment is observed. This is consistent with spin-flop transition, a hallmark
behavior of easy-axis AFMs, characterizing the reorientation of the Néel from easy-axis to
a direction perpendicular to the applied field, with a small spin canting aligned in the same
direction of the applied field. This small canting creates a detectable net magnetic moment
in the crystal, which can therefore be picked up by magnetometry measurement. The
derivative dm/dH exhibits two symmetric peaks near £6 T, in good agreement with the
reported spin-flop transition field Hsr of Cr.O; at low temperature [42]. Figure 2.6(c)
shows the Quantum Design’s Magnetic Properties Measurement System (MPMS) used to
perform the magnetometry characterizations. These results clearly confirm that the Cr203
single crystal exhibits an easy-axis AFM phase below 307 K and undergoes a spin-flop

transition above 6 T at low temperature.
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Figure 2.6 Magnetometry Characterization of the (0001)-Oriented Cr;0; Single
Crystal (a) Susceptibility y vs. 7, the inset shows the image of the Cr.O3 single crystal.
(b) Moment m (red) & dm/dH (blue) vs. poH, spin configurations below and above spin-
flop transition are shown in the schematic. (c) The image of the MPMS system.
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2.6.2 Fabrication and Characterization of Cr,03(1010)/Pt Heterostructures

Prior to device fabrication, to ensure the interface quality, the surface of Cr.O3
crystal was prepared by chemical mechanical polishing (CMP), followed by standard
solvent cleaning and gentle O, plasma ashing. The atomic force microscopy image of the
surface is shown in Figure 2.7(a). After the treatment, the surface exhibits atomic
smoothness with a root-mean-square (RMS) roughness around 0.2 nm. With this high-
quality surface, we proceed with the fabrication of different heterostructure devices to serve

the purposes for different transport studies (SSE or MR studies).

(a)

Figure 2.7 Fabrication and Characterization of Cr203(1010)/Pt Heterostructures (a)
Atomic force microscopy image of Cr03(1010) surface before fabrication. It shows clear
atomic terraces on which the RMS roughness (within the white box) is about 0.2 nm. (b)
Optical image of Hall bar devices with a 5 nm thick Pt layer fabricated on the atomically
flat Cr,03(1010) surface.

Figure 2.7(b) shows the optical image of Pt Hall bar devices fabricated on top of

the Cr,Os surface used for MR measurement. The Hall bar patterns are defined by
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photolithography to form a 50 um or 100 um wide and 1.5 mm long current channel
oriented parallel to [0001], i.e., the c-axis direction which is also the easy axis of Cr20s.
We deposit a 5 nm thin Pt layer on Cr,03, with or without a 10 nm thin Al>O3 insertion

layer to distinguish the origin of MR associated with the spin-flop transition.

2.6.3 Fabrication and Characterization of Cr203(0001)/Pt Heterostructures

In this study, we employ commercial Cr203(0001) single crystals with thicknesses
of 0.5 mm. Polishing of the surface is performed to improve the surface smoothness, which
involves mechanical polishing (MP) followed by chemical mechanical polishing (CMP).
Figure 2.8(a) presents an atomic force microscopy image of the surface after CMP,
revealing a smooth finish with RMS roughness of 0.2 nm ina 5 um x 5 um area, which is
satisfactory for the subsequent fabrication of Cr20s/Pt heterostructures.

The Pt Hall cross devices are fabricated using either of two distinct methods. In the
first method, electron beam lithography is used to define the Hall bar or Hall cross areas,
followed by the deposition of a 3 nm or 5 nm Pt layer via magnetron sputtering, and then
liftoff. Devices used for the test in Section 2.4.1 and Section 2.4.2 are fabricated using this
method. In contrast, for devices used for the test in Section 2.4.3, a 5 nm Pt layer is
deposited onto the Cr-0s (0001) crystal by magnetron sputtering first and subsequently
patterned into Hall cross devices by electron beam lithography and physical dry etching
with Ar plasma. For both methods, post-annealing at 400°C or 450°C is performed to
eliminate potential contamination and enhance the Pt quality without influencing Cr2O;

properties.
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0.1 um

Figure 2.8 Fabrication and Characterization of Cr,03(0001)/Pt Heterostructures (a)
Atomic force microscopy image of the polished Cr.O3(0001) surface ina 5 pm x 5 um
area. (b) Atomic force microscopy image of a 1 um Hall cross device. (c) Optical images
for Pt Hall cross devices ranging from 0.1 pm to 10 pm.

2.6.4 Magnetoresistance and Hall Measurements

Transport measurements on these devices are performed using Quantum Design’s
Physical Property Measurement System shown in Figure 2.9. A low-frequency sinusoidal
AC current, typically 7 Hz or 13 Hz, is applied to the Pt Hall bar or Hall cross devices
using a Keithley 6221 current source, while the longitudinal and transverse first harmonic
voltage responses are measured with a SR830 lock-in amplifier. For the Cr.05(0001)
crystal, an external magnetic field is applied out-of-plane along the easy axis (c-axis

[0001]) with a slight tilt to maximize PHE signal during the transport measurements. The
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X, y, and z axes directions follow the right-hand rule. The recorded resistances are defined

as follows:
|4
Ry = i
V
Ry, =~
Iy

Here, I, refers to the RMS value of the AC current applied along the x-direction, while V;
and V), represent the first harmonic longitudinal and transverse voltage responses,

respectively.

Figure 2.9 Physical Properties Measurements System PPMS system from Dr. Jing Shi’s
group at UC Riverside. Typical low-frequency AC technique is applied for
magnetotransport studies.
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2.6.5 Spin Seebeck Effect Measurements

SSE measurement is carried out using the same techniques as our previous
studies [168,169]. As shown in Figure 2.10(a), we utilize the standard longitudinal SSE
geometry with 5 nm thin Pt detector. To drive the SSE signal, a temperature gradient is
created by injecting an AC current with frequency w into a 15 nm thick Pt heater. The
heater is placed on top and separated from the Pt detector by a 100 nm thick insulating
AlLO3 layer, hence resulting in a SSE response, Vssg, oscillating with frequency 2w in the
detector, which is picked up by a SR830 lock-in amplifier. An optical image of a typical

SSE device (Figure 2.10(b)) shows both the top heater and bottom detector geometry.

() (b)

Figure 2.10 Spin Seebeck Measurements (a) Device schematic for SSE measurements in
Cr203(1010)/Pt reproduced from Ref. [168]. (b) Optical image of a sample SSE device
reproduced from Ref. [169].
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2.6.6 Temperature Dependence of Magnetostriction Effect

When performing MR measurements in Cr O3 (1010) /Pt, we observe a
geometrically induced resistivity change ARgr at Hsr due to magnetostriction effect (see
the inset of Figure 2.11). This is further evident by the insertion of a 10 nm thick Al,O3
layer between Cr,O3 and Pt, by which ARy has no significant change. We subsequently
study the temperature dependence of ARgr in both Cr,O3/Pt (5nm) and Cr2O3/AlL0O3
(10nm)/Pt (5nm) and the result is plotted in Figure 2.11. At the measured temperature
range (5K-300K), ARy show little difference between the two heterostructure stacks. The
value of ARgr is small at 300K, and increases monotonically when the temperature

decreases to 50K, then slightly decreases at lower temperatures.
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Figure 2.11 Temperature Dependence of Magnetostriction Effect Inset show ARg at
spin-flop transition.
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2.6.7 Planar Hall Effect and Geometry-Induced Mixing Signals

When performing Hall measurements, a geometry-induced mixing of the
longitudinal R, signal into the Hall terminals is inevitable. This mixed signal has the
opposite signs when the voltage measurements are interchanged between two orthogonal
geometries, G and G’ [179,180], mimicking the jumps typically associated with the planar
Hall effect (PHE) at the spin-flop transition (SFT). This mixing effect can potentially
contaminate the signal defined as Rpue = (Ru(G) - Ru(G’))/2. However, this effect can be
minimized with a precisely defined Hall cross geometry that reduces misalignment
between the Hall terminals and the equipotentials of the current flow.

In Figure 2.8, optical images and atomic force microscopy images reveal that the
Hall cross structures, ranging from 0.1 pm to 10 um, are sharply defined with well-formed
cross shapes with uniform thickness. This precise geometry is crucial for accurately
separating longitudinal and transverse resistances. In an ideal Hall cross, the transverse
signal remains largely independent of the longitudinal resistance, as the orthogonal
geometry minimizes potential spillover from R., into the Hall resistance Rx.

We further provide a comparison of R.x and Rpxr data for the 10 um device, shown
in Figure 2.12. It reveals that R, is symmetric with respect to the magnetic field, forming
a V-shape under field sweep, with a slight decrease in resistance at the SFT field. If this
signal were positively or negatively mixed into the Hall channels, we would expect a
similar V-shape with a decrease in resistance, or an inverted V-shape with increased
resistance, in Rpye. However, the Rpue signal remains nearly flat at low fields, without any

apparent V-shape, and exhibits a prominent upward jump at the SFT. This behavior is
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consistent across all devices presented in this study. The overall shape of the curve strongly
suggests that the signal is dominated by the PHE, with minimal contamination from R

mixing.

(a) (b)

u,H(T) p, H(D)
Figure 2.12 Comparison Between R.. and Rpye (a)There are small downward jumps at
the SFT superimposed on the overall V-shape R.. background. (b) The PHE signals are

dominated by the jumps. If these jumps were due to mixing of the R, signal, the V-shape
background would appear together with and dominate the jumps.

The consistent characteristics observed across all devices underscore the robustness
of the fabrication quality and measurement setup. Given the well-defined geometry,
smooth thickness verified by optical and atomic force microscopy imaging, and the
consistent behavior in R and Rpyr signals, it is reasonable to conclude that the influence
of R.. on Ry, is minimal. The precise design and fabrication of the Hall crosses play a

crucial role in ensuring accurate Hall measurements with negligible R.. interference.
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2.6.8 A Brief Summary of the Hall Resistance

Probing the SFT in antiferromagnetic (AFM) materials provides key insights into
the Néel vector L, the order parameter of AFM materials. Our Hall measurements in a Pt
layer atop a Cr203(0001) crystal reveal a sharp jump in the Hall signal at the SFT field.
While a prior study attributed this signal to the PHE [164], we have identified additional
components, including an anomalous Hall effect (AHE) induced by the exchange field
from Cr205’s boundary magnetization, denoted as R4mr s, and an AHE contribution
possibly arising from spin textures, denoted as R4ur 4, thus yield an expression for the Hall
resistance Ry = Royg + Rpyp + Rane s + Rane a-

Figure 2.13 illustrates our approach to disentangling the contributions from Rpze,
Rune s, and Rype 4 in a 10 pm Hall cross device (OHE is precluded). At the SFT, the Néel
vector rotates from out-of-plane (OOP) to in-plane (IP), resulting in the loss of L;, the OOP
Néel vector component, and the emergence of L.L,, associated with the IP component. The
PHE signal, sensitive only to the IP component, is extracted as the differential response
between the geometries Ru#(G) and Ru(G’). Notably, Rpyr is nearly zero below the two SFT
fields but jumps to a finite value above them, consistent with the emergence of LiL,.
Additionally, when the field direction is reversed above the SFT, the Néel vector maintains
the same LxL, magnitude, resulting in a symmetric Rpyr signal across positive and negative
SFT. The PHE signal can also arise from the IP component of proximity-induced magnetic

moment in Pt.
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Figure 2.13 A Brief Summary of the Hall Resistance For the data presented here, the
measurement is carried out at 90 K. OHE is treated as a dominant linear contribution and
precluded from the displayed Ry. The decomposition of Ry into Rpue, Rane s, and Raue 4
are presented.

In contrast, R4xE s 1s sensitive solely to L; via a proximity-induced moment in Pt.
Significantly, Rz measurements taken under positive field cooling (PFC) and negative field
cooling (NFC) show a two-level separation below SFT, which converges above it,
consistent with the expected behavior of L;. Thus, we attribute the distinction between
Ru(PFC) and Ru(NFC) to R4ue s. Notably, R4ur s is field-symmetric and toggles between

two distinct values below SFT, reflecting the binary Néel vector states, a feature essential

for AFM spintronics applications [122,123,125,200].
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Finally, the remaining signal, R4ne 4, survives after averaging the signals from the
two orthogonal channels and different cooling conditions. It is nearly perfect H-
antisymmetric. As discussed, the feature at the SFT may arise from a chiral spin texture
forming when effective anisotropy weakens. However, in contrast to the measurements
taken at 2K where R4nr 4 1s flat below SFT, here we observed another anomaly, a nonlinear

AHE near H = 0.

