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Abstract 

This Thesis is aimed at boosting oxygen ion motion and the 

concomitant magneto-ionic effects in electrolyte-gated paramagnetic 

cobalt oxide (Co-oxide) films using three different approaches: 

thickness reduction of the Co-oxide films, variation of electrolyte 

composition, and defect engineering in the films.  

Voltage control of magnetism (VCM) by magneto-ionics is a cutting-

edge research topic since it has the potential to enhance the energy 

efficiency of magnetically actuated systems. Magneto-ionics is a VCM 

mechanism in which the magnetic properties of a material are toggled 

by voltage-driven ion motion. However, room temperature oxygen 

motion has shown to be too slow for relevant applications.  

Here we present several approaches to boost oxygen motion by 

electrolyte-gating. Thickness reduction from > 200 nm down to 5 nm 

results in sub-10 s ON-OFF transitions in the initially paramagnetic Co-

oxide films. By applying voltage pulses, we have shown spike-rate-

dependent plasticity, which is a sign of potential learning capabilities.  

In a second approach, the addition of salts to propylene carbonate (PC) 

has been used to increase the strength of the electric double layer built 

at the Co-oxide / electrolyte interface. For KI-containing PC, a 35-fold 

increase of the magneto-ionic rate has been observed as compared to 
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plain PC, under a low voltage of –1.5 V. Ab initio molecular dynamics 

simulations attribute this fast magneto-ionic response to the 

preferential location of K+ ions on the Co-oxide surface when using KI 

(compared to KCl).   

Moreover, we have demonstrated the potential of ion implantation to 

engineer depth-resolved defect density to control the magneto-ionic 

behavior of Co-oxide films. In terms of rate and amount of generated 

magnetization, the short-, mid-, and long-term voltage actuation has 

been controlled by varying the generated collisional damage through 

ion fluence.  

These results turn magneto-ionics into a potential technology for brain 

inspired hardware for neuromorphic computing. 
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Resumen 

Esta tesis tiene como objetivo mejorar la migración de iones oxígeno y 

los efectos magneto-iónicos concomitantes en películas de óxido de 

cobalto paramagnéticas, cuya actuación se lleva a cabo en un electrolito 

mediante la aplicación de un voltaje externo (puerta). Estas mejoras se 

han llevado a cabo mediante la reducción del espesor de las capas de 

óxido de cobalto, la modificación del electrolito y el diseño “a la carta” 

de los defectos en las capas. 

El control del magnetismo mediante voltaje por vía magneto-iónica es 

un tema de investigación de vanguardia ya que tiene el potencial de 

mejorar la eficiencia energética de los sistemas actuados 

magnéticamente. En magneto-iónica se consigue manipular las 

propiedades magnéticas del material gracias a la migración de iones 

inducida por voltaje. Sin embargo, la migración de oxígeno a 

temperatura ambiente ha demostrado ser demasiado lenta para 

aplicaciones relevantes. 

En esta tesis proponemos varias estrategias para favorecer el 

movimiento de iones oxígeno en capas de óxido de cobalto sumergidas 

en un electrolito que son actuadas externamente con voltaje. La 

reducción de su espesor de > 200 nm a 5 nm da como resultado 

transiciones ON-OFF de duración inferior a 10 s en capas inicialmente 
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paramagnéticas. Al aplicar pulsos de voltaje, hemos demostrado una 

plasticidad dependiente de la velocidad pico, lo que constituye un signo 

de capacidad de aprendizaje. 

Como segunda estrategia, se han añadido sales al carbonato de 

propileno (PC) para aumentar la fuerza de la doble capa eléctrica creada 

en la interfaz capa de óxido de cobalto / electrolito. En la solución de 

PC con KI se ha conseguido una velocidad magneto-iónica 35 veces 

superior a la observada en el electrolito de PC sin sales, bajo un voltaje 

aplicado de –1.5 V. Las simulaciones de dinámica molecular ab initio 

han permitido atribuir esta rápida respuesta magneto-iónica a la 

ubicación preferencial de iones K+ en la superficie del óxido de cobalto 

cuando se usa KI (en comparación con KCl). 

Además, hemos demostrado el potencial que tiene la implantación de 

iones a la hora de crear un perfil definido de densidad de defectos en 

profundidad para controlar el comportamiento magneto-iónico de las 

películas de óxido de cobalto. En términos de velocidad y cantidad de 

magnetización generada, la activación de voltaje a corto, medio y largo 

plazo se ha controlado variando el daño por colisión generado a través 

de la fluencia de iones. 

Estos resultados convierten a la magneto-iónica en una tecnología con 

potencial para ser implementada en hardware inspirado en el 

funcionamiento del cerebro para computación neuromórfica. 
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Resum 

Aquesta tesi té com a objectiu millorar la migració d'ions oxigen i els 

efectes magneto-iònics concomitants en pel·lícules d'òxid de cobalt 

paramagnètiques, l'actuació de les quals es duu a terme en un electròlit 

mitjançant l'aplicació d'un voltatge extern (porta). Aquestes millores 

s'han dut a terme mitjançant la reducció del gruix de les capes d'òxid 

de cobalt, la modificació de l'electròlit i el disseny “a la carta” dels 

defectes a les capes. 

El control del magnetisme mitjançant voltatge per via magneto-iònica 

és un tema de recerca d'avantguarda, ja que té el potencial de millorar 

l'eficiència energètica dels sistemes actuats magnèticament. En 

magneto-iònica s'aconsegueix manipular les propietats magnètiques 

del material gràcies a la migració d'ions induïda per voltatge. Tot i això, 

la migració d'oxigen a temperatura ambient ha demostrat ser massa 

lenta per a aplicacions rellevants. 

En aquesta tesi proposem l’ús de diverses estratègies per afavorir el 

moviment d'ions oxigen en capes d'òxid de cobalt submergides en un 

electròlit, les quals són actuades externament amb voltatge. La reducció 

del seu gruix de > 200 nm a 5 nm dona com a resultat transicions ON-

OFF de durada inferior a 10 s en capes inicialment paramagnètiques. En 

aplicar polsos de voltatge, hem demostrat una plasticitat que depèn de 
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la velocitat pic, cosa que constitueix un signe de capacitat 

d'aprenentatge. 

Com a segona estratègia, s'han afegit sals al carbonat de propilè (PC) 

per augmentar la força de la doble capa elèctrica creada a la interfície 

capa d'òxid de cobalt/electròlit. A la solució de PC amb KI s'ha 

aconseguit una velocitat magneto-iònica 35 vegades superior a 

l'observada a l'electròlit de PC sense sals, sota un voltatge aplicat de –

1.5 V. Les simulacions de dinàmica molecular ab initio han permès 

atribuir aquesta ràpida resposta magneto-iònica a la ubicació 

preferencial d'ions K+ a la superfície de l'òxid de cobalt quan es fa servir 

KI (en comparació amb KCl). 

A més, hem demostrat el potencial que té la implantació d'ions a l'hora 

de crear un perfil definit de densitat de defectes en profunditat per 

controlar el comportament magneto-iònic de les pel·lícules d'òxid de 

cobalt. En termes de velocitat i quantitat de magnetització generada, 

l'activació de voltatge a curt, mitjà i llarg termini s'ha controlat variant 

el dany per col·lisió generat a través de la fluència d'ions. 

Aquests resultats converteixen la magneto-iònica en una tecnologia 

amb potencial per ser implementada en maquinari inspirat en el 

funcionament del cervell per a computació neuromòrfica. 
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Preface 

This thesis is structured in the following chapters:  

1 Introduction The fundamentals of magnetism and 

magnetoelectric phenomena are presented 

in this chapter. The state-of-the-art of the 

existing mechanisms to control magnetism 

by voltage is overviewed. A summary of 

recent advances and limitations of the 

magneto-ionic approach is shown as well.  

2 Objectives The main objectives of this work are listed in 

this chapter. 

3 Results and 

Discussion 

In this chapter, the results derived from this 

Thesis are gathered under the ‘compilation 

of articles’ format, in adherence to the rules 

of the official UAB PhD programme in 

Materials Science. The subchapter of control 

of magneto-ionics by defect engineering 

through light ion implantation is not 

published at the time of thesis submission. 

4 General 

Discussion 

A general discussion of the results obtained 

throughout this Thesis. 



XIV 

5 Conclusions The most important conclusions of this 

Thesis are presented. 

6 Future 

Perspectives 

This chapter outlines the research that could 

be done in the future as a direct 

continuation of this Thesis. 

7 Curriculum 

Vitae 

The Curriculum Vitae is included at the end 

of the dissertation. 
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1. Introduction  
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1.1. Facing the large energy consumption 

in magnetic systems 

An efficient use of electric power is essential for the Information and 

Communication Technology (ICT) business to further progress. About 

3-5% of the generated energy is wasted in form of heat. Magnetism and 

spintronics have largely contributed to the digital revolution by 

dramatically enhancing the hard disk capacity and the data processing 

speed. Magnetic actuation is also at the heart of many micro/nano-

electro-mechanical systems and other engineering applications. 

