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Abstract

Magneto-ionics, a field focused on using voltage-induced ion migration to control magnetic
properties, has substantial potential for developing energy-efficient spintronic devices.
Nevertheless, realization of this is hindered by notable challenges, such as achieving effective
tuning or sufficiently fast effects at room temperature, maintaining material stability, and
achieving scalable fabrication. Employing structural-ion systems like Co3O4 or CoN films (i.e.,
materials in which the ion to be moved with voltage is included in their structure) appears
promising in addressing some of these challenges. These innovative systems, inherently
hosting migrating oxygen or nitrogen ions, facilitate the generation of pronounced
ferromagnetism via voltage-driven motion of O?~ or N3 ions at ambient temperature and are
also compatible with existing semiconductor technology. These features open doors to explore
applications in emerging brain-inspired memory functionalities. However, attaining fast
switching and high cyclability currently remain a challenge, highlighting the need for further

research in this field.

In this Thesis, three innovative strategies are proposed to propel the field of magneto-ionics
forward. The first one validates the adaptability of magneto-ionics for neuromorphic
functionalities. Specifically, by diminishing the thickness of CoN films from 200 to 5 nm, a
significant enhancement, approximately 7.4-fold, in ion motion rate and a sub-1s magneto-
ionic response have been achieved. This underscores the feasibility of our approach as a
foundational framework for developing artificial synapses. Crucially, with sufficiently thin
CoN films and moderably high voltage actuation frequencies (i.e., up to 100 Hz), we
demonstrate a voltage-controllable N ion accumulation effect at the outer surface of CoN films
adjacent to a liquid electrolyte. This phenomenon allows the modulation of magnetic
properties, both during and subsequently after the voltage pulse actuation, expanding the
horizon for new functionalities in neuromorphic computing, such as post-stimulated neural

learning under a deep sleep.

Next, we show that the introduction of suitable transition-metal elements to binary nitride
compounds can substantially enhance magneto-ionics. By incorporating 10 at. % Mn in
substitution for Co in CoN thin films, we achieve remarkable improvements in magneto-ionic
effects, including saturation magnetization, toggling speeds, and cyclability. These results are

underpinned by transformations from metallic to semiconducting behaviors and from



nanocrystalline to amorphous-like structures, leading to increased N-ion transport channels. Ab
initio calculations provide valuable insights into the lower formation energy for CoMn-N
compared to Co-N, elucidating the fundamental role of Mn addition in voltage-driven magnetic
effects. This represents a significant step towards improved voltage control of magnetism

through electric field-driven ion motion.

Finally, we propose a nanoscale-engineered magneto-ionic architecture, featuring a thin solid
electrolyte in contact with a liquid electrolyte, to drastically enhance cyclability while
maintaining sufficiently high electric fields for ion motion. While liquid electrolytes avoid
problems related to electric pinholes, the insertion of a highly nanostructured Ta layer between
a magneto-ionic target material (Co304) and the liquid electrolyte dramatically increases
magneto-ionic cyclability, from less than 30 cycles to over 800 cycles. This enhancement is
attributed to the role of the Ta layer as a solid electrolyte, effectively trapping oxygen and
hindering O ions from migrating into the liquid electrolyte. The combined benefits of solid
and liquid electrolytes in this synergetic approach offer a promising strategy for boosting

magneto-ionics.

Collectively, the results of this Thesis represent a significant advancement in the field of
magneto-ionics, opening new avenues for its application in neuromorphic computing and
energy-efficient spintronics while addressing key challenges in tunability, speed, and

reversibility of magneto-ionic phenomena.



Resumen

La magnetoionica, un campo de investigacion centrado en utilizar la migracion de iones
inducida por voltaje para controlar las propiedades magnéticas, tiene un gran potencial para
desarrollar dispositivos espintronicos energéticamente eficientes. Sin embargo, la constatacion
de este potencial se ve obstaculizada por importantes desafios cientificos, como el de lograr
velocidades de movimiento de iones suficientemente rapidas a temperatura ambiente,
manteniendo la estabilidad del material y permitiendo una fabricacion escalable. Emplear
sistemas con iones estructurales como capas de CosO4 0 CoN (donde los iones que se pretenden
mover con voltaje estan contenidos en la estructura de estos materiales) es prometedor para
abordar algunos de estos desafios. Estos sistemas, que intrinsecamente albergan oxigeno o
nitrégeno, facilitan la generacion de ferromagnetismo a través del movimiento impulsado por
voltaje de los iones 0%~ o N3 a temperatura ambiente y, ademas, son compatibles con la
tecnologia de semiconductores existente. Estas caracteristicas hacen que la magnetoionica
pueda hasta llegar a tener aplicaciones en el desarrollo de funcionalidades inspiradas en el
cerebro. Sin embargo, lograr velocidades de iones rapidas y una alta ciclabilidad representan,

destacando la necesidad de investigacién en esta direccion.

En esta Tesis, se proponen tres estrategias innovadoras para impulsar el campo de la
magnetoionica. La primera estudia la adaptabilidad de la magnetoidnica para ser usada en
aplicaciones neuromdrficas. Especificamente, al disminuir el grosor de las peliculas de CoN
de 200 a 5 nm, se ha logrado un aumento muy significativo, de aproximadamente 7.4 veces, en
la velocidad de movimiento de iones, y una respuesta magnetoiénica sub-1s. Esto subraya la
viabilidad de nuestro enfoque como una tecnologia que podria emular sinapsis artificiales. Con
capas de CoN lo suficientemente delgadas y frecuencias de actuacién de voltaje de hasta 100
Hz, demostramos un efecto acumulativo de iones de N controlable por voltaje en la superficie
externa de las peliculas de CoN adyacente al electrolito liquido. Este fenomeno potencia la
modulacion de propiedades magnetoidnicas, tanto durante como después de la actuacion con
pulsos de voltaje, expandiendo el horizonte de funcionalidades en computacion neuromérficas,

como el aprendizaje neuronal postestimulado bajo un suefio profundo.

Ademas, mostramos que la introduccién de elementos metalicos de transicion adecuados en
capas de CoN es una buena estrategia para mejorar sustancialmente la magnetoidnica. Al

substituir un 10% atémico de Mn por Co, logramos mejoras en los efectos magnetoidnicos, por
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ejemplo en los valores de magnetizacion de saturacion, las velocidades de movimiento iGnico
y la ciclabilidad. Esto se debe a que la incorporacion de Mn da lugar a un cambio de
comportamiento metélico a semiconductor y a una estructura muy cercana a la de materiales
amorfos, haciendo que haya un mayor numero de canales para el transporte de iones N. Los
calculos ab initio proporcionan informacién sobre energia para la formacion de enlaces con
nitrégeno, que resulta ser mas baja para CoMn-N que para Co-N, esclareciendo el papel
fundamental de la adicion de Mn en los efectos magneto-idnicos inducidos por voltaje. Esto
representa un paso significativo hacia un mejor control del magnetismo a través del

movimiento de iones mediado por campos eléctricos.

Finalmente, proponemos una arquitectura magnetoionica disefiada a la nanoescala, que
consiste en un electrolito solido delgado en contacto con un electrolito liquido, para mejorar
drasticamente la ciclabilidad mientras se mantienen campos eléctricos lo suficientemente altos
para el movimiento de iones. Mientras que la presencia del dieléctrico liquido evita los
problemas derivados de cortocircuitos eléctricos, la insercion de una capa de Ta altamente
nanoestructurada entre un material magnetoionico (Coz04) y el electrolito liquido aumenta
drasticamente la ciclabilidad magnetoidnica, de menos de 30 ciclos a mas de 800 ciclos. Este
aumento se atribuye al papel de la capa de Ta como electrolito solido, atrapando eficazmente
el oxigeno e impidiendo que los iones O? migren al electrolito liquido. Los beneficios
combinados de electrolitos solidos y liquidos en este enfoque sinérgico ofrecen una estrategia

prometedora para impulsar la magnetoionica.

Colectivamente, estos resultados representan un avance significativo en el campo de la
magnetoionica, abriendo nuevas vias para su aplicacion en computacion neuromorfica y
espintronica energéticamente eficiente mientras se abordan los desafios clave en sintonizacion,

velocidad y reversibilidad de los fendbmenos magnetoionicos.
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Resum

La magnetoionica, un camp de recerca centrat en utilitzar la migracié d’ions induida per
voltatge per controlar les propietats magnetiques, té un gran potencial per desenvolupar
dispositius espintronics energeticament eficients. Tot i aix0, la constatacio d'aquest potencial
es veu obstaculitzada per importants reptes cientifics, com el d'aconseguir velocitats de
moviment d’ions suficientment rapides a temperatura ambient, mantenint I'estabilitat del
material i permetent una fabricacid escalable. Emprar sistemes amb ions estructurals com capes
de Coz04 0 CoN (on els ions que es pretenen moure amb voltatge estan continguts a l'estructura
d'aquests materials) és prometedor per abordar alguns d'aquests desafiaments. Aquests
sistemes, que intrinsecament allotgen oxigen o nitrogen, faciliten la generaci6 de
ferromagnetisme a través del moviment impulsat per voltatge dels ions 0%~ 0 N* a temperatura
ambient i, a més, sén compatibles amb la tecnologia de semiconductors existent. Aquestes
caracteristiques fan que la magnetoionica pugui arribar a tenir aplicacions en el
desenvolupament de funcionalitats inspirades en el cervell. Tot i aix0, aconseguir velocitats
d’ions rapides i una alta ciclabilitat representen reptes cientifics importants, destacant la

necessitat de recerca i innovacio en aquest camp.

En aquesta Tesi, es proposen tres estrategies innovadores per impulsar el camp de la
magnetoionica. La primera estudia I’adaptabilitat de la magnetoionica per a aplicacions
neuromorfiques. Especificament, en disminuir el gruix de les capes de CoN de 200 a 5 nm, s'ha
aconseguit un augment substancial, d'aproximadament 7.4 vegades, de la velocitat de
moviment d’ions, i una resposta magnetoionica sub-1s. Aixo subratlla la viabilitat del nostre
enfocament com un marc fonamental per desenvolupar sinapsis artificials. Amb capes de CoN
prou primes i freqléncies d'actuacié de voltatge de fins a 100 Hz, demostrem un efecte
acumulatiu d’ions de N controlable per voltatge a la superficie externa de les pel-licules de
CoN adjacent a I’electrolit liquid. Aquest fenomen potencia la modulacié de propietats
magnetoioniques, tant durant com després de I’actuacié amb polsos de voltatge, expandint
I’horitzé per a funcionalitats neuromorfiques, com I’aprenentatge neural postestimulat sota un

somni profund.

A més, mostrem que la introduccio d’elements metal-lics de transicié adequats a capes de CoN
és una bona estratégia per millorar substancialment la magnetoionica. En incorporar un 10%

atomic de Mn en substitucié de Co, aconseguim millores en els efectes magnetoionics, per
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exemple en els valors de magnetitzacio de saturacio, les velocitats de moviment ionic i la
ciclabilitat. Aixo és perque la incorporacié de Mn dona lloc a un canvi de comportament
metal-lic a semiconductor i a una estructura molt propera a la de materials amorfs, fent que hi
hagi un major nombre de canals per al transport d’ions N. Els calculs ab initio proporcionen
informacid sobre I'energia per a la formacid d'enllacos amb nitrogen, que és més baixa per a
CoMn-N en comparacié amb Co-N, aclarint el paper fonamental de I'addicié de Mn en els
efectes magneto-ionics induits per voltatge. Aixo representa un pas significatiu cap a un millor

control del magnetisme a través del moviment d’ions intervingut per camps eléctrics.

Finalment, proposem una arquitectura magnetoionica dissenyada a la nanoescala, que
consisteix en un electrolit solid prim en contacte amb un electrolit liquid, per millorar
drasticament la ciclabilitat mentre es mantenen camps eléctrics prou alts per al moviment
d’ions. Mentre que la preséncia del dielectric liquid evita els problemes derivats de curtcircuits
electrics, la insercio d'una capa de Ta altament nanoestructurada entre un material
magnetoionic (Cos0a) i I'electrolit liquid augmenta drasticament la ciclabilitat magnetoionica,
de menys de 30 cicles a més de 800 cicles. Aquest augment s'atribueix al paper de la capa de
Ta com a electrolit solid, atrapant eficagment I'oxigen i impedint que els ions O migren a
I’electrolit liquid. Els beneficis combinats d'electrolits solids i liquids en aquest enfocament

sinérgic ofereixen una estratégia prometedora per impulsar la magnetoionica.

Col-lectivament, aquests resultats representen un aveng significatiu en el camp de la
magnetoionica, obrint noves vies per a la seva aplicacio en aplicacions neuromorfiques i
espintronica energeticament eficient mentre s'aborden els reptes clau en sintonitzacio, velocitat

i reversibilitat dels fenomens magnetoionics.
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Preface

This Thesis is structured into the following chapters:

1. Introduction

2. Experimental

3. Results

4. General discussion

5. Conclusion

6. Outlook

7. Curriculum vitae

This chapter provides a concise overview of the research
motivation, emphasizing its significance in both fundamental and
industrial contexts. It subsequently outlines the primary objectives

driving the pursuit of this work.

This section meticulously records the fabrication processes and

comprehensive characterizations conducted throughout this Thesis.
This part is presented as a compilation of published articles.

This section encompasses a comprehensive and wide-ranging

discussion of the results obtained throughout this Thesis.

The most important conclusions derived from this research are

succinctly outlined in a point-by-point manner.

In looking ahead, this section outlines several aspects that can be
further explored and tracked in future research, built upon the

foundation laid by this work.

The Curriculum vitae is included at the end of the dissertation.
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1 Introduction

1.1 Motivation

We currently live in the information age, an era characterized by the widespread use of digital
technology and rapid access to information. This digital revolution has brought about
significant changes in numerous aspects of human life, transforming communication,
commerce, education, healthcare, entertainment, and governance. With the emergence of
global phenomena such as the Internet of Things (10Ts), artificial intelligence (Al), machine
learning (MI), and Big Data, there is a surging demand for highly functional and energy-
efficient miniaturized microelectronic components. These components play a crucial role in
driving the advancements of next-generation nanoelectronics, offering improved memory and

information processing capabilities.’?

Functionally, the ubiquitous von Neumann architecture, which is commonly found in
computers, excels at performing sequential tasks with great speed. However, it encounters
challenges when it comes to complex tasks like pattern recognition on large, imprecise, or
incomplete data sets. In contrast, the human brain demonstrates remarkable efficiency in
handling such tasks, serving as an inspiration for neuromorphic computing.® This paradigm
mimics the structural organization of the biological brain by decentralizing responsibilities,
moving away from single-task units, and redistributing memory and computation functions
across a vast network of interconnected neurons and synapses. To achieve such brain-like
structures, a shift is required from volatile hardware units to hardware capable of analog tuning
of properties based on the provided stimulus. This enables functionalities such as "learning”
and "forgetting," among others.* By mimicking the brain's processing abilities, neuromorphic
computing offers the potential for significant advancements in tasks requiring pattern
recognition and processing uncertain data, paving the way for adaptive and self-learning

systems with applications in artificial intelligence, robotics, and data analysis.®

In terms of energy efficiency, spintronic systems, which operate using electric currents through
spin-transfer torque (STT)®” or spin-orbit torque (SOT) effects,®® have emerged as key
elements in the field of microelectronics. Nevertheless, the magnetization switching process
that involves in electric current-based operations generates undesirable Joule heating effect,
leading to compromised energy efficiency. To address this issue, researchers have been

exploring a fascinating alternative approach known as voltage control of magnetism (VCM).1°



By modulating magnetic properties using electric fields instead of electric currents, the power
dissipation can be minimized, leading to improved energy efficiency in microelectronic

systems.

Among various VCM mechanisms, magneto-ionics'* 2 stands out as a promising approach. It
involves manipulating magnetic properties by driving ion migration through voltage
application, utilizing ions like Q7111415 Y+ 131617 j*+ 1819 p=20 or N3- 2122 Thjs technique
holds significant promise for developing low-power memory applications. Recent
advancements have focused on improving ion motion rates and endurance, overcoming key
challenges in fully exploiting magneto-ionics at room temperature. One interesting case is the
utilization of structural oxygen or nitrogen as self-contained moving ions within target
materials, such as Cos04™ or CoN?? films. These target materials, which are compatible with
complementary metal-oxide-semiconductor (CMOS) technology, exhibit an initially fully OFF
(i.e., paramagnetic) state and provide “ready-prepared” lattice sites for ion diffusion, allowing
for net magneto-ionic generation of ferromagnetism by voltage-triggered O%~ or N* ion motion
from the films toward an adjacent electrolyte. However, achieving fast switching and high
magneto-ionic cyclability in these materials remains a challenge. Improvements in these
aspects are of utmost importance to enhance the performance and practicality of magneto-
ionics, enabling its widespread adoption in emerging spintronic applications and novel

computation paradigms, such as neuromorphic systems.22



1.2 The development of spintronic devices

In today's data-driven world, the processing, transmission, and secure storage of digital
information are vital for the functioning of modern society. As the demand for high-density
information processing and storage continues to grow, it becomes increasingly crucial to
address the performance and energy efficiency challenges faced by current electronic
technologies. While the development of microchips has followed Moore's Law over the past
five decades, which was predicated by Gordon E. Moors in 1965,% that the number of transistor
on a microchip doubles approximately every 18-24 months, sustaining this trend has become
more challenging. The downscaling of CMOS devices through advanced fabrication
technology has boosted computational capability. However, the relentless pursuit of scaling
CMOS devices to ever smaller dimensions face mounting challenges. As critical dimensions
of modern transistors rapidly approach sub-10 nm sizes,® the emergence of quantum effects
becomes increasingly pronounced, exacerbating issues such as increased leakage currents due
to quantum tunneling.?® Consequently, current CMOS-based components find themselves
struggling in maintaining efficiency at atomic-scale dimensions, limiting the further
miniaturization of traditional electronic devices and sparking a search for life after Moore’s

Law 27-29

Spintronics is considered as one of the most promising technologies for the future
microelectronic industries, particularly in the anticipated post-CMOS era.®”3° Unlike
conventional electronics that primarily exploit the charge property of electrons for information
transmission and storage, spintronic devices offer the opportunity to utilize both the charge and
spin properties of electrons. Figure 1.1 depicts the significant milestones in spintronics
research, highlighting the key junctures that have propelled the field forward. The concept of
spin was initially proposed in 1925, and since then, the field of spintronics has seen significant
development, fueled by various intriguing phenomena and breakthroughs. These include the
spin Hall effect, which involves the separation of spin-up and spin-down electrons due to their
different velocities in a material; the discovery of tunnelling magnetoresistance,® a
phenomenon where the resistance of magnetic tunnel junction changes based on the relative
orientation of the magnetizations and the demonstration of inverse giant magnetoresistance
(GMR),*? where a change in where a change in electrical resistance occurs due to the rotation

of the magnetization in a magnetic multilayer structure. Furthermore, the invention of magnetic



tunnel junctions (MTJ) has revolutionized the field by providing a versatile platform for
exploiting spin-based effects.?® These remarkable phenomena and advancements have paved
the way for the development of magnetism-based information memory and processing
technologies, which have the potential to revolutionize the field of electronics.
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Figure 1.1. Historical developments in spintronics research, adapted from reference 29.%°

Hard disk drives (HDDs) have emerged as one of the most popular magnetic storage
technologies, playing a pivotal role in the early days of spin-based devices. Since their
introduction in 1954, HDDs have significantly contributed to the advancement of high-density
information storage technologies. In an HDD, as shown in Figure 1.2a, information is stored
in many binary digital magnetic units (called “bits”) and these bits can have dipole moment
“up” or “down” which is represented in the binary code as ©=Up and ® =Down.** Notably,
the storage density in HDDs has followed a trajectory similar to Moore's law in the
semiconductor industry, exhibiting an impressive increase of eight orders of magnitude in areal
storage density over the past 50 years. Magnetoresistive random-access memory (MRAM) is
another spintronic technology that has been developed for nonvolatile information storage, first
proposed in the 1960s and currently utilized in specialized applications. Relying on magnetic
anisotropy for storage and magnetoresistance for retrieval, early MRAMs utilized the GMR

effect, whereas newer versions use the TMR effect. With its nonvolatility, speed, endurance,



efficiency, and scalability, MRAM emerges as a leading memory solution for embedded
systems, l10Ts, and high-performance computing. However, the conventional approach to write
information in HDD and MRAM devices, involving the application of external magnetic fields
using large magnets or current-carrying coils, leads to substantial energy consumption and

spatial requirements, posing critical challenges for device design and operation.

Write head

Read heaq

Hard disk

STT-MRAM

Figure 1.2. Two magnetic memory (storage) devices. (a) Schematic of the mechanical movement of a recording
head across the magnetic hard disk drive (HDD) surface. (b) Schematic diagram of a typical magnetoresistive
random access memory (MRAM), featuring a magnetic tunnel junction (MTJ) and a transistor access device. The
source and drain are denoted by dark blue color; the gate is shown in pink; the bit lines are highlighted using
yellow and green; the gate control lines are depicted in dark yellow. STT, spin-transfer torque; CMOS,
complementary metal-oxide-semiconductor. Adapted from reference 33.3

In response to these problems, STT based switching for MRAM was proposed, sparking
renewed interest in research and business. As illustrated in Figure 1.2b, STT-MRAM contains
a MTJ element embedded in a CMOS platform, where the switching of magnetizations is
induced by sending a current through the device STT method rather than any external magnetic
field, improving the device in terms of energy-efficiency and scalability.3® STT occurs in spin
valve structures consisting of two ferromagnetic material (FM) layers separated by a non-
magnetic conductor or insulator, in which the magnetization configuration is controlled by a
perpendicular spin-polarized current (jc) that mediates the transfer of angular momentum
between the fixed and free FM layers (Figure 1.3a).>> When an electric current passes through
a thick magnetic layer (referred to as the fixed or hard layer), it becomes spin-polarized. If this



spin-polarized current is directed to a second, thin magnetic layer (referred to as the free or soft
layer), it will interact with the magnetic moment in the free layer, by spin-dependent scattering,
resulting in the transfer of a torque to the magnetic moment, causing it to process. If the torque
is large enough, the orientation of the magnetic moment in the free layer can be reversed, in
the absence of an external magnetic field. Although STT is currently the main way of writing
information in commercial MRAM, writing speed and power consumption are not
satisfactory.3* Furthermore, a high current density needs to directly pass through the very thin
insulating tunnel barrier in the writing process, which will strongly reduce the endurance of the
device.
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Figure 1.3. Diagram of the mechanisms of spin-transfer torque (STT) and spin-orbit torque (SOT). (a) Schematic
of a spin-transfer torque structure consisting of fixed and free ferromagnetic layers sandwiching a nonmagnetic
spacer. The unpolarized conduction electrons (jc) are polarized in the direction of S; when passing through the
fixed layer, and this polarized current continues to go across the nonmagnetic space layer and the free layer,
becoming parallel to the direction of S; because of the spin-torque. (b) Schematic illustration of a typical SOT
heterostructure composed of a nonmagnetic spin-orbit layer and a magnetic layer. A charge current flow (jc)
passing through the spin-orbit layer induces a transverse spin current (js) due to the strong spin-orbit coupling of
the nonmagnetic layer. This spin current flows into the ferromagnetic layer and exerts a torque on the local
magnetization (M) of the ferromagnetic layer for magnetization switching.

Recently, as an alternative to STT, SOT has attracted considerable attention due to its typical
features of non-volatility, reversibility, high speed, and good compatibility with the
conventional semiconductor industry.® As shown in Figure 1.3b, SOTs in nonmagnetic metal
(NM)/FM bilayers arise from in-plane current-induced spin currents (Is), which are mainly
generated by the bulk spin Hall effect and the interfacial Rashba-Edelstein effect. Current-
induced SOT mediates the transfer of angular momentum from the lattice to the magnetic
layer(s), leading to sustained magnetic oscillations or switching of magnetization (M). Despite

of its great potential for next-generation spintronic applications, the requirement of large



writing current and even a static magnetic field in some configuration involves an undesirable

Joule heating effect, which is detrimental to energy efficiency.3%%

VCM is a promising alternative to minimize the power dissipation caused in current-based
magnetic devices.'® By utilizing electric fields instead of spin-polarized current or magnetic
fields generated by electromagnets, it is possible to achieve a substantial reduction in energy
consumption, potentially by several orders of magnitude. For example, in STT-based memory
devices, a large current is required to generate a sufficient spin torque for moving domain walls
or switching magnetization. Each electron carries a moment of 1 g, so the estimated energy
consumption for this process, in a device with nominal dimensions of 10 x 10 nm, is on the
order of a few fJ (107*® J). In contrast, a capacitive device that utilizes an electric field to
modulate charge can generate large fields of about 10 kV/cm with just about an aJ of energy
(10718 J) in a similar 10 x 10 nm device with a dielectric constant of ~ 100 (which is reasonable
for ferroelectrics).®® Since replacing current with voltage on such a small device saves energy
by three orders of magnitude, let alone a practical application involving thousands of such small
devices. While the physics of this phenomenon may seem straightforward, it can have
significant implications for spintronic devices, especially in the development of low-power,

high-performance computing devices.*

Among VCM mechanisms, magneto-ionics is notable for inducing substantial changes in
magnetic properties at room temperature using small bias voltages, highlighting its potential
for low-power spin technologies. To fully exploit its potential, understanding its core principles
and improving its performance, especially in temperature operation, switching speed, and
reversibility, are crucial. These advancements can drive transformative technological

breakthroughs, ultimately shaping the future landscape of spintronics and computing.



1.3 Basis of magnetism

1.3.1 Origin of magnetism and types of magnetic materials

Magnetism is a fascinating and important aspect of the physical world, with far-reaching
implications for both basic science and practical applications. Note that vectorial magnitudes
are represented in bold throughout this Thesis. The magnetic properties of materials are largely
determined by the magnitude and arrangement of their magnetic moments (m).3® In atomic
systems, m is generated by the combination of two distinct contributions: the spin angular
momentum of electrons, which results in a spin magnetic moment, and the orbital angular
momentum of electrons, which results in an orbital magnetic moment. Magnetic materials,
including iron, cobalt, nickel and their alloys manifest a prevalence of m in the same direction
and this alignment imparts strong magnetic properties to the atoms in these materials. Thus,
understanding the response of m to magnetic fields is a fundamental aspect of the studies
related with magnetism, which allows us to comprehend the behavior of magnetic materials in

the presence of magnetic fields and enables the development of various magnetic technologies.
40,41

When an applied magnetic field (Happiied) is present, all materials respond to it in some way.
For an individual electron, its m can be expressed as:
m = —L2 (I + 25) (Eq.1.1)

Here, s represents the intrinsic spin, 7 denotes the orbital angular momentum, ug is the Bohr
magneton (ug = 9.27 x 1024 JT 1), and # is the reduced Planck constant (7 = 1.055 x 10734 Js).
In the case of an atom within a solid material, the net magnetic moment depends on the electron
configuration and the interactions between the surrounded electrons. The net magnetic moment
per unit volume is referred to as magnetization (M). When an Happiied IS present, materials can
undergo a reorganization or reorientation of spins, resulting in the generation of an induced
magnetic field called "magnetic induction™ (B). In free space, these two fields are related as
follows:

B = uoHypplied (Eg.1.2)
where uo is the permeability of free space (1o = 4m x 10" N A= in the international system or
1o =1 in the Centimeter-Gram-Second (CGS) system). However, when dealing with materials,
the relationship slightly changes. The equation becomes:

B =u,(H+ M) (Eq. 1.3)



Here, B is a function of H (not Happiied). In the CGS system, Eq. 1.3 is expressed as:
B = uy(H + 4ntM) (Eq. 1.4)
By applying the relationship:
M = yH (Eq. 1.5)
where Y is the magnetic susceptibility, EqQ. 1.4 can be simplified to:
B = uy(H + M) = poH + poxH = uo(1 + x)H = pouH = puH  (Eg. 1.6)
In this equation, w is the relative permeability. It's important to note that when dealing with
materials, H is no longer equal to Happlied. Instead, it can be expressed as:
H = Hppjieq + Hqg (Eq. 1.7)
The origin of H lies in the magnetic redistribution within the material, resulting in an internal
magnetic field that strongly depends on the sample shape. This internal field is known as the

demagnetizing field (Had).

All substances exhibit some type of magnetism, and they exhibit various responses to Happiied.
Based on this response, they can be divided into five categories: diamagnetic, paramagnetic,
ferromagnetic, antiferromagnetic, and ferrimagnetic, which are summarized diagrammatically
wherein magnetic moments are represented by arrows (Figure 1.4a). In addition, As shown in
Figure 1.4b, the various types of materials exhibit different magnetic hysteresis loops, which
are obtained by recording m vs. Happlied. The response is related with how the magnetic
moments are arranged in the material (Figure 1.4a).

e Diamagnetism. Diamagnetism originates from changes in the electron orbital motion
(Larmor precession) in an atom in the presence of Happiied, resulting in the generation
of a small negative moment that tends to oppose the Happiied (Figure 1.4a). Thus, a linear
relationship between m and Happiied With a negative slope is observed (Figure 1.4b). As
all materials have bound electrons, they exhibit a diamagnetic response to Happiied,
although this signal can be overshadowed by stronger contributions such as
ferromagnetism or paramagnetism. Diamagnetic materials are normally composed of
elements with completed orbital shells that lack unpaired electrons, resulting in a net
zero magnetic moment. Consequently, diamagnetism disappears when the external
magnetic field is removed (Figure 1.4a).

e Paramagnetism. Paramagnetic materials have magnetic moments that are not coupled

to each other, as thermal fluctuations overcome the interaction between spins (exchange



(a)

interaction), resulting in randomly oriented magnetic moments in the absence of Happlied
(Figure 1.4a). However, upon the application of Happlied, the magnetic moments tend to
align themselves in the direction of the field, leading to a linear relationship with a
positive slope between m and Happiied (Figure 1.4b). When Happiied IS removed, the
magnetic moments become misaligned, causing the disappearance of net magnetization

in paramagnetic materials.
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Figure 1.4. (a) Schematic illustration of the arrangement of magnetic moments for different types of materials:

diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic; (b) Cartoon of the recorded

magnetic moment m of materials in response to a strong applied magnetic field Happiiea. The representation of the

different behaviors is not scaled.

Ferromagnetism. The ferromagnetic material exhibits a positive and strong exchange
interaction between the spins of neighboring atoms. When Happlied is applied, the
magnetic moments tend to align along the field direction (Figure 1.4a), resulting in the
retention of some alignment (spontaneous magnetization) even when the field is
removed, displaying a hysteresis behavior. Ferromagnetic materials become
paramagnetic when they exceed the Curie temperature (Tc).