2.6.9 On the Anomaly in AHE

Figure 2.14 shows the field dependence of Ruyp 4 at various temperatures.
Interestingly, in addition to the jump observed at the spin-flop transition (marked by the
blue dashed line), a low-field nonlinear AHE signal also appears (circled by the red dashed
line). These two anomalies, temporarily denoted as AR and ARy, exhibit distinct
temperature dependences. ARjgp is prominent at low temperatures and gradually
diminishes as the temperature approaches room temperature. In contrast, ARy 1S
pronounced at higher temperatures, remaining observable even above the Néel
temperature, but weakens upon cooling. This contrasting temperature behavior indicates
that the two effects likely originate from different mechanisms.

AR g is presumably related to the antiferromagnetic order of Cr,Os, whereas
ARy is likely unrelated to it. Previous studies on Cr20s3/Pt bilayers have reported Hall
resistance features similar to our observation of AR,;y, which persist above the Néel
temperature [175,177,185,187], although in our case the feature appears at a lower

temperature (~90 K), which is less commonly observed. Moriyama et al. (2020) [175]
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performed first-principles calculations for Cr,O3/Pt and suggested that this signal (They
referred to as a “giant anomalous Hall effect”) may be intrinsic to the Cr,O3/Pt interface,
arising from a chiral spin structure in momentum space.

Nevertheless, these interpretations require further experimental and theoretical
investigation. Other possible explanations for the observed signals include unexpected
magnetic moments. The AR qr feature reported here for the first time represents a novel

phenomenon whose origin remains to be elucidated.
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Figure 2.14 Temperature Dependence of R4nr « The AHE at the SFT (AR sr, blue
dashed line) and low magnetic fields (AR,;y, red dashed frame) exhibit distinct
temperature dependence.
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Chapter 3 Dual Ferromagnetic and Ferroelectric Dynamics in

Linear Magnetoelectric Cr203

The antiferromagnetic order parameter, defined by the Néel vector in collinear
antiferromagnets like Cr2Os, is highly desirable for next-generation, low-dissipation
memory. We demonstrate precise, non-volatile switching of the Néel vector via the linear
magnetoelectric effect in Cr,O3, with the two stable states effectively read out using the
anomalous Hall resistance in an adjacent Pt detector layer. Crucially, we observe a
pronounced history-dependent training effect in the AFM domain dynamics that enables
state tuning. Specifically, cyclic magnetic field with fixed electric field training induces
magnetic softening through domain wall unpinning and enhanced mobility. Conversely,
cyclic electric field with fixed magnetic field training drives an opposite behavior, leading
to magnetic hardening and stability. This contrasting response is attributed to distinct
microstructural dynamics analogous to those found in ferromagnetic and ferroelectric
systems. The bifunctional control mode allows the device to be dynamically tuned between
a mobile configuration and a stable configuration, representing a critical advancement

toward magnetoelectric spintronic devices.
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3.1 Background and Motivation

The realization of next-generation, low-dissipation electronic devices hinges on the
development of materials that allow for mutual control of magnetic and electric properties.
Multiferroic and magnetoelectric (ME) materials, which host coupled magnetic and electric
order parameters, provide the essential platform for investigating this fundamental
coupling and exploiting it for novel device concepts [139,140].

The linear magnetoelectric (LME) effect, the focus of this work, is described by the
coupling terms in the free energy expansion Fyr = —a;;E;H;. The cross coupling between

the electric polarization (P) and the magnetic field (H), and between the magnetization (M)

and the electric field (E), are represented by: P;(E, H) = a;;H;, and M;(E,H) = #iaijEj,
0

where a;; is the magnetoelectric tensor. This LME coupling is non-zero only in specific
classes of materials that simultaneously break both time-reversal (7) and space-inversion
(P) symmetry while preserving PT symmetry.

Among ME materials, the antiferromagnetic (AFM) insulator Chromium Oxide
(Cr203) stands as the prototype system. It is a collinear AFM with a Néel temperature (7)
near 307 K [201]. Its LME effect, characterized by the diagonal coefficient (atyy, @y, @z;),
is coupled directly to the AFM order parameter, the Néel vector, enabling the non-volatile
switching of the Néel vector by simultaneous application of static E and H fields. This
ability to use an electric field to write magnetic information makes it highly attractive for

spintronics. However, due to the absence of spontaneous M and P, it is challenging to
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functionalize the linear magnetoelectric, making the development relatively slow
compared to multiferroic materials [140,202].

Despite the absence of spontanecous M and P, the ME coupling allows an applied
electric field E g to induce a magnetization M, enabling Néel vector switching driven by a
magnetic field H, analogous to ferromagnetic (FM) behavior. Conversely, the presence of
polarization P under a fixed magnetic field Hp allows Néel vector switching driven by an
electric field E, analogous to ferroelectric (FE) behavior [203]. To be more explicit, in a

LME system, the dynamic change of the ME free energy F = aEH involve two terms:

oF oF
AF = —AF + —AH = aHAE + aEAH = PAE + MAH
oE 0H —— —
FE-like FM—like

The first term represents the FE-like mode, where the Néel vector couples to the electric
polarization P and is switched by E when AH is zero (H is fixed), while the second term
represents the FM-like mode, where the Néel vector couples to the magnetization M and is
switched by H when AE is zero (E is fixed).

While both modes exploit linear magnetoelectric effect to drive Néel vector
switching, these two modes are fundamentally different in dynamics. FM-like switching
follows precessional, torque-driven magnetic dynamics described by Landau—Lifshitz—
Gilbert (LLG) equation, while FE-like switching proceeds through overdamped
polarization dynamics. Such a contrast may potentially lead to different microstructural
evolution pathways and energy landscapes. However, to our knowledge, this possibility

has not been systematically explored before.
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In this work, we report precise, non-volatile switching of the Néel vector in Cr2O3
via the LME effect, with the two stable states robustly read out using the anomalous Hall
resistance in an adjacent Pt detector layer. Crucially, we uncover a novel mode-dependent
magnetoelectric effect that allows for the tuning of the Néel vector coercivity. FM-like
mode cycling drives magnetic softening that enhances domain wall mobility for faster
writing, while FE-like mode cycling induces magnetic hardening which stabilizes the
magnetic state for long-term retention. Our results establish dual FM/FE mode control over
the AFM magnetoelectric coupling, providing a viable pathway toward next-generation,

energy-efficient spintronic memory devices.

3.2 Methods

The sample was fabricated from a 0.5 mm thick Cr.0s(0001) single crystal. The
surface was polished using chemical mechanical polishing (CMP) to achieve an atomically
flat finish, followed by standard solvent cleaning to remove residual surface contaminants.
A 4 nm platinum (Pt) layer was subsequently deposited on the cleaned surface by
sputtering. Device patterning was performed by defining a Hall cross structure with a
channel width of 10 um via electron beam lithography (EBL). The unpatterned Pt was
removed using argon-based inductively coupled plasma reactive ion etching (ICP-RIE),
yielding the final device geometry.

To investigate the ME effect, both E-field and H-field are needed. E-field is

provided by a gate voltage applied across the Cr20s crystal, with the Pt Hall cross device
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serving as the top electrode and a silver paint contact applied to the bottom surface acting
as the bottom electrode. The sample was mounted in Quantum Design’s Physical Property
Measurement System (PPMS), allowing electrical transport measurements with an applied
H-field up to 14 T and temperature down to 1.9K. Both the E-field and H-fields are applied
either parallel or antiparallel to the c-axis, which is also the out-of-plane direction for CrO3

(0001) crystal.

3.3 Néel Vector Controlled by Magnetoelectric Annealing

For Cr203, the ME free energy term of the form F(E,H) = —a;;E;H; suggests a
preferred AFM domain after cooling down through the Néel temperature 7y (~ 307 K) with
a combination of electric fields (E) and magnetic fields (H), called magnetoelectric
annealing [146,147,181,204]. Using this technique, we first verify the magnetoelectric
coupling and the effectiveness of Pt layer for electrical detection of the Néel vector in our
Cr203 crystal. Figure 3.1 demonstrates deterministic control of the Néel vector orientation
through traditional magnetoelectric annealing method. The measurement is carried out by
averaging anomalous Hall resistance from two spinning current configurations as shown
schematically in Figure 3.1(a). As reported in previous literatures [150,179,180], this
technique effectively eliminates mixing contributions from imperfect Hall cross geometry
and potential planar Hall contributions, enabling clean detection of the uncompensated

moment which couples to the Néel vector.
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Figure 3.1 Magnetoelectric Annealing Experiments (a) Spinning current configurations.
(b) Ranre - H at 2K. (¢) Ranr - H at 260K. (d) Remanent R4xr - T. Magnetic field sweeps
between +14 T are taken at zero electric fields. The four curves correspond to different
measurements taken after four different magnetoelectric annealing process from 320K to
the measured temperatures. No magnetic hysteresis is observed in each curve.

Magnetic field is applied in out-of-plane direction along the c-axis and swept
between + 14 T, and the spinning-current averaged R4zr measured at 2K and 260K after
removing a linear ordinary Hall background are plotted in Figure 3.1(b) and Figure 3.1(c)
with respect to the applied magnetic field. Prior to the R4uz-H measurements, the sample
is prepared by cooling from 320 K, a temperature above its Néel temperature 7y (~ 307 K),

to a temperature below Ty with a combination of E,,, = +1 kVem™?

and UoHeoor =
+1 T, both applied along the c-axis direction. This annealing process stabilized a single

AFM domain, and the type of AFM domain can be chosen based on the relative orientation
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of the applied Ecoor and Heoor. Four crossed EH configurations are performed during the
ME annealing process: positive Ecoo, positive Heoor (PP); negative Ecoor, positive Heoor
(NP); positive Ecoor, negative Heoor (PN); negative Ecoor, negative Heoor (NN). When the
temperature is reached, we remove the electric field and perform the mentioned spinning-
current anomalous Hall measurements.

Clearly, at zero magnetic field, we observe a negative remanent R,y =~ —3 m() at
2K (Figure 3.1(b)) after ME annealing in PP and NN configurations, in which magnetic
field and electric field are parallel to each other. In contrast, after antiparallel PN and NP
annealing, remanent R,y takes positive values R yp = 3 mf). This is consistent with
expectations that parallel and antiparallel ME annealing will lead to opposite Néel vector
domains. The observed remanent anomalous Hall resistance is attributed to proximity-
induced moment in Pt, sensing the uncompensated moment from the top layer coupled to
the Néel vector of Cr2O3 (see schematics). This assumption is further supported by taking
the magnetic field sweep. At 2K, the detected R4ur value remains field-invariant when the
field is small. However, when the applied field exceeds the spin-flop transition field
UoHsg = 6 T of Cr203, R4xr drops from a finite value to near zero due to vanishing out-of-
plane moment when Néel vector reorients into the in-plane direction. The overall R4xr
curve shape includes both symmetric and antisymmetric contributions, which has been
discussed in Chapter 2.

Similar trends are also observed at 260 K (Figure 3.1(c)), despite the lowered
remanent Ryyp = £1.5m(l, the increased pyHgr = 10.6 T, and an emergent nonlinear

low-field feature which is not influenced by different ME annealing configurations. This
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nonlinear low-field anomalous Hall has been observed before in both Cr;Os/Pt and
Cr203/Ta heterostructures [175,177,185,187] when the temperature is near and above Ty.
The origin is still unclear, but likely intrinsic to Cr.Os/heavy-metal interface.

In Figure 3.1(d), the remanence of anomalous Hall resistance, Raue rem, 1S
extracted and plotted as a function of temperature. Four curves are displayed corresponding
to the PP, NP, PN, and NN configurations during ME annealing. Above Ty = 307 K, no
obvious anomalous Hall is observed. However, the four curves diverge into two branches
with opposite R4ue rem values below 307 K, where antiparallel annealing configurations
(NP, PN) take the positive branch and parallel configurations (PP, NN) take the negative
branch. The curves peak at around 130K with a maximum value of around 4 mQ, then
decrease to approximately 3 mQ at 2K. These experiments together provide clear evidence
for the magnetoelectric coupling and electrical readout of the CroO3 Néel vector. For the
convenience of later discussions, here we define the two stable Néel vector states as LN
state and LP state. LN represents the Néel vector state with negative R4ue ren formed after
PP and NN annealing. LP represents the Néel vector state with positive R4ur rey formed

after NP and PN annealing.