However, power consumption in magneto-electronic devices still poses 

a challenge.1 Conventionally, localized magnetic fields (generated by 

electromagnetic induction, Figure 1 a) or spin-polarized electric 

currents (spin-transfer torque) are used for magnetization switching in 

devices.2 However, both principles involve substantial energy loss by 

Joule effect, since relatively high electric currents are required (Figure 1 

b). For example, the currents needed to operate conventional 

magnetoresistive random-access memories (MRAMs) are of the order 

of 10 mA, whereas the spin-transfer torque variant of MRAMs requires 

currents of at least 0.5 mA. This is still a factor five times larger than the 

output currents delivered by highly miniaturized metal-oxide-

semiconductor field-effect transistors.3 
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Around 250 terawatt-hours of electricity were used by data centers 

throughout the whole world in 2019.4 These ever-increasing power 

demands will undoubtedly become a serious issue, not only from an 

Figure 1: (a) Schematic drawing of the writing process of information in a magnetic 

media, where bits of different orientation are generated by flowing currents (in one 

or another direction) in the electromagnet of the writing head of a hard disk. Courtesy 

of A. Abrantes. (b) shows an in incandescent filament, illustrating the Joule heating 

effect. (c) Refrigerating system in a Google server. (d) Facebook server located in 

Sweden (which takes advantage of natural refrigeration). 

 



 

4 
 

economic standpoint but also for the environment, as 80% of the 

world's energy is still produced by fossil fuels. 

Additionally, overheating in data servers can affect the memories and 

result in the loss of recorded data. Data center providers are therefore 

working hard to come up with solutions to this issue, deploying 

expensive and sophisticated cooling equipment or placing their servers 

under the ocean or in cold countries, like Sweden (Figure 1 c and 1 d). 

In a typical data center, the cooling infrastructure consumes 50% of the 

energy, followed by servers and storage devices (26%), which are the 

next major energy consumers.5  

Use of voltage instead of electric currents for the storing and processing 

of magnetic data is a promising alternative to lower the power 

consumption of these devices. The so-called converse magnetoelectric 

effect (CME) is the name given to relate changes in magnetism in 

response to externally applied voltages. By exploiting the CME, energy 

losses due to Joule resistive heating can be greatly reduced.6 This area 

is also called voltage control of magnetism (VCM). This is at the core of 

the thesis presented herein. 

1.2. Fundamentals of Magnetism 

In nature, many objects possess a magnetic moment (m) like permanent 

magnets, elementary particles (e.g., electrons), loops of electric wires 

(e.g., electromagnets), several molecules, and many astronomical 
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entities. At the most fundamental level, the magnetic moment arises 

from the intrinsic spin motion and the orbital movement of the 

electrons around the nucleus of the atoms.7  In the presence of an 

applied external magnetic field (Happlied), the materials can suffer a 

reorganization/reorientation of electrons’ spin, inducing a response 

called magnetic induction or magnetic flux density (B) calculated from 

Ampere's law or Biot-Savart Law. The following equations holds (Eq. 

1.1): 

 𝐵 = µ0𝐻𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (1.1) 

where µ0 = 4𝜋 × 10−7𝑁 𝐴−2 (SI units) 𝑜𝑟 µ0 = 1 (cgs units) is the 

permeability of free space, and Happlied the applied magnetic field 

strength.   

When vacuum is replaced by a material or, in other words, when the 

generated fields pass through magnetic materials which themselves 

contribute with internal magnetic fields, Eq. 1.1 is written as: 

 𝐵 = µ0(𝐻 + 𝑀)  (SI units) (1.2) 

 𝐵 = 𝐻 + 4𝜋𝑀    (csg units) (1.3) 

or 

 𝐵 = µ𝑚𝑀  (SI units) (1.4) 
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where µ𝑚 is the permeability of the material and relates to that of the 

free space through the so-called relative permeability, µ𝑟 (Eq. 1.5): 

 µ𝑟 =
µ𝑚

µ0
 (1.5) 

To avoid misunderstandings in the designation of H and B, the former 

is typically referred to as magnetic field, and B is called magnetic flux 

density or magnetic induction. If the material does not respond to an 

external magnetic field by producing any magnetization, then µ𝑟 = 1. 

The magnetization of the material (M) is defined as the sum of magnetic 

moments divided by volume. While in the free space M=0 obviously,7  

in the presence of a magnetic material B and H can change in 

magnitude and direction due to the M.  

Strictly speaking, H is the sum of the 𝐻𝑎𝑝𝑝𝑙𝑖𝑒𝑑 and the demagnetizing 

field (Hd)  produced by magnetization redistribution of the sample itself, 

which is dependent on the shape of  the specimen. 7,8 

 𝐻 = 𝐻𝑎𝑝𝑝𝑙𝑖𝑒𝑑 +  𝐻𝑑 (1.6) 

The magnetic characterization of materials involves studying how M 

varies with H. The ratio between these quantities is the susceptibility (χ):  

 𝜒 =
𝑀

𝐻
 (1.7) 
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𝜒 indicates how easy it is to magnetize a material. In general, 

permeability and susceptibility are tensors because they relate two 

vector quantities that do no need to be parallel:  

 µ𝑟 = 1 + 𝜒 (1.8) 

According to the magnitude and sign of χ and µ𝑟, materials are 

classified into five groups: 9 

• Diamagnetic: χ is small and negative, and µ𝑟 is slightly less than 

1. 

• Paramagnetic/ antiferromagnetic: χ is small and positive, and 

µ𝑟 is slightly greater than 1. 

• Ferromagnetic/ ferrimagnetic: χ and µ𝑟 are large and positive. 

Diamagnetic materials have no net magnetic moment without the 

presence of an Happlied. However, under an Happlied, the spin of electrons 

experiences a motion (Larmor precession), generating a tiny magnetic 

moment in the opposite direction of Happlied (Figure 2 a). Diamagnetism 

arises from bounded electrons and is present in all materials. It opposes 

to Happlied, but it is very weak compared with other magnetic effects. The 

susceptibility of diamagnetic materials is independent of temperature.  

In the case of ferromagnetic (FM) materials, the exchange interaction 

between the atomic moments is positive and extends over a long-range 

order even without Happlied. Upon Happlied, the magnetic moments tend 



 

8 
 

to align along this field (Figure 2 a). Due to this strong and positive 

interaction between spins, the alignment is retained when the magnetic 

field is removed, showing a hysteresis loop behavior. Many relevant 

quantities of a ferromagnetic material can be obtained by studying its 

hysteresis loop (Figure 2 c). The following parameters can be extracted 

from hysteresis loops:  

Figure 2: (a) Schematic illustration of the magnetic moment arrangement in different 

magnetic materials against an Happlied. (b) Susceptibility temperature dependence for 

paramagnetic, antiferromagnetic and ferro/ferrimagnetic materials (c) Slopes of M 

versus Happlied in different magnetic materials, and magnetic parameters points such as 

MS, MR and HC in a typical hysteresis loop of a ferro/ferrimagnetic material.  Courtesy 

of M. Rahmann. 
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Saturation magnetization (MS): Value of magnetization beyond the 

point where all magnetic moments are aligned along Happlied and the 

material reaches the maximum M. 

Remanent magnetization (MR): residual magnetization left behind in 

a FM material after Happlied is removed. 

Coercivity (HC): the applied magnetic field necessary to suppress the 

net remaining magnetization. Soft magnetic materials are characterized 

by low energy to suppress the remanent magnetization (low HC), as 

opposed to hard magnetic materials (high HC). The spontaneous 

magnetization of a ferromagnet vanishes above the Curie temperature 

(TC) where the spins in FM materials become disordered, in a 

paramagnetic state (Figure 2 b).    

Antiferromagnetic (AFM) materials comprise a crystal lattice 

subdivided into two or more sublattices arranged in an antiparallel 

manner, providing a total zero net moment in the absence of Happlied 

(Figure 2 a). In this case the exchange interaction is negative. The 

magnetic dependence with Happlied is positive and linear, as for a 

paramagnetic material (Figure 2 c). The antiferromagnetic transition to 

paramagnetic state happens at the Néel Temperature (TN) which is 

marked by a small peak in χ (Figure 2 b). 

Ferrimagnetic (FiM) materials are like antiferromagnets, presenting 

sublattices aligned in antiparallel fashion but in this case with dissimilar 
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strengths, (Figure 2 a) thereby providing a macroscopic behavior similar 

to ferromagnetic materials upon Happlied, showing a hysteresis loop 

(Figure 2 c).  

Finally, paramagnetic materials show magnetic moments randomly 

oriented in the absence of Happlied, due to thermal agitation prevailing 

over exchange interactions between the spins. Once under Happlied, spins 

tend to align with it, resulting in a positive and linear slope of M as a 

function of Happlied (Figure 2 a). As Happlied is removed, no retention of net 

magnetic moment is observed. 