Antiferromagnetic. The antiferromagnetic material (AFM) is characterized by
negative exchange interactions between adjacent magnetic moments, which causes
them to align antiparallel to one another (Figure 1.4a). As a result, there is a complete
absence of macroscopic net magnetization in the absence of Happiiea. However, when

the Happiied IS applied, the magnetization of antiferromagnetic materials exhibits a
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positive linear behavior similar to that of paramagnetic materials (Figure 1.4b). Above
the Néel temperature (Tn), antiferromagnetic materials become paramagnetic, implying
that they lose their antiferromagnetic order.

e Ferrimagnetism. Similar to antiferromagnetic materials, the negative exchange
interaction in ferrimagnetic materials leads to the antiparallel alignment of magnetic
moments. However, the two spin sublattices have different strengths, resulting in non-
zero magnetization in the absence of an external magnetic field (Figure 1.4a). Upon the
application of Happlied, ferrimagnetic materials exhibit hysteresis loops that are similar

to those of ferromagnetic materials, as can be seen in Figure 1.4b.

Among all these magnetic materials, FMs are the most widely used in industrial applications
and modern technologies, due to their strong magnetism, energy efficiency, versatility,
magnetic field manipulation capabilities, role in magnetic storage, and cost-effectiveness.
Ferromagnetism arises from the spins of electrons in partially filled outer atom shells,
particularly in the 3d and 4f electronic bands, which possess a net magnetic moment.*!4? These
electron spins align parallel to each other over small regions called magnetic domains due to a
positive exchange interaction between neighboring electrons (Figure 1.5a). The size of these
domains, which are separated by walls, depends on the material's anisotropy and exchange
interaction and can range from several to hundreds of nanometers. Figure 1.5b shows the
magnetic hysteresis loop, specifically the evolution of M with Happiied, which is a well-known
macroscopic characteristic exhibited by FM materials. To obtain M, the measured total
magnetic moment of a material is typically normalized by the volume of the magnetic material.
This hysteresis loop provides valuable insights into the behavior of FM, showcasing their
response to changes in Happiied and their ability to retain magnetization even in the absence of
Happlied. As shown in Figure 1.5bi, in the absence of Happiied, the magnetic domains are
randomly oriented to each other, resulting in an unmagnetized material. Upon application of a
magnetic field, the magnetic moments of different domains tend to align along the direction of
the applied field, causing domain walls to propagate and promoting the growth of magnetic
domains aligned with the field at the expense of others (Figure 1.5bii). This process continues
until the ferromagnetic material macroscopically becomes a single domain state, aligned
parallel to the applied field and reaching the maximum possible magnetization, known as
saturation magnetization (Ms), as depicted in Figure 1.5biii. When the applied field is reduced

to zero, the magnetization decreases with a slower rate, without retracing the initial
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magnetization curve from a zero-field value, resulting in the hysteresis effect. This effect
occurs because the aligned magnetic domains have reached a lower energy configuration, and
the domain walls exhibit a certain resistance in response to the field reversal. As a result, even
after the removal of the applied field, a portion of the magnetization is retained, which is called
remanent magnetization (MRr). Coercivity (Hc), which is the magnetic field required to
suppress the net remaining magnetization in the material, is reached as the applied field is

increased in the reverse direction, and eventually, saturation is achieved in the reverse direction.

(a) (b)

Magnetic
domains

applied

=

/ ~ -
V4 -~

Figure 1.5 (a) A diagram showcasing the magnetic domains and domain walls on a ferromagnetic material (FM).
(b) A depiction of the magnetic hysteresis loop, detailing the transformation of magnetic domains in a FM as a

magnetic field is applied (Happlied). Key magnetic parameters like Ms, Mg and Hc are highlighted across stages i-
iv.

The magnetic properties of magnetic materials are influenced by a multitude of factors, such
as the crystal structure, composition, particle shape, orientation, crystallite size, exchange
energy, and magnetocrystalline anisotropy, among others. Understanding and exploring these
factors are crucial in the pursuit of viable strategies to manipulate magnetism. In section 1.3.2,
we will delve into a comprehensive examination of diverse methods employed for controlling

magnetism, providing detailed insights into this field of study.

1.3.2 Control of magnetism
The manipulation of magnetic states plays a pivotal role in achieving various functions in
information technologies, as it corresponds to the switching between fundamental "0" and "1"

signals in logic devices.® Typically, specific magnetic properties required for the individual
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applications are irreversibly set through the design of phase, composition, microstructure, and
shape during the fabrication process. Thus, there is a substantial demand for exploring
alternative methodologies that enable the post-fabrication tuning of magnetism in magnetic
materials. To address this imperative, extensive efforts have been devoted to using various

44-46 Itrafast laser

external stimuli, such as magnetic fields,® spin-polarized currents,®*3 strain,
pulses,*”*® thermal excitation,*® and voltage,'® with the aim of exerting control over the
magnetic behavior. Figure 1.6 illustrates the potential revolution of these magnetic properties
in response to the external stimulation, including (i) Ms; (ii) Hc; (iii) Exchange bias (Eg): a
phenomenon observed at the interface of ferromagnetic and antiferromagnetic layers, presented
as a shift in the hysteresis loop of the ferromagnetic layer; (iv) magnetic anisotropy, referring
to the directional dependence of a material's magnetic properties, such as magnetization,
susceptibility, or coercivity, which determine its preferred magnetization orientation and

stability; (v) Tc and spin textures, such as (vi) skyrmions and (vii) domain walls.
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Figure 1.6. Sketch of some magnetic parameters which may be tuned in a magnetic system, including saturation
magnetization, coercive field, exchange bias, magnetic anisotropy, curie Temperature, magnetic skyrmions and
domain wall (Adapted from reference 50).5° The pink and orange-colored shapes represent two distinct magnetic
states.

Among all these methods, the advantage of controlling magnetism using voltage as an external
stimulus lies in its ability to offer non-invasive and energy-efficient manipulation of magnetic
properties. It allows for precise and localized control of magnetism without the need for bulky

and power-consuming equipment. Additionally, it provides fast and reversible modulation of
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magnetic states, enabling rapid switching and reconfigurability of magnetic devices.
Furthermore, voltage control can be integrated with existing electronic circuits and
technologies, facilitating the development of compact and multifunctional spintronic devices.
Overall, VCM offers significant advantages in terms of efficiency, precision, speed, and
compatibility, making it a promising approach for future spin-based information processing

and storage technologies.¢5!
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1.4 Voltage control of magnetism

This strategy of VCM is mainly based on the converse magnetoelectric effect (ME), which
denotes the variation of magnetization in response to the application of an electric field E. The
first example of such an effect was discussed by Wilhelm Réntgen in 1888,%2 who found that a
dielectric material moving through an electric field would become magnetized. The possibility
of an intrinsic magnetoelectric effect in a (non-moving) material was conjectured by P. Curie>
in 1894, while the term "magnetoelectric" was coined by P. Debye® in 1926. Later, Landau
and Lifshitz proposed a mathematical formulation of a linear ME effect and this symmetries.>®
The presence of this effect in Cr.O3 was further predicted by Dzyaloshinskii,> followed by its
confirmation through experimental observations.®”>° These findings laid the foundation for
investigating ME effects in single-phase multiferroics, a category of materials that exhibit
multiple types of ferroic order.®®°2 However, the intrinsic requirements for a material to
possess both ferroelectric and ferromagnetic order make multiferroics uncommon, especially

at room temperature, necessitating research efforts beyond single-phase materials.

To address the limitations associated with single-phase multiferroics, extensive experimental
and theoretical investigations have been conducted on composite multiferroics. As shown in
Figure 1.7, these studies encompass a range of mechanisms, including strain effects,
modulation of carriers, exchange coupling, orbital reconstruction and the electrochemical
effect. Particularly noteworthy in recent years is the emergence of a novel mechanism termed
magneto-ionics (Figure 1.7e), which has garnered substantial attention owing to its envisioned
potential in the realms of nonvolatile memory, logic devices, and neuromorphic computing.
Figure 1.8 shows these mechanisms more intuitively, with some important milestones
presented in a timeline, especially recent developments in magneto-ionics.?® A deeper
understanding of these mechanisms can pave the way for the development of new materials
with optimized magnetic properties and enhanced control over magnetization, enabling the

creation of faster, smaller, and more energy-efficient spintronic devices.
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Figure 1.7. Schematic of main mechanisms responsible for voltage control of magnetism (VCM). (a) strain-
mediated magnetoelectric effect (ME); (b) change-density-mediated ME effect;(c) Exchange bias-mediated ME

effect; (d) Orbital reconstruction-based ME effect; (¢) magneto-ionics.
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Figure 1.8. Timeline noting representative milestones in voltage control of magnetism and recent developments
in magneto-ionics.
1.4.1 Strain
The strain-mediated ME effect is a significant phenomenon for controlling magnetism with the
advantage of nonvolatile tuning, high sensitivity, reversibility and compatibility with

traditional CMOS devices. The ME systems based on strain-mediated mechanism normally

consist of ferromagnetic metals or oxides prepared on a piezoelectric layer or substrates. This
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effect mainly involves three dynamic processes: (i) the modulation of lattice or shape in
piezoelectric layer induced by an applied voltage through an inverse piezoelectric effect, (ii)
the generation of strains arising from the deformation of the piezoelectric layer and (iii) the
strain-driven modulation of magnetism in the magnet mediated by the inverse magnetostrictive

effect. As a result, the ME coupling is given by:

Magnetic Mechanical

ME effect = (Eq. 1.8)

Mechanical Electric

In this case, ferroelectric phase with large piezoelectricity (e.g., PMN-PT, PZT, and BTO) and
magnetic phase with large magnetostriction (e.g., Fe, Ni, Co metals, Fe-Ni, FeAl or FeGa alloys

or ferrite/ magnetite oxides) are normally selected to obtain high ME coupling coefficients.

The phenomenon of strain-mediated ME coupling was initially investigated in the 1970s on a
eutectic composite consisting of a piezoelectric BaTiO3 and a ferromagnetic magnetostrictive
CoFe204.% Since then, such a type of VCM mechanism has been widely demonstrated in a
large number of systems such as Fe/BTO,%® CoFeB/PMN-PT,%6% Co/PMN-PT "6
CoPd/PZT,® LSMO/BTO™ and Fe3O4«/PMN-PT.”> As a result , modulations of various
magnetic properties, such as m,%374 Hc 547 and magnetic anisotropy®>®%76 have been realized
under this mechanism. Recently, strain-mediated strain effect has been used to control various
topological and quantum phenomena, such as interfacial Dzyaloshinskii-Moriya interaction
(DMI),”"8 magnetic skyrmions,”®® topological Hall effect®:®2 as well as in atomically thin
van der Waals magnets (e.g., FesGeTey, Crls) 8384

Indirect evidence of strain-mediated ME coupling can be observed through deviations from the
expected behavior in the temperature-dependent magnetization curve of layered thin films
when they undergo a structural transition at the piezoelectric phase's transition temperature.>-
87 Furthermore, the impact of strain on magnetization can be demonstrated by modifying the
magnetization hysteresis loop under an applied electric field.28 Direct visualization of strain-
induced magnetization reversal can be achieved by employing various optical imaging
techniques, such as magnetic force microscopy (MFM), magneto-optical Kerr rotation
(MOKE) in conjunction with piezoelectric force microscopy (PFM), Lorentz force microscopy

(LFM), and X-ray magnetic circular dichroism (XMCD) photoelectron microscopy.*+9%1

Despite the remarkable results obtained in the examples above, the practical implementation
of the strain-mediated ME effect faces several significant challenges. A critical factor in

achieving efficient strain coupling is the establishment of a high-quality interface. The lattice
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mismatch between materials and the characteristic of the ferroelectric counterpart plays a
critical role in this aspect. Moreover, most ferroelectric substrates are oxide-based, leading to
the inevitable oxidation of the ferromagnetic counterpart during deposition. This oxidation
process negatively affects the interface and, consequently, the strain coupling mechanism,
which becomes weakened.®>% Another drawback is the clamping effect, which significantly
restricts the transmission of voltage-induced strain from a piezoelectric counterpart grown as a
thin film on a rigid substrate to the magnetic component. The limited ability to transfer strain
hinders the effectiveness of the ME effect in such systems. Furthermore, the endurance of
strain-based devices is inherently limited due to mechanical fatigue resulting from long-term
usage. Contact loosening, cracking, and sparking are common issues that arise over time and

adversely affect the device's performance.®
1.4.2 Carrier density

The doping level of carriers in heterostructures is a crucial parameter that can significantly
impact their magnetic characteristics. The potential to modify carrier density through the
application of an electric field provides a promising avenue for manipulating the magnetic
properties of diverse magnetic systems, such as semiconductors, ultrathin metals, and oxides.
This carrier density-mediated ME effect represents an active research area with the potential to
enable advancements in the design and development of magnetic materials for a broad range
of applications. In 2000, Ohno et al.*® demonstrated this effect in diluted magnetic
semiconductors (DMS). Specifically, the authors successfully tuned magnetic moments and
Curie temperature in a thin film of (In, Mn)As by utilizing voltage-induced modulation of the
hole density. Subsequently, people from the same group were able to induce magnetization
reversal in similar (In, Mn)As films by exploiting the change in coercive field induced by
charge accumulation.®® This behavior has also been observed in other DMS systems, such as
(Ga, Mn)As,” (In, Fe)Sb,® and MnoosGeogs.” Interestingly, the hole density-mediated
mechanism has also been utilized to control magnetic anisotropy in (Ga, Mn)As film, which is
extensively used in information storage.’® However, the low-temperature ferromagnetism of
magnetic semiconductors limits their practical applications, and only a few studies have
successfully demonstrated effective manipulation of the magnetic properties of diluted

semiconductors, such as Co-doped TiO2,% with Curie temperatures above room temperature.
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Alternatively, ferromagnetic metals and metallic alloys, such as Fe, Co, NiFe-Pt, Fe-Pd, Co-
Pt, and Co-Pd, can be used. However, the screening effect in metals limits the strength and
depth of the electric field within the bulk, presenting challenges in control of their magnetism.
One solution is to utilize the electrostatic effect, which involves the modulation of magnetic
properties through the accumulation of charge at the interface between a dielectric layer and a
magnetic medium. This effect has been conventionally been utilized in metal-oxide-
semiconductor field effect transistors (MOSFETS), which serve as the fundamental building
blocks of modern microelectronics.’®* In a MOSFET, a voltage is applied between the metal
gate and a semiconducting channel across a thin dielectric oxide.'%? This voltage modulation
of the metal gate induces the formation of carriers (electrons or holes) in the channel, creating
a two-dimensional sheet due to the electric field’s screening at the dielectric-semiconductor
interface. This process, known as electrostatic doping, has been highly successful in achieving
transistor functionality.’®® However, when it comes to tuning the magnetic properties of
materials, a significantly higher charge density is often required compared to MOSFETS. The
charge accumulated in a capacitor can be determined using the equation:

Q=4vcC (Eq. 1.9)
Here, Q represents the charge, AV is the applied voltage, and C is the capacitance. The

capacitance, in turn, is calculated using the formula:

= 2t (Eq. 1.10)

In this equation, &r denotes the relative permittivity, o is the vacuum permittivity, A represents
the area of the capacitor plates, and d is the thickness of the dielectric layer. Therefore, the
expression for the accumulated charge in a capacitor, considering the material properties and

applied voltage, can be written as

Q=4av =22 (Eq. 1.11)
To achieve a higher value of Q, traditional dielectric oxides would require relatively large
voltages to be applied, sometimes on the order of tens or hundreds of volts. For instance,
inducing a variation of only 1 K in the Curie temperature of the semiconducting (Ir, Mn) As
system necessitates a high electric field of approximately 1.6 MV/m under a voltage of
125 V.1% Such high voltage applications are impractical and also cause breakdown of dielectric
materials. One possible solution is to employ ultra-thin dielectric layers (e.g., 1-2 nm thick
Al;O3, SiO,, HfO2, or Mg0)!%1%7 However, the preparation of such thin layer with high-

quality (e.g., being homogeneous and free of pinholes) remains challenging in practice.
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Advanced methods have been pursued to address these challenges, with several yielding
impressive advances, most notably the replacement of the MOSFET dielectric with liquid
electrolytes. The liquid electrolyte is an ionic medium which contains a balanced number of
positive and negative ions with high levels of mobility.1%® As illustrated in Figure 1.9, when a
voltage (positive, for example) is applied to the gate electrode, anions in the electrolyte will
move towards the interface between the electrolyte and the gate electrode to balance the charge
introduced by the gate electrode. On the other hand, cations will migrate and accumulate at the
interface between the electrolyte and the target material. To compensate for the resulting charge
imbalance at the interface between the electrolyte and target material, negative charge will
accumulate within the target material. The presence of these two oppositely charged layers at
the electrolyte/target material interface gives rise to the formation of an ultra-thin electric
double layer (EDL).1%®11% The EDL is essentially a nanogap parallel-plate capacitor. In such a
voltage-gated capacitor, the relation between the electric field E and the applied gate voltage V
is given by

14
E=2 (Eq. 12)
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Figure 1.9. lllustration of a capacitor-like geometry employing liquid electrolyte-gating as a method to induce an
electric field (E). This setup utilizes the electric double layer (EDL) formed by solvated ions in the electrolyte and

induced carriers at the surface of magnetic materials to generate an electric field.

where d denotes the effective thickness of the capacitor. Due to the small d (typically just = 1

nm) of the EDL, a large electric field (= 10-100 MV/cm) under a gate voltage of just a few
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volts can be achieved.'®® Importantly, the capacitance in electrolyte gating is dictated by the
EDL, not the electrolyte thickness, enabling the use of thick, low-leakage layers, as well as
convenient side-gate geometries. These advantages make liquid electrolytes-gating an appeal
approach to induce magnetic changes, promoting the development of magnetoelectric devices.

In 2007, Weisheit et al.'% reported the first observation of the electrostatic ionic effect-induced
modulation of magnetism in an ultrathin metal, where they demonstrated a modification of
4.5% and 1% in Hc of Fe-Pt and Fe-Pd ultrathin films (= 2 nm), respectively. These changes
were attributed to the modification of magnetocrystalline anisotropy and the corresponding
energy via the variation in the number of 3d electrons, which was subsequently confirmed by
density functional calculations for these systems as well as Co-Pt, Co-Pd,''! and Cu-Ni.*’
Theoretical studies indicated that changes in MAE in response to the electric field are
associated with the modulation of unpaired d electrons near the Fermi level and spin-dependent
E-field surface screening in ferromagnetic transition metals (e.g., Fe, Ni, and Co).1*21 These
findings have led to further investigations into these systems, including Fe and CoFeB, for
which electric-field-induced changes in Hc have also been reported.!*>!1® Recent research has
investigated the electric field manipulation of various magnetic parameters beyond the coercive
field. For example, Shimamura et al.*'” demonstrated significant tuning of Tc in Co ultrathin
films by applying +2 V using an ionic liquid, with a maximum tuning of up to 100 K. Magnetic
anisotropy control through the electric field has also been studied, and Maruyama et al. reported
up to a 40% change in the magnetic anisotropy of a few atomic layers of Fe metal. This effect
resulted from the modulation of Fe electron occupancy by the electric field, in conjunction with
the strong spin-orbit coupling between Au and Fe.*'® Furthermore, the electric control of spin
textures (i.e., skyrmions, domain wall)!¥%122 has been investigated in multiple theoretical
works and experimentally demonstrated. Notably, Givord et al.'?® achieved effective control of
skyrmions in Pt/Co/oxide trilayers via an applied electric field at room temperature. However,
these modulations only occur within a few nm from the surface of magnetic metals, restricting

the effect to ultrathin films, which can be difficult to be integrated in real devices.

One effective strategy is the utilization of nanoporous materials, intentionally synthesized to
enhance the surface-to-volume ratio, thereby promoting a significant enhancement of
magnetoelectric effects. In a recent study conducted by Quintana et al.,*?* intrinsic
magnetoelectric effects were investigated in nanoporous Cu-Ni films synthesized through

micelle-assisted electrodeposition. The researchers demonstrated that applying voltage across
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an EDL using a nonaqueous liquid electrolyte could lead to a drastic reduction in coercivity
within the nanoporous metallic alloy, characterized by very narrow pore walls. The nanoporous
morphology of the material allowed for a much greater accumulation of surface electric charges
compared to fully dense films. The observed purely magnetoelectric effects in Cu-Ni were
attributed, based on ab initio calculations, to changes in the magnetic anisotropy energy
resulting from electric field-induced, spin-dependent modifications of the magnetic density of

states at the surface.
1.4.3 Exchange bias

The exchange bias-mediated ME effect is another mechanism that might be controlled by
electric means. It refers to the phenomenon in which the magnetic properties of a ferromagnetic
material are influenced by the proximity of an adjacent antiferromagnetic material. This is
characterized by a shift in the center of magnetic hysteresis loop from its normal position at H
=0 to He£0 (Figure 1.7).1%5-127 By applying a voltage to a device containing ferromagnetic and
antiferromagnetic materials, it becomes possible to manipulate the direction and strength of
EB, thereby altering the magnetic properties of the ferromagnetic material. The electric field-
controlled exchange bias was initially observed in the Co/Pt multilayers the inclusion of
Cry03.12812% |n this setup, Cr.0s facilitates the formation of AFM single domain through the
electric field-assisted cooling process below Ty =307 K and allows for adjustment of the sign
of the EB field. Subsequently, He et al.*3° demonstrated an obvious perpendicular EB effect in
[Co/Pd]/Cr203 multilayers, in which reversible and room-temperature isothermal switching of
the EB field could be achieved by applying voltage pulses in the presence of an auxiliary

magnetic field.

Multiferroic materials, such as Cr.0s, YMnOs,33! LuMnO3,**2 and BiFeO3!31% play a
significant role in EB-based ME effect. Recently, significant advances have been made in BFO-
based heterostructures, including BFO/LSMO interfacial engineering, analysis of spin cycloid
BFO, modeling of BFO/CoFe heterojunction and novel ME effect in BFO/two dimensional
Crl3. 136140 After accumulating decades of research into voltage control of EB, Intel has
proposed a metal-insulator-semiconductor-metal (MESQO) device prototype, which might
replace the current CMOS logic device due to its lower energy consumption and higher logic

density. 14!
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In addition to multiferroics/FM heterostructure, EB-based ME coupling has been demonstrated
in AFM/FM/FE multilayers.**?71%4 In such configurations, similar to the mechanical spring for
force transfer, the IrMn exchange spring transfers the influence of the electric field to the
interface of the magnetic Co/Pt and AFM IrMn, thereby modulating the magnetism. For
example, applying positive and negative voltage to [Co/Pt]/IrMn multilayers increases and
suppresses the interfacial exchange interaction, respectively, leading to the modulation of Heg
and Hc.'*? The electric field effect on exchange coupling is expected to be prominent within
the length of the exchange spring (6 nm for IrMn).

Despite the promising nature of the EB-mediated ME effect for the manipulation of magnetic
properties through electric fields, its practical applications are currently limited due to various
factors. These encompass temperature sensitivity, relatively weak effect magnitudes,
limitations imposed by available material systems, restricted controllability, and scalability

issues.
1.4.4 Orbital reconstruction

As clarified above, voltage control of magnetic performance can be achieved through three
classic mechanisms: modification of carrier density, strain transfer effect, and exchange
coupling. These mechanisms operate by electrically modulating the lattice, charge, and spin,
which are the three well-known degrees of freedom in strongly correlated electron systems.
However, the fourth degree of freedom, orbital, has received little attention despite its
significant importance in physics. Orbital reconstruction refers to the phenomenon whereby
the electronic configuration of atoms within a material undergoes changes consequent to
modifications in the crystal structure.*® The occupation of orbitals in a material has a profound
impact on the interatomic electron-transfer interaction, influencing both its magnitude and
anisotropy, and consequently determining the electronic structure and magnetic ordering.'4®
Therefore, the capacity to manipulate the occupancy of orbitals electrically presents a potent

mechanism for regulating the electronic structure and magnetism of a material.

One case is the interfacial covalent bond based on orbital reconstruction at the interface
between FM metals and dielectric/ferroelectric oxides, in which the magnetism of the FM
metals can be manipulated through the electric field applied via the oxides.*>!8147 For
example, the perpendicular anisotropy of Fe undergoes significant changes in heterostructures
of MgO (10 nm)/Fe (0.48 nm), as indicated by the representative magnetic hysteresis loops
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observed when applying bias voltages of £ 200 V, which were obtained through Kerr ellipticity
() measurements (shown in Figure 1.10a).!'® The observed modulation of magnetic
anisotropy can be attributed to the changes in electron occupancy induced by the electric field.
Specifically, when an electric field of 200 V is applied, there is a change in electron filling of
2 x 103 electrons per Fe atoms at the surface, which is significant enough to cause a noticeable
alteration in the anisotropy energy of 4 meV per surface Fe atom. This alteration leads to an
increase in the energy associated with the 3z%-r?> (m, = 0) orbital (Figure 1.10b), which
contributes to the MA enhancement. In addition, numerous theoretical and experimental works
have demonstrated the orbital reconstruction ME effect via the ferroelectric polarization in
ultrathin FM metal/FE oxides heterostructures, such as Fe/BTO, Co/BTO, Co.MnSi/BTO.48-
153 Unfortunately, in metal systems, the orbital occupancy of the FM layer is difficult to directly
characterize, which places a limit on further insights.
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Figure 1.10. (a) Magneto-optical Kerr ellipticity #« for MgO/Fe under different gate voltages. (b) Sketch of the
influence of the external voltage on the orbital occupancy of Fe. Adapted from reference 118.18

1.4.5 Electrochemical processes

Over the past decade, significant progress has been achieved in the field of modulating
magnetic properties through voltage-driven electrochemical processes.’® As depicted in
Figure 1.11, unlike the sole “charge doping™ mechanism seen in magnetoelectric systems based
on electrostatic ionic effects (as discussed in section 1.4.2), electrochemical processes involve
structural or compositional modifications within a magnetic material. This can occur through

surface redox reactions®®>** or even ion migration, known as magneto-ionics.!1222157 By
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utilizing these electrochemical processes, the magnetic properties of the material can be
effectively controlled in a nonvolatile manner, independent of the electric field screening
length. This presents exciting prospects for achieving dynamic magnetic control with potential
applications in areas such as spintronics, magnetic memory devices, and other emerging

technologies.

Electrostatic effect Surface redox reactions Magneto-ionics
Electrolyte Electrolyte Electrolyte
i X+~ XH-

Movable ion species ® |attice atoms Modified lattice atoms

Figure 1. 11. Schematic illustration of possible interactions between ionic species and a magnetic material.

While surface redox reactions are sometimes encompassed within the term "magneto-ionics"
in the literature,’1% it is important to note that in this Thesis, these mechanisms will be
discussed and introduced separately. This approach capitalizes on the oxidation-reduction
reactions of magnetic metallic or metal oxide materials in the presence of an aqueous alkaline
electrolyte, commonly using KOH or NaOH. By applying an electrical voltage, a charge-
transfer reaction occurs between the electrolyte and the material, leading to a change in its
oxidation state and subsequently modulating its magnetic properties.

Among the studied materials, iron-based systems have received significant attention in voltage-
controlled magnetism through surface redox reactions. For instance, Leistner et al.*> achieved
a significant variation of Ms up to 20% in a 10 nm thick Fe film immersed in KOH, where the
oxidation-reduction processes of a 2 nm Fe layer upon voltage application were attributed to
the observed changes. Similar control over magnetization, magnetoresistance (MR), and
perpendicular magnetic anisotropy (PMA) has been demonstrated by the same group in
Fe304/Fe/(001) L10 Fe-Pt trilayers and FeOx/Fe nanoislands using 1 M KOH as the alkaline
electrolyte.®1%¢ Besides iron-based systems, voltage-induced magnetoelectric effects via

redox reactions have been investigated in Pd-Ni, Co, and Cu-Ni systems.'® For instance, the
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magnetic anisotropy of Co ultrathin films was increased by 0.36 erg-cm2 by oxidizing the Co
surface in 0.01 M KOH, attributed to the formation of a Co-OH layer from the initially reduced
Co-H state. Additionally, Quintana et al.*** reported intriguing findings in Cu-Ni alloy films,
where subjecting the films to voltage in the presence of NaOH aqueous electrolyte resulted in
an increase of up to 33% in Ms. This effect was attributed to a selective electrochemical redox
reaction, where the oxidation of the Cu-Ni film affected only the Cu component, leading to an
enrichment of Ni content in the Cu-Ni film and subsequently an increase in Ms. These findings
underscore the significant potential of voltage-induced electrochemical redox reactions for

precise control of magnetic properties in a range of materials.

In contrast, magneto-ionics involves the reversible control of magnetic properties through the
back-and-forth motion of ions between the magnetic materials and the electrolytes, often
accompanied by structural or compositional modifications in the host material.}**3 This
intriguing field has garnered significant attention due to its potential for next-generation
spintronics and recently proposed neuromorphic computing applications. To provide a
comprehensive understanding of this area, a detailed discussion will be presented in the
subsequent Section 1.5.
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1.5 Magneto-ionics

Magneto-ionic control of magnetic materials presents a promising and innovative approach
within the realm of magnetoelectricity. A significant advantage of magneto-ionics,
distinguishing it from other magnetoelectric strategies, is its nonvolatile operation at room
temperature and low voltage. However, despite its potential, there remains a gap between the
exploration of fundamental phenomena and the realization of specific applications. This gap
arises due to limitations in terms of switching speed, reversibility, and endurance. To bridge
this gap effectively, it is essential to deepen our understanding of the underlying principles and
advancements within this field, thereby enabling the proposal of effective strategies to enhance

performance and enable practical applications.

In this perspective, this chapter aims to provide a comprehensive overview of device
architectures utilized in magneto-ionics. Subsequently, it offers a concise summary of recent
developments in the field, focusing on various ions and their respective contributions. Finally,
the latter portion of this chapter explores the potential of magneto-ionics in the exciting realm

of neuromorphic computing.
1.5.1 Device architectures

A typical magneto-ionic device consists of a gate electrolyte in contact with a FM,?3 where the
application of an external voltage induces ionic motion and electrochemical reactions.
Consequently, reversible modifications in the magnetic material's performance can be
achieved. In magneto-ionic studies, the whole device architectures are fabricated differently

based on techniques used for magnetoelectric characterization and voltage actuation.

For magnetoelectric characterization, two common configurations are widely used: field effect
transistor (FET) and condenser-like structures. As depicted in Figure 1.12a, a FET geometry
consists of a source electrode, a drain electrode and a gate electrode. This structure is primarily
designed for magnetoelectric measurements employing the anomalous Hall Effect (AHE). By
applying a voltage to the gate electrode across the insulator, changes in magnetization can be
induced. These changes can be tracked by measuring the current flowing between the source
and the drain electrodes since there is an inherent connection between the collected electrical
data and magnetic information. In this way, the magnetic properties of the material, such as

magnetic moment or magnetic field sensitivity, can be determined. The second configuration
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involves a condenser-like structure, as illustrated in Figure 1.12b. It utilizes a heterostructure
composed of magnetic materials and an insulator positioned between two electrodes. When a
voltage is applied between these two electrodes across the film and insulator, it can lead to
modulation of magnetism. This modulation can be directly monitored using magnetic detection
equipment such as vibrating sample magnetometer (VSM), MOKE, superconducting quantum

interference device (SQUID) magnetometers.