3.4 Néel Vector Switching in FM-Like Mode

While ME annealing is the traditional and most effective method to manipulate the
Cr203 Néel vector [146], isothermal switching without the need for temperature cycling is

mandatory for practical, operational devices [147]. Achieving this is significantly more
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challenging due to the inherent energy barrier (AF) separating the two stable Néel vector

states as depicted schematically in Figure 3.2(a) (Reproduced from Ref. [205]).

(a) ] A LP
v ;
Ez=0 ]
M A S S
#,H(T)
(c) ]
LN —» LP
g :
g x
\—;J o
- - /IEN_El .
2 3 4 5

Cycle Index

Figure 3.2 Isothermal Switching of the Néel Vector (a) Illustration of switching between
two magnetic domain states by combined EH field reproduced from Ref. [205] (b) Ryyk
during H-field sweep in the absence of E-field. LN and LP states are initiated by ME
annealing. The arrows indicate field sweep directions. The same applies for (c). (¢) Ryug
during multiple H-field sweep cycles with Eg = —2 kVcem™t. (d) H, in different cycles,
with the last cycle illustrated by open symbols.

To induce a switch isothermally, the applied ME free energy must overcome this
intrinsic barrier, requiring the condition aEH > AF. In the idealized case of single-domain

coherent switching (the entire magnetic volume flips uniformly), this barrier is determined
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by the material's uniaxial anisotropy energy, K,, making the required switching fields
prohibitively high (see the discussion in section 3.8.2). However, in realistic materials, the
switching mechanism is usually mediated by complex microstructures and dynamics of the
system, such as domain wall nucleation and motion [206-208]. This dynamic, localized
process effectively lowers the threshold energy required for switching, enabling the Néel
vector to be flipped at achievable field strengths, albeit requiring careful control to ensure
reliable, non-volatile operation.

After initializing a single-domain Néel state (LN or LP) via ME annealing, we
perform H-field sweeps between +14 T at 260 K in the absence of an electric field. As
shown in Figure 3.2(b), no hysteresis is observed, and the Ryyr rey (Rayg at H = 0)
remains unchanged throughout the cyclic H-field sweeps, indicating that the Néel vector is
stable and no switching occurs. In contrast, in Figure 3.2(c), when a constant bias electric
field Ep = —2kVem™1 is applied to the Cr.0; crystal, clear isothermal switching of the
Neéel vector between the LN and LP states emerges during the same +14 T H-field sweep.
This is evidenced by distinct hysteresis loops with split Rayg rgm values of approximately
+1.5 mQ and well-defined coercive fields corresponding to the switching points. The
switching behavior is attributed to a magnetization M induced by Ej in the Cr20s crystal
as discussed in Section 3.1. The cyclic magnetic field directly acts on M, generating
magnetic torques that drive the Néel vector L through the magnetoelectric coupling.

Importantly, repeated H-field sweeps reveal a history-dependent training effect,
characterized by the reduction and subsequent saturation of coercive field Hc upon

repeated cycling. The evolution of Hc with cycle number is shown in Figure 3.2(d). In
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each cycle, two switching events occur: LN — LP at positive field, and LP — LN at
negative field. Both transitions exhibit a similar decreasing and saturating trend upon
repeated cycling. The Hc values from the final cycle (For here the 5™ cycle) are taken as
saturated values and are plotted as open symbols.

Training effects are a crucial manifestation of the underlying domain dynamics.
The observed decreasing coercive fields over cycles reflects a relaxation of the magnetic
microstructure toward a lower-energy configuration. Such behavior is commonly
associated with irreversible rearrangements of AFM domains or domain walls during the
initial switching cycles. The progressive stabilization of the switching fields suggests that
internal defects, pinning sites, or interfacial strain may contribute to complex domain-wall
dynamics in the Cr20s crystal. Consequently, the training effect provides insight into the
microscopic energy landscape governing the motion of Néel vector L coupled with electric-
field-induced M.

We proceed to perform cyclic H-field sweep measurements at different E5. At each
Ep, multiple field sweeps are performed, exhibiting training effects that vary in magnitude
but share a similar trend, characterized by a gradual reduction and eventual saturation of
the coercive fields upon repeated magnetic cycling. The stabilized field sweep cycle at each
Eg are plotted in Figure 3.3(a). From the R4x£ loops at different Ej, it is first observed that
the coercive field Hc decreases with increasing Ep. Secondly, when Ep changes sign, the
polarity of the hysteresis also follows and changes sign. These observations are consistent

with the LME effect. Larger Ep induced a larger magnetization M, hence smaller Hc is
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required to reverse L through Zeeman coupling M - H. Conversely, reversing the sign of

Eg inverts the ME coupling between L and M, resulting in a reversal of hysteresis polarity.
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Figure 3.3 Magnetoelectric Switching for FM-Like Mode (a) H-field dependence of
R,y at different Eg. The field thresholds are stabilized ones. (b) Eg vs. Hc. (c) Eg? vs.
He.

Figure 3.3(b) shows an E-H plot at 260K where the energetically favored AFM
domain states observed from previous ME annealing experiments are marked by different
colors. LN domain (light blue) is preferred for PP and NN configurations, and LP domain
(light red) is preferred for NP and PN configurations. However, when the magnetic field is

larger than 10.6 T, the system prefers the spin-flop states (light green), where the

antiparallel spins reoriented to the ab plane with slight canting toward the magnetic field
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direction along the c-axis. It’s worth noting that the spin-flop field remains invariant at
different £ fields in our experiments, contrasting a previous report[209]. The two
stabilized Hc¢ extracted from the hysteresis at each Ep (Figure 3.3(a)) are also plotted in
Figure 3.3(b). One H¢ corresponds to the switching of L from LN to LP state, represented
by the red open dots. Another Hc¢ corresponding to the switching of L from LP to LN state
are represented by the blue open dots. These switching behaviors aligned perfectly with
the energetically preferred AFM phase diagram, highlighting consistency between ME
annealing and isothermal ME switching experiments.

These critical £ and H fields are expected to follow |EH|. = constant
corresponding to the switching of the CroO3 AFM single domain [145,147]. To visualize
this, we plot the £/ to H as shown in Figure 3.3(c) to verify the linearity between E! and
H, as indicated by |EH|; = constant. Indeed, a clear linear relationship is observed

between E/ and H.

3.5 Né¢el Vector Switching in FE-like Mode

So far, we have demonstrated isothermal switching of the Néel vector L coupled to
M driven by cyclic H, which is analogous to the switching of FM materials, and training
effect towards magnetic softening (lower Hc) is observed. Next, we demonstrate the
switching of L in a FE-like mode, where an electric polarization, P, is induced by a bias
magnetic field Hp. As shown in Figure 3.4(a), by dynamically cycling E fields between

+4kVcem~t with Hg = 10T, we observe hysteresis corresponding to the switching of the
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Neéel vector. (Notice that due to the existence of Hp, the original signal sits on an ordinary
Hall background. Here we manual offset the center of the loop to zero to eliminate the
background) Particularly, an increase of coercive electric field, Ec, upon training cycles
before saturation after the 4™ cycle is observed, contrasting the magnetic softening
observed in FM-like mode. The Ec and remanent R4 across different cycles are further

plotted in Figure 3.4(b) for clear view of the trend.
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Figure 3.4 FE-Like Néel Vector Switching (a) R4ue vs. E across 5 cycles. In each cycle,
E starts from 4kV/cm (b) Hc and R4pe.

The observed increase in coercive field Ec upon initial electric field cycling is a
common but complex phenomenon in FE materials, often associated with mobile charged
defects. Two primary effects, wake-up effect and fatigue, can both lead to electric
hardening. Fatigue is characterized by the long-term accumulation of charged defects, such
as oxygen vacancies, at domain walls and interfaces. [210-213] This accumulation creates

localized pinning centers that severely hinder domain wall motion, leading to a progressive
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loss of switchable polarization P thus enlarges Ec. Conversely, the wake-up effect
describes an initial training period where the material's properties improve or stabilize. This
effect is commonly associate with the rearrangement of existing mobile charge defects
from a random, unstable initial state into more stable, ordered configurations, resulting in
an increase and stabilization of the E¢ and remanent polarization P [214-216].

Given that our Cr20; crystal exhibits a rapid increase in Ec that stabilizes within
the first few cycles, this behavior is indicative of the wake-up effect. The initial electric
field cycles provide the necessary energy to overcome the kinetic barrier, allowing a stable,
optimized domain structure. This electric hardening process provides the foundation for
the robust, retention-optimized state desired in non-volatile memory applications. Such a
FE-like switching mode with stable R4ur readout (lower panel in Figure 3.4(b)) from Pt
layer also demonstrates the potential for voltage-controlled pure AFM spintronics using

the Néel vector to encode information [149].

3.6 Mode-Dependent Dynamics and Energy of the Néel Vector

To investigate the mode-dependent dynamics under different switching modes, we
performed measurements in a sequential manner. For the FM-like switching, where the
magnetic field was cycled between 14T under a fixed electric bias, we first applied an
electric field of E = —2kVem™ and conducted five consecutive magnetic-field sweep
cycles. The same procedure was then repeated at Eg = —3kVem ™, E = 2kVem™, Ep =

3kVem™1, and Eg = 4kVcem™?, each with 3-5 cycles depending on when the hysteresis
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stabilized. Subsequently, for the FE-like switching, in which the electric field was cycled
between +4kVcm ™! under a constant magnetic field bias, we carried out 3-5 electric-field
sweep cycles at successive magnetic fields of Hy = 10T, Hg = 9T, and Hg = 8T. This
sequence allows direct comparison of the training effects and magnetoelectric threshold
|EH|. arising from repeated magnetic versus electric switching under systematically

varied bias conditions.
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Figure 3.5 Dynamics and Energy of FM-Like and FE-Like Switching Solid and open
symbols denote coercive fields extracted from initial training loops (closed) and final
stabilized loop (open). Red dashed line corresponds to |EH| = 119 kVkOe/cm from
fitting to the red open symbols. Blue dashed line corresponds to |EH| = 256 kVkOe/cm
from fitting to the blue open symbols.
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We present our results in Figure 3.5. Coercive fields extracted from all the loops
taken in the sequence are plotted, denoted by either solid or open symbols: solid symbols
correspond to all the initial and subsequent loops except for the final one, while open
symbols represent the final loop measured at each Eg or Hy for the FM-like or FE-like
switching mode. In the FM-like switching mode (red symbols), at the first three bias
electric fields (Ez =—2, —3, and 2 kV/cm), we observe a clear training effect, characterized
by an initial decrease in coercivity followed by stabilization after several loops. At higher
bias fields (Eg =3 and 4 kV/cm), however, the loops remain nearly identical from the first
to the last cycle, exhibiting no obvious coercive training effect. This potentially indicates
the system has already been dynamically tuned into a magnetically softer and more stable
configuration, possibly due to equilibrium being reached in the interfacial exchange
coupling or internal magnetic domain structure.

In contrast, the FE-like switching mode displays an increasing electric coercivity
over successive loops before saturation. This trend suggests that the gradual rearrangement
of mobile charge defects, such as oxygen vacancies, enhances domain pinning, leading to
a wake-up effect commonly observed in FE materials. As a result, the system evolves
toward a harder and more stabilized configuration upon cycling.