1.3. Magnetoelectric phenomena 

Electricity and magnetism are closely related. In 1960, Astrov10 showed 

the first experimental results of  the linear correlation between  electric 

and magnetic fields in certain materials, proving the magnetoelectric 

phenomena conjectured by Curie11 already in 1894. The term 

“magnetoelectric effect” (ME) was coined by P. Debye12 in 1926 and it  

refers to the appearance of magnetization  due to an externally applied 

electric field (CME) or the induction of electric polarization under an 

externally applied magnetic field (direct magnetoelectric  effect).13  

The industry of electrical devices has taken a big effort to develop 

smaller and faster memories. Magnetic storage in computer hard disks 

drives (HDDs) and magnetoresistive random-access memories 

(MRAMs) are still mainly using electric currents to encode information. 
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However, the heat generated is an unavoidable energy loss limiting the 

density of devices, and consequently the performance of chips. This 

problem can be explained by the Joule’s law (eq. 1.9), which indicates 

that heat is generated by passing an electrical current through a 

conductor:  

 𝐽 = 𝐼𝑉 = 𝐼2𝑅 (1.9) 

Where J is the power (energy per time) converted from electrical to 

thermal energy, I the current travelling through the conductor, V is the 

voltage drop across the conductor, and R the resistance of the 

conductor.  

In parallel to the development of current-based magnetically controlled 

systems with better energy efficiency, alternative strategies are being 

studied to produce even more efficient magnetic devices. VCM has a 

great potential to give rise to ultra-low power devices by completely 

suppressing the use of electric currents. Concisely, VCM is based on the 

replacement of electric currents by electric fields.  

By definition, the direct ME effect takes place when an electric 

polarization P is induced as a result of Happlied in accordance with:  

 𝛥𝑃 = 𝛼𝐷∆𝐻𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (1.10) 
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where 𝛼𝐷 is the direct ME coupling coefficient. The converse ME effect 

is realized when a magnetization M is generated in response to an 

electric field E:  

 𝛥𝑀 = 𝛼𝐶∆𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (1.11) 

where 𝛼𝐶 represents the converse ME coupling coefficient.14  

1.4. Device configurations for electric field 

application. Electrolyte-gated 

magnetoelectric actuation  

Two main device configurations can be adopted to modulate the 

magnetic properties of a FM material under voltage actuation. The first 

one is the field effect transistor (FET) configuration, which consists 

of three electrodes (source, drain and gate), in which changes in 

magnetic properties are frequently assessed through changes in 

(magneto)resistance measured by Hall effect (Figure 3 a). In this case, 

Figure 3: Device configurations for VCM: (a) field-effect transistor and (b) capacitor.  
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the gate voltage is responsible for the change in the magnetic 

properties of the magnetic layer. Tracking of the magnetic changes is 

realized through the current flow from source to drain. The capacitor 

configuration is another very convenient geometry (Figure 3 b). In this 

scenario, one of the electrodes is the FM material and the counter-

electrode is grown on the other side, separated by an insulating layer. 

The electric field strength required to change a material's magnetic 

properties is typically between 0.01 V/Å and 5 V/Å. Unless the electrical 

insulator layers are made very thin, quite high voltages (sometimes in 

the range of tens or hundreds of V) must be applied to produce these 

fields, which is not particularly useful for practical applications. The 

production of solid-state devices with high-quality ultra-thin dielectric 

layers (e.g., 1-2 nm thick Al2O3, SiO2, HfO2, or MgO) is still a challenge, 

despite recent advancements in deposition techniques like sputtering, 

molecular beam epitaxy, or atomic layer deposition. This is because 

structural defects easily result in pinholes and consequent leakage of 

the accumulated electric charges. Numerous strategies have been 

developed to overcome this issue: (i) using insulating polymers (e.g. 

polyimide (PI) and polyvinyl difluoride (PVDF); however, it is difficult to 

make these polymers particularly thin by spin coating, and (ii) 

implement liquid electrolytes, such as polar aprotic organic solvents 

(e.g. propylene carbonate (PC)), ion liquids (e.g. 1-ethyl-3- 

methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM- TFSI)), or 

aqueous electrolytes (with dissolved KOH or NaOH).   
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In the last years, intensive research on electrolyte-gating (i.e. liquid-

gating) has proven to be a convenient means to avoid the application 

of high voltages, as often required in solid-state devices. By taking 

advantage of liquid electrolytes, low or moderate voltages can produce 

reasonable strong electric fields of the order of hundreds of MV/cm, as 

a result of the formation of extremely thin electric double layers (EDLs).  
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1.5. Mechanisms under voltage control of 

magnetism 

There are different mechanisms to accomplish the CME effect. These 

rely on the use of distinct materials and/or ways of exploiting the related 

phenomena behind: multiferroics, strain-mediated coupling in 

piezoelectric/magnetostrictive heterostructures, charge carrier doping, 

Figure 4 Main mechanisms of ME effect. Schematics illustrating the underlying 

physical/physicochemical concepts for each mechanism. 
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and magneto-ionics (Figure 4). The basics of each approach are 

overviewed in the following subsections.  

1.5.1. Multiferroic materials 

Multiferroics (MFs), first coined by Schmid in 1994, are one of the most 

appealing materials for VCM devices. These are a big class of materials 

which exhibit more than one ferroic ordering – (anti)ferromagnetism, 

ferroelectricity and/or ferroelasticity.15 In the case of the subgroup of 

MFs considered as ME materials (ME MFs), these display 

ferromagnetism and ferroelectricity orders coexisting and influencing 

each other through a ME coupling effect. ME MFs can be broadly 

divided into two categories: single phase (s-MFs) and composite (or 

biphasic) multiferroics (c-MFs). s-MFs can be classified as type I, with 

different transition temperatures for each phase, or type II with similar 

transition temperatures.  

Cr2O3 was the first experimentally ME coupling material observed below 

its TN transition.16,17 However, this material  presents antiferromagnet 

and paraelectric coupling (i.e., it is not MF), and it does not meet the 

requirements to be used in microelectronic applications. After the 

discovery of Cr2O3, many different MF materials were explored, such as  

BiFeO3 (BFO)18 and TbMnO3
19, which are s-MFs manifesting an intrinsic 

ME coupling between FM/FE orders.  
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Despite the potential of s-MFs as ideal candidates in VCM systems, the 

scarcity of s-MFs and their low coupling coefficient at room 

temperature, prompted the scientific community to explore other 

materials and mechanisms. Composite multiferroics emerged as an 

alternative to overcome the fundamental problems of s-MFs. c-MFs are 

artificially produced by combining FM and FE materials assembled in 

granular or layered arrangements. In theory, the coupling in c-MFs can 

be 108 times larger than for s-MFs.20 Intrinsic coupling is achieved in s-

MFs by direct interaction between electric field and magnetization. In 

contrast, for c-MFs, a ME coupling occurs extrinsically by any of the 

three following mechanisms: strain, charge carrier or spin exchange. The 

approach of cross-coupled ME interaction in c-MFs depends upon 

microstructure and quality of the interface between phases. 

1.5.2. ME  coupling via strain  

Strain-mediated ME coupling mechanism has been the most 

successfully used mechanism to produce strong ME coupling at room 

temperature. In composites, this mechanism arises from the elastic 

coupling between magnetostrictive and piezoelectric (or ferroelectric) 

phases. A direct ME effect can be observed by applying a magnetic field 

to a c-MF material, which will induce strain in the magnetic phase 

through the magnetostrictive effect. This strain will be transferred to the 

piezoelectric phase giving rise to an electrical displacement caused by 

piezoelectric effect. A converse ME effect also exists when an electric 
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field is applied to the FE phase, thereby generating strain which is 

transferred to the FM adjacent material, inducing changes in its 

magnetic properties thanks to the inverse magnetostriction effect 

(Villari effect).7,21  

A significant ME effect by the strain mediated mechanism requires large 

piezoelectric coefficient (dii) from the FE phase and large 

magnetostriction coefficient (λ) from the FM phase.  The most suitable 

piezoelectric materials used in the fabrication of composite ME 

materials are ceramic oxide Pb(Zr,Ti)O3-based compositions (PZT), 

because of the good combination between their d33 and the 

electromechanical coupling coefficient (k33). The k33 is related to the 

conversion rate between electrical energy and mechanical energy. 

Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) and Pb(Mg1/3Nb2/3)O3–PbTiO3 

(PMN–PT) exhibit even better k33, but lower Tc and inferior mechanical 

properties. PVDF is another piezoelectric candidate offering some 

advantages in terms of elastic constant but presents a low melting 

point. With respect to the FM phase, ferrites are commonly used but 

metallic alloys are the most promising magnetostrictive materials. 

TbxDy1-xFe2 (Terfenol-D) exhibits the highest λ of any known material 

but it is rather fragile and costly. 20 

The ME response in c-MFs depends also on the chemical compatibility, 

elastic coupling, phase compatibility and interfacial bonding between 

phases. Indeed, c-MFs can have a variety of connectivity schemes, 
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through a choice of shape, phase properties, volume fraction, but the 

most common are: (1) the 0-3 type of connectivity scheme, in which FM 

particles are embedded on a FE matrix; (2) 2-2 type, where laminates of 

FM material alternate with laminates of FE; and (3) 1-3 type: FM fibers 

are embedded on a FE matrix. (Figure 5) 

A pioneering work of strain-mediated ME coupling between CoFe2O4 : 

BaTiO3 (CFO:BTO) was carried out in 1972.22  Many attempts were done 

to isolate the ferrite phase to reduce leakage currents, and thanks to 

the synthesis of core-shell CFO:BFO nanocomposites it was possible to 

enhance 𝛼𝐶 (35 times higher) compared to their bulk counterparts. 23 

The highest  𝛼𝐶~195 mV cm-1 Oe-1  was observed in core-shell particles 

having a PZT core and a NiFe2O4 (NFO) shell surface.24 

In the last decades, several other c-MFs oxide heterostructures have 

been investigated: PZT:La1−xSrxMnO3 (LSMO),25 PMN-PT:La1−xCaxMnO3 

(LCMO)26,27, PMN-PT:LSMO28 and Fe3O4:BTO29. Moreover, systems 

Figure 5: Schematic illustration for different connectivity types of two-phase c-MFs. 