(a) (b)

Electrode

@
Insulator Insulator
Gate Electrode

Figure 1.12. Schematic diagrams of two different geometries used for magnetoelectric characterization on
magnetic materials: (a) the field-effect transistor (FET) and (b) the capacitor. V¢ represents the applied gate
voltage that induces an electric field, while Ip represents the current flow used to indirectly detect magnetic
changes (the arrow depicts the direction of Ip).

In the field of magneto-ionics, the choice of architecture between solid/liquid or all-solid-state
configurations (as shown in Figure 1.13) allows for flexibility based on the utilization of either
liquid or solid electrolytes. These electrolytes play a crucial role as dielectrics, facilitating the
generation of an effective electric field for magnetic actuation, while also serving as ion

reservoirs, ensuring the reversible ion transport within the system.

Liquid electrolyte. Various liquid electrolytes have been explored in magneto-ionic studies
and they involve three main types: (i) polar aprotic organic solvents, such as propylene
carbonate (PC), (ii) ionic liquids, such as LiPFs dissolved in ethylene carbonate or KCIO*
polyethylene oxide and (iii) aqueous electrolytes with dissolved KOH or NaOH. These liquid

electrolytes are popularly employed in magneto-ionics for several reasons:
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Figure 1.13. Two magneto-ionic configurations for voltage actuation. Schematic of (a) Solid/liquid configuration;

(b) all-solid-state configuration. EDL stands for electric double layer and d denotes the effective thickness of the

capacitor used to calculate the electric field.

i)

i)

However, |

i)

High ionic conductivity: Liquid electrolytes exhibit high ionic conductivity,
allowing for efficient ion transport within the system. This enables rapid and
reversible changes in the magnetic properties of materials.

Enhanced charge density: Liquid electrolytes can accumulate a higher charge
density compared to solid ones due to the formation of EDL (the effective thickness
d=~ 1 nm). This higher charge density enables stronger electric fields and larger
modulation of the magnetic properties (This has been discussed in detail in section
1.4.2).

Easy ion exchange: Liquid electrolytes provide a favorable environment for ion
exchange and diffusion. This facilitates the manipulation of ion concentrations,
allowing for precise tuning of the magnetic properties.

Versatility: Liquid electrolytes offer flexibility in terms of composition, allowing
for customization of the ionic species and solvents used. This versatility enables
optimization of the electrolyte properties to suit specific magneto-ionics

requirements.
iquid electrolytes also have limitations that need to be considered:

Evaporation and leakage: Liquid electrolytes are prone to evaporation and can leak

from the device, leading to degradation in performance and potential safety hazards,
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which require special attention to ensure proper sealing and containment of the
liquid electrolytes.

i) Stability: Some liquid electrolytes may exhibit limited stability, particularly under
high voltages or extended operation. This can lead to degradation of the electrolyte
and reduced device performance over time.

iii) Compatibility: The choice of liquid electrolyte must consider compatibility with the
other materials used in the magneto-ionics device. Some liquid electrolytes may
interact or react with the device components, leading to undesired effects or device
failure.

iv) Environmental impact: certain liquid electrolytes may contain hazardous or
environmentally harmful materials. Proper handling, disposal, and consideration of

eco-friendly alternatives are essential to minimize environmental impact.

Solid-state electrolyte. A solid-state electrolyte is a type of electrolyte that is in a solid-state
rather than a liquid or gel form. It conducts ions while remaining solid, which plays a crucial
role in enabling the movement of ions for magnetization manipulation in a solid-state system.
Early success in using solid-state electrolytes for magneto-ionics has been achieved by Bauer
et al.'* in a Co/GdOx bilayer, wherein GdOy serves as a solid electrolyte and a reservoir for
oxygen ion. The authors demonstrates that this solid electrolyte gating of the interfacial
oxidation allows for voltage control of magnetic properties to an unprecedented level never
achieved through conventional ME mechanisms. Other solid-state electrolytes such as
HfOy, 1585 Lithium phosphorus oxynitride (LiPON) and Yttrium iron garnet (Y1G)*° have
also attracted great appeal in this field. Solid-state electrolytes hold several advantages

compared with liquid counterparts, including:

) Enhanced Stability: solid-state electrolytes offer improved chemical and
electrochemical stability so that they can withstand higher voltages, resist
degradation, and maintain their functionality over extended periods, making them
suitable for long-term device operation.

i) Lower leakage and evaporation: solid-state electrolytes eliminate the concerns of
leakage and evaporation associated with liquid electrolytes. This enhances the
safety and reliability of magneto-ionics devices, particularly in applications where

sealing and containment are challenging.
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i)

Compatibility with solid-state materials: solid-state electrolytes can be more
compatible with other solid-state materials, such as magnetic thin films or
electrodes. This compatibility facilitates better integration and interface properties,
leading to improved device performance and functionality.

High ionic conductivity: although solid-state electrolytes generally have lower ionic
conductivity compared to liquid counterparts, significant advancements have been
made in developing solid-state electrolytes with high ionic conductivity. These
materials enable efficient ion transport and facilitate rapid modulation of the

magnetic properties.

However, solid-state electrolytes also have certain limitations that need to be considered:

i)

i)

Limited ionic conductivity: despite recent progress, the ionic conductivity of solid-
state electrolytes is typically lower than that of liquid electrolytes. This can impose
constraints on the speed and efficiency of ion transport, potentially impacting the
dynamic control of the magnetic properties.

Fabrication challenges: the preparation and fabrication of high-quality solid-state
electrolytes can be complex and require specialized techniques. Ensuring
homogeneity, uniformity, and absence of defects or impurities in the solid-state
electrolyte layer can be challenging, which can affect device performance.
Interface compatibility: Achieving good interface compatibility between the solid-
state electrolyte and the adjacent materials is crucial. Mismatched properties or
chemical reactions at the interfaces can hinder ion transport and introduce additional

resistance, limiting the overall performance of the magneto-ionics device.

Until now, extensive research has been conducted on both liquid electrolytes and solid-state

electrolytes in magneto-ionics. The choice between the two depends on the specific

requirements of the application. Ongoing research endeavors to overcome these limitations and

advance both types of electrolytes, ultimately leading to the development of innovative

magneto-ionics devices with enhanced performance and functionality.

Solid electrolytes, though lacking the ability of forming the EDL, provide advantage over

traditional dielectric layers in terms of mobile ions. This feature greatly appeals for all-solid-

state magnetic devices, especially in the field of magneto-ionics, which mainly depends on the

voltage-driven ions motion (This will be discussed in detail in the coming section 1.5.2). Thus,
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the use of electrolytes, either liquid or solid, significantly advances the field of VCM and

provides an opportunity for relatively low-voltage operation of magnetoelectric devices.
1.5.2 Recent advances

The first reports realizing magneto-ionic control of magnetism in ultrathin metal films dealt
with oxygen-based interfacial reduction/oxidation and associated changes in magnetic
anisotropy and coercivity.!! Since then, numerous ionic systems, such as Li*,10! F~ 162163 4*
131617 and N3- 22164165 gpecies, have been investigated. Consequently, this field has witnessed
remarkable advancements, particularly in the areas of operating at room temperature,
enhancing switching speed, achieving reversibility, and expanding the scope of magneto-ionic
tunability to encompass various magnetic phenomena and functional materials. The following
discussion will primarily center around significant breakthroughs in this emerging discipline,

with particular emphasis on the employed ions.

1.5.2.1 Oxygen ion

A typical oxygen-based magneto-ionic system comprises a FM (metal or oxide) /electrolyte
(solid or liquid) heterostructure, in which the magnetism relies sensitively on oxygen
stoichiometry and defect structure of target materials. The capability of voltage-driven oxygen
transport to tune composition and structure presents a powerful means to electrically control
material properties in these systems. Bauer et al.!* made a ground-breaking discovery by
directly observing the voltage-induced migration of O> in Co/GdOx bilayers. In this case, the
PMA in this system can only be derived from an optimally oxidized Co interface and the
oxygen state can be modified by the voltage-triggered removal and insertion of oxygen ions at
the Co/oxide interface. Consequently, this solid-state electrochemical switching of the
interfacial oxidation state can completely remove and restore PMA of a thin Co layer.
Importantly, the oxidation state remains unchanged even in the absence of voltage, which
highlights the potential of magneto-ionic approaches in the design of nonvolatile spintronic
devices. Subsequently, Gilbert et al.}* revealed how the depth-dependent oxygen diffusion
affects the magnetic properties of a 15 nm-thick Co adjacent to AlOx/GdOx layers through their
structural and magnetic depth profile analysis, which was recorded by the polarized neutron
reflectometry (PNR) technique. Specifically, the authors demonstrated that magnetization was
tailored along the first 10 nm and that the process was reversible up to a 92%. 0%~ ion migration

and subsequent interfacial oxidation/reduction reactions are also discussed for voltage-induced

32



magnetic changes in ultrathin Co, Fe, and Co/ Ni films adjacent to HfOx, AlOx, MgO or
SrCo02s barrier layers.’® As a result, various magnetic properties, such as the easy asis,*®®
Tc,'%” Ms, 168 Hc, 1% exchange bias'’®!" have been successfully controlled via oxygen-based
magneto-ionics. Besides these basic magnetic properties, the Dzyaloshinskiie-Moriya

constant,*’? which plays a significant role in stabilizing spin textures, such as skyrmions,*”

174 and spin spirals,!” have been shown to be tuneable using magneto-

chiral domain walls,
ionics in a Pt/Co(0.6 nm)/HfOx/ionic liquid system. However, the use of magneto-ionic systems
that rely on the insertion of O? ions from an external electrolyte to a target FM material is
often hampered by slow dynamics at room temperature, irreversible compositional and
structural changes in the FM phase, and poor cyclability. Furthermore, achieving a fully OFF
magnetic state with voltage for relatively thick films can be difficult due to the limited

penetration of external ions towards the interior of the FM target layers.

To overcome these issues, Quintana et al.'® proposed an alternative “structural-oxygen”
approach, that is, utilizing materials that are already oxidized and contain migrating oxygen
ions in their as-deposited state. In their study, 100 nm-thick Coz04 films, prepared by plasma-
enhanced atomic layer deposition onto SiO, were immersed in PC electrolyte containing
solvated Na* ions, which is a polar, anhydrous liquid electrolyte capable of generating a
significant electric field with low voltage due to the formation of an EDL. By applying a
negative voltage, the Co30O4 was reduced to Co metal phase, leading to the emergence of
ferromagnetism. Conversely, a positive bias reversed the process, resulting in the oxidation of
Co back to Co304 and the disappearance of ferromagnetism. This ON-OFF switch relies on
gate-induced O and Co migrations that were driven by mixed vacancy clusters, evidenced by
Positron annihilation spectroscopy. Additionally, the ionic transport was found to be promoted
at grain boundaries and facilitated by the formation of diffusion channels that contained high
levels of oxygen, as observed by high-angle annular dark- field scanning transmission electron
microscopy (HDAAF-STEM) and electron energy loss spectroscopy (EELS). Most notably,

the process was self-sustaining and did not require an external source or sink of oxygen.

Despite significant advances in the development of oxygen ion-based magneto-ionic systems,
the kinetics of the oxidation/reduction reactions are limited by the diffusion of O%. Although
sub-millisecond to second modulation has been achieved for thin films up to a few nanometres
thick,*176177 thicker materials typically require minutes to hours for switching.'#1>17817

However, comparisons with resistive switching mechanisms suggest that faster switching
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times, potentially on the sub-100 nanosecond timescale, may be achievable through

engineering of the ion transport pathways in oxygen-based magneto-ionic reactions.

1.5.2.2 Lithium and fluoride ion

Taking over electrochemical concepts from batteries and supercapacitors, the use of lithium as
the mobile ion in magnetoelectric studies has attracted great interest due to their small size, the
capacity for reversible intercalation, and fast diffusion kinetics.!81%196.180 The majority of
research in this area has centred around intercalation and deintercalation of lithium ions, which
are provided by either liquid (e.g., non-aqueous organic liquids containing LiPFg)816%:181182 of
solid electrolytes (e.g., LIPON).18318 resulting in significant changes in magnetization through
bulk electrochemical processes. Thus, reversible changes in the room-temperature
magnetization, e.g., in various iron oxides!8161183-185 anqd ferrites, 18218 are realized due to
associated valence change and redistribution of transition metal ions (e.g., Fe**/Fe*). For
example, Dasgupta et al.*®! demonstrated that the magnetic properties of maghemite (y-Fe;O3)
can be precisely controlled in a reversible manner by voltage-induced Li insertion or extraction.
Similarly, Zhang et al.’® showed that nanoscale a-Fe;Os-based batteries can be electrically
tuned to exhibit strong ferromagnetism by driving lithiation (magnetic moment enhancement)
or delithiation (magnetic moment suppression). The voltage-driven Li* ion intercalation has
also been demonstrated to be effective in tuning the magnetic moment values of nanoporous
CoosNiosFe204 and CoFez0q4 in a reversible manner using an electrolyte of 20 wt.% LiTFSI
dissolved in EMIM-TFSI electrolyte within a potential window of 1.5-3.3 V. The potential
window can be extended to 1.1-3.4 V for larger variations in magnetic moment values, but the
effects become highly irreversible. In addition, researchers have investigated the use of LiTFSI
in EMIM-TFSI electrolyte for Li* intercalation in o-LiFesOg mesoporous thin films.*8” These
spinel ferrites were found to have a reversible Li* storage potential between 3.2 and 1.4 V, with
electrochemical reactions proceeding topotactically. This allowed for control and tuning of M
at room temperature in a reversible manner, with up to 4% change. Furthermore, oxygen-
deficient LiFesOs.x was used as a ferrimagnetic material whose magnetic properties could be
tailored by voltage in the solid state at the nanoscale, thanks to the oxide's low activation energy
for Li* ion migration.'® Recently, Ameziane et. al*®-1% have made groundbreaking strides in
integrating solid-state Li-ion batteries and supercapacitors with magnetic systems, targeting the
modulation of their magnetic performance via voltage-driven Li-ion movement. Some of the

notable magnetic properties they have been able to control include perpendicular magnetization
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switching in Co/Pt bilayer, dynamics of magnetic skyrmions in the Pt/CoFeB/Pt system and
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interlayer interaction in a perpendicularly
magnetized [Co/Pt]N/Ru wedge/Pt/Co/Pt multilayer. Impressively, these modulations are
executed using small voltage, demonstrating high efficiency, substantial durability and fast

response, all under ambient conditions.

The reversible manipulation of ferromagnetic metals with high magnetization is also possible
using Li-electrochemistry. For instance, in amorphous CosFes0B2o films, the (de)lithiation
using a solid-state electrolyte yields reversible control of magnetization and magnetic
anisotropy via a conversion reaction with Li*.*%* Also, Li-based electrolytes are beneficial to
facilitate the reducibility of iron oxide to iron at RT for the voltage control of magnetization,

anisotropy, and exchange bias in iron oxide/iron and FeOx/FePt films, 176192193

Apart from lithium ions, the use of fluoride-ion based magneto-ionics offers unique
advantages, as they can be intercalated into or deintercalated from suitable host structures. 16163
This allows for the use of materials that are inaccessible to Li*, such as perovskite-related
structures, %1919 Jike the An+1BnOsn+1 Ruddlesden-Popper (RP) system. This structure is
particularly interesting as it consists of perovskite blocks separated by rock salt layers which
can host additional anions such as fluoride. Recent research has demonstrated reversible
magnetization tuning of the ferromagnetic RP manganite Laj_2xSri+2xMn207 through
electrochemical F-ion (de)intercalation in an all-solid-state system.!®® This represents a
significant achievement, as a 67% change in relative magnetization was observed with a low
operating potential of <1 V, negligible capacity fading, and high Coulombic efficiency. The
fluoride-ion based magneto-ionics offers exciting possibilities for the development of novel

materials and spintronics with high energy efficiency.

Overall, voltage-induced transport of Li and F ions has been shown to result in significant
changes in magnetic properties and offers potential advantages in terms of high electrical
efficiency and non-volatility. However, the use of these approaches is currently incompatible

with CMOS technology, which limits their viability for practical applications.

1.5.2.3 Hydrogen ion
The utilization of hydrogen ions in magnetoelectric systems has been motivated by gas-phase
experiments, which have demonstrated considerable reversible magnetic changes upon

(de)hydrogenation of metals.!® Electrochemical hydrogenation of metals proceeds via the

35



voltage-controlled reduction of H" to atomic H, followed by its absorption into the metal.
Hydrogen ion, which is relatively innocuous, and is at the same time the smallest possible ion,
can easily diffuse through interstitial sites in metals with a high mobility at room
temperature.'®® This feature making it ideal for inducing rapid electric-field-driven property

changes in solid-state structures.

Hydrogen ion-based magneto-ionics is a promising field of research that has attracted
significant attention in recent years. One of the key breakthroughs in this area was made by
Tan et al.,’® who observed a voltage-induced spin reorientation in an all-solid layer stack of
Au/GdOx/Co(0.9 nm)/Pt under ambient conditions. The authors explained this phenomenon as
resulting from a modification of the interface magnetic anisotropy due to electric field-
moderated hydrogen migration through layers and electrochemical reactions at the GdOx/Co
interface. Specifically, they proposed that the mobile hydrogen ions were generated by water
splitting at the top Au electrode, followed by their being pumped through the GdOx layer, and
the reduction of H* to atomic H at the Co metal interface. By applying the reverse voltage,
interstitial water and hydroxides in the Gd2Os release oxygen, which reacts with the Co, and
hydrogen, which is ejected. Importantly, it was found that inserting a thin Pd layer at the
Co/GdOx interface allowed for a larger voltage range to be applied and faster switching to
occur, as the Pd layer protected the Co layer from oxidation. Notably, this hydrogen ion-based
magneto-ionic device was demonstrated to be reversible for more than 2000 cycles, with only
a slight decay in device functionality and magnetization switching at a relatively high speed of
100 m s*. This work provides important insights into the fundamental mechanisms underlying
hydrogen ion-based magneto-ionics and highlights the potential for this technology to be used

in next-generation spintronic devices.

The discovery of voltage-triggered hydrogen migration has led to the development of
controllable magnetic properties and materials. As a result, large changes in properties such as
magnetic anisotropy,?°%?%! magnetization,?®? coercivity field,'” magnetic order?*®2%* and
control of spin textures,'2%20% have been observed. Huang et al.?%? have utilized solid-state
hydrogen gating to demonstrate deterministic reversal of Néel and magnetization vectors in the
ferrimagnet GdCo under ambient conditions. The heterostructure studied comprises a gold gate
electrode, a GdOx layer as a proton injector and a perpendicularly magnetized amorphous
GdCo ferrimagnetic layer. Element-specific XMCD analysis was used to confirm that the Gd

and Co moments exhibit different responses to hydrogen loading in GdCo. Consequently, a
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gate voltage can be applied to reversibly adjust the Gd moments from dominating the Co
moments to being dominated by them, leading to a change in the total magnetization from Gd-
dominated to Co-dominated in the ferrimagnetic layer. This process enables the selection of
the dominant magnetic sublattice, as well as independent inversion of Néel and magnetization
vectors. Remarkably, in racetrack devices, ferrimagnetic spin textures such as domain walls
and skyrmions can be efficiently generated using hydrogen gating within a brief gating time of
just 50 ps, maintaining durability for over 10,000 cycles. Recently, Ye et al.}” showcased the
ability to reversibly charge and discharge bulk-sized SmCos powder with hydrogen atoms
using minimal voltages. Impressively, this method allows for the tuning of SmCos powder's
coercivity by approximately 1 T—a leap that's more than two orders of magnitude greater than
what was previously achieved in ultrathin films through charge doping and magneto-ionics.
This breakthrough facilitates voltage-assisted magnetization reversal in high-anisotropy
SmCos at ambient temperatures.

Besides control of magnetism in metal structures, hydrogen-based magneto-ionic control is
also demonstrated for oxide films. In SrCoOs_; films, the voltage- induced insertion of
hydrogen ions by ionic liquid gating leads to the formation of HSrCoO2s, accompanied by a
change of magnetic state.?”” Furthermore, A novel phase transformation from ferrimagnetic
metallic into antiferromagnetic insulating is achieved by protonation of NiCo204 films via ionic

liquid gating at elevated temperatures.?%®

The opportunities presented by hydrogen ion-based techniques include high scalability,
nonvolatility and energy efficiency, going straight to the heart of today’s most critical
technological challenges. Whereas several challenges come to mind, the first being that the
improved mobility of hydrogen is partly arising from weaker bonding, which makes it difficult
to retain hydrogen at elevated temperatures (most consumer devices are designed to operate at
up to 70 °C, and sometimes much hotter), leading to limitations on the long-term stability of
such devices. A second issue with this ionic technology is that the read/write times need to be
further improved is to compete with modern hard drives or STT-MRAM, with 10-ms and 10-
ns latencies, respectively. Finally, the hydrogenation reaction could induce a large lattice

expansion which has been previously identified as a failure mechanism.2%

1.5.2.4 Nitrogen ion
As discussed in section 1.5.1, the “structure-oxygen” approach,’® which incorporates the

migrating oxygens into a single layer transition-metal oxide during its deposition, creates a
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crystal structure that has more local vacancies and larger ionic pathways. This kind of target
material facilitates ion movement in and out of the target material with reduced structural
distortion. To further extend the potential of this approach, an examination of the functionality
of ions beyond oxygen in magneto-ionic target materials would likely prove fruitful.

Indeed, nitrogen ion-based magneto-ionics (e.g., the structure nitrogen approach) has been
proposed by de Rojas et al.,?? with significant advantages, both energetically and functionally,
over their oxygen-based counterparts. To clarify this superiority, the authors deposited
polycrystalline CoN and Co304 films with the same thickness on identical substrates. Then the
samples were electrolyte-gated at —-50 V using PC with solvated Na* ions, while their M vs H
loops and M;s as a function of time were recorded. It was observed that Ms increases with time,
asymptotically, reaching 588 emu cm™ for CosOs and 637 emu cm3 for CoN. The linear
magnetization rate of CoN is calculated to be 722 memu cm3 s, a fivefold enhancement over
sputtered Co3z0a. Also, CoN films were found to have better onset voltage and endurance than
Co0304 films. The enhancement of these properties was attributed to the lower activation energy
for ion diffusion and the lower electronegativity of nitrogen compared to oxygen. Perhaps the
most interesting feature of nitrogen magneto-ionics, beyond the increased magneto-ionic rates,
is the exact way in which the ions are transported from the film. As characterized by HAADF-
STEM and EELS, nitrogen transport occurs uniformly creating a plane-wave-like migration
front, unlike the formation of diffusion channels for oxygen migration. Subsequently, nitrogen-
based magnetoionics has also been reported in FeN films.*®* Iron nitride films show a larger
increase in coercive field, Hc, up to = 100 Oe, compared with =10 Oe in cobalt nitride,
indicative of relatively smaller activated magnetic regions, comprising single- or few- domain
structures in mostly denitrided regions. This suggests that FeN, while slower, may be more

useful for magnetic memory applications.

Recently, Jensen et al.?* have reported an interesting study on the reversible manipulation of
exchange bias in CoFe/MnN heterostructures by using nitrogen-based magneto-ionics. In this
study, the researchers found that the application of a magnetic field during cooling leads to the
diffusion of nitrogen ions from the MnN layer into the Ta capping layer. This process results
in a significant exchange bias, with values of 618 Oe at 300 K and 1484 Oe at 10 K. Moreover,
the researchers observed that the exchange bias can be further enhanced by applying a voltage
conditioning, leading to a 5% and 19% increase at 300 K and 10 K, respectively. Importantly,

this enhancement can be reversed by applying a voltage with an opposite polarity. The
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researchers attribute the enhancement in exchange bias to the nitrogen migration within the
MnN layer and its diffusion into the Ta capping layer, which is supported by the results of

polarized neutron reflectometry studies.

Overall, nitrogen ion-based magneto-ionics represents a promising avenue for low-energy-
dissipation spintronics. One significant advantage of this approach is its potential to overcome
the limitations associated with room temperature ionic migration and irreversibility commonly
observed in certain oxygen-based magneto-ionic systems. Moreover, this method has
demonstrated faster ionic motion and is compatible with current CMOS technology. However,
there is still considerable room for improvement in the optimization of structural ion materials
with respect to switching speeds and cyclability before they can be considered competitive with
other magneto-ionic approaches. Currently, the switching states in structural ion systems
require 102-10° seconds at room temperature, which falls well behind H* or heat-assisted O
systems.!! To advance this approach towards device applicability, additional work must be
done, such as defect engineering through ion irradiation, regulation of ion transport at the

nanoscale, and the selection of better electrolytes.
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1.5.3 Brain-inspired magneto-ionics

Magneto-ionics, relying on the control of magnetic properties through voltage-driven ion
migration, holds significant potential for the development of low-power memory applications.
In recent years, significant progress has been made in improving ion motion rates and
endurance, which are the two main bottlenecks to exploit the full potential of magneto-ionics
at room temperature. This has been achieved by proper selection of the moving ion species,
target materials, heterostructure designs, electrolytes, and voltage actuation protocols. Thanks
to these advancements, it is now possible to suggest that magneto-ionic materials may serve as
suitable candidates for not just spintronic applications, but also for newly proposed

neuromorphic computing paradigms that draw inspiration from the brain.

Over the last two decades, significant progress has been made in brain-inspired algorithms,
such as artificial neural networks. These advances have been driven by improvements in
computational power, access to big data, and breakthroughs in training methods. However, the
implementation of these algorithms on digital computers is becoming increasingly limited by
the von-Neumann architecture, which separates processing and memory units and constrains
memory bandwidth, slowing down processing and increasing energy consumption. As a result,
there is a growing body of research aimed at developing alternative computing paradigms
inspired by biological principles. One such approach is neuromorphic computing, which aims
to create hardware that mimics the functioning of the brain in order to perform sophisticated

tasks in an energy-efficient manner.

To advance the field of neuromorphic computing and engineering, the exploration of novel
physics and materials will be of key relevance creating artificial nanoneurons and synapses,
connecting them together in huge numbers, organizing them in complex systems and
computing with them efficiently. Early successes in neuromorphic computing have relied
heavily on conventional electronic materials, particularly silicon-based CMOS spiking neural
networks. Prominent examples include the TrueNorth chip from IBM that can recognize
disparate objects from video feeds in real-time and the SpiNNaker Project within the European
Union Human Brain Program that can execute cognitive tasks. However, Since CMOS chips
suffer from energy inefficient synaptic operations based on volatile random-access memory,
significant effort has been devoted to nonvolatile memory as a foundation for neuromorphic
computing. To date, a number of systems have shown promise in this regard, based on resistive-

switching oxides, phase-change compounds, spintronic multilayers. Among them, magneto-
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ionics is particularly appealing due to the potential improvement of energy efficiency,
envisaging ultra-low power hardware with minimized Joule heating effects. In addition,
magneto-ionics could exploit the extra degree of freedom provided by the vector nature of
magnetization which may allow synapses to be directly programmed with positive and negative
synaptic weights without need of additional electronics. For example, Mishira et al.?'° have
successfully developed an energy-efficient three-terminal artificial synapse at the nanoscale,
utilizing magneto-ionic principles. This device incorporates distinct pathways for reading and
writing operations and relies on the magnetic properties of Cobalt (Co) to enable the generation
of both positive and negative synaptic outputs. By utilizing voltage-actuated oxygen movement
into and out of the Co layer, the magnetization of Co, which represents the synaptic weight,
can be precisely manipulated. Moreover, they have effectively demonstrated the realization of
a wide range of synaptic functions, including synaptic potentiation and depression, modulation
of spike magnitude, rate, and timing-dependent plasticity, as well as the transition from short-
term to long-term plasticity. This comprehensive demonstration underscores the versatility and

potential of the proposed brain-inspired magneto-ionic technologies.

However, while the weight (e.g., resistance, magnetization) update in most current nonvolatile
technologies can be manipulated by changing the input electric signal (value and sign), the
post-stimulated (without input) states are usually not controllable due to system-inherent
relaxation effects. This post-stimulus uncontrollability greatly limits the emulation of some
important brain-inspired functions, such as maintaining learning efficiency even during deep
sleep. Therefore, procedures capable of controlling post-stimulated evolution while

maintaining good tunability in modulation of weight update are highly desired.
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1.6 The "structural-ion" approach in magneto-ionics

The manipulation of magnetic states through magneto-ionics plays a pivotal role in enabling a
multitude of functions in information technologies, as it facilitates the essential switching
between fundamental "0" and "1" signals in logic devices. A drastic ON-OFF switching of
ferromagnetism via voltage-driven ionic movement has been highly pursued for the realization
of information memory and processing. For instance, researchers have used high-temperature
voltage-assisted oxidation of ultrathin (0.7 nm) Co layers in contact with GdOx underlayers to
suppress magnetization.* Additionally, ON-OFF ferromagnetism at low temperatures has been
achieved in Lao.74Sro26MnOs films by electrochemical (pseudocapacitance) doping.'® Despite
these advancements, these approaches suffer from a weak tuning effect at room temperature,
limiting their widespread application. Although the use of light ions, such as H* and Li*, allows
for magnetization changes at room temperature, achieving a total OFF state remains
problematic due to difficulties in fully oxidizing or reducing the target material.

This Thesis explores the use of "structural-ion" approaches (as discussed in sections 1.5.2.1
and 1.5.2.4) to address certain challenges and achieve room-temperature ON-OFF switching
of magnetism effectively. The proposed magneto-ionic device is housed within a home-made
capacitor-like configuration, which is simplified in Figure 1.13a and the ON-OFF switching
of magnetism is demonstrated in Figure 1.13b. The as-grown sample displays paramagnetic
properties, representing the OFF state. By applying a negative voltage (—V), oxygen or nitrogen
ions migrate into the liquid electrolyte, leaving behind ferromagnetic Co metal within the target
material, transitioning to the ON state. Conversely, a positive voltage (+V) drives the ions back
into the target materials from the liquid electrolyte, reducing Co metals to their corresponding
oxides, and leading to the OFF state again. This reversible manipulation of the magnetic state

allows for precise control and promising applications in magneto-ionic devices.
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Figure 1.13. Reversible ON-OFF switching of magnetism enabled by "structural-ion" approaches. (a) A
schematic representation of the electrolyte-gating process, specifically applied to CozO4 or CoN films. (b) The
demonstration of reversible ON-OFF switching of magnetism. This is carried out by recording the magnetic
hysteresis loop of a pristine sample, followed by treatment at negative bias (—V) and subsequent recovery upon

applying positive bias (+V).
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1.7 Objectives

The primary goal of this Thesis is to harness the potential of “structural-ion” approaches to

enable magneto-ionics for technological applications, such as neuromorphic computing. In

pursuit of this overarching aim, the following specific objectives are presented below:

Feasibility assessment of employing the magneto-ionic system in neuromorphic

computing.

The growth of CoN films with thicknesses ranging from 5 to 200 nm using
reactive sputtering while using liquid electrolyte gating, for the investigation of
the effect of film thickness reduction on ion mobility.