Consequently, Figure 3.5 clearly shows that the FM-like and FE-like modes exhibit
distinct |[EH | for switching. The red and blue dashed lines correspond to fits of the form
|EH| = C to the stabilized loops (open symbols) for the FM-like and FE-like modes using
the stabilized (open symbols) loops. The FM-like mode yields a critical magnetoelectric

threshold of approximately 119 kV-kOe/cm, whereas the FE-like mode requires a
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substantially higher value of about 256 kV-kOe/cm. This contrast highlights the different
energy barriers and microscopic mechanisms governing the two switching modes.
Importantly, these results further establish Cr20s as a prototypical magnetoelectric
material whose linear and symmetry-defined ME coupling provides a clean platform for
probing the dynamic interplay between magnetic and electric order parameters. Unlike
multiferroic materials, where spontaneous magnetization and polarization coexist and often
intertwine, Cr20; allows one to independently tune magnetic and electric degrees of
freedom via the external fields £ and H. This simplicity makes it possible to directly reveal
the asymmetric microstructural dynamics manifested in the FM-like and FE-like switching

modes.
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3.7 Summary

In summary, we demonstrate deterministic magnetoelectric isothermal switching
of the Néel vector in Cr20s single crystal, which can be effectively detected by anomalous
Hall effect in the Pt layer exploiting Cr.O3(0001)/Pt heterostructures. This pure ME-based
electrical writing and reading functionalities established a direct and efficient route for
antiferromagnetic spintronics.

Crucially, the observation of distinct training behaviors and critical magnetoelectric
thresholds suggests that the pathways of domain evolution and defect interaction differ
fundamentally between these two modes. In the FM-like mode, the system relaxes toward
a soft, equilibrated magnetic state. In contrast, the FE-like mode produces a hardening
effect analogous to ferroelectric wake-up.

These findings imply that the ME switching process in Cr20s is not simply a
reciprocal coupling between polarization and magnetization, but rather a history-dependent
interplay between magnetic domain kinetics and electric-field-driven charge migration.
The ability to access both regimes within the same material under controlled biasing
conditions provides a rare opportunity to map the kinetic asymmetry between magnetic
and electric order responses. This could have broader implications for designing ME-based
memory devices, where the switching pathway can be selectively utilized to achieve either

low-power, soft switching or high-stability, hard switching.
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3.8 Discussions

In this section, I present additional discussions that are essential for a

comprehensive understanding of this work.

3.8.1 Linear Magnetoelectric Effect in Cr203

Chromium(III) oxide (Cr203), commonly known as chromia, is a stable, hard, and
chemically inert transition-metal oxide. It shares the corundum crystal structure
(isostructural with a-Al,O3), which belongs to the trigonal crystal system with the
centrosymmetric space group R3c and the point group 3m. This structure features a
hexagonal close-packed array of oxygen ions with two-thirds of the octahedral interstitial
sites occupied by ions.

Cr;03 is a uniaxial antiferromagnetic insulator (bandgap > 3eV). Below its
relatively high Néel temperature of Ty =~ 307K, Cr20s transitions from a paramagnet to
an antiferromagnet. As shown in Figure 3.6 (reproduced from Ref. [196]), The magnetic
ordering is a collinear spin structure where the magnetic moments on the d* Cr** ions are
aligned along the c-axis, equivalent to the hexagonal unit cell (0001) direction (Figure
3.6(c)). This specific antiferromagnetic configuration is known as easy-axis
antiferromagnetism, allowing us to define 2 degenerate Néel vector domains: the up-down-
up-down “in-pointing” domain as shown in Figure 3.6(a), and the down-up-down-up

“out-pointing” domain shown in Figure 3.6(b).
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Figure 3.6 The Crystal and Spin Structure of Cr:0; in the AFM Phase (a) “Out-
pointing” Néel vector domain for the primitive rhombohedral unit cell (b) “In-pointing”
Neéel vector domain for the primitive rhombohedral unit cell (c) “In-pointing” Néel vector
domain for the hexagonal unit cell. Reproduced from Ref. [196].

The combination of the crystallographic structure and the spin arrangement results
in a unique magnetic symmetry that is crucial for its function. The magnetic order breaks
both time-reversal symmetry (7)) and the space-inversion symmetry (P) of the crystal lattice
while preserving the combined PT symmetry, leading to the magnetic space group R3'c’
and the corresponding magnetic point group 3'm’. This reduced symmetry is the key to the
linear magnetoelectric (LME) effect. First predicted theoretically by Igor
Dzyaloshinskii [141] and later confirmed experimentally [142,143], the LME effect in

Cr203 is defined by ME tensor a;; that only diagonal components (i = j) are allowed by

its magnetic point group. The ME tensor
a, 0 0
0 0 ¢
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permits a term in the free energy of the form:
F(E,H) = —a;;E;H;

Here the ME tensor « is coupled to its spin structure, hence the Néel vector. For
Cr203, if the Néel vector reverses its sign, such as reverses from the up-down-up-down
domain (Figure 3.6(a)) to the down-up-down-up domain (Figure 3.6(b)), a;; also reverses
its sign. As a result, there is a preferred Néel vector domain orientation, determined by the
combined electric field (E) and magnetic field (H). Another related property is the
induction of magnetization M by an applied electric field E, and conversely, the induction

of electric polarization P by an applied magnetic field H, following the equations:

pEH) = -2 H
. , = —— = ;; .
l oE, U™

10F 1
M(E,H) = ——

ho 0, o I

Figure 3.7 shows the temperature dependence of o and «, extracted from one of
the earliest experiment [143]. The transverse component «, arises from the electric-field—
induced canting of magnetic dipole moments away from the easy axis [217,218]. In
contrast, the longitudinal component ) exhibits a peak in magnitude before decreasing
and eventually changing sign at low temperatures. This behavior can be understood as a
competition between contributions from spin fluctuations [219] and the orbital

response [218].
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Figure 3.7 Temperature Dependence of the @ and a . in Cr203 Reproduced from
Ref. [143].
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3.8.2 Estimation of Magnetoelectric Threshold for Coherent Switching

Here we provide a simple estimation of the critical magnetoelectric threshold |EH|
required to switch the Néel vector of Cr:0s, assuming a uniform coherent switching
process. The lowest magnetoelectric energy term, aEH, must overcome the uniaxial
anisotropy energy K,,, such that

aEH > K,
The reported values of the linear magnetoelectric coefficient a vary in literature. Here, we
adopt a widely cited peak value of a;; = 4.13 ps/m [139]. The uniaxial magnetic
anisotropy energy for Cr0sis K, = 2 x 10° ergs/cc [165], corresponding to 2 X 10* J/

m3. Substituting these values yields
Ky
EH > - = 4.84 x 10%5 (Jm™2s71) = 6 x 10° (kVkOe/cm)

Even with an electric field as high as E = 1000 kV/cm, a magnetic field of B = 60 T
would be required to reach this energy threshold. In our experimental configuration, the
maximum electric field we can apply to the crystal is E = 4 kV/cm, in which case the
corresponding magnetic field would need to exceed approximately 15000 T. This is far
from realistically reachable. This simple estimation provides complementary evidence for

the role of domain dynamics in magnetoelectric switching.
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3.8.3 Comparison of Magnetoelectric Threshold Energy

In Table 3-1, we summarize the magnetoelectric threshold energy EH required to
control the Néel vector orientation of Cr20O3 across different works we found. Studies on
bulk crystals and thin films are separated. Generally, bulk crystals can be controlled with
a lower energy EH < 1000 kVkOe/cm, and thin films require higher energy. For Cr20O3
thin films, 1000 kVkOe/cm < EH < 10000 kVkOe/cm are commonly reported for
magnetoelectric annealing, and EH > 10000 kVkOe/cm are commonly reported for
isothermal switching. In addition, isothermal switching of Cr.O3 below 250K has not been

reported before based on our searching results.
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Table 3-1 Comparison of Magnetoelectric Threshold Energy (EH)

EH (kVkQOe/cm) Process T (K) Thickness Ref

119, 256 isothermal 260K 0.5 mm This work

15-190 isothermal 255K-300K crystal [145]

30 MEFC 298K 0.7 mm [146]

40 isothermal 303K 0.6 mm [147]

450, 1150 isothermal 300K, 290K 0.1 mm [203]

10 MEFC 2K 0.5 mm [150]

400 MEFC 200K 250nm [192]

8000 MEFC 260K 150nm [193]

4212-6714 MEFC 260K 150nm [220]

9000 MEFC 280K 150nm [221]

30000-40000 MEFC 280K 50nm [222]

9600-12000 isothermal 275K 500nm [148]

8000-24000 isothermal 253-278K 200nm [194]

32000-52000 isothermal 285K 150nm [223]

189000 isothermal 292K 200nm [149]
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Chapter 4 Temperature and Thickness Dependence of The

Anomalous Hall Effect in Epitaxial Cr,O3; and Pt Heterostructures

We investigate the anomalous Hall effect in heterostructures of epitaxial
Cr205(0001) thin films and Pt and reveal its coupling to the antiferromagnetic order of
Cr20s. We find that the sign of the proximity-induced anomalous Hall hysteresis is opposite
between top and bottom interfaces in symmetric Pt/Cr20s/Pt structures, consistent with the
predicted opposite boundary magnetizations coupled to the Néel vector. By employing the
Anomalous Hall effect as a sensitive probe, we uncover a thickness-dependent crossover
of the Néel vector switching pathways. Different stacking sequence and temperature-
dependent measurements provide insight into the underlying mechanisms driving the Néel
vector switching. These findings demonstrate unprecedented control of Néel vector
switching through Cr20s thickness, providing new design principles for antiferromagnetic

spintronic devices.
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4.1 Background and Motivation

Epitaxial thin films offer several key advantages over bulk crystals. From a
practical standpoint, thin films are compatible with modern micro- and nano-fabrication
techniques, enabling integration into device architectures. Their thickness, strain, and
interfacial environment can be precisely engineered for tunable magnetoelectric and spin-
transport properties. From a fundamental perspective, thin films provide a platform to
explore how reduced dimensionality and interfacial effects modify the physical properties
and Néel vector dynamics. These effects can lead to magnetic behaviors not observed in
bulk Cr.0s, offering deeper insight into the mechanisms that govern spin order in
magnetoelectric antiferromagnets.

Particularly, the anomalous Hall effect in Cr2Os/Pt thin film stacks has been a focus
of research in recent years [174,175,185,187,224,225]. Several studies have reported
hysteresis loops during magnetic-field sweeps in Cr20s/Pt thin film systems [174,185,224],
in stark contrast to the behavior of bulk Cr.0s, which exhibit field-invariant surface
moment below spin-flop transition [150]. Recently, Ujimoto et al. reported imaging of
surface Cr moments in Pt/Cr.O3/Pt using X-ray magnetic circular dichroism
(XMCD) [174], providing evidence that links the reversal of AFM order to the observed
AHE hysteresis. However, the microscopic mechanisms governing the AFM order
reversal, and how they might be controlled for functional AFM spintronic applications,
remain elusive.

In this chapter, we report the observation and systematic investigation of the AHE

hysteresis in heterostructures composed of epitaxial Cr.03(0001) thin films and Pt. High-
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quality Cr20s thin films are epitaxially grown on Al,O3(0001) or Al.O3(0001)/Pt(111)
substrates using pulsed laser deposition (PLD) and subsequently fabricated into Hall bar
devices. Transport measurements reveal that the AHE hysteresis polarity is opposite for
the top and bottom Pt layer in Pt/Cr.0s/Pt structures, consistent with the expected reversal
of boundary magnetization at the top and bottom Cr20s interfaces. This finding confirms
that the observed AHE hysteresis is intrinsically coupled to the AFM order reversal of the
Cr20s thin film.

Crucially, we reveal a pronounced dependence of the anomalous Hall effect
hysteresis on both the Cr20s layer thickness and temperature. These results demonstrate an
unprecedented crossover in the Néel vector switching pathway, offering new insights into
the underlying switching mechanisms and presenting a promising route for engineering

next-generation antiferromagnetic spintronic devices.

4.2 Epitaxial Growth of Cr,03(0001) Thin Films

To investigate the temperature and thickness dependence of the anomalous Hall
effect in different stacking configurations, including Al>Os/Cr20s/Pt, AlOs/Pt/Cr203, and
AlLOs/Pt/Cr205/Pt, we adopted a controlled growth approach. Thin epitaxial Cr.0s layers
were deposited using pulsed laser deposition (PLD) on atomically flat substrates to ensure
smooth, high-quality surfaces. This technique enables precise control over film thickness,
allowing exploration of the structural and magnetic properties with varying thickness. We

systematically employ different parameters to grow the Cr203 films, including target
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composition (Cr20s or Cr), growth atmosphere (O: or O3), chamber pressure (2—2.2 mTorr),

substrate temperature (400—530 °C), laser energy (150-300 mJ), repetition rate (1-4 Hz),

and post-deposition annealing parameters.
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Figure 4.1 Structural Characterization of Al O3(0001)/Cr03 (a) Atomic force
microscopy image of a representative Al>O3(0001)/Cr.0O3 sample. (b) RHEED pattern. (c)
RHEED intensity during a 30 mins growth.