(a) 0-3 type structure, (b) 2-2 type laminate structure, (c) 1-3 type. Courtesy of André 

A. 
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combining FM metal films (Fe:BTO)30–32, alloys (FeGaB:PZN-PT,33 

CoPd:PZT,34 PZT:Fe0.5Co0.5
35, PZT/Terfenol-D36)  and multilayers of 

Ni:BTO37, Cu/Ni multilayers:BTO38, Co40Fe40B20/Co/Pd:PMN-PT)39 have 

been tackeld. 

1.5.3. ME coupling via charge carrier 

doping  

In the charge carrier doping mechanism, the application of an external 

voltage ΔV between electrodes can induce electrostatic doping in the 

FM/dielectric interface, caused by the accumulation of charge carriers 

at the interface. The change of electrons (or holes) density in 

ferromagnets alters not only their electronic properties, but also their 

intrinsic magnetic properties.40,41 In semiconductors, electric charges 

may provide the possibility to modify the magnetic behavior of these 

materials through controlled and reversible changes in the carrier 

concentration. Pioneering studies in diluted magnetic semiconductors 

(DMS) succeeded to switch a thin film of (In,Mn)As from ferromagnetic 

to paramagnetic state by applying an electric field. This magnetic 

change was possible through TC modulation by hole-induced 

ferromagnetism42. Later, the same group demonstrated the 

magnetization reversal in a ferromagnetic semiconductor film with 

similar composition by manipulating HC via modifying carrier density 

through voltage actuation.43 Following the same idea, other DMS 
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systems ((Ga, Mn)As44, Mn0.05Ge0.95,45 and (In, Fe)Sb46) also showed 

control of magnetic properties by charge voltage actuation. Despite the 

remarkable results, only Yamada et al. could demonstrate the 

manipulation of magnetic properties by charge carrier doping through 

electron mediated of DMS (Co-doped TiO2) with TC close to room 

temperature. 47  

Different from DMS, magnetic transition metals (e.g. Co, Fe, Ni) and 

metallic alloys (e.g. Fe-Pt, Fe-Pd, Co-Pd and Co-Pt) present a higher TC 

temperature, but feature a strong electric field screening effect, with a 

screening length of a few unit cells. 48 The first observations of VCM in 

thin film metals were reported in 2007 when Weisheit et al. 49  could  

alter the  HC in -4.4% and +1% for FePt and FePd, respectively, by charge 

carrier doping. Changes of up to 40% of magnetic anisotropy energy 

(MAE) were reported by Maruyama et al.50 in about four monolayers of 

Fe. Larger effects were observed by our group in electrolyte-gated 

nanoporous magnetic alloys (Ni-Cu, Co-Pt).51,52 

1.5.4. ME coupling via magneto-ionics  

Contrary to charge carrier doping which is primarily a surface effect, 

magneto-ionics is a mechanism based on voltage-driven transport of 

ions which can modulate magnetic properties beyond the surface, 

reaching the bulk of materials. The evolution of VCM and some 

important milestones are presented in Figure 6,53 where magneto-ionics 
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only emerged in the last decade. It should be noted that a diversity of 

materials/electrolytes systems have been studied so far, and that 

magneto-ionics has received different denominations and 

categorizations, such as ion intercalation/exchange, redox-based, or 

electrochemical reactions. This mechanism has generated a flurry of 

research activities in the last years, based on the idea of mimicking the 

behavior of electrochemical batteries or fuel cells. 

Figure 6: Representative milestones in VCM and recent advances in magneto-ionics. 

Adapted from Appl. Phys. Lett. 2022, 120, 070501.  
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Magneto-ionics refers to the voltage-driven ion motion across a target 

material in contact with a solid or liquid electrolyte. By the application 

of an external electric field, ions are inserted or removed from a target 

material, undergoing changes in oxidation state, crystalline structure, 

and stoichiometry, and consequently changes in magnetic properties, 

such as magnetic anisotropy, coercive field, saturation magnetization, 

exchange bias, and Curie temperature (Figure 7). Since chemical 

changes are involved in magneto-ionics, no voltage is required to 

maintain a set state (i.e., non-volatile effect) and a reversible 

manipulation of magnetic properties is possible upon applying 

Figure 7: (a) Schematics of magneto-ionic phenomenon in capacitor-like 

configuration, with the gate voltage VG setting ON/OFF the magnetic state via redox 

and ion diffusion. (b) Example of magnetic properties that can be controlled by voltage 

actuation in magneto-ionic systems. 
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electrical voltage of opposite polarity. The main advantage of magneto-

ionics, in contrast with other ME mechanisms, is that it can operate at 

room temperature and at relatively low voltages.   

Magneto-ionic effects were first successfully demonstrated in 

metal/metal-oxide heterostructures by oxygen motion to tailor the 

oxidation state of the atoms in the magnetic material. Metal oxides with 

large mobility of oxygen ions have been used as solid state oxygen 

reservoirs (e.g. GdOx
54,55 or HfOx

56–58) in combination with different 

magnetic metals (e.g., Fe, Co or Ni).  

Bauer et al.54 was the first at employing the term “magneto-ionic 

control” to describe the voltage-induced oxygen migration in a 

Co/GdOx bilayer. In this work, the ionic transport was used to modulate 

the easy axis of magnetization from out-of-plane to in-plane by 

changing the interfacial oxidation state in a few monolayers of Co. Bi et 

al.55 and Gilbert et al. 59 obtained similar results tuning the perpendicular 

magnetic anisotropy (PMA) in Co/GdOx and Co/AlOx/GdOx 

heterostructures, respectively. The modulation of PMA is often 

requested for applications, since it allows a larger magnetic density 

packing (i.e. enhanced density of information in magnetic memories). 

HfO2 proved to be another good candidate as ion reservoir to donate 

and receive oxygen in magneto-ionic systems. In the works of Yan et 

al.56 and Zhou et al.57, PMA, TC, HC, MS and exchange bias were 
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modulated via oxygen migration in Co/Ni/HfO2 films gated by an ionic 

liquid.  

Apart from oxygen, alternative mobile ions have shown successful 

performance in magneto-ionics, such as hydrogen,60–63 lithium,64–68 

nitrogen69–71 and fluorine72.  

1.6. Recent advances in magneto-ionic 

research  

In recent years, significant advances in magneto-ionics have been 

reported, especially regarding room temperature operation, switching 

speed, and reversibility. Tan et al.61,62 demonstrated the powerful role 

that hydrogen (H) plays in modifying the oxidation state of Co under 

voltage actuation, and demonstrated that the introduction of H from 

environmental humidity into the interface of Co/GdOx stacks 

accelerated the rate of nondestructive switching of magnetic 

anisotropy. Meanwhile, Huang et al.73 controlled the ferrimagnetic 

order of GdCo and switching of magnetic order through hydrogen 

gating. Yi et al.74 showed reversible and non-volatile control of phase 

transition in digital complex oxides by voltage-driven dual-ion transfer 

(both oxygen and hydrogen were moved). Navarro et al.52,75 and 

Robbennolt et al.76,77 reported dramatic changes in magnetic properties 

by oxygen-ion voltage actuation of nanoporous, mesoporous and 

nanostructured materials with high surface-to-volume ratios, 
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suggesting that the high surface area promotes enhanced magneto-

ionics at the interface of heterostructures through redox reactions. 

These results motivated the study of ferromagnetic metallic thin films, 

such as Co as target material. However, ultra-thin metal films below 5 

nm can become superparamagnetic. Moreover, heat assistance is often 

needed to aid oxygen motion, 54,59,61,62,78 reducing the energy efficiency 

of the system. Despite these issues, magneto-ionics beyond the 

interface of metal films has been also explored. In particular, ion 

migration from the inner parts of the films can occur along grain 

boundaries and vacancies, leading to irreversible structural or 

compositional changes, which unavoidably lead to irreversible redox 

reactions at the interface.59,79–81 One possibility is to use the migrating 

ions in  Fe/FeOx
82,83 and Co/CoOx structures, as examples of metal/oxide 

heterostructures in thin film and island configurations, allowing the 

reversible extraction and introduction of oxygen to toggle magnetic 

states. In iron-based hybrid transition metal oxide/metal,75,84,85 and 

porous structures,86 ON-OFF switching of magnetism has been 

observed, as well as in cobalt-based single metal layer oxide87 and 

nitride70 films. All these systems possess the migrating anions in the as-

deposited state and can create a crystal structure with more local 

vacancies and wider ionic channels which allow ions to enter and leave 

the target material with low resistance, often at room temperature. 