Magnetoelectric characterization in CoN films, especially the evolution of
magnetization with time (M vs. t), both during (stimulated) and after (post-
stimulated) electric voltage application.

The exploration of the interplay between ion motion rates and stimulus frequency
on M vs. t; the former is modulated by adjusting film thickness, and the latter by
altering the frequency of voltage pulses.

The emulation of critical neuromorphic functions, such as information processing,
memory retention, recovery, and the potential for self-evolution by maturity (i.e.,

magnetization updating even when a voltage is no longer applied).

Enhancement of magneto-ionics performance in ternary nitride films.

The fabrication of CoN films and CoMnN films, with a 10 at. % substitution of
Co by Mn, on identical substrates under uniform growth conditions.

The conduction of structural, compositional and electrical measurements on as-
prepared CoN and CoMnN films to investigate the influence of Mn introduction
on nanostructures and electric transport properties.

The comparison of electrolyte-gated evolution of magnetic hysteresis loops and
M vs. tin CoN and CoMnN films, to demonstrate the impact of Mn substitution
on key magneto-ionic performances, such as the minimum threshold voltage

required to initiate magneto-ionic effects and cyclability.

Improvement of magneto-ionics cyclability by synergistically combining the

advantages of solid and liquid electrolytes.
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e The introduction of an amorphous-like Ta layer as a solid electrolyte between a
magneto-ionic target material (specifically, CosO4) and the liquid electrolyte.

e The measurement of the magneto-ionic response and cyclability of Coz04 films
varying the thickness of Ta protective layers over a range from 0 to 50 nm, aimed
at evaluating the optimal Ta thickness that drastically enhances cyclability while
preserving sufficiently high electric fields to trigger ion motion.

e In-depth exploration of voltage-driven ionic transport mechanisms.

e The exploration of voltage-driven ion transport mechanisms behind the observed
magneto-ionic phenomena by employing advanced structural and compositional
measurement techniques on samples before and after voltage actuation. These
techniques include 6/26 X-ray diffraction (XRD), HAADF-STEM, EELS, X-ray

absorption spectroscopy (XAS), and elastic recoil detection (ERD) analysis.
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2 Experimental

This chapter presents the experimental details employed in this Thesis, along with an overview
of the main techniques utilized throughout the study. While theoretical concepts related to
conventional techniques are not provided here, as they can be found in advanced textbooks, we
aim to offer insights into the fundamentals of less common techniques. This chapter ensures

that unfamiliar readers can grasp key concepts essential for understanding our research.
2.1 Sample fabrication

2.1.1 Types of working electrode/substrates

(i) Si/Ti/Cu. This substrate is used for magnetoelectric characterization in all studies conducted
within this Thesis. For the growth of continuous films, non-doped (100) oriented Si wafers (0.5
mm thick) were previously coated with a 20 nm-thick titanium and 60 nm-thick copper seed
layers by reactive sputtering in a high-vacuum chamber (with a base pressure < 8 x 108 Torr).
Figure 2.1a shows the image of the sputtering system used in our lab for sample fabrication.
The Ti layer acts as an adhesion layer.?!! As shown in Figure 2,1b, the Ti and Cu layers were

partly masked to avoid the film deposition of target materials and later served as working

electrodes.
(b) Ssubstrate SifTi/Cu (c) Substrate Si/SiO,
Cu
Ti i/SiO
Sli SilSiO2
Reactive Reactive
sputtering sputtering
Working
electrode
far_gfét / ——
materials ; Target
S materials
Ei 5i[SiO2

Figure 2.1 (a) Pictures of the sputtering system used in our lab for sample fabrication (AJA International ATC
2400). Schematic diagram of target material growth on substrate (b) Si/Ti/Cu and (c) Si/SiO..

(i) Si/SiO2. Employing this substrate (with thickness of the SiO, of around 1 micrometer) for
depositing target materials enables the execution of X-ray reflectivity (XRR) and transport
measurements. XRR is a powerful tool for the in-depth characterization of multilayer properties

(roughness, thickness, and density distribution). However, the exact extraction of the
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parameters of stack layers is difficult and complex because the XRR scans acquire an entangled
signal from all layers. In this Thesis, a single layer is directly grown on the substrate to avoid
this problem and enhance thickness test result precision. In addition, resistivity as a function of
temperature is measured for electronic transport analysis. In this case, a high-resistivity SiO:
layer on the surface of Si substrate serves to provide a stable and uniform background for the
sample. Consequently, the occurrence of undesired current flow and voltage drops can be

largely avoided, thereby ensuring precise characterization of the sample's electrical properties.
2.1.2 Target materials deposition

The materials of interest investigated in this Thesis encompass Co304, CoN, and CoMnN films.
Preceding their deposition, two distinct substrates, namely Si/Ti/Cu (Figure 2.1b) and Si/SiO>
(Figure 2.1c), were positioned on the substrate holder. This arrangement ensures the uniform
deposition of the target materials onto these two substrates under identical conditions. These
films were grown in a reactive sputtering system with a base pressure in the 10 Torr range.
Ultra-high vacuum enables minimization of oxygen contamination and, thus, to rule out traces
of oxygen magneto-ionics. The distance between the substrate and targets was around 10 cm,
and the growth rate was approximately 0.6 A s*. At a total working pressure of 3 x 102 Torr,
Co0304 was grown in a 50% 02/50% Ar (in gas flow ratios), while CoN and CoMnN were
deposited in a 50% N2/50% Ar atmosphere. For the deposition of CoMnN pure Co and Mn
targets were co-sputtered and rates were calibrated to obtain a Co/Mn ratio of 9:1. In addition,
the Co304 films were subsequently coated with Ta protective layers of variable thickness
(ranging from 5 to 50 nm), which also show an important role as solid ionic conductor to

improve magneto-ionics cyclability. The gun power to grow Ta was 100 W.
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2.2 Magnetoelectric characterization

For the implementation of the magnetoelectric characterization, the samples were mounted in
a homemade electrolytic cell filled with anhydrous PC with Na* solvated species (5-25 ppm),
as displayed in Figure 2.2a. Magnetic properties were recorded by performing vibrating
sample magnetometer (VSM) while electrolyte gating the films in a capacitor configuration

(i.g., Pt/electrolyte/magnetic materials/Cu/Ti/Si) at room-temperature.

(a) Electrolytic cell

Cuwires |

i P
B “._})\

Liquid ./ / Target materials
electrolyte /Working electrode (WE,Cu)

Figure 2.2 (a) Schematic of the homemade electrolyte cell used for magnetoelectric measurement while
electrolyte gating the films. Pictures of (b) a magnetometer from Micro Sense (LOT-Quantum Design) and (c) an
Agilent B2902A power supply.

As shown in Figure 2.2b, a VSM from Micro Sense (LOT-Quantum Design), with a maximum
applied magnetic field of 2 T, was used. The magnetic properties were measured along the film
plane upon applying different voltages, using an external Agilent B2902A power supply
(Figure 2.2c), between the Cu working electrode and the counter-electrode (Pt wire). The sign
of voltage was such that negative charges accumulate at the working electrode when negative
voltage was applied (and vice versa for positive voltages). The Na* solvated species in the

electrolyte are aimed at improving conductivity.?21% The magnetic signal is normalized to the
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volume of the sample exposed to the electrolyte. Note that the hysteresis loops were
background-corrected using the signal at high fields (i.e., fields always far above saturation

fields) to eliminate linear contributions.

49



2.3 Structural and compositional measurements

2.3.1 6/26 XRD

0126 X-Ray diffraction analysis (XRD) patterns were measured on a Materials Research
Diffractometer from Malvern PANalytical, equipped with a PIXcel1D detector, using Cu K,
radiation (Figure 2.3a). As shown in Figure 2.3b, this technique involves directing X-rays at
a crystalline sample at a specific angle (6) and measuring the resulting diffraction pattern at
twice that angle (20). When the X-rays strike the crystal lattice of the sample, they interact with
the electrons surrounding the atoms. This interaction leads to constructive interference of the

X-rays that satisfy Bragg's law,?'? which is given by:
nA = 2d sin(60) (Eq. 2.1)

Where n is the order of the diffraction peak (1 for the first-order peak, 2 for the second-order,
and so on), 4 is the wavelength of the X-rays, d is the interplanar spacing of the crystal lattice.
By varying the angle 26 and measuring the intensity of the diffracted X-rays, a diffraction
pattern is obtained. This pattern consists of a series of peaks corresponding to the different
crystallographic planes present in the sample. The positions and intensities of the diffraction
peaks provide valuable information about the crystal lattice parameters, crystal symmetry, and
arrangement of atoms in the material. This information can be used to determine the crystal
structure, crystal phase, and other structural properties. Overall, /20 XRD is a powerful
technique for characterizing the atomic arrangement in crystalline materials, aiding in the

identification and analysis of various types of samples.

Detector

Figure 2.3 (a) Picture of XRD equipment from Malvern PANalytical. (b) Schematic of Bragg's diffraction.
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2.3.2 HAADF-STEM and EELS

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM),
and electron energy loss spectroscopy (EELS) were performed on a TECNAI F20
HRTEM/STEM microscope operated at 200 kV (Figure 2.3a). These advanced techniques,
integral to materials science and nanotechnology, enable the comprehensive characterization
and study of nanoscale material properties.**® As depicted in Figure 2.3b, HAADF-STEM, a
specialized variant of STEM, involves the controlled scanning of a focused electron beam
across a thin film. The transmitted electrons are captured by a detector positioned at a specific
angle. This interaction between the electron beam and the sample’s atoms yields high-resolution
images, unveiling intricate atomic arrangements. Consequently, scientists can explore crystal

lattices, defects, and nanoscale features with exceptional precision.

(a) (W (b)Scanning

probe

spectrometer

Figure 2.4 (a) Picture of a TECNAI F20 HRTEM/STEM microscope. (b) Schematic of imaging principles of
HRTEM and EELS.

Complementary to HAADF-STEM, EELS offers insight into energy variations of electrons
upon interaction with the sample. Through the focused electron beam's interaction with a

confined region of the specimen, certain electrons undergo energy loss due to diverse
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processes, encompassing inelastic scattering, plasmon excitation, and core-level ionization. An
energy analyzer then segregates these energy-loss electrons based on their distinct energies.
The collected electrons are subsequently subjected to meticulous analysis, culminating in an
energy loss spectrum replete with discernible peaks and edges. These features correlate with
specific elements within the sample. The subsequent generation of EELS mappings,
represented in distinct colors, allows for the visualization of target elements within the
designated scanning area. This capability holds significant relevance in research associated
with ionic dynamics, as these mappings offer direct evidence of ion distribution and movement.
Note that before HAADF-STEM and EELS characterization, the cross-sectional lamellae were

prepared by focused ion beam and placed onto a Cu transmission electron microscopy grid.

In this Thesis, the synergistic utilization of HAADF-STEM and EELS techniques emerges as
a robust strategy for investigating ion transport mechanisms, with the former providing cross-
sectional film images and the latter offering elemental mappings. Enhanced by Fast Fourier
Transformation (FFT), crystal phase information is obtained, complementing XRD techniques.
Notably, EELS mappings vividly depict localized migration and redistribution of studied ions
within the target layer, serving as direct evidence of ion movement and enabling a more
coherent interpretation of observed magnetic phenomena. Collectively, these integrated
approaches advance our understanding of ion transport and associated magnetic behaviors,

offering a comprehensive framework for insightful material analysis.
2.3.3 XAS

X-ray absorption spectroscopy (XAS) measurements were conducted using the BL29-
BOREAS beamline at ALBA Synchrotron Light Source (Barcelona, Spain).?** The dichroism
end-station consists of a cryomagnetic designed for ultra-high vacuum (UHV) compatibility,
manufactured by Scientific Magnetics Ltd. The samples are situated within a UHV
environment boasting a base pressure below 1x1071° mbar, and mount on a sample holder
connected to the cold finger of a variable temperature cryostat spanning from 3 K to 350 K. To
facilitate drain current measurements, the sample insert is electrically insulated. Additionally,
the sample holder features four supplementary electrical contacts for 4-probe assessments.
Cryomagnetic is constituted of a triad of orthogonal superconducting split-coils, enabling the
generation of horizontal magnetic fields of up to 6 T along the beam axis, with a sweep rate of

2 T/minute. Simultaneous activation of these coils encompasses a sphere of 2 T, progressing at
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a sweep rate of 0.4 T/minute. Moreover, a 3-chamber sample preparation and insertion system
expedite swift sample interchange, accommodating up to four samples concurrently. The
preparatory chamber situated beneath the magnet encompasses standard surface preparation
tools such as a cleaver, scraper, molecular beam epitaxy-evaporators for metals and organic
molecules, an e-beam heating stage, and an ion sputtering gun. The experimental spectra were
acquired utilizing the total electron yield (TEY) mode, thus ensuring meticulous and precise

data acquisition.

XAS serves as a robust technique employed to explore the electronic structure and local
surroundings of atoms within a material.?** This approach offers valuable insights into energy
levels, bonding characteristics, and the coordination environment of specific elements in each
sample. The underlying principle of XAS involves interaction between incident X-rays and the
sample, followed by the collection and analysis of the resulting absorption data. This process
involves generating X-ray radiation with a defined energy range using either a synchrotron
light source or an X-ray tube, specifically adjusted to match the energy levels associated with
core electrons of elements within the sample. As X-rays traverse the material, their intensity is
attenuated (illustrated in Figure 2.5a). This attenuation is described by Beer's law,'® quantified

through the absorption coefficient, as indicated in Eq. 2.2:

I, = Iye #®E)X (Eq. 2.2)
where o represents the incident X-ray intensity, I denotes the transmitted X-ray intensity, t
signifies the sample thickness, and E is the absorption coefficient that is dependent on the
photon energy. XAS discerns the energy-dependent fine structure of the X-ray absorption
coefficient. When the incident X-ray energy is lower than the binding energy of the electron in
the element’s orbital (e.g., s orbital), the electrons remain unexcited, leading to a flat region
(depicted in Figure 2.5b).21® However, certain less-favored transitions like 1s to 3d in transition
metals manifest as a pre-edge peak. As the X-ray energies increase, exciting core electrons to
the unoccupied state (Figure 2.5¢), incident X-rays engage inner atoms, inducing partial energy
absorption by core electrons, propelling them from a core level (e.g., E1) to higher energy states

(e.g., E2 or Ez3), and causing core hole formation.
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Figure 2.5 (a) Schematic of incident and transmitted X-ray beam. (b) Illustration of the X-ray absorption process
and electron excited process. Scheme adapted from reference 216.26. (c) Schematic of XAS including the pre-
edge, XANES, and EXAFS regions (d) Example of Co L. 3-edge XAS of the 5, 15, 36 and 230 nm thick cobalt
oxide films. Scheme adapted from reference 217.2%

Post-energy absorption, any excess energy from the X-ray transfers to the ejected photo-
electron, resulting in a notable jump in the spectrum termed the X-ray absorption near edge
structure (XANES) (Figure 2.5b). This region holds sensitivity to the oxidization state and
electronic structure of the detected elements, as the core electron energy is influenced by the
electron distribution within the valence state. With further escalation of X-ray energies, core
electrons are propelled to continuum state (Figure 2.5c), generating outgoing and scattering
wave interference with neighboring atoms. These interferences, whether constructive or
destructive, give rise to oscillations in the extended X-ray absorption fine structure (EXAFS)
region (Figure 2.5b), providing insights into the local atomic structure encompassing

parameters like bond distance and coordination number. By further comparing the
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experimental spectrum to reference spectra or theoretical calculations, researchers can deduce

the specific chemical and structural properties of the target material.

The target materials investigated in this Thesis are 3d transitions metal nitrides or oxides,
whose edge energies position, branching ratios and structures have been widely studied by
analyzing their electronic structure (i.e., oxidation state) using L-edge XAS (Figure 2.5d). This
method helps understand the phase transition of the target material, thereby facilitating an in-
depth exploration of the fundamental mechanisms that underlie the observed magnetoionic

phenomena.
2.3.4 ERD analysis

Elastic Recoil Detection (ERD) is a surface analysis technique used to characterize the
composition and depth profile of materials, particularly for light elements. In this Thesis, an
impinging ion beam of 9.6 MeV "Br® particles was used.?'® The end station for ERD
experiments is illustrated in Figure 2.6a. The scattering process occurs within a vacuum
chamber with a diameter of 100 mm, maintained at a pressure below 1.0 x 10~" mbar. The
samples are affixed to a sample holder and the positioning of the sample is facilitated by the
motorized vertical translation stage, achieving a precise control over sample tilt with an

accuracy of 0.02 degrees.

The fundamental working principle of ERD involves the interaction of high-energy ions with
the sample, causing the ejection of atoms from the sample's surface. Subsequently, these
ejected atoms are then detected and analyzed to provide information about the elemental
composition and concentration, which vary as a function of depth. In the ERD process, as
shown in Figure 2.6b, a beam of heavy ions with high energy, typically composed of Cl, He
or Br ions, is directed onto the surface of the sample being analyzed. Consequently, elastic
collisions occur between the incident ions and some of the target atoms, causing that part of
incident ions backscatter on the sample and are recorded for their energy with an energy-
sensitive detector I, and that target atoms are scattered out of the sample (i.e., the recoil light
ions, such as H or N ions) and subsequently detected in forward direction by detector Il. An
absorber is set in forward direction used to prevent forward scattered heavy ions, which allows
the direct and independent determination of the mass, charge or energy of recoil ions. Adjusting
the energy of the incident ions enables precise control over the depth at which the recoiled

atoms originate, where lower-energy ions yield shallower profiles and higher-energy ions
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probe deeper material layers. In this way, quantitative depth profiles of multiple elements are

obtained simultaneously.
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Figure 2.6 (a) Picture of the end station for elastic recoil detection (ERD) analysis. This schematic representation
has been adapted from reference.?*® (b) Schematic of the fundamental principles of Rutherford backscattering
(RBS) and Elastic Recoil Detection (ERD). In RBS, the energy of the backscattered ions is detected by detector
I, while in ERD, the mass and/or charge and energy of recoil ions are detected by detector II.

In this Thesis, the utilization of ERD holds great significance due to its ability in analyzing
light elements in a non-destructive manner, which are difficult to detect using other X-ray-
based techniques like HRTEM and XAS. By using this technique, the depth distribution of N3
at the interface between the film and the electrolyte can be obtained, providing direct evidence
of some surface phenomenon, such as the ion accumulation effect, enabling the exploration of

new mechanism underlying the observed magneto-ionic behaviors.

2.3.5 PAS measurements

This Thesis encompasses Positron annihilation spectroscopy (PAS) measurements conducted
at the monoenergetic positron source (MePS) beamline, which is an end station of the radiation
source ELBE (Electron Linac for beams with high Brilliance and low Emittance) at Helmholtz-
Zentrum Dresden-Rossendorf (Germany),?'® with the picture of this system shown in Figure
2.7a. PAS stands as a versatile method for investigating atomic-scale phenomena and material
properties. This advanced technique primarily capitalizes on the intricate interplay between
positrons and electrons intrinsic to a given material, encompassing the phenomenon of positron
annihilation. This facilitates the investigation of material defects with high sensitivity, even at
low concentrations. As shown in Figure 2.7b, magnetically guided positrons from a ?’Na

source of predetermined energies E (30 eV-36 keV) are implanted at depths of up to a few
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micrometer into the sample.??® Then, the positrons reduce their energy within a few pico-
seconds due to thermalization and diffuse through the lattice (10-100 nm depending on trapping
defects) until they are trapped in a defect and annihilate with an electron. This annihilation
process will result in the complete conversion of their mass into energy, manifesting as
electromagnetic radiation, typically in the form of gamma-ray photons (y). Various defects,
such as dislocations, grain boundaries, vacancies (single or clustered), and voids, cause distinct
momentum distributions and concentrations of annihilating electrons, consequently
engendering distinctive alterations in the emitted photon energy spectrum and positron lifetime.
Thus, by detecting these emitted gamma-ray photons and subsequently subjecting them to
analytical scrutiny, researchers can furnish insights into atomic-scale material defects,
compositional attributes, and structural characteristics. Notably, the absence of positively
charged atomic nuclei in defects creates a localized repulsive potential for positrons, thereby
entrapping them at neutral or negatively charged defect sites. This distinct process allows for
the scrutiny of minuscule defect concentrations and nanometer-scale defect dimensions. Taking
advantage of all these features, PAS has emerged as a well-established tool in the study of

metals, semiconductors, polymers, and porous materials.
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Figure 2.7 (a) Picture of an end station of the radiation source ELBE (Electron Linac for beams with high
Brilliance and low Emittance) at Helmholtz-Zentrum Dresden-Rossendorf (HZDR, Germany). (b) Schematically

illustrating the process from the implantation of positrons to their trapping in defects.

In this Thesis, to investigate the phenomenon of magneto-ionics concerning the evolution of

defects, two PAS-based techniques are being employed:
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e Variable Energy Positron Annihilation Lifetime Spectroscopy (VEPALS) quantify
the time span from positron implantation within a material to the subsequent emission
of annihilation radiation.??! Positrons are trapped preferentially within atomic defects,
characterized by localized reductions in electron density that in turn lead to prolonged
positron lifetimes. Consequently, the VEPALS technique serves as a sensitive means
to deduce sizes and concentrations of vacancy-type defects, such as nano-cavities. The
positron annihilation lifetime is distinctly characteristic across elemental materials and
defects. For instance, defect-free iron exhibits a positron lifetime of 108 ps, while a
single-atom vacancy register 175 ps.

e Doppler Broadening Variable Energy Positron Annihilation Spectroscopy (DB-
VEPAS) utilizes the energy-momentum conservation during positron annihilation.?*°
The momentum of the electron-positron pair before annihilation is transferred to the
annihilation gquanta. In the case of two-photon annihilation the 511 keV photons
experience a slight but notable energy shift in the laboratory frame, resembling the
Doppler-effect. Since the primary contribution to the electron-positron momentum
arises from the electron's orbital momentum, DB-VEPAS emerges as a discerning tool
for examining the local chemical environment around defects. Both the introduction of
impurity atoms to defect sites and the formation of material precipitates in alloys can
be investigated using this technique.

Through the integration of these two methodologies, we can acquire precise quantitative
insights into the dynamic changes in sizes and concentrations of different defects, as they
occur during the process of voltage-induced migration of ions. In this way, the intricate
mechanisms underpinning phenomena associated with magneto-ionics can be unraveled

from the point of structural defects.
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2.4 Transport measurements

To investigate the electrical properties of the materials under study, transport measurements
were conducted using the 4-contact van der Pauw configuration within a controlled cooling
system.??2 Consequently, a comprehensive range of resistivity values was recorded as a
function of temperature. Prior to conducting resistivity measurements, the samples, designated
for resistivity analysis, were deposited onto high-resistivity Si/SiO, substrates of uniform
thickness (as depicted in Figure 2.1c). To facilitate electrical connections, four electrodes were
patterned and evenly distributed at edges and these contacts are labeled A, B, C, and D, as
shown in Figure 2.8. The measurement setup involves passing a small electrical current
through two of the contacts (e.g., A and B) and measuring the voltage across the other two
contacts (e.g., C and D). It is noteworthy that the selected levels of current and voltage were
judiciously determined to ensure measurement precision, while mitigating potential thermal
effects. The key principle underlying the van der Pauw method is the reciprocity theorem,
which states that if the current is injected at contacts A and B, the voltage distribution at
contacts C and D is independent of the positions of A and B but only depends on the sample's
resistivity distribution. This is crucial because it allows for a wide range of configurations and
simplifies the measurements. The resistivity determination involves the measurement of the
voltage spanning contacts C and D, coupled with knowledge of the applied current. The
utilization of the van der Pauw formula, entailing intricate manipulation of voltage and current

values, enables the computation of the material's resistivity.
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Figure 2.8 (a) Experimental setup for Van-der-Pauw measurement. (b) Schematic diagram of variation of

conductivity of conductor, insulator and semiconductor with temperature.
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Figure 2.8b presents a graph depicting the temperature-dependent resistivity of conductors,
semiconductors, and insulators, shedding light on the distinct electronic properties of each
material. For conductors, the loosely bound valence electrons facilitate easy movement under
electric current. Yet, as temperature increases, heightened vibrations in metal ions cause more
frequent electron collisions, thereby reducing their average velocity and increasing the
material’s resistivity. Conversely, semiconductors possess a narrower forbidden gap between
their conduction and valence bands compared to pure conductors. A minor temperature
elevation supplies enough energy for electrons to transition to the conduction band, enhancing
the semiconductor's conductivity and lowering its resistivity. In the case of insulators, though
they share some temperature-dependent resistivity characteristics with semiconductors, their
broader energy gap and partially filled valence band make electron movement more
challenging. As a result, insulators consistently maintain a higher resistivity than

semiconductors.16°

For the purposes of probing temperature-dependent resistivities, in our case spanning from 30
to 300 K, the samples were encapsulated within a closed helium (He) refrigeration system. By
systematically varying the temperature through this system, a graph depicting resistivity as a
function of temperature can be generated. A comparative analysis of these electronic properties
before and after magneto-ionic processing allows for the identification of inherent changes in
atomic bonding, the density of local charge carriers, and structural defects, promoting a refined
understanding of the observed magneto-ionic phenomena within the realm of electrical

performance.

60



2.5 Ab initio calculations

Ab initio calculations provide foundational theoretical insights to interpret observed magneto-
ionic behaviors. Central to magneto-ionics is the energy required to modify the bonding
between magnetic metal and movable ions. This Thesis employs the projector-augmented wave
(PAW) method, facilitated by the VASP package using the generalized gradient approximation,
to estimate the energy barrier for ion diffusion.??®> Prior research has validated this
methodology, particularly in contrasting Co-O and Co-N formation energies across various
crystal structures.??> As depicted in Figure 2.9, the minimum energy paths were charted as
oxygen or nitrogen ions integrated into a Co slab, relative to a cobalt reference layer's
displacement. The formation energies were then deduced by comparing the two lowest energy
points. Consequently, the energies were calculated as 1.54 (1.85) and 1.14 (1.37) eV/atom for
oxygen and nitrogen insertion into HCP (FCC) Co surfaces, respectively. This indicates that
nitrogen's integration into cobalt requires less energy than oxygen, aligning with experimental
findings where CoN exhibits superior magneto-ionic properties compared to Co3z0s. Such

theoretical techniques deepen our understanding of magneto-ionic processes at the quantum

scale.
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Figure 2.9. Ab initio calculations: Co-O vs. Co-N formation energy. Adapted from ref. 22. 2

In this Thesis, we adopt this specific method with the primary aim of determining the formation

energies of Co-N and CoMn-N bonds. Through this comparison, the influence of Mn
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substitution on magneto-ionic behaviors can be comprehensively understood from an atomic
energy standpoint. To achieve this, we employed (4 x 2) supercells, featuring a thickness of
four monolayers, for both Co (90%)-Mn (10%) and pure Co. This allowed us to represent and
analyze Mn-doped Co in contrast to undoped Co. To calculate the energy barrier that a nitrogen
atom must surpass to merge with the material’s surface, we employed the nudged elastic band
method (NEB)??#22> was used on the nitrogen pathway. Throughout the process, atomic
coordinates were consistently adjusted until the exerted forces were minimized to 1 meV AL,
We set a kinetic energy limit of 500 eV for the plane-wave basis, utilizing 25 x 25 x 1 k-point
meshes. This theoretical approach not only enhances our atomic-level understanding of
magneto-ionic systems but also paves the way for more informed material design and

optimization in future applications.
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3 Results

In this chapter, the Thesis results are compiled into a collection of articles. Specifically, three

peer-reviewed publications are included:

3.1) Frequency-dependent stimulated and post-stimulated voltage control of magnetism in

transition metal nitrides: towards brain-inspired magneto-ionics.

3.2) From Binary to Ternary Transition-Metal Nitrides: A Boost toward Nitrogen Magneto-

lonics.

3.3) Regulating Oxygen lon Transport at the Nanoscale to Enable Highly Cyclable Magneto-
lonic Control of Magnetism.

Each article is prefaced by a summary highlighting the main points of the study, followed by a
thorough exploration of the findings in the articles themselves. These discussions provide a

detailed demonstration of the results, explaining their significance and implications in depth.
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voltage control of magnetism in transition metal
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In this study, we introduce an innovative strategy for governing the evolution of magnetization
in both stimulated and post-stimulated states. This approach relies on voltage-driven
ferromagnetism within CoN-based heterostructures, facilitated by the transport of N ions,
showcasing an impressive ion motion response on the order of 1072s. Through the application
of consecutive voltage pulses, various functions such as information processing, memory
(retention), recovering or self-evolution by maturity (i.e., steady increase of magnetization even
when a voltage is no longer applied) can be emulated in a controlled manner. Such control is
achieved by fine-tuning the thickness of the CoN film, which dictates ion motion rates, along
with adjusting the pulse frequency. The observed outcomes stem from the interplay between
magnetization generation during voltage application and partial depletion when the voltage is
off.

Beyond energy-efficient attributes of this strategy, it also introduces a significant additional
feature: once voltage is initially applied, the device can be programmed to learn or forget
without requiring continuous energy input. This behaviour offers a new logical function that
enables, for instance, the possibility to mimic neuromorphic learning under deep sleep,
enabling ongoing information processing in the absence of external signals. Importantly, such
functionality cannot be emulated with existing types of neuromorphic materials (e.g., resistive
switching or spintronic materials). This reported effect open opportunities, at the materials

level, for advanced brain-inspired computing functionalities.
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Frequency-dependent stimulated and
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New concepts

We propose an approach to control the magnetization evolution of
electrolyte-gated CoN-based heterostructures both during (stimulated)
and after (post-stimulated) voltage actuation by means of electric-field-
driven transport of N ions. Specifically, upon voltage removal (i.e., once
voltage stimuli are off), magnetization in our magneto-ionic systems can
be either reduced or increased, without any further energy input,
depending on the interplay between film thickness and the prior
voltage actuation protocols. The latter offers a new logical function that
enables, for instance, the possibility to mimic neuromorphic learning
under deep sleep. Such functionality cannot be emulated with existing
types of neuromorphic materials (e.g., resistive switching or spintronic
materials). Here, post-stimulated magneto-ionic control is possible by a
voltage-driven N ion accumulation effect at the outer surface of CoN films
adjacent to a liquid electrolyte, which is generated for sufficiently thin
CoN films and high voltage actuation frequencies, thus offering a new
concept, at the materials level, for advanced brain-inspired computing
functions.