For the Al.Os/Cr:0s/Pt stacking, Cr-Os was epitaxially grown on Al:O3(0001).
Figure 4.1(a) shows the atomic force microscopy image of a representative sample over a
1 pum % 1 pm area, revealing well-defined atomic terraces with a root-mean-square (RMS)
roughness of 0.15 nm. The atomic force microscopy image along with the streaky reflection
high-energy electron diffraction (RHEED) pattern shown in Figure 4.1(b) confirms the
high crystallinity and smooth surface morphology. Figure 4.1(c) presents the RHEED

intensity oscillations recorded during 30 minutes of growth. The clear periodic oscillations
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not only indicate layer-by-layer epitaxial growth but also provide a reliable measure for

determining film thickness.

AL,O; (0001)/Pt [3.9 nmyiCr,0; (RN CUURRTCLICIeH
-2 2. 3

Figure 4.2 Structural Characterization of Al,O3(0001)/Pt/Cr.03 (a) Atomic force
microscopy image and (b) RHEED pattern of Al,O3(0001)/Pt[3.9nm]. (c) Atomic force
microscopy image and (d) RHEED pattern of Al,03(0001) /Pt[3.9nm]/Cr20s.

For the ALOs/Pt/Cr20s and AlOs/Pt/Cr20s/Pt stacking configurations, a thin Pt
layer (typically 4 nm thick) was first deposited onto the Al.Os(0001) substrate using
magnetron sputtering and subsequently annealed at 700 °C. This process produced a

smooth surface with atomic terraces and a streaky RHEED pattern, as shown in Figures

4.2(a) and Figure 4.2(b), and an RMS roughness of approximately 0.19 nm. The Cr20s
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thin film was then grown on this Pt surface by PLD. The corresponding AFM image and
RHEED pattern are presented in Figures 4.2(c) and Figure 4.2(d). Although the Cr.0s
surface remains relatively smooth with an RMS roughness of approximately 0.29 nm, the
absence of clear terraces and the emergence of pinholes indicate a lower epitaxial quality
compared with Cr20; directly grown on AL:Os substrates. This reduced interface quality
may contribute to the lower magnitude of the observed AHE, as will be discussed later.

The subsequent device fabrication process is described in Section 4.8.2.

4.3 AHE in Cr203/Pt (Top Detector)

We begin with the observation of AHE hysteresis and its temperature dependence
in a Cr203(0001)/Pt device. The Cr20O3 layer has a thickness of approximately 11 nm.

Figure 4.3(a) presents the anomalous Hall resistance R,y of the top Pt Hall cross
device, measured at 150 K with magnetic field applied along the c-axis. The main panel
displays the R,yr data, which is obtained by subtracting a linear background from the
original R, data (shown in the inset of Figure 4.3(a)). This linear background is attributed
to the ordinary Hall effect (OHE), a transverse potential difference that scales linearly with
the perpendicular magnetic field due to the Lorentz force. In all the samples across all
temperatures in this present study, we found the OHE slopes are negative, which reflects
that electrons are the primary charge carriers in Pt. The top right schematic illustrates the

device stacking order.
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Figure 4.3 Anomalous Hall Effect of Cr,03/Pt (a) Ryyp of 11 nm thick Cr.Os3/Pt
measured at 150K. Magnetic field is applied along the c-axis. Red and blue circles highlight
the nonlinear AHE regions at low fields and high fields. The inset is the original R, data
with linear background. The top-right schematic illustrates device stacking order. (b)
[llustrations of spin-flop transitions and spin-flip transitions. The arrows indicate the Néel
vector direction. (¢) R4nr at different temperatures. Arrows indicate the position of spin-
flop transitions.

The resulting R, loop exhibits a clear hysteresis with distinct coercive fields and
two well-defined AHE values at zero magnetic field. The sharp switching between the two
states is characteristic of a material with perpendicular magnetic anisotropy (PMA),
consistent with the Cr203(0001) thin film. Beyond the characteristic hysteresis, additional
nonlinear features emerge in both the low-field (red circles) and high-field (blue circles)

regions. The nonlinear anomaly at low-field region is also observed in Cr20s crystal, and

a related discussion is provided in Section 2.6.9.
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Assuming the AHE hysteresis is the result of magnetic-field-induced Néel vector
switching (spin flip), detected via a coupled interfacial moment in the Pt layer as suggested
by other studies [174,185], then the high-field nonlinear AHE likely characterized the spin-
flop transition, as schematically illustrated in Figure 4.3(b). Therefore, the complete R4ue
loop can be interpreted as the combination of spin-flip transitions between two Néel vector
states occurring near +2.5 T and spin-flop transitions occurring near +10 7.

Figure 4.3(c) shows the R4ur loops at different temperatures, where the arrows
indicate the positions of the spin-flop transitions. The positions of spin-flop transitions are
determined by the local maximum of the derivatives (see section 4.8.3). Qualitatively, the
coercive field H, for the Néel vector switching decreases with increasing temperatures,
while the spin-flop transition field Hgr increases with temperature. Importantly, H. and
Hgr appear independent of each other. The observed decrease in H,. is analogous to typical
ferromagnetic systems, where higher thermal agitation lowers the magnetic anisotropy
energy, suppressing the coercive field. This observation suggests the possible existence of
net magnetization in the 11 nm thick CrO3/Pt sample, which is large enough to drive the

Néel vector switching by Zeeman coupling with the applied magnetic field.

4.4 AHE in Pt/Cr,05/Pt (Both Top and Bottom Detectors)

Our previous discussions assume that the AHE hysteresis arises from Néel vector
switching induced solely by magnetic field. To examine this assumption, we recall that in

magnetoelectric AFMs, the top and bottom surfaces possess boundary magnetizations
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pointing in opposite directions, as required by the magnetic point group
symmetry [147,191,205,226]. Therefore, the top Pt layer and bottom Pt layer should be
magnetized oppositely, leading to AHE hysteresis loops with reversed polarity when the
Néel vector 1s switched by the magnetic field.

Figure 4.4 presents the Ryyg measured at 200 K from both the top and bottom
detectors in a Pt/Cr.0s/Pt device with a Cr20s layer thickness of 23 nm, with the inset
showing an optical image of the device layout. Both loops are manually centered at Ryyg =
0 for clearer comparison. Schematics illustrate the corresponding stacking order of the
measured devices.

Apparently, the top and bottom detectors exhibit AHE loops of opposite polarity
while sharing nearly identical coercive fields. For clarity in later discussions, we define the
polarity of the Ryyg loop in the top detector as negative (clockwise) and that in the bottom
detector as positive (counterclockwise). This result demonstrates that the top and bottom
Pt layers sense opposite interfacial magnetizations, providing strong evidence that the
Raug signal is directly coupled to the Néel vector orientation. Consequently, this confirms

that the Néel vector in Cr20:s thin films can be switched solely by applying a magnetic field.
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Figure 4.4 Anomalous Hall Effect in Pt/Cr,03/Pt R4ue measured at T = 200K for top
detector (top panel) and bottom detector (bottom panel) of the sandwiched Pt/Cr,O3/Pt
device (23 nm). Device layout is shown in the inset. Schematic illustrates the corresponding
stacking order of the device.

Additional anomaly in the switching is observed in R4xE curves as indicated by the
arrows. The switching anomaly can be understood within a multidomain framework.
During the Néel vector reversal, the Cr-Os layer may not switch uniformly but instead
evolves through the nucleation and growth of multiple domains. For example, similar
switching anomaly has been reported in patterned NiFeCo submicron arrays, where trapped

magnetization vortices and domain-wall motion lead to complex magnetization reversal

processes [208].
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Beyond the general domain picture, another plausible explanation involves the role
of interfacial Dzyaloshinskii—Moriya interactions (DMIs). Previous studies have shown
that the Pt/Cr20s interface can break inversion symmetry and generate interfacial DMI,
which in turn can influence both transport phenomena and surface spin
structures [184,187]. In the Pt/Cr20s/Pt sandwiched structure, the two interfaces may
induce DMIs of opposite chirality, leading to an asymmetric spin texture or partial canting
across the film thickness. Similar effects have been reported in perpendicularly magnetized
Pt/Co/Pt and Pt/Co/Ir/Pt thin films, where the DMI strength and sign can be tailored by
modifying the top and bottom interfaces [227]. Such competing interfacial DMIs in the
Cr20s-based heterostructure could stabilize noncollinear or twisted spin configurations,
resulting in the observed switching anomaly. Considering that this anomaly appears
exclusively in the Pt/Cr0s/Pt sandwiched device, this mechanism presents an intriguing

possibility worthy of further investigation.

4.5 Thickness and Temperature Dependence of AHE

Magnetic-field-induced AFM order reversal is peculiar and worth exploring. An
intriguing question is whether this phenomenon is intrinsic to Cr20s thin films or Cr-Os/Pt
stacks due to thickness reduction, or it is due to extrinsic factors such as inhomogeneity or
defects. To answer this question, we proceed to examine the temperature dependence and
thickness dependence of the AHE in Cr20s thin film samples, including both Cr.0Os/Pt top

detector and Pt/Cr203 bottom detector samples.
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Figure 4.5(a-c) presents the Ryyp loops of Cr0:/Pt top detector samples with
different thickness, including the one discussed in Section 4.3. The Cr20s layer thicknesses
are 11 nm, 30 nm, and 45 nm. Interestingly, we observed markedly different AHE
behaviors between these samples.

The most striking observation is that the 11 nm and 45 nm samples exhibit opposite
polarities in their R,y loops. In the 11 nm sample, the R,y loops show negative polarity
across all measured temperatures, from 2 K up to above 260 K. In contrast, the 45 nm
sample consistently exhibits positive polarity from 2 K to 300 K. Furthermore, the coercive
field behavior differs significantly between the two. For the 11 nm sample, the coercive
fields are relatively small (< 5 T) and decrease monotonically with increasing temperature.
Conversely, in the 45 nm sample, the coercive fields are much larger (> 5 T) and increase
with temperature up to above 250 K.

These contrasting trends suggest that distinct mechanisms may govern the Néel
vector switching in the thin and thick Cr20Os layers, driving the Néel vector in the opposite
direction. Alternatively, the observed polarity reversal may indicate that the interfacial

surface moments in these two samples have opposite signs.
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Figure 4.5 Raue Loops for Cr,0O3 Samples with Different Layer Thickness (a-c) Ryyg
loops of Cr203/Pt samples with (a) 11 nm, (b) 30 nm, and (c) 45 nm thickness. The arrows
indicate the loop directions. (d,e) Ryyg loops of Pt/Cr,O3 samples. One with a Cr2O3 layer
thickness of (d) 14 nm. Another one is estimated to be (¢) 20-30 nm thick.

A sample with an intermediate thickness of 30 nm between the previous two cases
provides a clear distinction between the two possible explanations. Notably, the R g
magnitude becomes significantly smaller below 200 K compared to its high-temperature
values. This behavior is unlikely to originate from the temperature dependence of
interfacial moments. Instead, it suggests the presence of minor loops associated with
multidomain formation, likely arising from competing mechanisms that drive the Néel

vector in opposite directions. More importantly, the loops exhibit two polarity reversals,

one between 50 K and 100 K, and another between 150 K and 200 K. These features
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provide supporting evidence for the coexistence of competing switching mechanisms,
rather than simply opposite interfacial moment signs, as the origin of the reversed polarity
observed in the thin and thick samples.

Figure 4.5(d,e) presents the Ry loops of two Pt/Cr20s bottom detector samples.
The thinner sample has a Cr.0Os layer thickness of 11 nm, while the thicker one is estimated
to be 20-30 nm. For the bottom detector samples, we observe trends similar to those in the
top detector samples. In particular, the 14 nm bottom detector sample exhibit Ryyr loops
polarities opposite to those of the 11 nm top detector sample, which we attribute to the
opposite interfacial moments at the top and bottom interfaces, as discussed in Section 4.4.
When the Cr2Os3 layer thickness increases, the Ryyp loops reverse their polarity. The
coercive field H, of the 20-30 nm thick bottom detector sample also shows a similar
temperature dependence to that of the 43 nm top detector sample, first increasing with
temperature up to 250 K and then decreasing and vanishing at higher temperatures. The
resemblance between these two samples suggests that a common underlying mechanism
governs the behavior.