Specifically, Quintana et al.88 and Rojas et al.89  electrolyte-gated 100 

nm-thick Co3O4 films with propylene carbonate (PC) with solvated Na+ 
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and OH- ions at ppm level, and demonstrated non-volatile ON-OFF 

control of ferromagnetism at room temperate. Paramagnetic as-grown 

Co3O4 films presented a ferromagnetic response (ON) after biasing 

under -10V for 60 min and became paramagnetic again (OFF) by 

subsequently applying a bias of +20 V for 60 min. Additionally, MS 

increased with the increasing voltage. A sequence of biases (-10, -25, 

and -50 V) showed an increase of voltage-driven ion motion and further 

reduction of Co3O4 to metallic Co phase, with the possibility to switch 

the magnetic state in 102 s without thermal assistance. Under high 

voltage actuation (-200 V) the magneto-ionic effect deepened into the 

film by introducing compositional and structural defects in the entire 

layer thickness, promoting oxygen intercalation through O-rich 

diffusion channels. To further understand the effect of the gating 

configuration, identical films of Co3O4 were biased in transistor-like and 

condenser-like configuration.89 COMSOL simulations showed a sharp 

difference in voltage distribution along the films between both 

configurations while biased, and the magneto-ionic effect was the 

highest (6 times larger) when the electric field was applied using the 

capacitor configuration with an underlying conducting buffer layer. The 

magneto-ionic rate improved 36 times (from 9 to 325 memu cm–3 s–1), 

demonstrating that the magneto-ionic performance of structural ion 

films is largely affected by the biasing configuration. 
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1.7. Limitations of magneto-ionics in 

oxygen-based systems  

Magneto-ionic systems relying on oxygen motion are far to be 

competitive with existing magnetic memories. Important limitations 

have been detected: (i) low magneto-ionic rate; (ii) too large applied 

electric field; (iii) low cyclability. To achieve speeds of 1 ms or faster in 

magneto-ionic switching, further work needs to be done. For example, 

the microstructure could be further tuned through defect engineering 

using ion irradiation90 and/or miniaturization through 

micro/nanofabrication in order to favor surface diffusion over bulk 

diffusion because the latter results in faster ion mobility. Additionally, 

the nature of the dielectric layer utilized to bias the films should be 

taken into consideration to broaden technical applications, since in 

previous works high applied voltages, of the order of –50 V, were 

necessary to induce a notable change in the magnetic characteristics of 

cobalt oxide.89 

Advanced magneto-ionic materials have exhibited good repeatability 

(i.e., durability) over 1000 cycles62,91, whereas systems relying on oxygen 

motion, including structural ions, have shown 50 cycles or fewer. This is 

partially explained by the deformation or modifications brought about 

when ionic motion is induced outside of the interface, and it may 

indicate that three-dimensional, high surface-to-volume ratio designs 
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that accumulate lots of interfacial defects could be a more feasible 

choice. 

1.8. Applications of magneto-ionics. 

Neuromorphic Computing 

It has already been proven that magneto-ionic systems can be used in 

several applications. Magneto-ionic materials are interesting candidates 

to be used in neuromorphic or stochastic computing, magnetic 

random-access memory, domain-wall computing, and lab-on-a-chip 

devices.92–94  They may require low energy to actuate (≈10 aJ/bit)95,96 

than conventional current-using methods (≈10 fJ/bit),97 no voltage to 

maintain a set state (non-volatile), and they offer the possibility of 

functional plasticity (i.e., the ability to undergo non-volatile changes in 

its structure and properties in response to an external stimulus). 

Microelectromechanical systems rely heavily on magnetic actuation,98–

101 and magneto-ionics may be useful in creating materials that can 

serve several purposes for robotics. In typical structures for MRAM,50,102 

as well as in Pt/Co(Fe)/MgO, Ta/CoFeB/MgO, and Pt/Co/Ni/HfO2 

stacks56,103,104 the use of ionic transport to control magnetic properties 

has already been noted. This mechanism is expected to enable low-

power tunability of the switching elements via the insulating tunnel 

barrier. The Dzyaloshinskii-Moriya interaction (DMI), which has been 

demonstrated to be tunable via magneto-ionics,60,79,105 stabilizes spin 
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spirals such as skyrmions,106,107 chiral domain walls,108,109 and may have 

applicability in spin-orbitronics. 
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1.9. Magneto-ionic system under study 

Voltage-driven oxygen motion through a paramagnetic film of Co-

oxide in capacitor configuration was optimized along this thesis. Our 

magneto-ionic system is a home-made electrolyte cell composed of a 

buffer layer of titanium (Ti) and copper (Cu) used as working electrode 

(WE), with a Co-oxide layer deposited on top of the Cu, and a platinum 

(Pt) wire as counter electrode (CE) immersed in a liquid electrolyte (see 

Figure 8). For some studies, a second Pt wire was implemented as a 

pseudo-reference electrode (Ref) to decrease the voltage drop across 

the system. 

 

 

 

 

 

 

   

a b 

Figure 8: (a) Picture of the sample with contacts prepared for magneto-ionic 

experiments. (b)  Schematic of electrolyte-gate process under voltage actuation. 
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2. Objectives  
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This work is mostly aimed at boosting oxygen motion in electrolyte-

gated paramagnetic cobalt oxide (Co-oxide) films using three different 

approaches:  

• By decreasing film thickness from >200 nm to 5 nm  

For this purpose, Co-oxide films of varying thickness were grown by 

reactive sputtering to study the impact of film thickness on the 

magneto-ionic ON-OFF transition rate. A protocol based on pulsed 

voltages was developed and implemented to mimic neuromorphic 

functionalities. 

• By adding salts to the PC electrolyte to increase the EDL strength 

(electrolyte engineering) 

We aim to investigate the effect that different salts dissolved in PC (and 

their concentrations) have on the magneto-ionic performance of 15 

nm-thick Co-oxide films, in order to determine the optimum condition 

for the fastest magneto-ionic response.   

• By engineering the microstructure in terms of depth-resolved defect 

type and density by light-ion implantation  

We will exploit the potential of ion implantation to engineer structural 

defects along depth to enhance voltage-driven O ion transport.   
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3. Results and Discussion  
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In this chapter, the results derived from this Thesis are organized in the 

‘compilation of articles’ format. Specifically, two peer-review research 

papers are included: 

3.1) Dynamic electric-field-induced magnetic effects in cobalt oxide thin 

films: towards magneto-ionic synapsis  

3.2) Enhancing magneto-ionic effects in cobalt oxide films by electrolyte 

engineering 

3.3) Controlling magneto-ionics by defect engineering through light ion 

implantation 

A brief summary to highlight the main outcomes of the study precedes 

each publication, while a comprehensive discussion of the results can 

be found in the articles themselves. For an overall, general discussion of 

the results of the Thesis, please refer to chapter 4. 
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3.1. Dynamic electric-field-induced 

magnetic effects in cobalt oxide thin films: 

towards magneto-ionic synapsis 

Sofia Martins,a Julius de Rojas,a Zhengwei Tan,a Matteo Cialone,b Aitor 

Lopeandia,c Javier Herrero-Martín,d José L. Costa-Krämer,e Enric 

Menéndez*a and Jordi Sort*a,f 
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Companys 23, E-08010 Barcelona, Spain 

 
 



 

52 
 

 

 

In this study, we show that by drastically decreasing film thickness from 

> 200 nm down to 5 nm, sub-second ON-OFF transitions in electrolyte-

gated paramagnetic cobalt oxide films can be accomplished. 

Interestingly, applying voltage pulses at frequency as high as 100 Hz 

can also promote cumulative magneto-ionic effects. These frequencies 

exhibit neuromorphic-like dynamic effects, such as potentiation 

(cumulative increase in magnetization), depression (i.e., partial recovery 

of magnetization with time), threshold activation, and spike time-

dependent magnetic plasticity (learning and forgetting abilities). These 

effects mimic many of the primary biological synapse functions. As a 

result, the systems under study exhibit characteristics, such as 

operational dynamic range, that could be helpful for the development 

of artificial neural networks whose magnetic properties would be 

controlled by applied voltage (i.e., magneto-ionic synapses).  
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3.2. Enhancing magneto-ionic effects in 

cobalt oxide films by electrolyte 

engineering 

Sofia Martins, *a Zheng Ma,a Xavier Solans-Monfort,b Mariona Sodupe,b 

Luis Rodriguez-Santiago,b Enric Menéndeza, Eva Pellicer*a and Jordi 

Sorta,c  
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Jordi.Sort@uab.cat 
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Despite the previous study showed that VCM of Co-oxide films with 

sub-10 s magneto-ionics response by pulsing voltage is feasible, room 

temperature magneto-ionics is still too slow for useful applications. 

Hence, further improvements are required in terms of higher speeds 

and the need to reduce the applied voltages (which are often as large 

as –50 V). In this publication, we show that adding inorganic salts to 

anhydrous PC, such as potassium iodide (KI), potassium chloride (KCl), 

and calcium tetrafluoroborate (Ca(BF4)2, improves oxygen motion in 15 

nm-thick cobalt oxide films. Specially for KI-containing PC, a 35-fold 

increase of the magneto-ionic rate was observed as compared to plain 

PC, and importantly, under a relatively low bias value of –1.5 V.  