Introduction

Magneto-ionics, relying on the control of magnetic properties
through voltage-driven ion (0*," > H* *® Li* * F~* or N*~''71%)
migration, holds potential for being one of the technologies to
develop low-power memory applications. In recent years, sig-
nificant progress has been made in improving ion motion rates
and endurance, which are the two main bottlenecks to exploit
the full potential of magneto-ionics at room temperature. This
has been achieved by proper selection of the moving ion
species, target materials, heterostructure designs, electrolytes
and voltage actuation protocols. These advances have made it
possible to propose magneto-ionic materials as suitable candi-
dates for new spintronic applications,">"°
computation paradigms, such as neuromorphic systems."”*® The
precise modulation of magnetism by magneto-ionics has been
already successful to emulate the main synaptic functions:
activation threshold, plasticity (potentiation and depression),

as well as for new
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spike-magnitude dependence, spike-timing-dependent plasticity,
spike-rate-dependent plasticity and forgetting."”'® Plasticity is
linked to learning and memory, and, in particular, spike-rate-
dependent plasticity is considered the most accurate model to
describe learning and memory.'*>*

Among materials to mimic synapses, magneto-ionic systems
stand out from phase-change compounds,”” resistive-switching
oxides>***2® or spintronic multilayers**** basically due to the
potential improvement of energy efficiency, envisaging ultra-
low power hardware with minimized Joule heating effects.>*™"
In addition, magneto-ionics could exploit the extra degree of
freedom provided by the vector nature of magnetization which
may allow synapses to be directly programmed with positive and
negative synaptic weights without need of additional electronics."”
However, while the weight (e.g., resistance,******?® magneti-
zation®"**) update in most current non-volatile technologies can
be manipulated by changing the input electric signal (value and
sign), the post-stimulated (without input) states are usually not
controllable due to system-inherent relaxation effects.**** This
post-stimulus uncontrollability greatly limits the emulation of
some important brain-inspired functions, such as maintaining
learning efficiency even during deep sleep.*® Therefore, procedures
capable of controlling post-stimulated evolution while maintaining
good tunability in modulation of weight update are highly desired.

Here, we propose a new approach to control the magnetiza-
tion evolution both in stimulated and post-stimulated states
based on voltage-driven ferromagnetism in CoN-based hetero-
structures through the transport of N°~ ions, with a cumulative
10% s ion motion response. By application of successive
voltage pulses, information processing, memory (retention),
recovering or self-evolution by maturity (i.e., controllable updat-
ing even when a voltage is no longer applied) can be emulated
in a controlled manner. Such control is possible by tuning the
CoN film thickness (which determines ion motion rates) and
the pulse frequency. The observed effects result from the trade-
off between generation (voltage ON) and partial depletion
(voltage OFF) of magnetization. Besides boosting energy effi-
ciency, this approach offers an important additional logical
function: after voltage has been applied, the device can be
either programmed to learn or forget without any further
energy input, thus mimicking synaptic functions under deep
sleep, when processing of information can continue without
any external signal input.

Experimental
Sample preparation

CoN films with thicknesses ranging from 5 to 200 nm were
grown using reactive sputtering, as described earlier.’* A 20 nm
Ti and 60 nm Cu buffer layers were first prepared by sputtering
on B-doped, highly conducting [100]-oriented Si wafers (60 nm
Cu/20 nm Ti/0.5 mm [100]-oriented Si). The CoN films were
grown in a home-made triode sputtering system with a base
pressure as low as 10~° Torr to provide an ultra-high vacuum,
oxygen-free growth condition, and exclude interferences of
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oxygen magneto-ionics. Prior to CoN deposition, a portion of
the Cu/Ti/Si substrate was masked to make the required electric
contact on Cu for in situ magnetoelectric experiments. The
distance between the target and the substrate was approxi-
mately 10 cm and the sputtering rate was about 1 A s~*. CoN
was grown under a total pressure of 8 x 107> Torr with an
atmosphere of N2:Ar =1:1.

Magneto-ionic characterization

In-plane magnetization was measured at room temperature
using a commercial vibrating sample magnetometer (VSM)
from Micro Sense (LOT-Quantum Design), with a maximum
applied magnetic field of 2 T. The CoN samples were
electrolyte-gated (with an external Agilent B2902A power sup-
ply). A Pt wire was used as counter electrode, whereas the
working electrode was the investigated CoN/Cu/Ti/Si film.
(i.e., home-made electrochemical capacitor geometry). Negative
voltages here mean that negative charges accumulate at the
working electrode (and vice versa for positive voltages). Anhy-
drous propylene carbonate with Na" and OH~ solvated species
(5-25 ppm) was used as electrolyte. Metallic sodium was
immersed in the electrolyte to react with any traces of water.
The magnetization (M) arises from normalizing the magnetic
signal to the sample volume mounted in the electrolyte. Note
that the linear background of the hysteresis loops (stemming
from paramagnetic and diamagnetic contributions) was
removed using the signal at high fields (i.e., fields always far
above saturation fields).

Structural and compositional measurements

0/20 X-ray diffraction (XRD) patterns were measured on a
Materials Research Diffractometer (MRD) from Malvern PANa-
lytical company, equipped with a PIXcel'® detector, using
Cu Ko radiation. High-resolution transmission electron micro-
scopy (HRTEM), high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM), and electron
energy loss spectroscopy (EELS) were performed on a TECNAI
F20 HRTEM/STEM microscope operated at 200 kV. Cross sec-
tional lamellae were prepared by focused ion beam and placed
onto a Cu transmission electron microscopy grid. X-ray absorp-
tion spectroscopy (XAS) at the Co L,; edges was performed
using the BL29-BOREAS beamline at ALBA Synchrotron Light
Source (Barcelona, Spain).> The spectra were measured in total
electron yield (TEY), under ultra-high vacuum conditions
(1077 Torr) and at room temperature (300 K). For the elastic
recoil detection (ERD) analysis, an impinging ion beam of
9.6 MeV 79Br>" particles was used. The sample was tilted to a
grazing incidence angle of 20° between the ion beam and the
surface of the film. The elastic collision between the impinging
nuclei and target atoms can result in recoiling target species.
The mass, energy and probability of the atoms emitted from the
sample in forward direction were recorded by means of a multi-
dispersive detector telescope.*® ERD analysis yields a quantita-
tive elemental depth profile of the sample, including that of
light elements.

This journal is © The Royal Society of Chemistry 2022
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Results and discussion

Enhancing ion motion by film thickness reduction: enabling
magneto-ionics for brain-inspired computing

To investigate magneto-ionics, CoN films with a thickness
ranging from 5 to 200 nm were electrolyte-gated in an electro-
chemical capacitor configuration using a Pt wire as counter
electrode (as sketched in Fig. 1a),>'" while performing in-plane
vibrating sample magnetometry (VSM). As shown in Fig. 1b, an
anhydrous polar liquid electrolyte (propylene carbonate, PC,
with Na* and OH™ solvated species)*”*® was employed to allow
the formation of an electric double layer (EDL)*® and to serve as
a N ion reservoir."!

The as-grown CoN films are highly nanostructured (Fig. S1,
ESIT) and textured along (111) (Fig. S2, ESIt). As seen in Fig. S3
(ESIf), the X-ray absorption spectra of 5 nm- and 25 nm-thick
CoN films show virtually the same shape, suggesting that the
CoN stoichiometry is generally preserved regardless of film
thickness. As seen in Fig. S4 (ESIT), the as-grown films exhibit
virtually no ferromagnetism (Mg < 10 emu cm™>) in agreement
with the paramagnetic character of polycrystalline CoN."" Con-
secutive hysteresis loops (each lasting 30 min) were recorded
while electrolyte-gating to track the evolution of magnetic
properties with time and, thus, characterize the magneto-
ionic response. Irrespectively of the film’s thickness, all pristine
CoN films exhibit magneto-ionic effects after being subjected to
a DC voltage of —25 V, confirming voltage-driven transport of
N*" ions (Fig. $4 and Table S1, ESIT)."" As also seen in Fig. S4
(ESIT), the timescale to achieve a steady magnetic hysteresis
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loop turns out to be highly dependent on the CoN film thick-
ness. Since the largest generation of magnetization takes place
during the first 5 min (i.e., during the descending branch of the
first hysteresis loop), saturation magnetization measurements
as a function of time were recorded while electrolyte-gating at
—25 V to properly determine the ion motion rates at the
beginning of the magneto-ionic effect from saturation magne-
tization changes (Fig. 1c and d). For this, an external magnetic
field of 10 kOe, above the anisotropy field of the generated
ferromagnetic Co, was applied to ensure magnetic saturation.
At the initial stages of voltage actuation, the rate of magnetiza-
tion generation increases as the CoN film thickness decreases.
This generation of magnetization reaches saturation (i.e., show-
ing a steady M) faster for thin than for thick films. However,
the achieved steady value of Mg increases with film thickness
(Table S1, ESIt) in agreement with the results of consecutive
magnetic hysteresis loops recorded under the same voltage
actuation (Fig. S4, ESIt). In addition, the steady coercivities
Hc and squareness My/Mg (%) follow a dissimilar trend with
thickness reduction. While coercivity decreases with film
reduction, squareness increases, suggesting that the generated
ferromagnetic Co grows more uniformly, enhancing exchange
interactions among Co clusters which are in detriment of
coercivity.*® Fig. 1d shows the time evolution of growth rates
of generated magnetization for all CoN films obtained by
differentiating Mg with respect to time ¢: dMg/dt. This allows
determining initial ion motion rates. An around 7.4-fold
enhancement of the highest ion motion rate is achieved by
reducing the thickness from 200 nm to 5 nm, showing that of

Propylene carbonate
(PC) molecule
@ Na

11 Electric double layer
1 J7 (EDL) under potential
AV<0

Thickness reduction
———ed J20000 = 5 NM)

dM/dt (emu cm™ s™")

0 50 100 150 200 250 300
t(s

Fig. 1 Role of CoN film thickness in ion motion. (a) Schematic representation of the voltage actuation on CoN films by electrolyte-gating. (b) Sketch of
the electric double layer (EDL) formed at the surface of the CoN films while electrolyte-gating at AV < 0. (c) Saturation magnetization (Ms) as a function
of time t for all the investigated CoN films under electrolyte-gating at —25 V while applying an external in-plane magnetic field of 10 kOe. (d) Derivative of

the Ms (t) dependences: dMs/dt of the results in panel (c).
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®s "and 5.9 emu cm > s~ ', respectively. The latter
represents the largest ion motion speed achieved so far in
the self-contained magneto-ionic approach (see Table S2,
ESIF).""™ Considering that 1 s is the time resolution of the
employed magnetometer, all CoN films clearly exhibit sub-1s
magneto-ionic response since the generated magnetic moment
at 1 s is always larger than the highest sensitivity of the VSM
(125 nemu), a value which implies changes in magnetic
moment above the resolution of the setup (Fig. S5 and
Table S1, ESIt). In Table S1 (ESIf), the AM in 1 s increases
greatly as the thickness decreases, indicating a considerable
improvement of the trigger efficiency of the magneto-ionic
motion because of thickness reduction. This suggests feasibil-
ity of our approach as a framework for synaptic-like materials
since synapse functions require responses to repeated 10 > s
stimuli.*’ The leap in ion motion for thinner films is mainly
associated with the enhancement of the applied electric field
due to film thickness reduction. In a first approximation, the
system can be considered as a condenser-like structure with
parallel plates (i.e., parallel plate capacitor), as shown in
Fig. 1b. Given a certain potential V, the electric field E is
inversely proportional to active dielectric thickness (the total
thickness of the CoN film plus the EDL).** Hence, the thinner
the film, the thinner the active dielectric thickness and the
more intense the electric field, providing a higher driving force
to overcome the energy barrier for ion diffusion and to accel-
erate transport of nitrogen ions.

0.8emucm

Dynamic (pulsed DC actuation) characterization of the
magneto-ionic response: tuning the learning performance and
emulation of ‘self-learning by maturity’ function (with no
external voltage input)

Since communication among neurons is frequency-encoded, a
dynamic characterization of the magneto-ionic response is
crucial to determine its capability to mimic synaptic functions.
Therefore, for magneto-ionic characterization, -electrolyte-
gating via electric voltage pulses was performed. Static constant
voltages (DC) were used as reference. Fig. 2a shows schemati-
cally the voltage protocol used for the dynamic characteriza-
tion: voltages square waves (from 0 V to —25 V) of period T (and
corresponding frequency of f=1/T) and pulse duration of T/2
(resulting in a duty cycle of 50%). The period was varied from
10 s to 107> s to obtain actuation frequencies from 10~> Hz to
10” Hz. CoN films with thicknesses of 25 nm and 200 nm were
chosen as representative heterostructures to characterize the
magneto-ionic response during pulsed DC voltage actuation,
due to their significantly different ion motion speed. Both films
were electrolyte-gated at different frequencies for gating times
of around 550 s and 900 s, respectively, to ensure reaching a
saturated magnetization state. While gating, time-dependent
magnetization measurements under an applied magnetic field
of 10 kOe were recorded by VSM.

As can be seen in Fig. 2b, which corresponds to the
magneto-ionic response of the 200 nm film, Mg gradually
increases up to 248 emu cm °® upon treatment at —25 V DC
voltage for 900 s. Then, after turning off the voltage, Mg slightly
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decays, in agreement with the partial magnetization depletion
(i.e., recovery) that occurs in these systems, which shares
resemblance with a nitriding process of metallic Co."* From a
synaptic-like viewpoint and taking saturation magnetization as
synaptic weight, this allows mimicking plasticity (i.e., change in
magnetization with time). Specifically, potentiation (i.e., mag-
netization increase, voltage on), representing learning, and
depression (i.e., magnetization reduction, voltage off), reprodu-
cing forgetting'” can be mimicked. Fig. 2b also shows the
evolution of Mg vs. ¢ upon subjecting the 200 nm CoN films
to voltage pulses of different frequency where the generated
magnetization scales with frequency. As f increases from 1 to
100 Hz, the M; values at 960 s increase one order of magnitude,
from 17.6 to 168.2 emu cm > (see also Fig. S6, ESIT). Moreover,
the steady Mg values and its recovery are also frequency
dependent, emulating spike-rate-dependent plasticity. Resem-
bling human brain, repeated spiking (i.e., high frequency
voltage pulsing) reinforces retention of information and thus
learning.**** Human learning also takes place by transforming
‘short-term memory’ (STM) into ‘long-term memory’ (LTM)
through the increase in frequency of the voltage stimuli.”®
STM refers to the temporal storage of input information in
the hippocampus, which lasts only a few seconds. By increasing
the frequency of training and stimulation, information
obtained from outside can be continuously transferred to and
stored in the cerebral cortex for hours or even years (LTM). As
depicted in Fig. 2b, this transition can be mimicked by voltage-
driven generation of ferromagnetism in CoN through voltage
pulse waves of different frequency. This learning emulation
capacity raises from the pulsed DC actuation which results in a
trade-off between generation (voltage ON) and partial deple-
tion/recovery (voltage OFF) of magnetization. With increased
frequency, generation of magnetization prevails over dynamic
recovery, resulting in larger Mg values. As seen in Fig. S1b
(ESIt), nitrogen migration when applying pulsed DC voltage
actuation takes place via planar-migration fronts, similarly to
CoN films subjected to DC voltage actuation,'" suggesting that
the ion motion mechanisms are independent from voltage
actuation characteristics.

Conversely, the 25 nm-thick CoN films offer a completely
different scenario, where trade-off between generation (voltage
ON) and partial depletion (voltage OFF) of magnetization is
strongly altered. Specifically, for DC and pulsed actuation at
high frequencies (i.e., 1, 10 and 100 Hz), once the voltage
actuation is switched off (i.e., after ¢ = 620 s in Fig. 2c), the
saturation magnetization increases (Fig. 2c), rather than
decreasing (as for the 200 nm-thick film), hence emulating a
self-learning process with no external stimulus. This suggests
that, once voltage is switched off, an additional driving force is
set in place in the thinner films to pump ions towards the
electrolyte, which screens and, in fact, overcomes recovery. This
self-learning effect is particularly obvious after non-pulsed DC
voltage actuation (blue curve in Fig. 2c). Given the high motion
rates of N>~ ions across the 25 nm-thick CoN films (much larger
than for thicker films -see Table S1, ESIT) and the limited NG
solubility in the liquid electrolyte,***® a N*" ion accumulation

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Pulsed DC (dynamic) voltage actuation. (a) Schematic representation of the DC and pulsed DC voltage actuations. (b) Time evolution of the
saturation magnetization (Mg vs. t) while electrolyte-gating at —25 V with DC and pulsed DC (at f from 1 to 100 Hz) voltages for the 200 nm CoN film. STM
and LTM represent the short-term memory and the long-term memory, respectively. (c) Time evolution of the saturation magnetization (Ms vs. t) while
electrolyte-gating at —25 V with DC and pulsed DC voltages (at f from 0.01 Hz to 100 Hz) for the 25 nm CoN film. (d) Zoom (A) of panel (c). (e) Zoom (B) of

panel (c).

effect at the interface between the magneto-ionic film and the
liquid reservoir is envisaged. Due to the N concentration
gradient, these ions will be presumably released to the electro-
lyte once voltage is switched off (following Fick’s laws*’), leading
to the increase of Mg. Note that whereas the frequency influence
on M is clear, the larger M at higher frequency may also be due
to the larger number of applied pulses, which results in more
nitrogen ion movement and, thus, higher amounts of Co
formed behind.

Remarkably, compared with 25 nm-thick CoN films, the
50 nm-thick ones display a weaker increase of Mg when
the voltage actuation is turned off (Fig. S7, ESIt) whereas the
200 nm-thick films do not show this effect at all (Fig. 2b),
indicating that the voltage-driven ion motion rate across the
film is sufficiently slow in that case. Thus, the ion motion rate
is a critical parameter to observe ion accumulation. As seen in
Fig. S7 (ESIt), this voltage-free magnetization generation is
limited in time since, after a while, magnetization recovery
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starts (after 170 s for 50 nm and after 695 s for 25 nm thick
films). This effect becomes less pronounced when the actuation
frequency is decreased. In such a case, dynamic recovery occurs
already during the AV = 0 V intervals of the pulse voltage
actuation, precluding the ion accumulation effect at the inter-
face between the CoN films and the electrolyte (Fig. 2¢). Indeed,
when using a frequency of 0.01 Hz, recovery can be clearly
observed upon voltage actuation (Fig. 2c and d), during the sub-
segments with AV =0 V. Fig. 2d and e show two zooms of the Mg
vs. t dependencies for voltage actuations at a frequency of
0.01 Hz. In zoom (A), a rise followed by a continuous depletion
of Mg can be clearly seen (Fig. 2d). Zoom (B) indicates that the
system exhibits an effective cyclability due to the trade-off
between generation and magnetization recovery (Fig. 2e). Par-
tial cyclability can be reproduced without the need of biases of
opposite polarity, providing an energy-efficient and endurable
way to cycle the system, since repeatedly switching voltage
polarities is often linked to degradation. Remarkably, this ion
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accumulation effect can be tuned by controlling just two
external parameters: the CoN film thickness, which largely
determines the ion motion speed, and the frequency of the
pulsed voltage actuation. This demonstrates that it is possible
to tune learning and forgetting at will by solely modifying the
voltage actuation frequency since this parameter allows tuning
the interplay between magnetization generation, recovery and,
thus, ion accumulation at the CoN film/reservoir interface.
Existing emulation of learning in artificial intelligence heavily
relies on external inputs, which makes it difficult to simulate
some synaptic functions under deep sleep, when information
retention can continue even after stopping the input signal. In
fact, the possibility of learning even without stimulus is analo-
gous to a ‘learning by maturity’ process, i.e., the possibility to
remember fine details after resting. During sleep, biological
synapses relax but maintain the brain’s neuroplasticity and the
ability to learn.>* Recently, incorporation of slow-wave sleep
periods has been shown advantageous also for artificial neuro-
morphic computing algorithms, to enhance the dynamical
computation stability.*® Remarkably, the reported effect could
also be understood as a useful method to simulate overstimula-
tion and neuronal malfunction.*®

Microscopic mechanism behind the magneto-ionic emula-
tion of the self-learning neuromorphic function Fig. 3a sche-
matically shows the Mg vs. t evolution for systems displaying
and lacking the ion accumulation effect, respectively. If we
define Mg, as the steady saturation magnetization achieved
while actuating with voltage and Mg, the saturation magnetiza-
tion reached within a short period of time after removing the
voltage, the sign of the difference between Mg, and Mg, will
represent the existence or absence of the ion accumulation
effect: Mgy-Mso > 0 (no accumulation) and Mgy-Mg, < 0
(accumulation). The ion accumulation effect at the surface of
the CoN layer can be understood as the interplay between
several dynamic processes at the atomic level. Highlighted
among them are: (1) conventional electric-field-induced N>~
ion migration across CoN towards the electrolyte'" (represented
by a velocity vg), (2) redistribution (i.e., intermixing) between
solvated N*~ ions (identified as N-PC) and N-free PC molecules
driven by the gradient®*™> in number of PC molecules carrying
N~ along the direction perpendicular to the interface (the
velocity of this redistribution process is represented by vgeq),
(3) diffusion of N*~ ions accumulated at the interface (v,), and
(4) N*~ ion recovery from the electrolyte to the CoN film (Vgec).""
Fig. 3b schematically depicts the generation of magnetization
in a thin CoN from an atomistic viewpoint that shows ion
accumulation effects. When a negative voltage is applied, N*~
ions continuously migrate towards the electrolyte, leaving
behind Co-rich areas in the CoN film responsible for the
increase in saturation magnetization (stage (i) in Fig. 3b).
Concomitantly, N>~ dissolution takes above. However, after a
while, the generation of saturation magnetization slows down,
tending to saturate (stage (ii) in Fig. 3b). This is ascribed to the
fact that the N>~ ion migration occurs faster than the redis-
tribution of PC molecules, thus limiting further dissolution of
N*ions into the electrolyte (due to the limited N solubility in
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Fig. 3 Frequency dependence of the ion accumulation effect. (a) Sche-
matic representation of the typical Ms vs. t dependences of heterostruc-
tures with thin CoN films (thicknesses < 50 nm) showing (DC and pulsed
DC at a frequency > 1 Hz: blue dashed line) or not showing (pulsed DC at a
frequency < 1 Hz: red dots) an ion accumulation interfacial effect. (b) (c)
microscopic mechanisms for the existence and absence of ion accumula-
tion, respectively. Vg, Vred, Va Vrec represent the speed of N ion migration in
CoN, redistribution of PC molecules, migration of accumulated N ions, and
N ion recovery, respectively. For simplicity, N denotes N3~ in the picture.

PC, i.e., absence of N-free PC molecules) and forcing N*>~ ions to
accumulate at the surface of the CoN film. After switching the
voltage off, the concentration gradient between PC molecules
tends to balance, further redistributing regular PC molecules
and PC molecules saturated with N>, In this way, some regular
PC molecules are able to reach the interface, providing more
sites to incorporate N and, thus, to dissolve it. At the same time,
the accumulated N°~ ions at the upper part of the CoN films
can diffuse into the electrolyte and inside the CoN films (i.e.,
towards the inner parts of the film, which normally occurs
quite slowly). The former process, ie., N dissolving in the
electrolyte, is the mechanism behind the increase in Mg even
without voltage (stage (iii) in Fig. 3b). After some time, the N*~
diffusion process in the film weakens due to the decreasing
concentration gradient and becomes surpassed by the conven-
tional ion recovery process, which accounts for the decrease in
Ms (stage (iv) in Fig. 3b). Remarkably, ion accumulation takes

This journal is © The Royal Society of Chemistry 2022
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place only in thin films (thickness < 50 nm), since they exhibit
sufficiently high voltage-driven ion motion (i.e., vg) values when
actuated with either DC or pulsed DC voltage at high frequen-
cies (f = 1, 10 and 100 Hz). Fig. 3c shows the atomistic
mechanism when the heterostructure does not show ion
accumulation effects, which corresponds to the situation in
which the frequency of the pulsed DC actuation is low
(e.g., f=0.01 Hz). Even though weak ion accumulation effects
are feasible (stage (I)), they tend to rapidly vanish due to the
long voltage interruption between the consecutive pulses, facil-
itating recovery processes and thus causing a partial magneti-
zation depletion (stages (II) and (III)) during pulsing, as
experimentally seen in Fig. 2c and e and depicted in the red
dotted curve of Fig. 3a.

With the goal of obtaining direct evidence of this ion
accumulation effect at the interface between the film and the
electrolyte, the N>~ depth distribution of a 50 nm-thick sample
upon DC voltage actuation has been assessed by elastic recoil
detection analysis. As clearly seen in Fig. 4a, the depth dis-
tribution of N*~ for as-prepared CoN films is symmetric but
becomes asymmetric during the DC voltage treatment. After
applying a short 60 s DC voltage, this distribution is positively
skewed, confirming that the N> content at the upper part of
the film is larger than that at the bottom (i.e., deeper) region
and, thus, validating the ion accumulation effect (Fig. 4b).

Conclusion

Our work demonstrates a controllable ion accumulation effect
at the interface between the CoN films and the adjacent
electrolyte, which is set by a proper selection of the CoN film
thickness and the pulse frequency of the voltage actuation. This
effect, which takes place when the CoN film thickness is below
50 nm and the voltage pulse frequency is at least 100 Hz, is
based on the trade-off between generation (voltage ON) and
partial depletion (voltage OFF) of ferromagnetism in CoN by
magneto-ionics. This effect allows for both the control of

This journal is © The Royal Society of Chemistry 2022
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magneto-ionic properties both while and upon removing vol-
tage pulse actuation (effect off and on, resulting in stimulated
and post-stimulated behaviour, respectively), expanding the
potential of magneto-ionics in the emulation of post-stimulated
neuromorphic functions, such as neural learning under deep sleep.
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Compositional and structural characterization

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
and electron energy loss spectroscopy (EELS) were performed along the cross-sections of as-
prepared 200 nm-thick CoN films and a 200 nm-thick CoN film electrolyte-gated at -25 V for 10 min. As

shown in Fig. Sla and b, the as-prepared 200 nm-thick CoN films show a highly nanostructured

morphology with homogeneous composition. As shown in Fig. S1b, upon gating at -25 V for 10 min, a

well-defined interface between a N-free and highly porous Co top layer and the rest of unaltered CoN film
can be observed both in the HAADF-STEM image and the EELS mappings, evidencing the

existence of a planar N migration front in agreement with previous results'?.
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As seen in Fig. S2, the 6/26 X-ray diffraction (XRD) pattern of an as-prepared 200 nm-thick CoN film
reveals the presence of the (111) peak of CoN, indicating the growth of a textured phase. Upon subjecting
a 200 nm-thick CoN film at -25 V for 15 min, the intensity of the (111) peak of CoN significantly

decreases, in agreement with the denitriding caused but the transport of N ions towards the electrolyte.

a

Ellcc BEv

TEM image STEM-HAADF image EELS mapping
N+Co

" ‘ i ' Co N
S . .

TEM image STEM-HAADF image EELS mapping
N+Co

200 nm CoN after
pulsed DC (f= 10 Hz)

Fig. S1. Compositional characterization by high-angle annular dark-field scanning

transmission electron microscopy (HAADF-STEM) and electron energy loss
spectroscopy (EELS), and structural characterization by transmission electron
microscopy (TEM). (a) TEM image of an as-prepared 200 nm-thick CoN film
together with the HAADF-STEM image and corresponding Co and N EELS
mappings of the area marked with a rectangle. (b) TEM image of a 200 nm-thick
CoN film subjected to a -25 V for 600 s together with the HAADF-STEM image and

corresponding Co and N EELS mappings of the area marked with a rectangle.
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—— As-prepared 200 nm CoN
— 200 nm CoN treated at-25V for 15 min

(111) Cu

Intensity (arb. unit)

25 30 35 0 45 50
26 (degree)

Fig. S2. Structural characterization by X-ray diffraction (XRD). 828 XRD diffraction patterns
of an as-prepared 200 nm-thick CoN film and a 200 nm-thick CoN film after being treated at -

25V for 15 min. For phase identification, the cards no. ICDD JCPDF 00-001-1241 and ICDD
JCPDF 00-016-0116, were used for Cu and CoN, respectively.

— As-prepared 5 nm CoN
| — As-prepared 25 nm CoN

Co-L,

Intensity (arb. unit.)

7éo 790 800
Photon Energy (eV)

770

Fig. S3. Compositional characterization by X-ray absorption spectroscopy. Co L2 3-edge X-ray

absorption spectroscopy measurements of the 5 nm- and 25 nm-thick CoN films.
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Magneto-ionic characterization
Fig. S4 shows the hysteresis loops of CoN films with thickness ranging from 5 to 200 nm, sequentially
recorded while electrolyte-gated at -25 V until reaching a stable state. The as-prepared CoN-based

heterostructures exhibit some traces of ferromagnetic signal (< 10 emu cm™3), which could be ascribed to

local deviations of CoN stoichiometry at the Cu-CoN interface.
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Fig. S4. Consecutive in-plane VSM hysteresis loops (each lasting 30 min) of the as-prepared
film (black) and the films biased under -25 V: a, 5 nm, b, 25 nm, ¢, 50 nm, d, 100 nm, and e,

200 nm CoN films.
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Fig. S5. Zoom of Fig. 1c in initial stages to highlight the generation of magnetization. Saturation
magnetization (Ms) as a function of time t from 0 to 6 s for a CoN films with thickness ranging

from 5 to 200 nm under electrolyte-gating at -25 V while applying an external in-plane magnetic

field of 10 kOe.

Table S1. Thickness-dependent magnetic and magnetoelectric parameters obtained from the

consecutive hysteresis loops presented in Fig. S4 and Ms vs. ¢ plots of Fig. S5.

—
-

-
[he]

Mg (emu cm™)

3
t(s)

Thickness AM (H=10 AM (H =10 kOe) AM (H =10 kOe) Hc
nm kOe
(nm) ) (10%emucm™) (103 emucm™) (Oe)
(emu cm™) .
upon -25 V for 50 s upon saturation
upon -25 V for . .
1 [minimum time
S required to reach a
stable Msg]

5 2.6 0.235 0.297 [60 s] 35
25 1.5 0.132 0.305 [130 5] 132
50 0.3 0.068 0.379 [<1h] 132
100 0.1 0.040 0.423 [< 1 h] 143
200 0.1 0.037 0.507 [12 h] 179
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Table S2. Ms attained once magneto-ionic process saturates (i.e., maximum value), normalized

by the time required to reach it (A7) and by the absolute value of the applied voltage (|AV]), from

the current results and previous related works from the literature®!!-14!7

Film 85 nm- 85 nm- 85 nm- 5 nm-thick | 30 nm-thick 5 nm-thick
thick thlcl_< CoN thlck FeN | Coz04 film CoMnN film CoN film
Co0304 film film (current
film work)
Ms/(At|AV]) 7.8 52.0 7.2 32.0 64.5 432.0
(emucm=3ht
v
a b

o
)

200 nm CoN & f=10 Hz
= As-prepared
= lyeay: 0-0.5h

rdrelayl 05-1h h
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Fig. S6. In-plane vibrating sample magnetometry hysteresis loops (each lasting 30 min) of an

as-prepared 200 nm CoN thin film and a 200 nm CoN film subjected to pulsed DC voltage
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actuation for 0.5 and 1h at a frequency of (a) 1 Hz, (b) 10 Hz and (c) 100 Hz. Note that tgelay
refers to the time after the voltage has been switched off.