Notably, the sign reversal of R g occurs at different thicknesses for the top and
bottom Pt samples. This indicates that the Cr.Os layer thickness alone does not determine
the observed polarity reversal. We tentatively attribute this discrepancy to differences in
interfacial quality between Cr20s/Pt and Pt/Cr20s interfaces. As discussed in Section 4.2,
Cr20s grown on ALOs and on AL:Os/Pt shows distinct structural characteristics. This
further underscores the importance of high-precision, well-controlled epitaxial growth in

achieving reproducible properties for the study of complex interfacial effects.
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Figure 4.6 Temperature and Thickness Dependence of R ur and H. (a) Ryyp from
Cr205/Pt top detector samples extracted from Figure 4.5. The dotted lines are from Cr2O3
single crystal device for reference. (b) Coercive fields extracted from four different
samples, including both CrO3/Pt and Pt/Cr.Os/Pt. Dashed line is crystal Hsr for reference.

Figure 4.6 presents the temperature dependence of R4z and H, extracted from the

samples shown in Figure 4.5. For positive polarity, we take positive R4ur values. For

negative polarity, we take negative R4ur values. Dotted lines are the positive and negative

Rune derived from the Cr2Os single crystal in Chapter 3, which we plot here as a reference.
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For top detector samples in Figure 4.6(a) and bottom detector samples in Figure
4.6(b), the temperature-dependent R,y curves resemble that of the single crystal, albeit
with slightly different onset temperatures. These temperatures correspond to their
respective Néel temperatures, which vary with film thickness. Notably, top detector
samples generally exhibit Ry magnitudes larger than those of the single crystal, while
bottom detector samples generally exhibit smaller R g magnitudes. This possibly reflects
the interface quality in the different kinds of samples. The overall curves shape are within
reasonable sample-to-sample variations and are consistent with previous
reports [175,178,178,180].

Importantly, the 11 nm and 45 nm films exhibit Ry of comparable magnitude but
opposite sign, implying distinct underlying mechanisms that drive the Néel vector in
opposite directions under an applied magnetic field. This is the same for the 14 nm and 20-
30 nm thin films with bottom detectors. The only exception is the intermediate 30 nm film
with top Pt detector, in which the competing mechanisms balance each other, resulting in
small Rug magnitude and fluctuating sign with temperature.

Figure 4.6(c) and Figure 4.6(d) present the temperature dependence of H. for
samples with different thickness. Here we exclude the 30 nm thick sample since it doesn’t
exhibit clear coercive fields. In addition, we have included an additional Pt/Cr,Os/Pt
sample in Figure 4.6(d) with Cr,Os layer thickness of 23 nm. As the sample is also grown
on Al2O3/Pt but with an additional top Pt layer, we expect it to have similar epitaxial quality
and comparable H. with the other bottom detector samples. Clearly, we see a trend that the

coercive field increases with Cr,Os thickness. Crucially, for 11nm, 14nm, and 23 nm
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samples, we observe coercive fields decrease monotonically or stay almost invariant with
increasing temperature. These 3 samples also show consistent Ry polarities. For the 20-
30 nm sample and the 45 nm sample, however, the coercive field increases with increasing

temperatures and shows a polarity that is opposite to the other three samples.

4.6 Crossover Behavior of Anomalous Hall Hysteresis

The complex thickness and temperature dependence of the anomalous Hall effect
suggests the presence of multiple underlying mechanisms in the Cr.0s/Pt heterostructures.
In the thin limit, the observation of sharp rectangular loops and coercive fields that decrease
with increasing temperature is characteristic of ferromagnetic or ferrimagnetic behavior.

The emergence of ferrimagnetism in epitaxial Cr20;s thin films has been reported
and systematically investigated by Kosub et al. [ 149], whose key findings are summarized
in Figure 4.7. Through detailed structural characterization, they revealed a strong
correlation between the areal magnetization (pn) and the lattice misfit between the Cr20s
films and their underlying substrates, as shown in Figure 4.7(a). Among the examined
underlayers, including Al:Os, Pt, and V203, V20s provides the smallest lattice misfit with
Cr20; and consequently yields nearly vanishing ferrimagnetism. The ferrimagnetic
moment arises from misfit dislocations formed at the heterointerface during heteroepitaxial
growth, as illustrated schematically in Figure 4.7(e) and visualized in the high-resolution

transmission electron microscopy (HRTEM) image in Figure 4.7(f). These dislocations
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induce a net interfacial moment that couples to the Néel vector, with the sign of the

coupling determined by whether the strain is compressive or tensile.
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Figure 4.7 Ferrimagnetism in Cr,03 Thin Film Reproduced from Ref. [149].

Interestingly, we observe similar structural defects in our recent study of the
Al03(1120)/Cr20s epitaxial heterostructure using HRTEM (Figure 2(c) in Ref. [169]).
Moreover, according to their study, Cr20s grown directly on Al.Os exhibits a larger areal
magnetization than Cr.Os grown on a Pt substrate. Qualitatively, this difference can
account for the distinct behaviors observed in our top-detector (Al.0s/Cr20s/Pt) and

bottom-detector (Al.Os/Pt/Cr20s) samples.
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If we attribute the Néel vector switching in the thin samples (Figure 4.5(a) and
4.5(d)) to the presence of an areal magnetic moment induced by lattice misfit, we can
construct a simple model for the switching process. The switching occurs when the Zeeman
coupling overcomes the uniaxial anisotropy energy, such that

wopmAH = K,V = K,,At

where p,, is the areal magnetization density, K, is the uniaxial anisotropy energy

density, t is the Cr20s thickness, and A is the interfacial area. From this relation, the critical

switching field can be expressed as

K,t t
= o —
HoPm Pm

c

We note that this model assumes a uniform coherent switching process, which may
not reflect the actual microscopic switching mechanism. As discussed in Section 3.8.2, the
real energy cost for Néel vector reversal is generally much smaller than predicted by a
single-domain coherent model, owing to the involvement of domain nucleation and
domain-wall motion. Nonetheless, this simplified expression captures the correct
qualitative trend observed experimentally: as the film thickness increases, a larger
magnetic field is required to induce switching, until the field becomes insufficient to
overcome the anisotropy, leading to the disappearance of the ferromagnet-like behavior.

Furthermore, since the Al:Os/Cr20s interface is likely to induce a larger interfacial
magnetization density p,, than the Pt/Cr.0Os interface, we expect the ferromagnetic-like
behavior to persist to greater thicknesses in the Al.Os/Cr.0s/Pt samples compared to the
ALOs/Pt/Cr20; configuration. This expectation is consistent with our experimental

observations.
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Though this model qualitatively explains our results and the difference between
different substrates, it is questionable that such small surface moments can induce AFM
order switching across thin films. From the TEM image in Figure 4.7(f), uncompensated
Cr atoms due to dislocation at the interface are only a small portion. In addition, energy-
dispersive X-ray (EDX) spectroscopy reveals another type of point defects in our sample,
the oxygen vacancies (Figure 4 in Ref. [169]). Notably, the Cr/O ratio gradually increases
with film thickness, showing more than a 20% rise at a depth of 26 nm.

Foner [165] discussed that the nonzero longitudinal susceptibility in Cr2Os can be
attributed to the presence of point defects (vacancies). A point defect locally disturbs the
spin alignment of neighboring ions, and this perturbation can extend over a large spatial
range. Under an applied magnetic field, the misaligned spins from both sublattices
experience a torque, contributing to the overall magnetic response. Therefore, oxygen
deficiencies may also play an important role in the observed magnetic behavior.

To explain the contrasting AHE behavior in thinner films and thicker films, we
propose another possible mechanism that can potentially drive the Néel vector switching
with the introduction of Dzyaloshinskii-Moriya interactions (DMIs). The presence of
DMIs at Cr2O; surface and interface has been evidently shown by different
studies [184,187]. Our recent study also suggests a possible formation of spin texture at
spin-flop transition at Pt/Cr,O3 interface due to DMI [150]. With the introduction of DMI,
we found that Cr,03 AFM order can be reversed at a field close to the spin-flop transition
field using a simple two-sublattice macrospin simulation method. The result is shown in

Figure 4.8.
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Figure 4.8 Macrospin Simulations with DMI (a)Magnetic field response of L, the Néel
vector component along c-axis. Orange curve is by changing magnetic field from 7T to -
7T, blue curve is by changing magnetic field from -7T to 7T (b) Magnetic field response
of L, with different DMI strength. Simulation details in section 4.8.

Briefly, when there is a small misalign (A¢y = 0.5°) of the applied magnetic field
from the easy axis, which is common in experiments, the presence of DMI can drive a
switching of the Néel vector right before spin-flop transition. More details about the
simulations are included in Section 4.8.4. This can explain the temperature dependence of
Hc plotted in Figure 4.6 for the thicker samples, where the coercive field closely follows
the increment of the spin-flop transition. The DMI-driven mechanism can potentially drive
Néel vector in the opposite directions to the ferrimagnetism, giving rise to opposite sign of

the anomalous Hall effects.
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4.7 Summary

We have investigated thin film heterostructures of Cr.Os and Pt epitaxially grown
on ALOs substrates. The observation of anomalous Hall hysteresis serves as a clear
signature of Néel vector reversal driven by an external magnetic field, as evidenced by the
opposite magnetic responses detected in the top and bottom Pt layers.

We further examined the temperature dependence of the anomalous Hall hysteresis
in samples with varying Cr20s thicknesses and stacking configurations. Our results reveal
that, depending on both the film thickness and the choice of underlayer, the Néel vector
can be driven in opposite directions under the same magnetic-field polarity.

To interpret these complex behaviors, we propose several possible mechanisms
involving surface ferrimagnetism and Dzyaloshinskii—-Moriya interaction (DMI), which
qualitatively account for the observed thickness and temperature dependence. However,
our results are not yet conclusive. Additional factors, such as oxygen vacancies [162],
flexomagnetism [218], and interfacial electric-field—induced magnetic imbalance [176],
may also contribute to the observed effects.

This study is still in progress. Further insights are expected through more precisely
controlled epitaxial growth, systematic thickness- and temperature-dependent
measurements, and magnetometry characterizations (see Section 4.8.5 for preliminary
result of a 600 nm thin film). A more comprehensive understanding of the anomalous Hall
effect in Cr20s could ultimately pave the way toward its integration in future spintronic

applications.

117



4.8 Supporting Information

In this section, I present additional experimental details, complementary
measurements, and discussions that are essential for a comprehensive understanding of this

work.

4.8.1 Pulsed Laser Deposition and Reflective High Energy Electron Diffraction

High-quality epitaxial thin films of Cr.Os were grown using pulsed laser deposition
(PLD), a versatile technique particularly well-suited for complex oxide materials. In PLD,
a high-power pulsed laser is focused onto a solid target, generating a plasma plume that
deposits material onto a heated substrate under controlled vacuum and ambient conditions.
The energetic nature of this process enables stoichiometric transfer of the target
composition to the film, which is especially advantageous for multi-component oxides such
as Cr20s.

The PLD system shown in Figure 4.9 consists of a high-vacuum growth chamber
equipped with a pulsed ultraviolet excimer laser (KrF, A =248 nm), a rotating target holder,
a substrate heater, and gas inlets for controlling the oxygen/ozone partial pressure. The key
parameters governing film quality include laser fluence, repetition rate, substrate
temperature, and background gas pressure. By optimizing these parameters, one can
precisely control the film thickness, crystallinity, and stoichiometry.

During deposition, in-situ reflection high-energy electron diffraction (RHEED) is

employed to monitor the film growth in real time. In a RHEED system, a high-energy
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electron beam impinges the substrate surface at a grazing angle, and the diffracted electrons
form a characteristic pattern on a phosphor screen. The RHEED pattern provides direct
information about the surface morphology, crystallinity, and growth mode of the film. For
instance, the appearance of sharp streaks indicates a smooth, well-ordered surface typical
of layer-by-layer (2D) growth, while spotty or ring-like patterns correspond to rough or

polycrystalline surfaces.