Experimental data is supplemented with ab initio molecular dynamics 

simulations, which help understanding why the effects observed for KI 

are greater than for KCl, which is a result one would not expect a priori.   
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3.3. Controlling magneto-ionics by defect 

engineering through light ion 

implantation 

For consistency with the previous Results section, this chapter is 

structured as a research article 

Abstract 

Magneto-ionics relies on the voltage-driven transport of ions to modify 

magnetic properties. As a diffusion-controlled mechanism, defects play 

a central role in determining ion motion and, hence, magneto-ionic 

response. Here we exploit the potential of ion implantation to engineer 

depth-resolved defect density and type with the aim to control the 

magneto-ionic behavior of Co3O4 thin films. We demonstrate that, by 

the interplay between the highly nanostructured nature of the 

magneto-ionic target (i.e., 50 nm thick Co3O4 film) and a single 

implantation process of light ions (He+) at 5 keV, the magneto-ionic 

response, in terms of rate and amount of generated magnetization, of 

the Co3O4 film at short-, mid-, and long-term voltage actuation can be 

controlled by varying the generated collisional damage through ion 

fluence. This proof-of-principle paves the way to further exploit ion 

implantation in relation to ion nature, energy, fluence, target 

temperature and multiple implantations for magneto-ionics.  
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The increasingly growing demands on data processing and storage, 

driven by Big Data, are pushing information technology to its 

performance limits; particularly, from an energy-efficiency viewpoint, 

which is becoming a major bottle-neck in current computing1. Although 

artificial intelligence is showing successful to tackle Big Data requests, 

this is mainly achieved by software means, thus at a cost of a large 

energy consumption. Artificial intelligence is at a turning point and 

requires low-power technologies to build new computing hardware2,3. 

Voltage control of magnetism (VCM) holds the potential to 

revolutionize computing from an energy-efficiency standpoint since it 

allows modifying magnetic properties by electric fields instead of 

electric currents, decreasing Joule heating effect and, ultimately, 

resulting in a reduced power consumption1,4–8. Among VCM 

mechanisms1,4–6, electric-field-induced ion motion to modulate 

magnetism of a target material (magneto-ionics) stands out since it 

allows for a voltage-driven modulation of magnetic properties to an 

extent never reached by any other VCM means7,8. Even though mobile 

ion species of different nature, such as H+9–12, Li+13–15, N3- 16–20, O2- 21–26 

or F-27, dissimilar magneto-ionic targets and layered architectures (e.g., 

the use of adjacent reservoirs to source ions to the target or targets in 

which the mobile ion is already present in it), and distinct approaches 

are used to apply electric field (e.g., by solid-state electrolytes9,22,23 or 

the formation of an electric double layer through liquid electrolytes16–

20,24–26,), magneto-ionics in the end relies on ion transport7,8,16,21. 
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Structural defects may have a strong influence on ion diffusion in solids, 

generally enhancing ionic motion8,16,24,28–31. In fact, not only defect type 

and density play a role in ion migration but also depth distribution31. 

Thus, magneto-ionic systems could largely benefit from a controlled 

defect type, density, and distribution along depth. Even though defect 

manipulation remains challenging, ion implantation at energies below 

100 keV turns out to be particularly suitable to modify materials in the 

sub-100 nm depth range from structural and compositional 

viewpoints32. Ion implantation has already been used to modify 

magnetic properties33, such as magnetic anisotropy34, saturation 

magnetization by order-disorder transitions35 or phase 

transformations36, ferromagnetic/antiferromagnetic coupling37, 

synthesis of composite multiferroics38 or, more recently, the formation 

and control of skyrmions38 and magneto-ionics39. However, its potential 

to engineer defects in terms of size, density, and distribution (i.e., with 

depth resolution) aimed at enhancing ion motion and generated 

magnetization in magneto-ionics has been largely overlooked.  

Here we show that, by the interplay between the preexisting 

microstructure of the magneto-ionic target (i.e., 50 nm thick Co3O4 film) 

and a single implantation process of light ions (He+) at 5 keV, the 

magneto-ionic response, in terms of rate and amount of generated 

magnetization, of the Co3O4 film at short-, mid-, and long-term voltage 

actuation can be controlled by varying the generated collisional 

damage through ion fluence.  
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Results & Discussion 

Growth of the magneto-ionic targets (Co3O4 films) by reactive 

sputtering. 50 nm thick Co3O4 films were grown atop [100]-oriented Si 

substrates, previously coated with 20 nm of Ti and 60 nm of Cu, by 

reactive sputtering (see Methods for further details). Depositions were 

carried out while partly masking the Cu/Ti buffer layers to serve 

afterwards as working electrode for the magnetoelectric 

characterization. As seen in Fig. 1a, the Co3O4 film is highly 

nanostructured with rather elongated grains along the perpendicular 

direction to the film plane. This columnar-shaped growth has already 

been evidenced in thicker Co3O4 films grown by atomic layer 

deposition24, which is a much slower deposition technique compared to 

reactive sputtering, thus suggesting the tendency of Co3O4 to grow in 

such form. Fig. 1b is a high-resolution transmission electron microscopy 

(TEM) image of the bottom region of the cross section of the Co3O4 

layer, which includes the fast Fourier transform (FFT) of the region 

marked with an orange square. Spots labelled as “1” and “2” are 

consistent with (311) Co3O4 (PDF® 00-009-0418) and (111) CoO (PDF® 

00-001-1227) interplanar distances (0.244 and 0.245 nm, respectively), 

whereas spots “3” and “4” are unambiguously ascribed to (111) Co3O4 

(PDF® 00-009-0418) and (200) CoO (PDF® 00-001-1227) interplanar 

distances (0.467 and 0.212 nm, respectively). This indicates that the as-

grown films consist of a mixture of Co3O4 and CoO phases in agreement 

with previously reported results. This is linked to the role of the Cu 
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buffer layer which also might suffer from oxidation while depositing (as 

evidenced by the brightness of the Co3O4-Cu interface in Fig. 1a), 

yielding effectively a decreased oxygen partial pressure, which 

promotes the growth of CoO over Co3O4 in the first nm. With thickness, 

this effect weakens and Co3O4 grows then preferentially26. For simplicity, 

the films are denoted as Co3O4 along the text.   

 

Fig. 1 Structural characterization of the Co3O4 films by transmission electron 

microscopy (TEM). a TEM image of the cross-section of an as-grown Co3O4 film. b 

High-resolution TEM image of a bottom region of the cross section of the Co3O4 layer 

imaged in a, which includes the fast Fourier transform of the region marked with an 

orange square. “1” and “2” spots are consistent with (311) Co3O4 (PDF® 00-009-0418) 

and (111) CoO (PDF® 00-001-1227) interplanar distances (0,244 and 0,245 nm, 

respectively), while spots “3” and “4” are unambiguously ascribed to (111) Co3O4 

(PDF® 00-009-0418) and (200) CoO (PDF® 00-001-1227) interplanar distances (0,467 

and 0.212 nm, respectively).  

Defect characterization at atomic level by means of variable energy 

positron annihilation lifetime spectroscopy (VEPALS)41–45 reveals that 

roughly two “sublayers” with different defect size and density can be 

distinguished across the as-grown Co3O4 films. PALS provides the 

positron lifetime τ, which is a measure of defect size and, thus, of defect 

type, as a function of the depth of the investigated material. Three 

representative size ranges, known as lifetime components τi (where i = 

1, 2 or 3), can be characterized. The shortest lifetime component τ1 
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represents vacancy clusters, the intermediate lifetime component τ2 

accounts for larger vacancy clusters linked to grain boundaries or small 

pores in case of the largest values, and the longest lifetime component 

τ3 is attributed to even larger pores or voids. Each component has a 

corresponding relative intensity (Ii) which to some extent reflects the 

concentration of each defect type41–45. Fig. 2 shows the depth-

dependence of τ1 and τ2 and the corresponding relative intensities, I1 

and I2, respectively. Note that, at each depth, the sum of I1 and I2 is very 

close to 100 %, indicating that τ3 is virtually negligible, in agreement 

with the absence of voids in the TEM characterization of the cross-

section of the as-grown Co3O4 film (Fig. 1). Positron lifetimes might be 

overestimated along the top part of the Co3O4 film due to influence of 

roughness and surface broken symmetry, becoming negligible at 

depths above 20 nm (> 2 keV in terms of positron implantation energy, 

EP); see Methods for further details46. At depths above 20 nm (> 2 keV), 

positron lifetimes can be considered as fully representative of the Co3O4 

film and, with depth, τ1, τ2 and I1 decrease, while I2 increases (all in a 

monotonic way). However, all suffer from a more pronounced change 

between 2,6 and 2,8 keV (which represent depths of around 28 and 31 

nm, respectively). This could be linked to an interface region amongst 

two “sublayers” with different defect size and density. Considering the 

defect size and density at 2,2 keV (21 nm) and 3,2 keV (39 nm) as 

representative values for the top and bottom “sublayers”, respectively, 

the top region shows τ1, τ2, I1 and I2 values of 0.2829 ns, 0.4211 ns, 65.7 
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% and 34.1 %, respectively, whereas the bottom counterpart exhibits τ1, 

τ2, I1 and I2 values of 0,2355 ns, 0,3848 ns, 46,5 % and 53,3 %, 

respectively. Fig. S1 shows the ab initio calculations of the positron 

lifetime in Co3O4 as a function of vacancy cluster size47–49, indicating that 

mixed vacancy cluster sizes of 10 and 4 vacancies are consistent with 

the τ1 values of the top and bottom “sublayers”, respectively. This 

agrees with the highly nanostructured nature of the sputtered Co3O4 

film. Moreover, the existence of these two regions might be somewhat 

related to the mixture of Co oxides at the initial stages of the film 

growth. Remarkably, τ2 values are not so much larger than τ1 ones, 

suggesting that both components might represent the same defect 

type, i.e., mixed vacancy clusters which could be linked to grain 

boundaries with different size. This in agreement with the TEM 

characterization where grain boundaries are clearly observed (Fig. 1).  
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Fig. 2 Depth-resolved defect characterization of the as-grown Co3O4 films by 

variable energy positron annihilation lifetime spectroscopy (VEPALS). a and b are 

the positron lifetime component 1 (τ1) and the corresponding relative intensity (I1), 

respectively, as a function of depth, which can be also given in positron implantation 

energy (EP). See Methods for further details. c and d are the positron lifetime 

component 2 (τ2) and the corresponding relative intensity (I2), respectively, as a 

function of depth. The orange dashed rectangles indicate the interface region which 

separates the two “sublayers” that can be distinguished from a defect standpoint. The 

lines connecting data points are guides to the eye.   