I~
N

DC voltage

actuation m

S
3

o
N

Mg (10° emu cm)
o

o
o

0 500 1000 1500 2000

t(s)
Fig. S7. Time evolution of the saturation magnetization (Ms vs. t) during and after DC voltage
actuation at -25V for 20 nm and 50 nm thick CoN films. Dashed lines mark the start of

magnetization turning point.
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The previous study proposed an approach for post-stimulated magneto-ionic control, promising
new neuromorphic computing functions, such as post-stimulated neural learning under deep
sleep. This magneto-ionic effect largely relies on the strength and penetration of the induced
electric field into the target material, the amount of generated ion transport pathways, and the
ionic mobility inside the magnetic media. Yet, optimizing all these factors in a simple manner

presents a formidable challenge, despite its strong desirability for practical applications.

In this work, we demonstrate that strategically introducing transition-metal elements into
binary nitride compounds can unveil a significant advancement in magneto-ionics. More
specifically, we showcase the remarkable enhancement of magneto-ionic effects within CoN
films, including saturation magnetization, toggling speeds, and cyclability, achieved through a
mere 10 at. % substitution of Co with Mn during the thin-film deposition. This introduction of
Mn triggers a transformation from nanocrystalline to amorphous-like structures, as well as from
metallic to semiconducting behaviors, resulting in an increase in N-ion transport channels. Ab
initio calculations further reveal a lowered energy barrier for CoMn-N compared to Co-N that
provides a fundamental understanding of the crucial role of Mn addition in the voltage-driven
magnetic effects. These results constitute an important step forward toward enhanced voltage

control of magnetism via electric field-driven ion motion.
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ABSTRACT: Magneto-ionics is an emerging actuation mechanism to control the 10 ! 25V

magnetic properties of materials via voltage-driven ion motion. This effect largely relies Tosl | CoMnN CoN

on the strength and penetration of the induced electric field into the target material, the £ ]! E— Nione
amount of generated ion transport pathways, and the ionic mobility inside the magnetic 5 ;41| : ' ??? ¥ (T\Tj

media. Optimizing all these factors in a simple way is a huge challenge, although highly g I Coln V&
desirable for technological applications. Here, we demonstrate that the introduction of & 0.4 : L) Z'f°"°""ff
suitable transition-metal elements to binary nitride compounds can drastically boost T I a
magneto-ionics. More specifically, we show that the attained magneto-ionic effects in =02 ! m
CoN films (ie, saturation magnetization, toggling speeds, and cyclability) can be :

drastically enhanced through 10% substitution of Co by Mn in the thin-film 0.0

composition. Incorporation of Mn leads to transformation from nanocrystalline into 0 500 1000 1500
amorphous-like structures, as well as from metallic to semiconducting behaviors,
resulting in an increase of N-ion transport channels. Ab initio calculations reveal a lower
energy barrier for CoMn—N compared to Co—N that provides a fundamental understanding of the crucial role of Mn addition in the
voltage-driven magnetic effects. These results constitute an important step forward toward enhanced voltage control of magnetism

via electric field-driven ion motion.
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B INTRODUCTION with O*” transport-based magneto-ionics at room temperature
is its poor endurance, owing to slow and irreversible chemical/
structural changes that occur when voltage polarity is
reversed.'” Smaller ions, such as H*, F~, or Li*, have been
utilized to achieve faster and more cyclable voltage-induced
changes of the magnetic properties. However, these systems
pose some limitations in terms of compatibility with traditional
complementary metal-oxide semiconductor (CMOS)-based
devices.”” Alternatively, nitrogen magneto-ionics have been
demonstrated by using a cobalt nitride target material (i.e.,
CoN™), which provides “ready-prepared” lattice sites for ionic
diftusion, leading to improved endurance at room temperature,
without sacrificing operating speed and compatibility. In
addition, the microstructure of the magneto-ionic target
materials play an important role in the attained values of
resistivity and ion transport mechanisms, resulting in a planar-
like migration front for ions,”**" that is highly appealing for
devices when compared to traditional inhomogeneous or

The intentional incorporation of impurities into a host
material, a process known as element substitution,’ is of
fundamental significance in reconstructing nanocrystals,”
modifying electronic characteristics,” or modulating magnet-
ism,** among others. Controlled element introduction has
been proved effective in yielding semiconductor-based hybrid
materials with desirable properties for target applications, such
as solar cells,® batteries,” novel transistors,™’ superconduc-
tors,'’ or spintronics devices.”>'"'* Recently, unprecedented
control of magnetic properties (including “ON—OFF” switch-
ing of ferromagnetic states) has been realized using magneto-
ionic actuation."* This is an emerging energy-efficient
approach to tune magnetism based on electric field-induced
ions (e.g., 0¥, BV LY, F P HY 2 or N3_23_25) motion.
However, element introduction in magneto-ionic systems, that
may allow for further engineering of magnetic properties with
voltage, is still unexplored.

A typical magneto-ionic system comprises the target
material, usually a ferromagnetic (FM) metal or an oxide,*
and a solid or liquid electrolyte (adjacent to the target
material), working as dielectric and ion reservoir layers. One of
the most studied systems is Co/GdOx, in which control of the 2
perpendicular magnetic anisotropy through voltage-driven
oxygen migration has been demonstrated."* One problem
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Figure 1. Structural, compositional, and electric transport characterization of as-deposited films. (a) 6/26 XRD patterns of the as-prepared 100 nm
thick CoN and CoMnN films. (b,c) High-resolution TEM images of the cross section of 30 nm thick CoN and CoMnN films. The inset shows the
fast Fourier transform of the area marked with a red square. (d) HAADF-STEM micrograph and EELS Co, Mn, and N elemental mappings for as-
prepared 30 nm thick CoMnN films. (e) Electrical resistivity (p) measured as a function of temperature from 30 to 300 K, for as-deposited 30 nm

thick CoN and CoMnN films.

cross-sectional ion diffusion channels typically occurring upon
O* -ion migration.B’IG Magneto-ionics is essentially a dynamic
process,’” which involves breaking and recombining metal-O
or metal-N bonds. This approach requires an effective electric
field to drive the process, as well as properly tuned magnetic
materials to be modulated.”® Although ferromagnetic metals
show large and stable magnetization, high T, and, eventually,
a well-defined perpendicular magnetic anisotropy,29 their
direct utilization for magneto-ionics also poses some draw-
backs. Among those is the limited electric-field screening
length stemming from their high electric conductivity, which
means that the effects of voltage are strongly limited to the
outer surface of the metal.>° This limitation can be overcome,
to some extent, using semiconductors instead of metals.”’
Thus, if semiconducting properties could be imparted to target
materials without sacrificing their magnetic properties,

44582

102

magneto-ionic performance may be potentially boosted. To
achieve this goal, introduction of certain elements leading to
precise structural and compositional engineering at the
nanoscale, together with highly tunable magnetic and electrical
properties, may turn out to be a suitable strategy. Finding a
suitable element and introducing it in a controlled manner into
a host FM target material is thus critical. In metallic alloys,
efforts have been made to substitute Co, Ni, or Fe by Mn as an
effective means to alter their magnetic and electrical
behavior.>' 7** In magneto-ionics, Mn introduction may also
give specific advantages. First, Mn, as an “amorphizing”
agent,” could favor the formation of an amorphous phase,
which would promote planar-like diffusion fronts for ion
motion (because, otherwise, ion motion preferentially occurs
along grain boundaries). Also, Mn-substitution could introduce
more defects in the crystal lattice and increase electrical

https://doi.org/10.1021/acsami.2c12847
ACS Appl. Mater. Interfaces 2022, 14, 44581—-44590
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resistivity, possibly leading to the modification of electrical
properties, from metallic-like to semi-metallic or semiconduct-
ing behavior.”” Incorporation of Mn may trigger hopping
mechanisms and hence change the tran?ort properties, as
studied in earlier cobalt ferrite systems.”>* Most importantly,
the enhancement of saturation magnetization and perpendic-
ular magnetic anisotropy of host FM target materials with
moderate Mn introduction has also been confirmed both from
experimental and theoretical studies.**™** Therefore, introduc-
ing Mn into FM nitrides (e.g., CoN) might result in synergetic
effects and could make magneto-ionics more attractive for
spin-based and other magnetoelectric devices.

In this work, we show multiple benefits that moderate
substitution of Co by Mn brings to the magneto-ionic
performance of CoN-based heterostructures. With the addition
of Mn, a change from nanocrystalline to amorphous structures
is observed, accompanied by a transition from metallic-like to
semiconducting properties. The former increases N-ion
transport channels, as verified by high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and electron energy loss spectroscopy (EELS). The
latter significantly extends the electric field effect that is
normally limited to a few A in metals.”® Mn incorporation
leads to a 6.7-fold voltage-driven enhancement of the
saturation magnetization (M) and improved high-frequency
cyclability. In addition, ab initio calculations have been
performed to estimate the Co—N and CoMn—N energy
barriers using different crystal orientations and N atom
insertion paths. In all cases, a reduced energy barrier for
CoMnN is obtained, compared to CoN. These experimental
and theoretical findings prove the highly beneficial effect of
Mn-substitution in enhancing magneto-ionics. These results
could have implications in diverse technological areas, like
neuromorphics” 49 or jontronics in general.

B RESULTS AND DISCUSSION

Cobalt nitride (CoN) and cobalt manganese nitride
(CogoMnyN, identified as CoMnN throughout the text),
both 30 or 100 nm thick, were grown on Cu (10 nm)/Ti (10
nm)/[100]-oriented Si substrates by reactive magnetron
sputtering (see the Methods section).

Figure la shows the X-ray diffraction (XRD) patterns of 100
nm thick CoN and CoMnN films. A single diffraction peak is
observed for the CoN film at a 260 =~ 43.84°, which is
consistent with both (111) Cu (JCPDF card no. 00-001-1241)
or expanded (200) CoN (JCPDF card no. 00-016-0116)
phases. In contrast to CoN, the CoMnN film does not show
such well-defined peaks but only a broad and weak peak
centered at 20 =~ 43.28°, which is also consistent with (111)
Cu or expanded (200) CoMnN. However, CoMnN clearly
exhibits a much lower crystallite size value, evidencing the
nanostructuring effect caused by Mn. Because the nitride films
are 10 times thicker than the Cu buffer layer, the signal arising
from both patterns is mainly attributed to the CoN and
CoMnN phases. Both films are textured along (200) planes
and nanocrystalline. In the case of the CoMnN, the degree of
nanostructuring is more pronounced, approaching a highly
disordered (eventually amorphous-like) structure.

This result is confirmed by high-resolution transmission
electron microscopy (HRTEM) images of the cross-sections of
as-prepared CoN and CoMnN films, as demonstrated in
Figure 1b,c, respectively. The areas marked with red squares
were chosen for fast Fourier transform (FFT) analyses, as

shown in the insets, in which clear diffraction spots can be
found for CoN films [points inside yellow cycles, correspond-
ing to an interplanar distance d = 2.13 A, consistent with a
cubic CoN (200) orientation], whereas no spot is observed for
CoMnN films, in agreement with XRD results and evidencing
the role of Mn as a “amorphizing” agent.”> To further
understand the compositional distribution of CoMnN films,
HAADEF-STEM and EELS were performed on as-deposited
CoMnN films, with corresponding mappings shown in Figure
1d. The Co (red), Mn (blue), and N (green) elements are all
uniformly distributed in the films, evidencing the homoge-
neous growth process of CoMnN. An amorphous or very
nanocrystalline structure should promote the formation of a
larger density of ion diffusion channels under the application of
an applied voltage, compared to a well-crystallized structure
with limited amounts of grain boundaries, eventually allowing
for a greater modulation of magnetic properties with an electric
field.”**

To investigate the role of Mn on electric transport, resistivity
(p) as a function of temperature (T, in the range 30—300 K)
was measured on both as-prepared CoN and CoMnN films. As
seen in Figure le, the resistivity at room temperature (300 K)
is approximately 172 yQ cm for CoN films (the value is close
to that of metallic Co*' and previously reported less-
stoichiometric Co-rich CoN films prepared by a triode
system™”) and about 406 uQ cm for CoMnN films. Moreover,
the resistivity of CoN is observed to monotonically increase
(dp/dT > 0) throughout the whole measured temperature
range, which is consistent with metallic behavior.”* This
metallic behavior has also been reported in other transition-
metal nitrides,*® and it is attributed to some degree of
wavefunction overlap. In CoN, electrons are localized and
there is a little overlap between the wavefunction of ions
situated on adjacent sites.”* In contrast, the CoMnN films
show a monotonic decrease (dp/dT < 0), corresponding to
semiconducting behavior,” due to the increase in drift
mobility of charge carriers at higher temperatures. This result
demonstrates that partial substitution of Co by Mn not only
increases the resistivity but also turns the film semiconductor.
In addition, the variation of carrier densities (n/p) as a
function of temperature for CoMnN (Figure S1) reveals an
overall negative value (by convention meaning predominant
electron transport, as opposed to positive when holes would
dominate), hence showing that introducing Mn makes
electrons the dominant charge carriers while changing the
behavior from metallic-like to semiconductor (Figure 1d).
Additionally, the resistivities of N-free Co and CoMn films
(CopoMn,;) were measured to be 100 and 470 uQ cm,
respectively. Thus, Mn incorporation increases p both for N-
free and the nitride films. While the introduction of Mn plays a
role like increasing the nitrogen concentration in the films in
terms of electrical properties, the interplay between nitrogen
content and defects on resistivity still remains to be fully
elucidated. Namely, the degree of bonding with nitrogen,
effects of variable amounts of introduced Mn, possible charge
compensation effects and impurity scattering in these
polycrystalline films need to be further studied. Anyhow, the
increased resistivity and thus the change of electric behavior
from metallic to semiconducting achieved by the addition of
Mn enables a deeper penetration of the electric field (Figure
S2), up to few tens of nm,* enhancing magneto-ionic effects,
as will be shown below.
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Figure 2. Magneto-ionic characterization of 30 nm thick CoN and CoMnN films under electrolyte gating. (a) Schematic of the designed structure
for electrolyte actuation (left) and sketch of the formation of electric double layer during voltage actuation (right). (b) Time (t) evolution of the
saturation magnetization Mg for CoN and CoMnN films under —25 V. (c) t evolution of Mg when the voltage is monotonically increased in steps of
—1 V to determine the onset voltage required to trigger magneto-ionics in CoN and CoMnN films. (d,e) Magneto-ionic cyclability of the CoMnN
and CoN films subjected to —25 V/+25 V voltage pulses applied with a periodicity of 20 s.

To investigate the effect of Mn introduction on the
magneto-ionic performance, both 30 nm thick CoN and
CoMnN thin films were electrolyte-gated in a capacitor-like
configuration using a Pt wire as the counter electrode, while
performing in-plane magnetic measurements by vibrating
sample magnetometry (VSM) at room temperature. Propylene
carbonate with Na*- and OH -solvated species was employed
as an aprotic, anhydrous polar liquid electrolyte to serve as a
nitrogen-ion reservoir’> > and to apply a uniformly
distributed, out-of-plane electric field through the formation
of an electric double layer (EDL)*>* at the films’ upper
surface (as shown in Figure 2a).

As seen in Figure S3a, the as-prepared CoN sample exhibits
some traces of ferromagnetic signal (<21 emu cm™>, which is
equivalent to ~1.5% the magnetization of pure Co"’), whereas
the as-prepared CoMnN sample shows a virtually para-
magnetic behavior (<3 emu cm™). This reduction of residual
ferromagnetism in the as-prepared sample by addition of Mn is
possibly the result of the reported difference of cohesive energy
between Mn—N and Cu—N (~1.17 eV/atom) being smaller
than that between Co—N and Cu—N (x2.01 eV/atom).*
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This means that the tendency to form off-stoichiometric
regions (ie, Co-rich CoN clusters) near the CoN/Cu(N)
interface is slightly larger than for CoMnN/ Cu(N).

Figure 2b shows the variation of Mg of CoN and CoMnN
films as a function of time (¢) during electrolyte gating at —25
V, while an external magnetic field of 10 kOe (above the
anisotropy field of the generated ferromagnetic counterpart)
was applied to ensure magnetic saturation. In response to the
applied voltage, an immediate increase of Mg is observed in
both CoN and CoMnN films, indicating a quick onset for
nitrogen motion, resulting in the appearance of metallic
Co(Mn) ferromagnetic phase.23 Interestingly, while CoN and
CoMnN show similar increasing trends of Mg during the initial
stages of voltage actuation (i.e., the first 150 s), M
subsequently levels off for CoN films but continues to increase
in CoMnN films before reaching a stable value for times close
to 1500 s. As a result, a 6.7-fold enhancement in the obtained
steady-state value of Mg is achieved in voltage-actuated
CoMnN compared to CoN, from 102 to 672 emu cm >,
respectively (in agreement with the magnetic hysteresis loops
shown in Figure S3b,c). Note that, as reported earlier,®”*® Mg
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Co+Mn+N

Figure 3. Compositional characterization by HAADF-STEM and EELS of the magnetoelectrically actuated films. HAADF-STEM and elemental
EELS mappings corresponding to areas marked in orange for 100 nm thick (a,b) CoN and (c,d) CoMnN films gated at —25 V for 40 min,
respectively. Cu and Pt layers serve as working electrodes and protective capping layer for lamellae preparation, respectively. Colors corresponding
to each element are noted at the bottom of the figure, that is, Co, Mn, and N are represented by red, blue, and green colors in the EELS elemental

mappings, respectively.

for CoMn is slightly larger than for pure Co (Figure S3d), but
this fact by itself alone cannot explain the obvious magneto-
ionic enhancement of Mg observed in their nitrides and
demonstrates that Mn-substitution boosts magneto-ionics by
some other mechanisms, for example, the dissimilar resistivity
variations during the denitrification processes in CoN and
CoMnN films. With the goal to investigate the eventual
influence of the growing method and to be able to compare
with previously reported results, 85 nm thick CoN and
CoMnN films were also grown by triode sputtering. This is the
thickness of the CoN films investigated in our previous
works.”*~** As shown in Figure S4, the incorporation of Mn
also results in a larger generation of magnetization analogously
to what happens when comparing the magneto-ionic response
of CoN and CoMnN films grown by magnetron sputtering
(Figure 2b). It is remarkable that, even though the films grown
by triode sputtering are thicker than those prepared by
magnetron sputtering (85 nm vs 30 nm, respectively), larger
magnetization values are attained upon voltage applications in
films grown by triode sputtering, both in the CoN and
CoMnN systems. This suggests the importance of a more
nanocrystalline microstructure obtained by triode sputtering in
the enhanced nitrogen-ion motion due typically to a larger
defect size and density. In any case, our results confirm the role
of Mn as an “amorphizing” agent in improving magneto-ionics,
regardless of the growing method.

The minimum threshold voltage required to trigger
magneto-ionic effects is of large importance for device
implementation.”* Thus, the onset voltages were also evaluated
in both systems by monotonically increasing the external
voltage in steps of —1 V until M started to increase, as shown
in Figure 2c. The obtained results reveal that the onset voltage
is approximately —4 V for both CoN and CoMnN films. Figure
2c also shows that, in spite of a larger My, the recovery time for
CoMnN films is significantly shorter than for CoN films,
thereby a better endurance in the case of CoMnN films is
envisaged. Taking this into account, the cyclability was
investigated by subjecting the CoN and CoMnN films to
—25 V/+25 V pulses with a periodicity of 20 s. As shown in
Figure 2d, a very stable and reversible cycling behavior for

CoMnN is obtained, whereas no signs of magneto-ionic effects
are continued after two cycles for CoN films (Figure 2e).
Nonetheless, for longer pulse duration (with voltage switched
every 2 min), CoN films show a relatively stable cyclability as
well (Figure S3e). This demonstrates that Mn-substitution is
not only favorable to enhance the magneto-ionic rates or the
attained Mg values but also the cyclability (or endurance)
through improvement of the recovery process.

To further understand the effect of Mn substitution from the
perspective of voltage-driven ion transport, cross-sectional
lamellae of 100 nm thick CoN and CoMnN films electrolyte-
gated at —25 V for 40 min were studied by HAADF-STEM
and EELS. As shown in Figure 3a, a moderate denitriding
process occurs in CoN, which results in sparse, cross-sectional
(ie, perpendicular-to-film) channels after nitrogen-ion dif-
fusion has taken place, similar to what was reported in other
magneto-ionic systems like Co;O, also grown by magnetron
sputtering.">'® This columnar morphology suggests that N-ion
motion takes place, at least to some extent, along these
channels generated perpendicular to the film plane during
voltage applications. As shown in Figure 3b, EELS mappings
reveal a lack of N and depletion of Co in the channels, in
accordance with the formation nanoporosity in the films (in
the form of elongated vertical pore channels of 5—10 nm in
width). The formation of these channels in the upper part of
the films is even more evident for the magneto-ionically treated
CoMnN films (see Figure 3c,d). The formation of such
channels can have an influence on both the electric properties
(electronic hopping) as well as the time-dependence evolution
of magneto-ionic effects, although it is quite difficult to
establish the exact current flow paths in this kind of
nanocrystalline materials. Remarkably, in this case, a planar
horizontal front, separating porous and denser areas, is
observed. The occurrence of such planar diffusion fronts was
previously reported in CoN films grown by triode sputtering
(not by magnetron sputtering as in the current work)
exhibiting a highly nanocrystalline microstructure and larger
generated magnetization.””>* Remarkably, the presence of
metallic Co was confirmed by the fast Fourier transform (FFT)
spots obtained from high-resolution TEM, as shown in Figure
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Figure 4. Ab initio calculations of Co—N and CoMn—N energy barriers. Schematic of (a) CoMn and Co (001) surfaces and (b) CoMnN and CoN
(111) surfaces, respectively, designed for N-atom insertion. For CoMnN surfaces, both Co—Mn path (path 1) and Co—Co path (path 2) have
been considered. (c,d) Total energy per atom as a function of distance for the aforementioned surfaces. The total energy is plotted relative to the
minimum energy values, as a function of the displacement between the reference CoMn or Co outermost surface atom and the inserted N atom.

SS, which is responsible for the Mg increase after voltage
treatment (Figure 2b). These observations are consistent with
vertical and horizontal line profiles of the N element, as shown
in Figure S6, which reveal an obvious difference in N content
between the upper and bottom parts of the CoMnN films (in
contrast to CoN, where the N concentration is more
homogeneous). Additionally, the nanoporosity causes sudden
jumps of the N content along the horizontal profiles for both
CoN and CoMnN films. These results reveal that, under the
same magnetoelectric actuation conditions, a larger amount of
nitrogen is released to the electrolyte in CoMnN compared to
CoN films. This agrees with Figure 2b,c, which show a larger
increase of Mg in CoMnN. Overall, the HAADF-STEM and
EELS observations on CoN and CoMnN films illustrate that
Mn substitution significantly increases nitrogen transport
channels, leading to an enhanced magneto-ionic behavior
(thus explaining the shorter recovery time and the improved
cyclability).

The efficiency of magneto-ionics initially depends on the
minimum energy required for breaking and re-forming
magnetic metal-ion bonds. Using the nudged elastic band
method (NEB)*”*° (see the Methods section), the Co—N and
CoMn—N energy barriers were calculated in a case where a
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nitrogen ion is inserted into a cobalt or cobalt manganese
surface with 10 atoms per layer (Figure 4ab). Two
orientations, (001) and (111), were considered and the total
energies per atom were calculated as a function of the distance
z between the inserted N atom and a Co or CoMn upper
surface (see Figure 4c,d, respectively). Furthermore, for the
case of CoMnN films, the formation energy of the N insertion
into either Co—Mn (path 1) or Co—Co (path 2) were also
calculated. The position z = 0 A refers to the outmost layer of
Co or CoMn, while its negative sign represents the
displacement inside of the film (and vice versa for the positive
sign). For the Co (001) surface, CoMn (001) surface-path 1
and CoMn (001) surface-path 2, the local minimum
(maximum) energies are located at around z = 0.4 (—1 A),
0.4 (—1A), and 0.3 (—1.4 A), respectively, with corresponding
energy barriers between the two extrema are calculated to be
126, 104, and 76 meV/atom. Further calculation shows that
the energy barrier needed to be overcome by N is lower for the
CoMn (001) surface (by 22 meV/atom for path 1 and SO
meV/atom for path 2) compared with the Co (001) surface.
This reduction of energy barrier by Mn addition is consistent
with the larger quantity of channels and nanoporosity due to
N-ion movement observed in CoMnN compared to CoN
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films, which brings about a larger Mg and faster recovery
process (thus improved cyclability) for CoMnN films.

The results for the (111) surfaces, however, are more
complex. When a N atom is introduced into the Co surface,
the positions of local minimum and maximum energies are z =
1.1 and —0.1 A, respectively, while the corresponding positions
for the CoMn-path 1 case are z = 1.1 and —0.4 A. In turn, the
calculated energy barriers between the two extrema are 25.4
and 28.9 meV/atom for nitrogen displacement in Co and
CoMn-path 1 structures, respectively. Note that we find a
reduced barrier height for Co—N in the present study
compared to ref 23. This is explained by the dependence of
the energy barrier on the concentration of the inserted atoms
into a surface. In ref 23, the ratio of N to Co atoms per surface
layer was 1:1 and this implies the 100% concentration of N
insertion into the surface, whereas here we have a supercell,
which is laterally larger to simulate a 10% N insertion into the
surface. When comparing Co and CoMn-path 1 structures, the
minimum energy required by N to enter the CoMn (111)
orientation is slightly larger than for Co (111). However,
further energy barrier calculation for CoMnN-path 2 structure
gives a value of 21.8 meV for (111) interfaces, which is lower
than that obtained in case of path 1. Therefore, overall, the
differences in energy barriers between Co and CoMn along
this lattice orientation are less evident than along the (001)
orientation, and they are path dependent. In fact, the
considered N paths in the calculations are particular, while
in the experiment not all N atoms have essentially the same
path into the surface and thus a collective effect of perhaps
several paths is observed. Also, it is instructive to comment on
the difference in the positions of the minima/maxima in Figure
4c,d. We believe that it is caused by the different crystallo-
graphic orientations. For the (111)-oriented surface, the
maximum energy is reached when the N atom is almost
located in the first atomic surface layer. However, in the (001)
surface, the maximum energy is found when the N atom is
integrated more into the surface. In this case, it feels less
comfortable due to smaller interlayer spacing to accommodate
it, and thus the barrier is larger. Remarkably, these calculations
show that the lattice orientation plays a key role in the
observed variations in energy barriers upon Mn-substitution,
which provides a valuable guide for precisely engineering
magneto-ionics from a structural perspective.

B CONCLUSIONS

In summary, here we demonstrate that magneto-ionic effects in
CoN films are drastically enhanced by the introduction of Mn
(in low percentages) to the binary composition of the
transition metal nitride. Such enhancement is ascribed to the
key role of Mn in modifying the microstructure and electric
transport properties of the CoN films, as well as the change in
the formation energy of the metal-ion bonds. The incorpo-
ration of Mn was proven effective to bring a more amorphous
microstructure and semiconducting properties to CoN. As a
result, a 6.7-fold enhancement of the saturation magnetization
and higher magneto-ionic cyclability are achieved. From ab
initio calculations, the energy barrier in CoMn—N is overall
smaller than for Co—N, providing hints to understand the
more efficient N-ion motion. The reported enhanced ion
motion effects in CoMnN films by moderate Mn introduction
(and the extension to other transition-metal systems) are
appealing for diverse technological areas (beyond magneto-

ionics), such as electrochemical catalysis, batteries, solar cells,
or spintronics.

B METHODS

Sample Fabrication. CoN and CoyyMny;N thin films with
thicknesses of 30 nm or 100 nm were grown at room temperature by
magnetron sputtering in a high-vacuum chamber (with a base
pressure <8 X 107® Torr) on non-doped (100)-oriented Si wafers (0.5
mm thick) previously coated with a 10 nm thick titanium adhesion
layer and 10 nm thick copper seed layer. The copper was partly
masked to avoid the nitride film deposition and later serve as working
electrodes. Pure Co and Mn targets were co-sputtered for the
deposition of CoMnN and rates were calibrated to obtain a Co/Mn
ratio of 9:1. The growth of CoN and CoMnN was carried out in a
mixed Ar and N, atmospheres always using a nitrogen partial pressure
of 50% and a total working pressure of 3 X 107> Torr. The distance
between the substrate and targets was around 10 cm, and the
sputtering rate was approximately 0.8 A s™".

Magneto-lonic Characterization. In situ magnetoelectric
measurements were carried out at room temperature using a
commercial vibrating sample magnetometer (VSM) from Micro
Sense (LOT, Quantum Design), with a maximum applied magnetic
field of 2 T. Electrolyte gating was conducted between the counter
electrode (a Pt wire) and the working electrode (the investigated
CoN/Cu/Ti/Si or CoMnN/Cu/Ti/Si thin films) in a home-made
electrolytic cell using an external Agilent B2902A power supply, as
indicated in earlier works. The electrolyte consisted of anhydrous
propylene carbonate with Na*- and OH -solvated species (10—2$
ppm), in which metallic sodium was immersed to react with any
possible trace of water. Negative voltages in this work signify the
accumulation of negative charges at the working electrode (and vice
versa for positive voltages). The magnetization (M) is obtained by
normalizing the magnetic moment to the sample volume exposed to
the electrolyte. Note that the linear slopes in the hysteresis loops at
high fields (arising from diamagnetic or paramagnetic contributions)
were eliminated by correcting the background signal (ie., at fields
always significantly larger than the saturation fields).

Structural and Compositional Measurements. The 0/26 X-
ray diffraction (XRD) patterns were collected on a materials research
diffractometer (MRD) from Malvern PANalytical company, equipped
with a PIXcel'® detector, using Cu Ka radiation. High-resolution
transmission electron microscopy (HRTEM), high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM), and electron energy loss spectroscopy (EELS) were carried
out on a TECNAI F20 HRTEM/STEM microscope operated at 200
kV. Cross-sectional lamellae were prepared by a focused ion beam,
placed onto a copper transmission electron microscopy grid, and
topped with a protective platinum layer.

Transport Measurements. To determine the electrical proper-
ties of CoN and CoMnN thin films, both films were deposited directly
onto high-resistivity Si substrates. Resistivity values were recorded
from 30 to 300 K by utilizing the 4-contact van der Pauw
configuration in a closed He refrigeration system.

Ab initio Calculations. First-principles calculations were based on
the projector-augmented wave (PAW)*' method as implemented in
the VASP package®” using the generalized gradient approximation.*®
To model a Mn-doped Co and compare it to bare Co, we used (4 X
2) supercells with a four-monolayer thickness for both Co(90%)-
Mn(10%) and Co. To evaluate the energy barrier a N atom needs to
overcome in order to be inserted in the surface, the nudged elastic
band method (NEB)**° was used on the nitrogen pathway. At each
step, the atomic coordinates were relaxed until the forces became as
small as 1 meV A™". A kinetic energy cutoff of 500 eV was applied for
the plane-wave basis set and 25 X 25 X 1 k-point meshes were used.
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Figure S1. Dependence of the carrier densities (donor/acceptor) of as-prepared CoMnN films as
a function of temperature.