Photo credit: J. Keagy

bﬁ‘{‘

Figure 4.9 Pulsed Laser Deposition (PLD) and Reflection High Energy Electron
Diffraction (RHEED) PLD system equipped with in-situ RHEED for real-time growth
monitoring, located in Dr. Jing Shi’s lab at UC Riverside.
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4.8.2 Device Fabrication

Cr20s/Pt Hall bar devices were fabricated using standard microfabrication
techniques. For Cr20s/Pt heterostructures, platinum layers were first deposited onto the
Cr20s surface by DC magnetron sputtering under standard deposition conditions. The
device geometry was subsequently defined through photolithography, followed by argon
ion milling to pattern the Hall crosses. After patterning, a lift-off process was performed to
remove excess resist and complete device definition. The samples were then annealed using
rapid thermal annealing in oxygen environment at 450°C for 2 mins to improve the
interface quality and stabilize the film properties.

For Pt/Cr20s structures, the Hall cross geometry was defined by photolithography
prior to etching through both the Cr.0s and underlying Pt layers to ensure full isolation of
the active region.

For Pt/Cr.0s/Pt trilayer devices, after etching through the top Cr.0s and Pt layers,
a thin Al.Os capping layer was deposited to passivate the exposed edges and suppress
potential edge leakage currents. The top Pt electrode pattern was then defined and

deposited to complete the device fabrication.
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4.8.3 Spin-Flop Transition in Epitaxial Cr2O3 Thin Films

The spin flop transition fields in Cr;O; thin film samples are determined as
described in Figure 4.10(a). The nonlinear anomalous Hall response at high-field region
is extracted from the loop (inset of Figure 4.10(a)) and differentiates to find the point with
maxima slope. This field is defined as spin-flop transition field for thin film samples.

Figure 4.10(b) show spin-flop transition field for Cr,O3 single crystal and two
selected thin film samples (corresponding to the samples in Figure 4.5(a) and 4.5(e)).
Surprisingly, while the 11 nm top Pt sample shows spin-flop transition field larger than
single crystal, the 20-30 nm bottom Pt sample show Hgp very close to the crystal. The

relation between Hgr and stacking sequence and thickness are yet to be investigated.
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Figure 4.10 Spin-Flop Transition in Cr;0O3 Thin Film (a) Spin-flop transition in 11 nm
top Pt sample at 150K. (b) Temperature dependence of Hgr in different samples.
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4.8.4 Simulation Details

The magnetic behavior of Cr20s was modeled using a two-sublattice
antiferromagnetic system, where each sublattice magnetization vector (m;, m,) is
normalized to unity. The total free energy density includes Zeeman, uniaxial anisotropy,
exchange, and Dzyaloshinskii—Moriya interaction (DMI) terms,

F = —poMH - (m; + my) — K, [(my,)? + (m,)?*] —Jm; - m, — D(my X my) - X
where Z is the easy axis and the DMI vector is along X. The dynamics of each sublattice
were calculated by numerically integrating the coupled Landau—Lifshitz—Gilbert (LLG)

equations.

() A 2 (b) r

Z (c-axis) [
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Figure 4.11 Simulation Detail (a) Simulation configuration. (b) Magnetic field misalign
towards y axis induced the Néel vector reversal while misalign towards x axis not.

The external magnetic field was applied nominally along the c-axis (z-axis) with a
small tilt either toward x (0y) or toward y (¢y) to simulate experimental misalignment.

Field sweeps were performed from +7 T to —7 T and back in discrete steps, with the
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steady-state solutions at each step serving as the initial condition for the next. The Néel
vector L = m; — m, was recorded as a function of field, and its z-component (L,) was
used to construct the hysteresis loop. Interestingly, only small ¢ will induce Néel vector

reversal.

4.8.5 Magnetometry Characterization on Epitaxial Cr2O3; Thin Film

Figure 4.12 shows the magnetic moment as a function of the out-of-plane magnetic
field (H || c-axis) for a 600-nm-thick epitaxial Cr.Os thin film, measured at temperatures
ranging from 10 K to 330 K. At low temperatures (T < 250 K), the moment exhibits a
characteristic upturn above 4 T (and a downturn below -4 T), consistent with the emergence
of a canted magnetic moment associated with the spin-flop transition in antiferromagnetic
Cr20s. This field-induced canting appears at a noticeably lower field compared to bulk
Cr20s as shown by the top curve, which is measured at 10K and normalized in terms of
thickness, likely reflecting the broadened spin-flop transition commonly observed in thin-
film geometries [169]. For temperatures above 300 K, the M—H curves become nearly flat,
as expected when the film is driven above its Néel temperature and long-range
antiferromagnetic order is lost. In addition, a relatively large moment near H = 0 T 1is
observed across all temperatures. This feature may indicate the presence of parasitic
ferrimagnetic contributions, potentially arising from interfacial effects, defects, or

uncompensated surface spins, and is the subject of ongoing investigation.
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Figure 4.12 Magnetometry Characterization of 600 nm Cr2O3 Thin Film The top curve

displays the M-H curve of Cr,0s crystal (thickness = 0.5 mm) measured at 10K normalized
by relative thickness.
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4.8.6 Magnetoelectric Effect in Cr,O3 Thin Films

We investigated the magnetoelectric effect in a Cr20s thin film grown on an
AlLOs/Pt substrate. To prevent leakage during gate manipulation, we transferred an
hBN/graphite top gate onto the device, forming a multilayer stack as shown in Fig. 4.13(a).
The gate voltage is applied between the top graphite gate and the bottom Pt detector, and
the anomalous Hall signal is measured through the same Pt detector. We estimate the Cr20s
thickness to be 14 nm and the hBN thickness to be 50 nm.

As with the previous devices discussed in this chapter, we observe a clear AHE
hysteresis loop during magnetic-field sweeps. Importantly, the coercive field changes
systematically with the applied electric field, as shown in Fig. 4.13(b). A positive electric
field increases the coercive field, while a negative electric field decreases it. This behavior
is consistent with the presence of a small spontaneous ferrimagnetic moment together with
a magnetoelectric contribution to the interfacial moment.

To gain a simple quantitative estimate, we model the system using a Stoner—
Wohlfarth—type coherent-rotation picture. The free energy is written as

F = —uyMH cos@ — K, cos? @
Solving for the switching condition gives the critical field

2K,
H. =
© uM

In practice, the measured switching field is much smaller due to domain dynamics
such as nucleation and domain wall motion, so we replace K,, with an effective value

Kofr < Ky, In our case, we assume that the total moment contains two contributions: a
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spontaneous ferrimagnetic moment Mgy, and a magnetoelectrically induced moment

UoMyg = aE. The critical field then becomes

© WMpy +aE

Or equivalently,

1 a M
2 E 4 HoMFppm
H. 2K ¢ 2K, s

Thus, a plot of 1/H,versus E yields a slope of a@/(2K.¢) and an intercept of
(UoMepm)/ (2K5r), enabling estimates of both the magnetoelectric-induced moment and the

spontaneous ferrimagnetic moment. Figure 4.13(c) shows this plot for the present sample

a

(black dots), together with a linear fit (red line). From the fit we obtain el 8 x 10716
eff

M _
and £25EM ~ 1076,
2K eff

Taking a typical magnetoelectric coefficient a ~ 10712 (%), we estimate an

effective anisotropy Keg ~ 103-10* (#), which is smaller than the Cr.O3 intrinsic

uniaxial anisotropy K, ~ 2 x 10* (#). The spontaneous ferrimagnetic moment can be
extracted using
-1
a M a 10712 107° A emu
My = — BoZFM ~ — ( _) ~1000— or 1
to \ 2Kerr ) \2Ke55 41 X 1077 )8 x 1016 m cm3

This value can be compared with bulk magnetometry by multiplying by the Cr.Os film

volume:

emu

Miotar = Mpm X Veryo, ~ 1 e 0.5cmx05cmx 14nm~3.5%x 1077 emu
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Figure 4.13 Magnetoelectric Effect and Spontaneous Ferrimagnetism in Cr,0; Thin
Films (a) Schematic of the gated Cr.0s device. (b) Anomalous Hall hysteresis loops
measured under different applied electric fields. (¢) Plot of 1/H, as a function of electric
field E (black dots), together with linear fit (red line).
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Chapter 5 Probing Magnetism and Proximity Phenomena in 2D

Antiferromagnetic MnPS; Heterostructures

MnPS3 is a 2D van der Waals antiferromagnet and linear magnetoelectric material.
In this chapter, I will discuss our preliminary results on the investigation of MnPS3
heterostructures. In MnPS3/Pt heterostructure, we observed robust and nearly isotropic
negative magnetoresistance (MR), which indicates a strong interfacial magnetic interaction
at the magnetic-heavy metal interface. Furthermore, high-field nonlinear Hall feature
emerges below its Néel temperature, indicating detection of the spin-flop transition in
MnPS3 using Pt layer. In the MnPS3/WTe; heterostructure, proximity effect lowers the
onset field of quantum oscillations. We attribute this phenomenon to a proximity-induced
exchange field interacting with the strong intrinsic spin-orbit coupling of the WTe,,
enabled by spin-flop transition in MnPSs;. Overall, this chapter demonstrates the rich
interfacial physics enabled by MnPS; heterostructures, offering new platforms for studying

2D magnetoelectric antiferromagnet spintronics.

128



5.1 Motivation and Background

MnPS:; is a rare example of a two-dimensional (2D) van der Waals (vdW) linear
magnetoelectric (ME) antiferromagnet, offering a unique platform to explore
antiferromagnetism and magnetoelectric coupling in reduced dimensions. Its linear ME
properties have been experimentally confirmed by neutron polarimetry [228] and second
harmonic generation (SHG) studies [229], which reveal that the ME response originates
from its distinct antiferromagnetic spin arrangement. The ME tensor of MnPSs corresponds
to a ferrotoroidic order [228], distinguishing it from related compounds such as FePSs and
NiPSs, which lack linear ME coupling due to their different spin symmetries.

Importantly, antiferromagnetic order in MnPSs exhibits below its Néel temperature
of 78 K [230,231] and persists down to the monolayer limit [232], making it one of the
known 2D materials that retain long-range magnetic order at the atomic scale. Beyond its
magnetoelectric behavior, MnPSs has been investigated for magnonic transport and
thermal effects [233—235], and exchange bias [236] phenomena, positioning it as a
versatile material for studying fundamental spin interactions and for developing future
spintronic and magnetoelectric device concepts.

Due to large bandgap over 3¢V, it is challenging to directly probe MnPS; through
electrical means. In this chapter, we explored how MnPS; imprint its magnetism when

brought into proximity with other materials, including Pt and 2D Weyl semimetal WTe,.
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5.2 Magnetic Properties of MnPSs3 Bulk Crystal

The magnetic properties of the MnPSs single crystal were characterized using
magnetometry, as shown in Fig. 5.1(a). A magnetic field is applied along the c-axis of the
crystal. Below its Neéel temperature Ty, = 78 K, we observe a nonlinear increase in
magnetization around 6 T, characteristic of the spin-flop transition. As the temperature is
further reduced to 10 K, the spin-flop field Hgr decreases to approximately 4 T. In addition,
a small jump near H = 0 is observed at low temperatures, which may originate from
magnetic impurities. The temperature dependence of Hgg is plotted in Fig. 5.1(b),

indicating that the spin-flop transition field of bulk MnPS; lies in the range of 4-6 T.
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Figure 5.1 Magnetic Properties of MnPS3 Single Crystal (a) m-H curves at different
temperatures. (b) Hsr vs. T.
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5.3 Fabrication of MnPSs Heterostructure Devices

MnPS:; flakes were mechanically exfoliated from a commercial crystal on a Si/SiO;
substrate inside a glovebox filled with argon gas to minimize degradation and oxidation.
The selected flakes were then immediately transferred into a magnetron sputtering
chamber, where a 5 nm Pt layer was deposited on top to form MnPSs/Pt heterostructures.
Standard electron-beam lithography and Ar ion etching were subsequently employed to
define the Hall bar geometry. For comparison, a Pt control device is simultaneously
fabricated on the same substrate using a spare area under identical conditions to ensure
consistency in film quality and measurement environment.