Defect engineering through light ion implantation. Controlling 

defect type (size), density and distribution is central for ion diffusion. 

Typically, ion transport becomes enhanced with size and density28–30. 

Defect manipulation with depth-resolution remains challenging. The 

first attempt to tailor defect structure relies on the growth method. For 

instance, growing Co3O4 by reactive sputtering tends to result in larger 
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defect sizes than Co3O4 grown by techniques which involve slower 

deposition rates, such as atomic layer deposition24. However, further 

control of the microstructure is strongly required to control ion 

diffusion. Aimed at further tailoring defect type and density along 

depth, ion implantation at energies of the order of 1−100 keV turns out 

to be particularly suitable to modify materials in the sub-100 nm depth 

range from structural and compositional viewpoints32. In a first 

approximation, the penetration of ions is controlled by their energy, 

while implantation damage (also known as collisional damage) is 

determined by the fluence32. Typically, in ion implantation processes 

into crystalline materials, impinging ions collide with lattice atoms, 

displacing them from their equilibrium lattice sites and, for instance, 

forming vacancies. With fluence, these vacancies may grow forming 

vacancy clusters, grain boundaries and, eventually, disordered 

regions32. However, a completely different scenario in terms of 

collisional damage is opened when the implantation target is highly 

defective, enabling new mechanisms of ion-solid interactions50–52. Even 

though not so much is known about the interaction of preexisting 

defects with impinging ions52, theoretical calculations by molecular 

dynamics report on the role of implantation fluence in determining the 

size of preexisting defects51. In fact, nanopore size reduction has been 

reported by 3 keV Ar ion implantation at normal incidence into 

amorphous-like materials50. Recently, it has been shown that, with ion 

fluence leading to collisional damages up to 0,1 dpa, the density of 
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small vacancy clusters increases while the size of pores reduces 

significantly in highly defective Fe films upon 2 MeV Fe ion implantation 

at normal incidence52. Inspired by these results and considering the 

highly defective nature of the as-grown Co3O4 films, 5 keV He ion 

implantation to a fluence of 1015 ion/cm2 was used to achieve a 

maximum collisional damage of around 0,1 dpa (Fig. 3). The ion energy 

of 5 keV was adjusted to have the maximum collisional damage located 

at the first half of the Co3O4 film (specifically, at a depth around 18 nm), 

avoiding a pronounced atomic intermixing at the Co3O4/Cu interface 

which could be detrimental to the conductivity of the Cu buffer layer 

and, thus, harmful to its role as bottom electrode. He ion implantation 

to a fluence of 1014 ion/cm2 was also caried out to achieve degrees of 

collisional damage much below 0,1 dpa: 10-2. The reason to choose such 

fluence is also motivated by the dynamic recovery process that the 

induced collisional damage undergoes when impinging light ions since 

the induced defects are more prone to diffuse than those created by 

heavy ions35. In other words, the simulated collisional damage might be 

somewhat underestimated. Light noble He ions were chosen to avoid 

compositional changes in the Co3O4 film and minimize film sputtering. 

Fig. 3 shows how collisional damage evolves across the Co3O4 film for 

the fluences used. This is calculated from the collisional damage profiles 

given in number of displacements per impinging ion and crossed 

distance (Fig. S2) simulated by the TRIM (TRansport of Ions in Matter) 

program53. From these results, which depend on the implantation 
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target, ion nature and energy, dpa at each depth for the used fluences 

can be obtained by multiplying fluence and the number of 

displacements per impinging ion and crossed distance, and then 

dividing the obtained result by the atomic density of the target material. 

An unit of 1 dpa means that, on average, every atom in the implanted 

volume has been displaced once from its equilibrium lattice site.   

 

Fig. 3 Depth-resolved collisional damage given as displacement per atom (dpa) 

caused by 5 keV He ion implantation into Co3O4. Depth-resolved collisional 

damage for the fluences of 1014 and 1015 ion/cm2. These results are obtained from the 

TRIM simulation presented in Fig. S252.   

As seen in Fig. 4, 5 keV He ion implantation to a fluence of 1015 ion/cm2 

into 50 nm thick Co3O4 layer results in virtually no sputtering of the 

Co3O4 film. Even though no pronounced differences are found at TEM 

level with the as-grown film (compare Fig. 1 with Fig. 4), boundaries 

between elongated grains become blurred (i.e., less well-defined) upon 

implantation to 1015 ion/cm2, suggesting that they might have thinned 

down.    
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Fig. 4 Structural characterization of a Co3O4 film implanted with 5 keV He ions 

to a fluence of 1015 ion/cm2 by transmission electron microscopy (TEM). a TEM 

image of the cross-section of an as-grown Co3O4 film. b High-resolution TEM image 

of a bottom region of the cross section of the implanted Co3O4 layer imaged in a, 

which includes the fast Fourier transform of the region marked with an orange square. 

“1” and “2” spots are consistent with (311) Co3O4 (PDF® 00-009-0418) and (111) CoO 

(PDF® 00-001-1227) interplanar distances (0.244 and 0.245 nm, respectively), while 

spots “3” and “4” are unambiguously ascribed to (111) Co3O4 (PDF® 00-009-0418) 

and (200) CoO (PDF® 00-001-1227) interplanar distances (0.467 and 0.212 nm, 

respectively). 

To investigate how the Co3O4 microstructure evolves with ion 

implantation fluence at atomic level, a depth-resolved defect 

characterization (Fig. 5) was carried out by means of Doppler 

broadening variable energy positron annihilation spectroscopy 

(DBVEPAS)41,42 and VEPALS41–45. Fig. 5a shows the evolution of the S 

parameter with depth, which strongly varies with ion fluence, 

confirming the role of ion implantation in altering defect size and 

density. Note that defect size and density cannot be disentangled from 

S and, thus, compensation effects might occur in systems where defect 

size varies oppositely to the defect density (i.e., while one increases, the 

other decreases or vice versa). In contrast to DBVEPAS, VEPALS allows 

determining defect size and to some extent defect density as a function 

of depth. As seen in Fig. 5b, the depth-resolved evolution of the average 

lifetime τAverage follows a well-defined trend with ion fluence. 
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Remarkably, at a first glance, the average lifetime decreases with fluence 

regardless depth, indicating that defect size decreases with fluence. 

After a close look, this trend does not apply to the top 13 nm of Co3O4 

(1,6 keV) of the film implanted to 1014 ion/cm2 which show a slight 

increase of the average lifetime. Fig. 5c and 5d show the depth-

dependence of the positron lifetime component 1 (τ1) and the 

corresponding relative intensity (I1), respectively, whereas Fig. 5e and 5f 

exhibit the positron lifetime component 2 (τ2) and the corresponding 

relative intensity (I2), respectively. As seen in Fig. 5c, the depth-resolved 

evolution of τ1 of the film implanted to 1014 ion/cm2 overlaps with that 

one of the as-grown film, indicating that at such fluence mixed vacancy 

cluster of around 4 vacancies remain unaltered in size. Conversely, upon 

implanting to 1015 ion/cm2, the size of vacancy clusters decreases.  

Remarkably, from a depth of around 39 nm (3.2 keV) on, the values of 

τ1 overlap for all films, in agreement with the localized implantation 

damage profile within the top part of the film. Conversely, the relative 

intensity I1 follows an opposite behavior: it remains rather unaltered 

(being τ1 the dominant defect size since the lower value is above 60 %) 

with fluence up to depths of around 28 nm (2,6 keV). At further depths, 

I1 tends to increase with fluence. With respect to τ2, the implanted film 

to 1014 ion/cm2 shows slightly larger values than the as-grown film. 

Conversely, for the 1015, τ2 decreases with fluence. As it happens with 

τ1, τ2 values also tend to overlap at a depth of around 39 nm (3.2 keV). 