(a)

+ 4+ ++ +
1 | 1

CRONORG
) B B D
ORONORCG

(b)
||
II
uSSEI O Clar>
+- -
+- + BE
ek 0 O B>
+- !
E

N—

X

Figure S2. Cartoon representing electric penetration in a metallic (a) and a semiconducting (b)
film based on the results of CoN films with dissimilar microstructure and electric properties as
reported in reference 25. x represents the length across the film.
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Figure S3. Magnetoelectric characterization of CoN and CoMnN films by in-plane vibrating
sample magnetometry (each hysteresis loops of 30 min of duration) while electrolyte-gating. (a)
Hysteresis loops of the as-prepared CoN and CoMnN films. (b) and (c) Hysteresis loops of the as-
prepared film (black), while gating at —25 V for 60 min (red, 1** loop, and blue, 2™ loop) and after
subsequent +25 V gating (green) for the CoN and CoMnN films, respectively. (d) Hysteresis loops
corresponding to Co and CoMn (10 at. % Mn) films prepared in the same fashion as the nitrides
but in vacuum and, thus, without nitrogen. (¢) Magneto-ionic cyclability of the CoN films
subjected to —25V/+25 V for 1 min at each voltage.
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Figure S4. Time evolution of the saturation magnetization (Ms vs. f) of 85 nm-thick CoN and
CoMnN films grown by homemade triode sputtering under electrolyte-gating at —25 V.

Figure SS. Structural characterization by High resolution transmission electron microscopy
(HRTEM). (a), (b) HRTEM images of the cross section of CoN and CoMnN films after voltage
treated upon —25V for 40 minutes. The inset shows the fast Fourier transform (FFT) of the area
marked with a red rectangle. For phase identification, the cards no. ICDD JCPDF 00-001-1277,
ICDD JCPDF 00-009-0418 and ICDD JCPDF 01-078-1991 were taken for Co, Co0304 and
Co09Mny 10, respectively. Pt layers serve as protective capping layer for lamellae preparation.
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In magneto-ionic systems, effective electric fields are generated using either solid or liquid
electrolytes, which also function as reservoirs for ions. However, challenges arise with thin
solid electrolytes due to their susceptibility to electric pinholes under high fields and the
difficulty in maintaining stable ion transport over extended periods. Liquid electrolytes, on the

other hand, can suffer from poor cyclability, limiting their usability.

In this work, to address these issues, we propose a nanostructured magneto-ionic architecture,
involving a thin solid electrolyte coupled with a liquid electrolyte, which enhances cyclability
while maintaining sufficiently strong electric fields to trigger ion movement. Specifically, by
inserting an amorphous-like Ta layer with appropriate thickness and electric resistivity between
the magneto-ionic target material (CosO4) and the liquid electrolyte, we substantially enhance
magneto-ionic cyclability from less than 30 cycles (without the Ta layer) to over 800 cycles.
Transmission electron microscopy together with variable energy positron annihilation
spectroscopy reveal that the generated TaOx interlayer acts as a solid electrolyte (ionic
conductor), enhancing magneto-ionic endurance by regulating voltage-driven structural
defects. The Ta layer effectively traps oxygen, restraining the movement of O% ions into the
liquid electrolyte, and primarily directing O>- motion between CosO4 and Ta when alternating-
polarity voltage is applied. This strategy successfully combines the benefits of solid and liquid

electrolytes, yielding a promising avenue to enhance magneto-ionics.
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ABSTRACT: Magneto-ionics refers to the control of magnetic AV<0
properties of materials through voltage-driven ion motion. To

generate effective electric fields, either solid or liquid electro- =~ = = - = =
lytes are utilized, which also serve as ion reservoirs. Thin solid & & & o o o
electrolytes have difficulties in (i) withstanding high electric
fields without electric pinholes and (ii) maintaining stable ion
transport during long-term actuation. In turn, the use of liquid
electrolytes can result in poor cyclability, thus limiting their | 9%
applicability. Here we propose a nanoscale-engineered magne-
to-ionic architecture (comprising a thin solid electrolyte in
contact with a liquid electrolyte) that drastically enhances
cyclability while preserving sufficiently high electric fields to
trigger ion motion. Specifically, we show that the insertion of a
highly nanostructured (amorphous-like) Ta layer (with suitable thickness and electric resistivity) between a magneto-ionic
target material (i.e., Co;0,) and the liquid electrolyte increases magneto-ionic cyclability from <30 cycles (when no Ta is
inserted) to more than 800 cycles. Transmission electron microscopy together with variable energy positron annihilation
spectroscopy reveals the crucial role of the generated TaO, interlayer as a solid electrolyte (i.e., ionic conductor) that improves
magneto-ionic endurance by proper tuning of the types of voltage-driven structural defects. The Ta layer is very effective in
trapping oxygen and hindering O®” ions from moving into the liquid electrolyte, thus keeping O>~ motion mainly restricted
between Co3;0, and Ta when voltage of alternating polarity is applied. We demonstrate that this approach provides a suitable
strategy to boost magneto-ionics by combining the benefits of solid and liquid electrolytes in a synergetic manner.
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a whole area of research referred to as voltage control of

ith the advent of global phenomena such as the
Internet of Things, artificial intelligence, machine
learning, or Big Data, the demand for highly

functional and energy-efficient miniaturized microelectronic

. . 3,4
Spintronic systems™
6

components is growing exponentially.l’2
operated using electric currents through spin-transfer torque™
or spin—orbit torque”® effects are becoming key elements for
next-generation nanoelectronics with enhanced memory and
information processing capabilities. However, magnetization
switching using electric current involves an undesirable Joule
heating effect, which is detrimental to energy efﬁciency.g’lo An
interesting alternative is to modulate magnetic properties by
applying electric fields instead of electric current, thus

minimizing power dissipation. This has rapidly evolved into

© 2023 The Authors. Published by
American Chemical Society
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magnetism (VCM).
Magneto-ionics refers to a particular mechanism for VCM in
which voltage- drlven ion transport (of, eg, O*7,"'~" Li*,'
— 17 g+ 18221 3-22-26
F~,”" HY, r N species) leads to a large and
controllable modulation of magnetism without the need of
strain transfer. This is different from voltage-controlled strain-
mediated multiferroic heterostructures, which are less con-

Received: February 6, 2023
Accepted: March 21, 2023
Published: March 27, 2023

https://doi.org/10.1021/acsnano.3c01105
ACS Nano 2023, 17, 6973-6984


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhengwei+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Fuentes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maciej+Oskar+Liedke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maik+Butterling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+G.+Attallah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Hirschmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Hirschmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Wagner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Llibertat+Abad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nieves+Casan%CC%83-Pastor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aitor+F.+Lopeandia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enric+Mene%CC%81ndez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enric+Mene%CC%81ndez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Sort"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c01105&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01105?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01105?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01105?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01105?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01105?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/17/7?ref=pdf
https://pubs.acs.org/toc/ancac3/17/7?ref=pdf
https://pubs.acs.org/toc/ancac3/17/7?ref=pdf
https://pubs.acs.org/toc/ancac3/17/7?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c01105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Nano

www.acshano.org

venient for spintronics because repeated voltage actuation can
lead to mechanical fatigue and eventual device failure.
Archetypical magneto-ionic structures comprise a gate electro-
Iyte (either solid or liquid)*”*® in contact with a ferromagnetic
(FM) target material. Voltage is applied across the electrolyte,
using the FM film as a working electrode and causing a voltage
polarity-dependent insertion/removal of ions into/from the
target material. In this way, magnetic properties, such as
saturation magnetization,u’22 magnetic anisotropy and co-
ercivity,''® exchange bias field,"””” or skyrmion generation/
suppression,”’ among others, can be reversibly controlled,
making magneto-ionic materials highly promising for ultra-low-
power magnetic devices. An extreme case is when voltage
induces a complete reversible transition between FM and
nonmagnetic states, leading to voltage-driven ON—OFF
switching of ferromagnetism. This has been reported in a
number of magneto-ionic systems, such as Co;0,,"""** Li'-
intercalated a-Fe,0,°' F-intercalated La,_, Sr|,,Mn,0,,"
CoN,”*** CoMnN,™ or a-Co(OH),.** ON—OFF switching of
the ferromagnetic state has been also induced by electrostatic
surface charging in FeSz.33

In most magneto-ionic systems, the source of the moving
ions is electrolytes (e.g., GdO,, HfO,, propylene carbonate with
dissolved LiPFy or KI) that are in direct contact with pristine
FM or ferrimagnetic layers (eg, Co, Fe, Fe,0;), whose
properties are manipulated with voltage.””**"* Magneto-ionic
systems based on O~ insertion from an external electrolyte to
a target FM material often suffer from slow dynamics at room
temperature and irreversible compositional/structural changes
in the FM phase, eventually leading to degradation and limited
cyclability. > In addition, for relatively thick films, it is
challenging to achieve a fully OFF magnetic state with voltage
due to the limited penetration of the external ions toward the
interior of the FM target layers.”” Recently, smaller ions (e.g,
H*, F~, or Li*) have been introduced to achieve faster and
more cyclable voltage-induced manipulation of magnetic
properties. Fast, reversible, and cyclable tuning of perpendic-
ular magnetic anisotropy,'® Dzyaloshinskii—Moriya interac-
tion,”™*” or ferrimagnetic spin textures'’ has been achieved
through chemisorbed O*>~ or H ion species. However, systems
relying on H' are either sensitive to environmental conditions
(e.g, humidity) or restricted by their incompatibility with
traditional complementary metal-oxide semiconductor
(CMOS)-based devices (ie., standard fabrication processes
for semiconductor devices, such as metal oxide field-effect
transistors).28 An alternative approach is to use structural
oxygen or nitrogen, self-contained in the target materials, as
the source of the moving ions. Examples of such materials are
Co304,11 CoN,”**® or CoMnN”® films. These target materials,
which are CMOS compatible, exhibit an initially fully OFF
(i.e., paramagnetic) state and provide “ready-prepared” lattice
sites for ion diffusion, allowing for net magneto-ionic
generation of ferromagnetism by voltage-triggered O* or
N*" ion motion from the films toward a neighboring
electrolyte. Unfortunately, achieving a high magneto-ionic
cyclability in these materials (i.c., removing and reinserting the
O*7/N*" ions many times by switching voltage polarity)
remains a challenge.

To induce magneto-ionics, either solid or liquid electrolytes
can be utilized. Solid electrolytes (with ultrathin dielectric
layers) are preferred for solid-state spintronics. Ultrathin solid
dielectric layers are needed to induce sufficiently large electric
fields under moderate applied voltages. However, at such small

thicknesses, difficulties arise to withstand high electric fields
without electric pinholes. Moreover, thin solid electrolytes
offer a limited ion buffering capability (i.e., they easily become
saturated with ions and cannot sustain stable ion transport
during long-term operation, especially when the magneto-ionic
layer is thicker than the solid electrolyte layer). Liquid
electrolytes are convenient for other magnetoelectric applica-
tions, such as magnetophoresis/microfluidics*' or to emulate
neuromorphic functionalities (the brain operates in a liquid
environment)." > Owing to the formation of the “electric
double layer”, whose thickness is <1 nm, liquid electrolytes are
able to generate ultralarge electric fields (hundreds of MV
cm™) at the interface between the liquid and the target
magneto-ionic layer, without electric pinholes.”” Liquid
electrolytes may also be good ion reservoirs.'"'*** However,
when voltage is applied, the mobile ions released from the
target layer into the liquid can travel long distances toward the
counter electrode, making their reintroduction into the
magneto-ionic layer (with voltage of opposite polarity)
difficult. In addition, at the counter electrode, if sufficiently
high voltage is applied, the dissolved ions (e.g., 0%, HY, or
N*7) can transform into the corresponding oxygen, hydrogen,
or nitrogen gases and be released to the atmosphere in the
form of bubbles. These effects are difficult to control and are
highly detrimental for magneto-ionic reversibility and endur-
ance. Restricting ion transport within the magneto-ionic layers
could avoid these problems and is expected to improve the
magneto-ionic cyclability.

Here, we propose an improved nanoscale-engineered
magneto-ionic structure that results from inserting an
amorphous Ta layer (which gets spontaneously passivated in
air) between the Co;0, film (magneto-ionic target material)
and propylene carbonate, PC (liquid electrolyte). Upon
application of negative voltage, O>” ions migrate from
Co;0, to Ta, promoting the formation of TaO, (Ta is a
good oxygen getter), which acts as a thin solid electrolyte with
good ionic conductivity. This architecture preserves sufficiently
high electric fields to trigger ion motion while allowing to
repeatedly induce ON—OFF switching of ferromagnetism at
room temperature. By optimizing the thickness of the Ta layer,
a drastic increase of cyclability is achieved in Co;0,/Ta (25
nm)/PC (>800 cycles) compared to Co;0,/PC with no Ta
insertion (<30 cycles). The Ta layer hinders oxygen ions from
entering the liquid electrolyte and allows for O*~ redistribution
inside the Co;0, and Ta layers, as assessed by high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and electron energy loss spectroscopy
(EELS). Positron annihilation spectroscopy is used to precisely
characterize the defect structure in Ta, which strongly
contributes to the O>” ion transport. An increase of the defect
size during biasing is observed. The reduced electric
conductivity of the passivated amorphous Ta layer is important
to allow the penetration of the electric field inside the Co;0,
layer and the concomitant O*” ion transport. Since O>~
diffusion becomes mainly restricted within the Co;0,/TaO,
structure (instead of O®~ being released to PC), this greatly
improves the efficiency of ion transport in the material,
resulting in largely enhanced magneto-ionic cyclability.

RESULTS AND DISCUSSION

The basic building block of the investigated magneto-ionic
system is a 40 nm thick Co;0, film grown by DC reactive
sputtering at room temperature onto Cu (60 nm)/Ti (20

https://doi.org/10.1021/acsnano.3c01105
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Figure 1. Structural and compositional characterization of as-deposited films. (a) HAADF-STEM micrograph of an as-grown sample. (b)
EELS Co (in red), O (in blue), and Ta (in yellow) elemental mappings of the area marked with an orange rectangle in (a). (c) /26 XRD
patterns of the as-prepared samples. (d, e) High-resolution TEM images of the cross section of the as-deposited Co;0, and Ta films,
respectively. The inset shows the fast Fourier transform of the areas marked with red squares. In panel (e), the “1” spot corresponds to an
interplanar distance of 0.248 nm and is consistent with (311) Co;0, (PDF 00-009-0418) or (111) CoO (PDF 00-001-1227) interplanar
distances (0.244 and 0.245 nm, respectively), while spot “2” corresponds to an interplanar distance of 0.225 nm and is unambiguously
ascribed to the (200) CoO (PDF 00-001-1227) interplanar distance (0.212 nm). The “3” spot corresponds to an interplanar distance of
0.448 nm, which is consistent with (311) Co;0, (0.467 nm, PDF 00-009-0418).

nm)/[100]Si (725 pm) substrates. The Co;0, films were
coated with sputtered amorphous Ta protective layers of
variable thickness (from 5 to SO nm), which were left to
passivate in air (see Experimental Section). Uncoated Co;0,
films were also grown as a reference. Figure 1(a) shows a low-
magnification HAADF-STEM image of the as-prepared sample
with a 25-nm-thick Ta protective capping layer. Clear
interfaces between the various layers can be seen, and their
thicknesses are in good agreement with the nominal ones.
Note that the topmost Pt capping layer was grown only during
the TEM lamella preparation (ie., it was not present during
magneto-ionic experiments). To investigate the Co, O, and Ta
distribution, Co, O, and Ta EELS mappings from the area
marked with an orange rectangle in Figure 1(a) were acquired.
As shown in Figure 1(b), Co and O elements are
homogeneously distributed within the Co;0, films. Addition-
ally, some O signal is also detected inside the Ta layer,
particularly on its upper part. This is ascribed to surface self-
passivation of Ta in air, which is known to result in the
formation of a stable TaO, top layer.*”** Figure 1(c) shows
the /26 X-ray diffraction (XRD) pattern of an as-grown film.
The XRD peak observed at 20 ~ 19.1° is consistent with (111)
Co;0, (PDF 00-009-0418), whereas that at 26 & 36.7° could
be ascribed to either (111) Co;0, or (111) CoO (PDF 00-
001-1227). Peaks corresponding to the Cu buffer layer are also
detected. Conversely, no traces of Ta are evidenced, suggesting
that Ta is highly nanostructured or even amorphous-like.
Growth of amorphous Ta by 4physmal deposition methods has
been previously reported,””* and it is promoted by the
existence of ions and particles with high kinetic energy when
sputtering at sufficiently high gun powers. Amorphous Ta

exhibits higher electric resistivity than its crystalline counter-
parts.** This is beneficial to keep sufficient electric field
strength inside the actuated films while voltage is applied,
thereby enabling magneto-ionics.

To further investigate the structure of the samples, high-
resolution transmission electron microscopy (HRTEM)
images of the cross sections of as-prepared Co;O, and Ta
layers were taken, as shown in Figure 1(d) and (e),
respectively. The areas marked with red squares were chosen
for fast Fourier transform (FFT) analyses, as shown in the
insets. In Figure 1(d), the “1” spot corresponds to an
interplanar distance of 0.248 nm and is consistent with
(311) Cos0, (PDF 00-009-0418) or (111) CoO (PDF 00-
001-1227) interplanar distances (0.244 and 0.245 nm,
respectively), while spot “2” corresponds to an interplanar
distance of 0.225 nm and is unambiguously ascribed to the
(200) CoO (PDF 00-001-1227) interplanar distance (0.212
nm). The “3” spot corresponds to an interplanar distance of
0.448 nm, which is consistent with (311) Co,0, (0.467 nm,
PDF 00-009-0418). This indicates that a mixture of CoO and
Co;0, phases is plausible in the Co oxide film, in agreement
with previously reported results.'> For simplicity, in spite of the
presence of CoO in particular close to the interface, the Co
oxide film is labeled Co;0, throughout the article. Remarkably,
no spots are observed for Ta, in agreement with its amorphous
nature, as also evidenced by XRD (Figure 1(c)).

To induce magneto-ionics, electrolyte gating was performed
in a capacitor-like configuration (Figure 2(a))'* using a
platinum wire as counter electrode and an aprotic, anhydrous
polar liquid electrolyte composed of })ropylene carbonate with
Na* and OH™ solvated species.””*>*” When voltage is applied,
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Figure 2. Magneto-ionic characterization of Co;0, thin films and Co;0,/Ta bilayer films under electrolyte gating. (a) Schematic of the
designed structure for electrolyte actuation. (b) Left: Sketch of the formation of electric double layer during voltage actuation; right:
photograph of the homemade electrolytic cell used to apply voltage to our system, which consists of an Eppendorf filled with propylene
carbonate, our sample as working electrode, and a Pt wire counter electrode. (c) Time evolution of the saturation magnetization, Mg, for
Co,0, thin films and Co;0,/Ta bilayer films (with a Ta thickness of 5, 10, 25, and 50 nm) under an applied voltage of —25 V. (d)
Estimation of the onset voltage required to trigger magneto-ionics in Co;0, thin films and Co;0,/Ta (25 nm) bilayer films, as well as the
recovery process. (e) Calculated absolute value of the voltage at the Co;0,/Ta interface, AV, as a function of the TaO, conductivity,
Gra0w When externally applying |AVI = 25 V for different thicknesses of the Ta layer, r,, and a fixed Co;0, conductivity, 6cy304 = 20 S m ™.
(f) Calculated interface voltage as a function of 6r,q,, for different values of conductivity of 6,304 and a fixed Ta thickness (61, = 50 nm).
The regions highlighted with a cyan rectangle in (e) and (f) are those where AV, | would be below the magneto-ionic threshold voltage of

the system.

a sub-nm-thick electric double layer forms at the electrolyte
side of the electrolyte/Ta interface, allowing for the generation
of a high electric field."” This electric field is ultimately
responsible for driving oxygen ions from the Co;0, to the Ta/
TaO, layers (as illustrated in Figure 2(b)). Voltage treatments
were performed in situ, while hysteresis loops were recorded at
room temperature by vibrating sample magnetometry (VSM),
with an in-plane applied magnetic field. The total measured
magnetic moment of the samples (in emu) was normalized to
the area of the sample and the nominal thickness of Co;0, (to

obtain emu cm™). As seen in Figure 3, irrespective of the
thickness of the Ta layer (i, 0, S, 10, 25, or 50 nm), all films
in the as-grown state show very little ferromagnetic response
(<33 emu cm ™, which is equivalent to ~2.3% the magnet-
ization of pure FCC-Co™®). This small ferromagnetic signal is
common in sputtered Co;0," and is likely due to either a
small fraction of residual Co clusters that do not become fully
oxidized during the sputtering process or substrate contami-
nation. The deposition of Ta onto Co;0, has a negligible
effect on the initial ferromagnetic signal of the Co;0, films.
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Figure 3. In-plane VSM hysteresis loops (each lasting 30 min) of the as-prepared Co;0,/Ta films (black), the films biased under —25 V (for
30 min in red and for 1 h in blue), and subsequently recovered after applying +25 V for 30 min. The different panels correspond to different
Ta thicknesses: (a) 0 nm, (b) $ nm, (c) 10 nm, (d) 25 nm, (e) 50 nm. Panel (f) corresponds to Co;0,/Pt without a Ta interlayer (with a Pt

thickness of 5 nm).

Upon negative biasing at —25 V for 30 min or 1 h, clear
hysteresis loops are observed. The generated saturation
magnetization (Mg) is maximum for the sample without Ta
(around 400 emu cm ™, suggesting that 27% of the volume of
Co;0, gets reduced to Co), and it slightly decreases when a
thin Ta interlayer (5—10 nm) is inserted between the Co;0,
film and the liquid electrolyte. Mg further decreases for
sufficiently thick Ta. Remarkably, magneto-ionic effects when
Pt (instead of Ta) is grown onto Co;0, are strongly reduced: a
small hysteresis loop is observed only for S nm Pt (compare
Figure 3(f) with (b)), and no ferromagnetic response is
obtained for thicker Pt. In all cases, the initial virtually
nonmagnetic state can be recovered by applying +25 V for 30
min.

Figure 3 shows that, for all samples, most of the
ferromagnetic response is induced in less than 30 min, since
Mg does not further increase when applying voltage for 1 h.
The time evolution of Mg for all samples under —25 V is
shown in Figure 2(c). An external magnetic field of 10 kOe
(i.e., above the anisotropy field of the generated ferromagnetic
counterpart) was applied during these measurements to ensure
magnetic saturation. In all films, an immediate increase of My is
observed in response to the applied AV, evidencing a quick
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onset of the oxygen ionic motion, which leaves metallic
ferromagnetic Co behind.'*"® The obtained steady-state value
of Mg decreases with the Ta thickness, from 401 emu cm™ to
19 emu cm ™ (in agreement with the magnetic hysteresis loops
shown in Figure 3(a)—(e)). One important parameter of large
significance for device applications is the minimum threshold
voltage required to trigger magneto-ionic effects.””** The
onset voltage for Co;0, films without and with a 25-nm-thick
Ta capping layer was evaluated by subjecting the films to
increasing negative voltage steps of —2 V, until M; started to
increase, as shown in Figure 2(d). The results reveal that the
onset voltage is approximately —6 V for both samples, whereas
a voltage of +8 V leads to complete recovery in both cases,
which agrees with previous works on similar systems."'

Figure 2(c) and (d) also show that the rate at which Mj
increases under voltage application is larger for a smaller Ta
layer thickness. This, together with the reduction of the steady-
state M for thicker Ta, indicates that the effective electric field
acting on the Co;0, layer becomes lower for larger Ta
thickness. This suggests that, for thicker Ta, there is a more
severe dissipation of space charge density, while O is
migrating from Co;0, to form TaO,.*
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Figure 4. Magneto-ionic cyclability of (a) Co;0,/Ta (25 nm) bilayer films and (b) the Co;0, thin films subjected to —25 V/+25 V voltage

pulses applied with a periodicity of 80 s.

In a first approximation, this effect can be modeled
considering the system as a simple voltage divider. The voltage
drop at the Co;0,/Ta interface can be estimated assuming
that, during the magneto-ionic process, the Co;O, and the
newly formed TaO, layers act as two resistances connected in
series. In this case, the voltage at the Co;0,/Ta0O, interface is

AV = AV. Considering that R = p§/A (where p
Reo304 + Rraon

int —
is the resistivity of each material, ¢ is the film thickness, and A
is the lateral area of the films), it is straightforward to estimate
AV, as a function of the layers’ thicknesses and the electric
conductivities of Co;0, and TaO,. The electrical conductivity
of Co;0,, measured by the Van der Pauw method, is
approximately 6co304 = 20 S m™.'* The conductivity of
TaO, strongly depends on the oxygen content, and it varies by
several orders of magnitude, from 10° S m™' in amorphous
metallic Ta™* to 107° S m™ for highly oxidized Ta.”” The
presence of oxygen in the naturally passivated Ta (Figure
1(b)) can easily bring p to values in the range 10™'—10* S m™!
before any voltage is applied.”' Figure 2(e) shows the
evolution of the calculated interface voltage as a function of
Or,0x for the different Ta film thicknesses. For highly
conductive Ta (or TaO,) spacer layers, AV,, becomes
independent of the Ta thickness, which means that any
eventual magneto-ionic effect would be independent of the Ta
thickness (and AV,, would be always equal to —25 V).
However, in this case, the electric field would be highly
screened at the interface and would not penetrate inside Ta
(since, in metals, the electric field is confined within the
Thomas—Fermi screening length, which is typically <0.5
nm).”” Thus, for highly metallic interlayers (e.g., noble metals
like Pt, as in Figure 3(f)), little magneto-ionic effects are
expected since there is no driving force (no electric field) to
induce ion motion inside the metal.”* This is opposite to what
happens in semiconductors (e.g, TaO,), where the electric
field will penetrate deeper into the layer. Interestingly, for low
electrically conductive TaO, (ie., Or,0, < 100 S m™), AV,
becomes clearly lower as the Ta layer thickness increases
(Figure 2(e)). For 8, = 50 nm, if 61,0, is lower than 5 S m™,
AV, eventually drops below the threshold voltage (region
highlighted in cyan), meaning that no magneto-ionic effects
will be induced in this case (while, for thinner Ta layers, for the
same Or,o, value, AV; will still be above the threshold). Note
that during magneto-ionic motion of O*~ from Co;0, to
TaO,, the values of 6,0, will rapidly decrease, thus reducing

Reoz04
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the interface voltage and slowing down the magneto-ionic
process. Another interesting effect is that when Co;0,
transforms to metallic Co, the conductivity of the magneto-
ionic layer (6¢o304) increases. This, in turn, has an effect on
AV, which is shown in Figure 2(f). In bulk metallic Co, o¢,
can reach values >107 S m™'.>* As plotted in Figure 2(f), when
Ocoz04 transforms to Co and 0¢g304 increases, the interface
voltage drastically drops, and AV, easily falls below the
threshold voltage. Then any magneto-ionic response will tend
to stop. As an example, for the particular case of o, = 50 nm,
any eventual O?” ion motion triggered while 6,0, is
sufficiently large will tend to stop as soon as 6,304 increases
above 10° S m™! (see Figure 2(f)) or 6,0, decreases below 5 S
m™" (Figure 2(e)). It is noteworthy that, although this intuitive
picture is a simplified representation of the reality, it already
provides some basic understanding of the role of the TaO,
layer thickness and resistivity on the induced magneto-ionic
effects.

Notwithstanding the decrease of the steady-state Mg with
the deposition of a Ta capping layer (by approximately 25% for
S, = 25 nm), the formation of TaO, (which acts as a solid
electrolyte) has one very beneficial effect: it drastically
enhances magneto-ionic cyclability. This is evidenced in Figure
4, which shows the cyclability results (i.e., repeated increase/
decrease of M) in a Co;0, thin film and Co0;0,/Ta (25 nm)
bilayer films upon application of —25 V/+25 V voltage pulses
with a duration of 80 s. As shown in Figure 4(a) and (b), a
very stable and reversible behavior is observed during the first
10 cycles for both samples. However, the Co;0,/Ta (25 nm)
bilayer sample maintains a very stable cyclability even after 800
cycles (Figure 4(a)), whereas no sign of magneto-ionic effect is
detected for Co;0, films after 30 cycles (Figure 4(b)). This
demonstrates a significant enhancement of the endurance of
the system by the deposition of a Ta overlayer with appropriate
thickness.

The improved cyclability in the Co;0,/Ta (25 nm) bilayer
is ascribed to the role of Ta in allowing diffusion of oxygen
ions. In this sample, when negative voltage is applied, the O*~
ions exiting Co;0, are captured by Ta, forming a TaO, solid
electrolyte, instead of being directly released to the liquid
electrolyte. Ta is a well-known oxygen getter,”” and TaO, is a
good ionic conductor.”* In unprotected Co;0, films, O ions
are directly dissolved in the propylene carbonate, and once
solvated with the PC chains, they can travel long distances
toward the positively charged counter electrode (ie., the Pt
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Figure 5. Compositional characterization of the Co;0,/Ta (25 nm) films gated at —25 V for 1 h. (a) HAADF-STEM and (b, c) elemental
EELS mappings corresponding to the area marked with an orange rectangle in the HAADF-STEM image. Cu and Pt layers serve as working
electrode and protective capping layer during TEM lamellae preparation, respectively. Co, O, and Ta are represented by red, blue, and
yellow colors in the EELS elemental mappings. (d) Depth profile of Co, O, and Ta elements along the dark pink arrow drawn in (a). (e)
High-resolution TEM image of the sample treated at —25 V for 1 h.
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Figure 6. Structural characterization by X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). (a) /20
XRD diffraction patterns of Co;0,/Ta (25 nm) films in the as-prepared state and after being treated at —25 V for 1 h. (b) HRTEM images of
the cross section of the Co;0,/Ta (25 nm) film after applying —25 V for 1 h. The inset shows the fast Fourier transform (FFT) of the area
marked with a red rectangle, and it shows spots with an average interplanar distance of 0.19 nm, which corresponds to (101) hexagonal-
closed-packed (HCP) metallic Co. For phase identification, the cards no. PDF 00-005-0727 and PDF 00-009-0418 were taken for Co and
Co;0,, respectively.

wire), where they eventually form O, gas bubbles and are transport mechanism, cross-sectional lamellae of a bilayer
released to the atmosphere at sufficiently high voltages. This sample (40-nm-thick Co;0, plus 25-nm-thick Ta overlayer)
long-distance transport of ions in the liquid is the main reason electrolyte-gated at —25 V for 1 h were studied by HAADEF-
for the poor cyclability of uncapped Co;0, films. However, STEM and EELS. As shown in Figure S(a)—(c), an
when a Ta interlayer is grown adjacent to Co;0,, O~ ions inhomogeneous microstructure inside the Co;0, layer is
move back and forth along relatively short distances (for generated upon voltage application, with Co-rich and O-rich
alternating applied voltages of opposite polarities), and the regions, leading to void-like morphologies, in agreement with
process is confined between Co;0, and the TaO, solid previous studies on this kind of magneto-ionic material.'" In
electrolyte, thus drastically improving cyclability. turn, an enrichment in O is observed in the upper part of the

To further understand the effect of the top Ta layer on the Ta layer. This is clearly evidenced by quantitative EELS
induced magnetic properties from the perspective of the ion analysis (Figure 5(d)) and high-resolution TEM (Figure S(e)).
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Figure 7. Positron annihilation spectroscopy characterization of the as-grown and voltage-treated (—25 V for 1 h) Co;0,/Ta (25 nm)
sample. (a) Dependence of the low electron momentum fraction (S) on the positron implantation energy (E,). (b) Dependence of the
average positron lifetime, 7,,, on E,. (c) Dependence of the positron lifetime components (7;) on E,. (d) Dependence of the relative defect

type intensity (I) on E,.