WTeo/MnPSs  heterostructure devices were fabricated using a fully inert-
atmosphere exfoliation and assembly process. Bulk WTe. and MnPSs crystals were
mechanically exfoliated inside an argon-filled glovebox to obtain thin flakes on Si/Si0:
substrates. Suitable MnPSs (~20 nm) and WTe: (~10 nm) flakes were then sequentially
picked up and transferred onto prepatterned metal electrodes using a dry-transfer technique
as described in Section 5.7.1, ensuring clean interfaces and minimal exposure to ambient
conditions. After assembly, the heterostructure was encapsulated with a hexagonal boron
nitride (hBN) layer to protect the air-sensitive materials and to enhance device stability
during measurements. A WTe: control device was fabricated following the same procedure
but without incorporating MnPSs. This approach ensures high-quality interfaces and

reliable comparison between the heterostructure and control samples.
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5.4 Magnetoresistance and AHE in MnPS3/Pt

We performed four-terminal longitudinal and transverse resistance measurements
on both the Pt control device (Figure 5.2(a)) and the MnPS:/Pt device (Figure 5.2(d))
under an external magnetic field applied along the c-axis, i.e., the out-of-plane direction of
the sample. The corresponding magnetoresistance (MR = AR«/Ry) and Hall resistance as

functions of the applied field are shown in Figures 5.2(b,c) and 5.2(e,f), respectively.

(a) Pt I(C) — 10K

MR (%)

(MnPS,/Pt

— 15K
— 40K
— 55K

—T0K
— 5K
— 100K

T T T
-15 -10 5

w H(T) o u H (T)

Figure 5.2 Comparison Between Pt and MnPS3;/Pt Magnetoresistance and Hall (a)
Optical image of Pt control device. (b) Magnetoresistance of Pt control device. (c) Hall
resistance of Pt control device. (d) Optical image of MnPS3/Pt device. (e)
Magnetoresistance of MnPS3/Pt device. (f) Hall resistance of MnPS3/Pt device.
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Clear differences emerge between the two devices. The Pt control sample exhibits
a conventional positive magnetoresistance that increases with magnetic field (Figure
5.2(b)). In contrast, the MnPSs/Pt heterostructure shows a pronounced suppression of
resistance at high fields (Figure 5.2(e)), resulting in a negative MR that remains
unsaturated up to H = 14 T. This behavior provides direct evidence of strong interfacial
magnetic interactions in the MnPSs/Pt system that substantially influence charge transport

in the Pt layer.
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Figure 5.3 Magnetoresistance of the MnPS:/Pt Device Measured at T = 10 K The three
curves correspond to magnetic fields applied along the z, x, and y directions as defined by
the inset.

Interestingly, this high-field MR suppression is nearly isotropic when the field is
applied along the X, y, or z directions as shown in Figure 5.3. The isotropic nature and the

absence of correlation with the Néel temperature or spin-flop transition of MnPSs suggests

that this effect does not directly arise from the long-range antiferromagnetic order. Instead,

133



it likely originates from spin-dependent scattering at the MnPSs/Pt interface. We notice
that a recent study on MnPSes/Pt shows a similar negative magnetoresistance due to the
formation of spin disordered interface [237], and a similar mechanism may be at play in
our MnPS;/Pt device. The applied magnetic field may align interfacial spins or reduce spin
disorder, thereby decreasing spin-flip scattering and leading to the observed negative MR.

In Hall measurements, the MnPSs/Pt heterostructure exhibits a clear contrast to the
Pt control sample. The Pt control shows a typical linear ordinary Hall effect with a negative
slope (Figure 5.2(c)), consistent with electrons being the dominant charge carriers. In
contrast, the MnPSs/Pt device displays a reversed slope and pronounced nonlinearity in the
Hall response with respect to the applied magnetic field (Figure 5.2(f)). This behavior
suggests the emergence of an additional contribution beyond the ordinary Hall effect,
potentially arising from proximity-induced magnetism at the MnPSs/Pt interface.

Figure 5.4(a) presents the anomalous Hall resistance R,yr of the MnPSs/Pt
heterostructure after subtraction of the linear ordinary Hall background from Figure 5.2(f).
A pronounced nonlinear increase in the Hall signal is observed at high magnetic fields
below Ty, indicating an additional magnetic contribution. This nonlinear feature can be

attributed to the spin-flop transition of MnPSs, suggesting that the Pt layer is sensitive to
the canted moment through proximity coupling. In Figure 5.4(b), we plot 0”24;:'5 as a

function of temperatures at different magnetic fields larger than the spin-flop transition
field Hgr, which clearly shows the emerging nonlinearity below Ty.
This interpretation is further supported by comparing the extracted AHE signal

from Pt with magnetometry data measured on bulk MnPS; single crystals as shown in
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Figure 5.4(c). The overall field dependence of the Pt AHE closely resembles the M—H
curve of MnPSs, confirming that the Hall response reflects the spin reorientation of the
antiferromagnetic sublattices. Notably, the observed spin-flop field of the MnPSs/Pt is
larger than that in the MnPSs single crystal, which can be attributed to finite-size effects,
strain, or interface-induced modification of the magnetic anisotropy. These results
demonstrate that Pt can serve as an effective probe of the MnPS; magnetic state through
magnetic proximity effect. A comparison between AHE in MnPS3/Pt and Cr203/Pt is

provided in Section 5.7.2.

MnPsS /Pt

T T T T T
5 0 5
rHD

NI T T T T T T T T T

MnPS_ crystal

— 10K
0

- T —T 20 40 60 80 100 EE E
HOH (T) T(K) 3 7:5 7:1 7| T T T T

Figure 5.4 Anomalous Hall Effect in MnPS3/Pt (a) Ryyr — H at different temperatures.
(b) diﬂ — T at different magnetic fields. (¢) Comparison between Ry — H and M — H

Curves.
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5.5 Quantum Oscillations in WTe/MnPSs

2D/2D interfaces formed between two layered materials offer atomically sharp and
chemically clean interface without the constraints of lattice matching or interdiffusion,
making them ideal platforms for investigating interfacial spin transport and proximity
effects. Tungsten ditelluride (WTez) is a topological semimetal [104,105] and transition
metal dichalcogenide possessing strong spin—orbit coupling, giving rise to large spin Hall
effects. By integrating WTe. with MnPSs, we form a 2D/2D magnetic heterostructure to
investigate how magnetic coupling influence the transport property across a van der Waals

interface.
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Figure 5.5 Magnetoresistance and SdH Oscillations in WTeMnPS; R, — H
measured between 2-10K. By taking derivatives, the SdH oscillations are clearly shown at
high fields.
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Figure 5.5 presents the measured magnetoresistance R, and

applied magnetic field for the WTe2/MnPS3 sample. Magnetotransport measurements were
performed at low temperatures with magnetic fields applied perpendicular to the sample
plane. By taking derivative, we observe pronounced Shubnikov—de Haas (SdH) quantum
oscillations, confirming the high crystalline quality of the exfoliated WTe: flakes consistent
with previous study on WTe: [238].

Figure 5.6(a) compares the SAH oscillations of the WTe./MnPSs heterostructure
with the WTe: control device. A clear difference is observed in the onset field of the SdH
oscillations. In the WTe: control sample, SAdH oscillations become visible only above
approximately 6.6 T, whereas in the WTeo/MnPSs device they appear at a substantially
lower field of around 4.4 T. Since the onset magnetic field for SdH oscillations scales
inversely with carrier mobility, Hgyy &« u~t, we extracted the carrier mobilities of both
samples from Fourier analysis of their oscillation frequencies (see Section 5.7.3). Despite
the heterostructure exhibiting slightly lower mobility, it nevertheless shows a lower SdH
onset field. This inconsistency indicates that the reduced onset field cannot be explained
solely by mobility, scattering, or sample quality.

We therefore attribute the lowered SdH onset field in the WTe/MnPSs
heterostructure to an interfacial proximity effect. As illustrated in Figure 5.6(b), at
approximately 4.4 T, consistent with the spin-flop transition field of MnPS;, the reoriented
antiferromagnetic moments can induce an exchange field that couples to the charge carriers

in WTe.. Through spin—orbit interaction, this coupling may modify the quantum coherence
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conditions required for SAH oscillations. Further investigation is needed to fully understand

the underlying mechanism of this phenomenon.
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Figure 5.6 Proximity-Enhanced Quantum Oscillations in WTe,/MnPS; (a) SdH
oscillations for WTe>/MnPS;3 heterostructure and WTe, control sample. (b) Canted
antiferromagnetic moments exserts additional field due to proximity effect.
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5.6 Summary

In summary, we explored heterostructures based on 2D antiferromagnet MnPS3,
including MnPS3/Pt and MnPS3/WTe,. These results demonstrate that MnPS3 imprints its
magnetization in the adjacent Pt and WTe, layer, establishing a powerful way of
investigating magnetism in 2D insulating antiferromagnets, which can potentially work for

magnetoelectric and antiferromagnetic spintronic devices.
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5.7 Supporting Information

In this section, I present additional experimental details, complementary

measurements, and discussions for a comprehensive understanding of this work.

5.7.1 2D Materials Exfoliation and Stacking Techniques

2D materials such as MnPSs and WTe: are mechanically exfoliated from bulk
crystals into few-layer flakes on Si/SiO: substrates using simple mechanical exfoliation
with Scotch tape or Nitto SPV 224 blue tape. The desired flakes are then assembled into
heterostructures using a dry transfer technique. In our process, we employ a polycarbonate
(PC) thin film supported on a polydimethylsiloxane (PDMS) block and a glass slide as the
transfer stamp. The PC thin film is prepared by dissolving commercial polycarbonate
pellets in chloroform to form a 6—8% solution, which is cast onto a clean glass slide and
left to dry overnight, producing a uniform thin film suitable for picking up 2D materials.

The dry transfer procedure consists of three main steps: picking up, aligning, and
releasing the flakes. During pickup, the PC/PDMS/glass stamp is brought into gentle
contact with the target flake and lifted at temperatures typically between 80 and 110 °C to
retrieve it. The stamp is then aligned with subsequent flakes under an optical microscope.
Finally, the assembled stack is released onto the target substrate by gradually lowering the
stage and heating to soften the PC, allowing the entire PC/flake stack to fully attach to the

substrate. After transfer, the PC layer is dissolved by rinsing the sample in chloroform,
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leaving the clean stacked heterostructure on the substrate. The entire process is performed

inside an Ar-filled glovebox with O and H2O concentrations kept below 0.1 ppm.

5.7.2 Comparison of AHE Between Cr2O3/Pt and MnPS3/Pt

Both Cr20; and MnPS:s are insulating magnetoelectric antiferromagnets. However,
Cr20s possesses an uncompensated surface moment along its (0001) plane, whereas MnPS;
is a Néel-type antiferromagnet with fully compensated moments within each layer. As a
result, in Cr20s/Pt bilayers, the Pt primarily senses a single sublattice of Cr20s, giving rise
to a field-symmetric AHE. In contrast, in MnPSs/Pt, the AHE originates from the canted
moments that appear above the spin-flop transition, leading to a field-antisymmetric AHE

response.
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Figure 5.7 Comparison Between AHE in Cr;03/Pt and MnPS3/Pt (a) Cr.03(0001)/Pt
(b) MnPS5/Pt.
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5.7.3 Determination of Carrier Mobility from Quantum Oscillations

Carrier mobility is a key parameter governing a material’s electrical conductivity.
Higher mobility generally leads to higher conductivity. Within the Drude model, the
conductivity is given by ¢ = une, where u is the carrier mobility, n is the carrier density,
and e is the electron charge. While conductivity can be directly obtained from four-
terminal transport measurements, determining the mobility requires an estimate of the
carrier density.

We extract the carrier density n from the Shubnikov—de Haas (SdH) oscillations.
When plotted as a function of 1/B, the oscillation period is related to the carrier density
through n = 2ef /h, where f is the SdH frequency. We plot the oscillations versus 1/B in
Figure 5.8(a) and perform a fast Fourier transform in Figure 5.8(b), obtaining peaks near
132 T and 126 T for the MnPSs/WTe: heterostructure and the WTe: control sample,
respectively. Using these frequencies, we extract the corresponding carrier densities. With
both the carrier density and sheet conductivity, the carrier mobility can then be calculated.

The values are listed in Figure 5.8(c).
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Figure 5.8 Determination of Carrier Mobility (a) dRxx/dH v.s. 1/H. (b) Fast Fourier
transform. (c) Calculated carrier mobility.
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