This indicates that, besides the O>” ion transport from Co;0,
toward and across the Ta layer, O>~ ions also locally migrate
and redistribute inside the Co;0, layer, eventually forming
metallic Co.'" Interestingly, the mixing of O and Ta elements
on the top part of the Ta layer demonstrates the oxidation of
Ta. Considering that the liquid electrolyte used in this work
provides a nonaqueous environment, the observed O signal
can only originate from oxygen transport from Co3;0,. The
accumulation of O*” on the top of the TaO, layer suggests that
ion transport remains rather restricted within the Co;0,/TaO,
bilayers (i.e., short-distance ion diffusion). In other words, the
presence of the thin TaO, solid electrolyte limits the amount
of O released to the liquid, thereby enhancing cyclability.
Furthermore, during this magneto-ionic experiment, Co;0,
tends to become more amorphous. This is corroborated by 8/
20 X-ray diffraction (see Figure 6(a)), where the peak from
Co;0, (111) planes disappears upon voltage treatment. In
addition, the FFT spots obtained from high-resolution TEM
prove the existence of metallic Co in the treated sample, as can
be seen in Figure 6(b). The formation of metallic Co is
responsible for the Mg increase after voltage treatment (Figure
2(c) and Figure 3).

To assess the electrochemical behavior of the system, cyclic
voltammetry (CV) curves were recorded for all the surfaces
involved in the main magneto-ionic setup (see Figure S1 in the
Supporting Information). When the Cu grown on Ti is
exposed to the electrolyte, a cathodic wide peak is observed,
centered at —0.9 V vs Pt reference electrode, while further
anodic runs evidence a flat peak. This is consistent, in
principle, with the reduction of Cu,O (native oxide layer
formed on Cu when exposed to air) to Cu (first wave) and
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consequent oxidation of Cu to Cu,0. The CV curve of Co;0,
grown onto the Ti/Cu does not show the Cu waves,
confirming that the cobalt oxide layer does cover completely
the Cu phase and prevents its oxidation/reduction. Once Ta is
grown on Co;0,, a tiny wide oxidation wave is observed,
centered at 0.6 V vs Pt, in agreement with the expected
oxidation of Ta. Since both coatings (Co;O, and TaO,) are
less conductive than Cu, the redox processes are hindered
compared to the case of Cu.

To shed further light on the microstructure of the films upon
magneto-ionic actuation, Doppler broadening variable energy
positron annihilation spectroscopy (DB-VEPAS)>® and varia-
ble energy positron annihilation lifetime spectroscopy
(VEPALS)™® experiments were performed (see Experimental
Section). PAS is a sensitive probe to open volume defects on
atomic scales and across depth due to positrons’ preferential
localization and subsequent annihilation with electrons in
crystal empty spaces, i.e., vacancies and their agglomerates. The
energy distribution and time necessary for annihilation
depends on the local electron density.”” As shown in Figure
7(a), after negative biasing at —25 V, the low electron
momentum fraction, S (directly proportional to the size and
concentration of defects),”® increases in the Ta region but
slightly drops in the Co;0, layer, suggesting a substantial raise
of defect density in Ta and a slight drop of defect
concentration in Co;0,. The increase of defect density in Ta
is probably a consequence of the O*~ interdiffusion and the
formation of TaO,. Additionally, the average defect size (which
is proportional to the average positron lifetime, 7,,), strongly
increases in both TaO, and Co;0, layers after voltage
actuation (Figure 7(b)). The expected average size is in the
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range of large vacancy agglomerates (8—10 vacancies).”
Figure 7(b) and (c) show the existence of three discrete
lifetime components (7, 7,, and 7,),”” which correspond to
three different average defect sizes.'' They were obtained by
deconvolution of PALS spectra using a nonlinear least-squared
fitting method (package PALSfit software).”” The correspond-
ing relative intensities (I}, I,, and I;) relate to the concentration
of each defect type (size). The larger ; is, the larger the defect
size is since it takes longer for positrons to be annihilated with
electrons.”” In the as-grown sample, only 7, and 7, lifetime
components are detected, meaning an absence of large void-
like structures (no 7;) in the prebiasing state. The most
abundant defect size (z;) contributes as I, = 62—77% of the
overall signal and is in the range of bivacancy clusters in the
upper subsurface Ta region (i.e., passivation layer) and single
vacancy in the underneath Ta sublayer.”” 7, &~ 213 ps for
Co;0, represents a defect size involving 3—4 mixed (Co and
O) vacancies within a complex, based on our previous works/
publications.’ After biasing at —25 V, 7, strongly increases
both in Ta and Co;0, layers. Open volume is generated in the
size range of 4—6 vacancy agglomerations for Ta and >7—8 for
Co;0,, which results in an increase of intensity to I, = 75—
95%. The second lifetime component, 7,, for the as-grown
sample is in the range of large vacancy agglomerations (>10
vacancies), typical for grain boundaries, with corresponding I,
= 28-37% of positrons being annihilated at these defect states.
Negative biasing increases 7, to the range of voids (the
threshold is usually about 500 ps) with an average diameter in
the range of 0.28—0.37 nm,®" while their density is quite small,
up to I, & 10%, and they do not reach deeper than the upper
10 nm of Ta. Clearly, these defects are associated with the
formation of the upper TaO, (Figure 5). Finally, a larger pore
population (0.7—0.8 nm in diameter) was found after biasing
(73), with low but not negligible intensity (I; & 1.4%), which
extends into the Co;0, layer. The existence of pore-related
components (especially 7;) is a fingerprint of increasing
amorphization of the TaO, layer, whereas the Co;0, layer
remains less affected and nanocrystalline. The largest free
volume is found in the direct vicinity of the surface, i.e., the
most amorphized region. The increase of positron lifetimes in
the Ta layer after biasing evidences the O transport-
generated expansion of available open volume channels,
which enables large cyclability of the system.

CONCLUSIONS

In summary, this work demonstrates the beneficial effect of
adding a thin solid ionic conductor (in this case, a naturally
passivated amorphous Ta interlayer) on the magneto-ionic
response of Co;0, films under the action of an electric field
when immersed in liquid electrolytes. A priori, adding a
capping layer between the Co;0, film and the liquid
electrolyte could be thought of as simply hindering magneto-
ionics and reducing (or eventually suppressing) any oxygen ion
migration triggered by the externally applied electrical voltage.
This is indeed observed for thin metallic capping layers (e.g, S
nm Pt) or thick highly resistive Ta layers (with a thickness
larger than SO0 nm). However, for thinner Ta interlayers, in
spite of a moderate reduction of the steady-state Mg (by a
factor of 25% for 25-nm-thick Ta), a drastic enhancement of
magneto-ionic cyclability is observed, from less than 30 cycles
in uncoated Co;0, to more than 800 cycles for a Ta thickness
of 25 nm. Such enhancement of endurance is ascribed to the
key role of the generated TaO, layer in preventing O~ from
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being released to the liquid electrolyte, i.e., limiting oxygen ion
transport within the Co;0,/TaO, layers. This is confirmed by
compositional/structural characterization using HAADF-
STEM and EELS as well as positron spectroscopy experiments.
Beyond magneto-ionics, the reported strategy to enhance
cyclability can be easily extrapolated to other systems relying
on ion transport mechanisms, such as iontronics, sensors, or
neuromorphic computing.

EXPERIMENTAL SECTION

Sample Fabrication. Co;0, thin films of 40 nm thickness were
grown at room temperature by reactive sputtering in a high-vacuum
chamber (with a base pressure of <8 X 10™* Torr) on nondoped
(100)-oriented Si wafers previously coated with a 20-nm-thick
titanium adhesion layer and 60-nm-thick copper seed layer. Prior to
growing Co;0,, the Cu seed layers were partly masked to leave
enough space for the electric contact (i.e., to later serve as a working
electrode). The Co;0, films were subsequently coated with Ta
protective layers of variable thickness, ranging from $ to S0 nm, which
were left unprotected to self-passivate in air. Two reference films were
also prepared to serve as references: uncoated Co;0,, and Co;0,
coated with Pt with the same range of thicknesses as Ta. The growth
of Co;0, was carried out in a mixed Ar and O, atmosphere using an
oxygen partial pressure of 50% and a total working pressure of 3 X
107° Torr. The distance between the substrate and targets was around
10 cm, and the growth rate was approximately 0.6 A s™'. Ti, Cu, Ta,
and Pt layers were grown under 3 X 107> Torr Ar. The gun power to
grow Ta was 100 W.

Magneto-lonic Characterization and Cyclic Voltammetry
Curves. Room-temperature magnetoelectric measurements were
performed using a commercial vibrating sample magnetometer from
Micro Sense (LOT, Quantum Design), with a maximum applied in-
plane magnetic field of 2 T. The samples were electrolyte-gated using
an external Agilent B2902A power supply, applying voltage between
the counter electrode (a Pt wire) and the working electrode (e.g., the
investigated Si/Ti/Cu/Co03;0,/Ta thin films) in a homemade
electrolytic cell (see Figure 2(b)). The electrolyte consisted of
anhydrous propylene carbonate with Na* and OH™ solvated species
(10—25 ppm), formed by immersing small pieces of metallic sodium
that were able to react with any possible traces of water."" Negative
voltages in this work indicate the accumulation of negative charges at
the working electrode (and vice versa for positive voltages). The
magnetization (M) was obtained by normalizing the magnetic
moment to the sample volume exposed to the electrolyte. Note that
the linear slopes in the hysteresis loops at high fields (arising from
diamagnetic or paramagnetic contributions) were subtracted by
correcting the background signal (i.., at fields always significantly
larger than the saturation fields).

Cyclic voltammetry curves for all the surfaces involved in the main
magneto-ionic setup were also recorded. For these experiments, a scan
speed of 10 mV/s and a potential sweep range from 0 V to —2 V to
+1.4 V and to 0 V vs Pt were selected. The exposed surface was 0.5
cm?, and the distance between the reference and working electrode
was 4 mm, thus mimicking the conditions utilized during the
magneto-ionic experiments. Here, however, we used three electrodes
(including a reference electrode), whereas magneto-ionic experiments
were performed in a two-electrode configuration. Thus, all voltages in
the CV curves are given with respect to a reference electrode, in this
case Pt (99.99% Goodfellow), known to act well in organic solvents.
The global cell (two-electrode) potential has been measured during
these CV experiments to be on the order of 4 to 6 V depending on the
system. Further potential could not be applied during the CV curves
due to the limitations of the utilized potentiostat (VSP Biologic).
However, the curves obtained in this potential range are already
representative of the electrochemical behavior of the system.

Structural and Compositional Measurements. 0/20 XRD
patterns were collected on a Materials Research diffractometer from
Malvern PANalytical Company, equipped with a PIXcel'® detector,
using Cu Ka radiation. HRTEM, HAADF-STEM, and EELS were
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carried out on a TECNAI F20 HRTEM/STEM microscope operated
at 200 kV. Cross-sectional lamellae were prepared by focused ion
beam, placed onto a copper transmission electron microscopy grid,
and topped with a protective platinum layer.

Doppler Broadening Variable Energy Positron Annihilation
Spectroscopy and Variable Energy Positron Annihilation
Lifetime Spectroscopy. DB-VEPAS measurements were conducted
at the setup for in situ defect analysis (AIDA)*® of the slow positron
beamline (SPONSOR).®* Positrons were accelerated and mono-
energetically implanted into samples in the range of E, = 0.05-35
keV, which allows for depth-sensitive analysis. The mean positron
implantation depth was approximated using a simple material density
(p)-dependent formula: (z) = 36/ /)-Epl'&.(’3 Since at the annihilation
site thermalized positrons have very small momentum compared to
the electrons, a broadening of the 511 keV line is observed mostly due
to momentum of the electrons, which is measured with a high-purity
Ge detector (overall energy resolution of 1.09 + 0.01 at S11 keV).
This broadening is characterized by a parameter S defined as a
fraction of the annihilation distribution in the middle (511 + 0.93
keV). The S-parameter is a fraction of positrons annihilating with low-
momentum valence electrons and represents vacancy-type defects and
their concentration.”® VEPALS measurements were conducted at the
monoenergetic positron source (MePS) beamline, which is an end
station of the radiation source ELBE (Electron Linac for beams with
high Brilliance and low Emittance) at Helmholtz-Zentrum Dresden-
Rossendorf (Germany).56 A digital lifetime CeBrj; scintillator detector
was used, with a homemade software employing an SPDevices
ADQI4DC-2X with 14-bit vertical resolution and 2 GS s™!
(gigasamples per second) horizontal resolution and with a time
resolution function down to about 0.230 ns.** The resolution function
required for spectrum analysis uses two Gaussian functions with
distinct intensities depending on the positron implantation energy, E,,
and appropriate relative shifts. All spectra contained at least 1 X 10’
counts. The spectra were deconvoluted using the PALSfit fitting
software into discrete lifetime components, which directly confirm
different defect types (i.e., sizes).®° Typical lifetime spectrum N(t) is
described by N(t) = Y.(1/7)I; exp(—t/7;), where 7; and I, are the
positron lifetime and intensity of the ith component, respectively ()1
=1).

The corresponding relative intensities (I;) reflect to a large extent
the concentration of each defect type, and positron lifetimes (7;) are
directly proportional to defect size (i.e., the larger the open volume,
the lower the probability and the longer it takes for positrons to be
annihilated with electrons). The positron lifetime and its intensity
were probed as a function of positron implantation energy E, or, in
other words, implantation depth (thickness). The average positron
lifetime 7, is defined as 7,, = Y.7;-I, which is the weighted average of
the defect size. The shortest lifetime component (z; < 0.32 ns)
represents positron annihilation inside vacancy clusters (likely within
grains) and/or at the grain boundaries, depending on the film’s
microstructure. The intermediate lifetime (0.35 < 7, < 0.90 ns)
accounts for annihilation at larger vacancy clusters (linked to grain
boundaries and their intersections), surface states, and small voids/
pores (0.28—0.37 nm in diameter, calculated based on the shape-free
model for pore-size estimation of Wada et al;* the longest lifetime
component (2.3 < 73 < 3.3 ns) indicates contributions of larger voids
(0.58—0.74 nm in diameter).
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Figure S1: Cyclic voltammetry curves corresponding to the bare Ti/Cu conductive layers, the

Ti/Cu/Co304 system and the Ti/Cu/Co;04/Ta system.
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4 General discussion

In the following, we emphasize the essential findings derived from the research presented in
this Thesis. By placing these results within a broader context, we aim to provide a
comprehensive understanding of the significance of this study in the realm of practical
applications, particularly in emerging fields like magnetism-based memory and processing

technologies, as well as the recently proposed neuromorphic computing paradigms.

This Thesis centers on “structural-ion” systems, providing a robust foundation for fundamental
scientific exploration and practical applications. These systems inherently possess mobile ions
originating from their structural elements, either oxygen (as in Co3Os4) or nitrogen (as in CoN,
CoMnN). As evidenced by our findings, in these systems one can induce ferromagnetism in
ambient conditions with the application of just a few volts, demonstrating both energy
efficiency and adaptability for room temperature operations. In addition to these advantages
shared with most typical magneto-ionic systems, “structural-ion” materials offer distinctive
benefits. Notably, they exhibit an innate and complete OFF state characterized by paramagnetic
M vs. H curves. Achieving such a state remains a challenge for many systems that focus on
single magnetic metals, largely due to their difficulty to be fully oxidized. In addition, they
provide readily accessible lattice sites that facilitate ion diffusion. In terms of the fabrication
process, all these magnetic target materials were grown at room temperature by magnetron
sputtering on Si wafers, which is cost-effective and ensures compatibility with the well-
established semiconductor industries. For these reasons, the magneto-ionic systems studied in
this Thesis are not only technologically significant but also commercially viable, fostering

advancements in magnetism control, energy efficiency, and data storage.

We have explored methods to enhance the electric field effect within magneto-ionics, paving
the way for more efficient systems. Employing a liquid electrolyte, specifically the anhydrous
propylene carbonate with Na™ and OH™ solvated species, has allowed for the generation of
strong electric fields at the interface between the magnetic material and the liquid electrolyte.
However, material engineering offers avenues for further enhancement of magneto-ionic
effects. For example, the partial substitution of Co by Mn in the thin-film composition
transforms CoN films from metallic-like to semiconducting, extending the electric field's
influence further into the film. This change increases N-ion transport channels, as verified by

HAADF-STEM and EELS (Figure 3 in section 3.2 on page 106) and improves magneto-ionic
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behavior. Moreover, decreasing the thickness of CoN films from 200 nm to 5 nm yields a
remarkable 7.4-fold increase in ion motion rate. Visualizing the system as a parallel plate
capacitor offers a way to explain these results: the electric field intensity is inversely related to
the active dielectric thickness. Consequently, thinner films generate stronger electric fields,
propelling ion diffusion more effectively. Broadly, these advancements in the electric field
effect, achieved through elemental substitution and device miniaturization, have implications
beyond magneto-ionics, including in fields like electrochemical catalysis, batteries, solar cells,

and spintronics.

Furthermore, our research broadens the application of magneto-ionic systems to neuromorphic
computing, with a particular focus on innovative brain-inspired functionalities. Neuromorphic
computing, inspired by the brain's architecture, pioneers the development of synaptic devices
with memory and processing capabilities, moving away from the limitations imposed by
traditional von Neumann computing. In artificial neural networks, the concept of synaptic
weight is of utmost importance as it symbolizes the impact of applied stimuli, such as electric
fields in terms of their strength and polarity, on the physical properties of synaptic devices,
including resistance and magnetization. The ability to adjust these synaptic weights is a
fundamental requirement for achieving synaptic plasticity, which facilitates learning and
enhances prediction accuracy. So far, the progress in magneto-ionics has made it a suitable
approach for low-power hardware that minimizes Joule heating effects, promising energy-
efficient artificial synaptic devices. The inherent vector nature of magnetization introduces an
additional dimension, allowing for the direct programming of both positive and negative
synaptic weights without the need for additional electronic components. Indeed, like other
neuromorphic systems, the adjustment of synaptic weights through successive voltage pulses
has become possible. Consequently, we can mimic controlled processes such as information
processing, memory retention, and recovery. However, in conventional neuromorphic systems,
the subsequent states after voltage stimuli cease can be unpredictable due to inherent relaxation
effects. This unpredictability presents a significant challenge when attempting to accurately
replicate essential brain-inspired functions, such as maintaining learning efficiency during deep
sleep. In contrast, our magneto-ionic systems exhibit a noteworthy distinction. Once voltage
stimuli are removed, magnetization can autonomously either decrease or increase without the
need for additional energy input. This behavior depends on the interplay between film thickness

and prior voltage actuation protocols. This post-stimulated control sets our magneto-ionic
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system apart by providing more than just enhanced energy efficiency; it introduces a novel
logical function. For instance, it enables the emulation of neuromorphic learning even during
deep sleep, a capability unattainable with existing neuromorphic materials like resistive
switching or spintronic materials. This distinctive feature offers a promising glimpse into a
future where technology is not just faster or smaller but also smarter and more aligned with

natural processes.

One of the pivotal accomplishments of this work is the optimization of switching speed in
magneto-ionic materials—a field where considerable progress had been previously made, but
our study took it a step further. Before our study, notable progress had been achieved in this
magneto-ionic aspect. For example, in the case of very thin cobalt films with PMA, which are
commonly studied magneto-ionic materials, researchers have successfully enhanced the
switching speed to milliseconds by optimizing factors like device design, film thickness, and
gate oxide materials. A significant advancement has been made in racetrack devices, where
ferrimagnetic spin textures like domain walls and skyrmions are efficiently produced using
hydrogen gating in a short 50 ps duration. More recently, the speed of manipulation in
magneto-ionic devices has reached impressive levels, as fast as 100 nanoseconds, using a
structure involving ferroelectric switching and oxygen ion movement in certain materials.
(details can be seen in section 1.5.2). However, these advancements often relied on ultrathin
metal layers, which have their drawbacks, such as susceptibility to oxidation, limited control
over their magnetic properties, and challenges in achieving precise electrical control over their
magnetic behavior. While transitioning to other materials like transition metal oxides or nitrides
has been proposed to address these issues, it has typically led to switching speeds in the range
of minutes, which is not practical for many applications. In this Thesis, as discussed in Section
3.1, we have achieved an impressive ion motion speed of 0.8 emu cm~ s~ for 5 nm CoN films,
which is the highest within the self-contained magneto-ionic approach, marking a significant
advancement. Furthermore, all CoN films in our study exhibited a sub-1s response. It is
important to note that we could not determine the maximum possible switching speed due to
limitations in our measurement techniques; our VSM equipment had a time resolution of 1
second, which means our values are still underestimated. Faster rates could only be assessed
through cumulative effects arising from fast voltage-pulse actuation experiments. This
demonstrates the feasibility of our approach as a framework for spintronics and emerging

concepts like synaptic function simulations.
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Another important aspect we tackled is the cyclability (endurance) of magneto-ionic effects,
which greatly determines their suitability in different application scenarios. Within the context
of this Thesis, we have introduced several innovative approaches with the primary aim of
enhancing this critical aspect. To begin, our investigation focused on 25 nm-thick CoN films,
which demonstrated an effective cyclability attributed to a delicate balance between
magnetization generation and recovery (as depicted in Figure 2e in Section 3.1). In contrast to
most other magnetization switching systems, which require varying voltage polarities for signal
generation and recovery, our system exhibits partial cyclability without the requirement of
opposing biases. This unique cyclability is achieved through a voltage-controllable N ion
accumulation effect at the outer surface of CoN films interfacing with a liquid electrolyte.
Notably, this effect can be tailored by adjusting both the CoN film thickness, which
predominantly governs ion motion speed, and the frequency of pulsed voltage actuation.
Consequently, this system offers an energy-efficient and robust means of cycling without the
typical degradation associated with the repeated switching of voltage polarities. In addition,
we have demonstrated that the incorporation of appropriate transition-metal elements into
binary nitride compounds can significantly enhance cyclability and endurance. To be more
specific, the substitution of Mn greatly favors the recovery process of CoN films and
substantially improves high-frequency cyclability, as illustrated in Figure 2d and e in Section
3.2. When alternating pulsed voltages of —25 V and +25 V at 20-second intervals, CoMnN
exhibits a consistent and reversible cycling behavior. In comparison, CoN films exhibit no
sustained magneto-ionic effects after merely two cycles and only achieve stable cyclability
with extended pulse durations. This phenomenon is substantiated by ab initio calculations,
which indicate that the energy barrier in CoMn-N is consistently smaller than that in Co-N.
Furthermore, we propose an innovative nanoscale-engineered magnetoionic architecture,
featuring a thin solid electrolyte in contact with a liquid electrolyte, which brings about a
remarkable enhancement in cyclability. By simply introducing a nanostructured Ta layer with
suitable thickness and electric resistivity between the Co304 layer and the liquid electrolyte,
we have achieved a significant increase in magneto-ionic cyclability, elevating it from less than
30 cycles to more than 800 cycles. Collectively, these findings represent a significant
advancement in improving the endurance of magneto-ionic devices, thereby enhancing their

viability and competitiveness for future applications.
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Although this Thesis underscores key breakthroughs in magneto-ionic control within

structural-ion systems, it is essential to recognize that much of the work in this domain remains

at the preliminary research stage. To push this approach forward, especially in terms of

realizing functional and scalable devices, there remain many open questions, such as:

The concern regarding switching speeds and cyclability must be a focal point for future
research endeavors. While our work has made notable advancements in these aspects,
bringing them closer to the performance of other advanced systems utilizing H* or Li*
(with switching speeds < <1s and cyclability > 2000 cycles), there remains a substantial
gap when compared to state-of-the-art technology, which boasts stability over 10%°
cycles and switching speeds ranging from 10 ms (HDD) to 10 ns (STT-MRAM). To
enhance switching speed, it is worth exploring interface and defect engineering as a
promising avenue to optimize ion transport pathways and Kinetics, a strategy akin to
successful concepts in the realm of memristive systems. To boost cyclability, efforts
should be directed towards mitigating strain-related fatigue or irreversible
microstructure changes. Consequently, minimizing the affected volume, particularly at
surface and interface regions, or employing nanoparticulate morphologies with weaker
ionic bonding, could represent promising routes toward achieving high cyclability.

Efforts in research aimed at transitioning from solid/liquid systems to all-solid-state
magneto-ionic systems are strongly encouraged. While in this Thesis, the utilization of
a liquid electrolyte has yielded benefits in certain aspects, such as the generation of
substantial electric fields through electric double layer (EDL) formation and the
controlled accumulation of ions, the pursuit of practical device applications necessitates
the integration of a solid-state dielectric sublayer for gating the films. So far, several
solid electrolytes have demonstrated remarkably high ionic mobility, exemplified by
oxygen and hydrogen transport in materials like SrCoO25 or GdOy, as well as lithium
intercalation in LIPON. However, in the case of nitrogen-based magneto-ionics,
creating solid-state structures will require investigating potential sources of nitrogen
reservoirs. These sources, which could include zirconium oxide, tantalum oxide, or
GdNy, should facilitate the insertion and extraction of nitrogen ions within transition
metal nitride layers. This approach holds the promise of unlocking extensive

application potential for solid-state nitrogen magneto-ionic devices.
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e Further dimensional scaling of our structural-ion systems will provide an expanded
platform to showcase their versatility. In our study, the magneto-ionic control of ON-
OFF ferromagnetic switching is primarily demonstrated at the macro-scale. It remains
to be explored how these effects will modify magnetic properties observable only at the
micro- or even nano-meter scale, such as in Skyrmions, DMI, and the topological Hall
effect. One approach to address this limitation is to employ lithography techniques to
pattern our film into nanolines or nanodots. By doing so, one could investigate and fine-
tune these intriguing phenomena through structural-ion methods, leading to a wealth of

exciting fundamental scientific discoveries and extensive potential applications.

In conclusion, this Thesis explores the potential of magneto-ionics to revolutionize magnetism-
based memory and processing technologies. It addresses key challenges including generating
strong electric fields, improving magneto-ionic rates and cyclability, and advancing into
neuromorphic computing. By choosing compatible materials and fabrication methods, the
research aligns with semiconductor industries, ensuring commercial viability. Impressive
achievements in ion motion speed and response times, coupled with innovative nanoscale
architectures, enhance system performance, making practical applications closer to realization,
particularly in neuromorphic computing. Challenges persist, such as increasing switching
speed and cyclability, transitioning to all-solid-state systems, and exploring dimensional
scaling through lithography techniques. These avenues offer promising directions for future
research, ultimately positioning magneto-ionics as a driver of energy-efficient, commercially

viable technology with broad implications for memory and computing applications.
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5 Conclusions

The research conducted in this Thesis has led to the following conclusions:

Controllable ion accumulation effect: The research demonstrates a novel controllable
ion accumulation effect at the interface between CoN films and the adjacent liquid
electrolyte. This effect is achieved by carefully selecting the thickness of CoN films
and the frequency of voltage pulses. When CoN film thickness is below 50 nm, and the
voltage is DC or with a pulse frequency is at least 100 Hz, a trade-off between
ferromagnetism generation (voltage ON) and partial depletion (voltage OFF) through
magneto-ionics occurs. This allows for precise control of magneto-ionic properties
during and after voltage pulse actuation, enabling the emulation of post-stimulated
neuromorphic functions.

Enhanced magneto-ionics through Mn introduction: The addition of low
percentages of Mn to CoN films significantly enhances magneto-ionic effects. Mn plays
a pivotal role in modifying the microstructure and electrical transport properties of CoN
films, resulting in a transition to an amorphous microstructure and semiconducting
behavior. Consequently, this enhancement leads to a remarkable 6.7-fold increase in
saturation magnetization and improved magneto-ionic cyclability. Ab initio
calculations reveal that the formation energy for CoMn-N is lower than that for Co-N,
indicating more efficient N-ion motion. These findings have broad applications in
diverse technological areas, including electrochemical catalysis, batteries, solar cells,
and spintronics.

Enhanced cyclability combining a liquid electrolyte with a thin solid ionic
conductor: The study highlights the beneficial effect of incorporating a thin solid ionic
conductor, particularly an amorphous Ta interlayer, into Co3O4 films immersed in
liquid electrolytes. Contrary to initial expectations, the thin Ta interlayer significantly
enhances magneto-ionic cyclability, increasing it from less than 30 cycles in uncoated
Co0304 to over 800 cycles for a Ta thickness of 25 nm. This enhancement is attributed
to the role of TaOx layer in preventing the release of O% ions into the liquid electrolyte,
effectively limiting oxygen ion transport within the Coz04/TaOx layers. This strategy
extends beyond magneto-ionics and can be applied to other systems relying on ion

transport mechanisms, including iontronics, sensors, and neuromorphic computing.
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Overall, the Thesis contributes to the advancement of magneto-ionics by introducing novel
methods to control ion accumulation, enhance magneto-ionic effects, and improve cyclability.
These findings have far-reaching implications across various technological domains, offering
innovative solutions for energy-efficient spintronics, neuromorphic computing, and ion-based

devices.
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6 Outlook

Moving forward, the research on magneto-ionic control in “structural-ion” systems and devices,
however, is in its early stages. Consequently, many potential research directions remain to

further advance this field, such as:

e To enhance ion insertion and extraction processes by strategically tailoring ionic
pathways, such as through ion irradiation of the target films using He, Ar, or Xe ions,
thus improving durability and ionic rates.

e To do further dimensional scaling, such as employing methods like lithographic
techniques for patterned nano-lines and nano-dots, or even more sophisticated
electrodeposited designs. Such approaches can offer opportunities to modulate
magnetic properties based on the large-scale geometry of the system.

e To integrate the “structural-ion” approach with the emergent research directions in the
magnetism community, such as voltage-controlled phenomena, e.g., exchange bias,
Skyrmions, DMI and topological Hall effect.

e To draw inspiration from parallel fields like batteries, noble metal catalysis, and
supercapacitors, where a weather of knowledge and innovative concepts can pave the
way for pioneering magneto-ionic devices.

e To replace the liquid electrolyte by solid-state alternatives like HfOx, GdOy or TaN,
marking a step towards all solid-state “structural-ion” devices.

e To explore new ions responsive to voltage, potentially offering benefits over currently

studied ions.
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