As it happens with I1, I2 remains rather unchanged with fluence up to 
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depths of around 28 nm (2,6 keV). At further depths, in contrast to I1, I2 

tends to decrease with fluence. However, for implanted samples, the 

density of mixed vacancy clusters with a number of vacancies below 10 

is dominant (> 50 %) compared to larger mixed vacancy clusters. This is 

consistent with narrower columnar grain boundaries upon implantation 

to 1015 ion/cm2, in agreement with the TEM results which evidence that 

columnar grain boundaries tend to become less-well defined.  Since 

small mixed vacancy clusters are dominant over large mixed vacancy 

clusters, a detailed evolution of τ1 and I1 with fluence is shown for the 

two different “sublayers” in Fig. 5g. Here, it can be seen the overall effect 

of ion implantation, which tends to decrease defect size while keeping 

the same defect density in the top “sublayer”. Conversely, in the bottom 

“sublayer”, the trends become opposite: defect size remains rather 

unaltered and defect density increases with fluence. Remarkably, given 

a highly nanostructured film, with a single ion implantation process, 

depth-resolved defect structure can be largely engineered with a 

fluence window from 1014 ion/cm2 to 1015 ion/cm2.    
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Fig. 5 Depth-resolved defect characterization of as-grown and implanted Co3O4 

films by Doppler broadening variable energy positron annihilation spectroscopy 

(DBVEPAS) and variable energy positron annihilation lifetime spectroscopy 

(VEPALS). a S parameter obtained by DBVEPAS characterization as a function of depth 

which can be also given in positron implantation energy (EP). See Methods for further 

details. b Average lifetimes obtained by VEPALS as a function of depth.  c and d are 

the positron lifetime components 1 (τ1) and the corresponding relative intensities (I1), 

respectively, as a function of depth. e and f are the positron lifetime components 2 

(τ2) and the corresponding relative intensities (I2), respectively, as a function of depth. 

g represents the evolution of τ1 and I1 as a function of ion fluence at two 

representative Co3O4 depths of both top and bottom “sublayers”. The lines connecting 

data points are guides to the eye.   

Magneto-ionic behavior. To investigate the magneto-ionic behavior 

of the films, magnetoelectric measurements were carried by performing 

vibrating sample magnetometry while electrolyte-gating the films at  
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–50 V (see Methods for further details)54,55. Specifically, the 

magnetization M as a function of time t was recorded for 30 minutes 

while applying an external magnetic field high-enough (10000 Oe = 1 

T) to ensure that the generated magnetization remains in a saturated 

state, thus enabling to determine MS (t) as shown in Fig. 6a. The as-

grown film shows a rather typical magneto-ionic response characterized 

by a gradual increase of saturation magnetization due to both the 

migration of O ions towards the liquid electrolyte, which acts as ion 

reservoir, and O ion redistribution within the film, leaving Co-rich areas 

that account for the generated ferromagnetism. The as-grown and all 

implanted Co3O4 films are overall paramagnetic with traces of 

ferromagnetism likely ascribed to impurities in the Si substrate (Fig. S3). 

Interestingly, implantation fluence has a very strong impact in the 

dependence of MS vs. t. Using the behavior of the non-implanted film 

as reference, at an initial stage of voltage actuation (i.e., first two 

minutes approximately), the film implanted to a fluence of 1014 ion/cm2 

shows a larger magneto-ionic rate, whereas that implanted to 1015 

ion/cm2 exhibits a much slower one as seen by the slope of the MS vs. t. 

After this initial stage, both the as-grown and the film implanted to 1014 

ion/cm2 show a rather similar MS evolution with time up to 8 min of 

voltage actuation. Conversely, in this time window, the film implanted 

to 1015 ion/cm2 shows decreased saturation magnetization values but 

an increased slope, reaching the same MS at 8 min as the as-grown film 

and that implanted to 1014 ion/cm2. Beyond, while the as-grown film 
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tends to saturate, the films implanted to 1014 and 1015 ion/cm2 keep on 

growing without levelling off, thus generating much larger 

magnetizations. At 30 min of voltage actuation, MS values of 220, 314 

and 465 are reached for the as-grown and films implanted to 1014 and 

1015, respectively. To summarize, taking the magneto-ionic behavior of 

the as-grown film as reference, low fluences (i.e., 1014 ion/cm2) result in 

both larger magneto-ionic rates and generated saturation 

magnetization at short and long voltage actuation times, respectively. 

Intermediate fluences (i.e., 1015 ion/cm2) lead to smaller magneto-ionic 

rates but largest generated saturation magnetization at short and long 

voltage actuation times, respectively.  

Fig. 6b, 6c and 6d show the 2 first consecutive magnetization vs. applied 

magnetic field, M (Happlied), measurements taken just after switching off 

the applied voltage of an as-grown, and implanted films to 1014 and 

1015 ion/cm2, respectively. All films exhibit a slight depletion of the 

generated magnetization upon switching off the applied voltage, which 

tends to reach saturation for all samples after the second hysteresis 

loop measurement (thus, after 1 h since each loops takes 30 min to be 

recorded). In agreement with previously reported results, this process 

of magnetization depletion somewhat scales with the amount of 

generated magnetization by magneto-ionic means24. As seen in Fig. S4, 

although the evolution of coercivity (HC) and squareness (MR/MS) with 

ion fluence exhibits a complex dependence, the film implanted to 1015 

ion/cm2 shows the most square-shaped hysteresis loops and the 
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second largest coercivity in agreement with the existence of rather 

uniform ferromagnetic regions immersed in a residual Co3O4 matrix37,56.  

 

Fig. 6 Magneto-ionic behavior by vibrating sample magnetometry under voltage 

actuation. a Time t evolution of saturation magnetization MS under an external 

magnetic field of 10000 Oe (Happlied) along the plane of the films while applying a 

voltage of -50 V. b, c and d are the 2 first consecutive magnetization vs. applied 

magnetic field, M (Happlied), measurements taken just after switching off the applied 

voltage of an as-grown, and implanted films to 1014 and 1015 ion/cm2, respectively.   

To further shed light on the magneto-ionic behavior, structural and 

compositional measurements of the films upon voltage actuation at -

50 V for 30 min have been carried out by high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM), electron 

energy loss spectroscopy (EELS) and transmission electron microscopy 

(TEM). As seen in Fig. 7, upon voltage actuation, in contrast to the as-



 

105 
 

grown film, the film implanted to 1015 ion/cm2 clearly exhibits Co-rich 

areas (compare Fig. 7b with 7f). Moreover, the FFT of the region marked 

with an orange square corresponding to the high-resolution TEM image 

of the film implanted to 1015 ion/cm2 yields a spot (number 5) 

corresponding to metallic Co, while no traces of it are present in the FFT 

of the region marked with an orange square corresponding to the high-

resolution TEM image of the as-grown film. This is consistent with the 

magnetoelectric measurements, which indicate that, by magneto-ionic 

means, the film implanted to 1015 ion/cm2 generates a significantly 

larger magnetization than the as-grown film (465 vs. 220 emu cm-3). The 

distribution of Co-rich regions embedded in a Co oxide matrix (Fig. 7e 

and 7f) confirms that, on top of O ion migration towards the liquid 

electrolyte, O ion redistribution takes place within the film.     

Furthermore, DBVEPAS and VEPALS measurements were carried out 

upon voltage actuation (Fig. 8). As seen in Fig. 8a, for all films, the S 

parameter becomes significantly enlarged upon voltage actuation 

across the whole depth of the films, indicating that voltage-driven ion 

motion leads to a different structural scenario from a defect viewpoint. 

As seen in Fig. 8b, defect size remains slightly increased for the as-

grown, whereas the films implanted to 1014 and 1015 ion/cm2 exhibit 

much larger defect sizes upon voltage actuation, suggesting that an 

enhanced magneto-ionic motion occurred in these films in 

concordance with magnetoelectric measurements, which reveal that 

these films yield the maximum values of generated magnetization (Fig. 
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6a). Upon looking at the evolution of τ1 and the corresponding intensity 

I1 along depth and comparing the curves with those of the films not 

subjected to voltage (Fig. 8c and 8d), on top of showing in general 

larger values of defect size (particularly, for the films implanted to 1014 

and 1015 ion/cm2), the I1 values of these films become above 95 % across 

the top 21 nm (2,2 keV). At further depths, I1 values start to decrease for 

the film implanted to 1015 ion/cm2, whereas this decrease starts at a 

depth of around 39 nm (3,2 keV) for the film implanted to 1014 ion/cm2. 

As seen in Fig. 8e and 8f, the increase in I1 takes place in detriment to 

I2, which becomes significant just at the bottom of the films. Anyhow, 

small mixed vacancy clusters become the majority defect type upon 

voltage actuation, suggesting that initial grain boundaries are seeds to 

initiate diffusion, rapidly transforming into smaller defects with 

diffusion.  
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Fig. 7 Structural characterization after voltage actuation (-50 V for 30 min) of an 

as-grown Co3O4 film and a film implanted with 5 keV He ions to a fluence of 1015 

ion/cm2 by high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM), electron energy loss spectroscopy (EELS) and 

transmission electron microscopy (TEM). a HAADF-STEM image of the cross-

section of an as-grown Co3O4 film upon voltage actuation. b Co and O elemental EELS 

mappings of the region marked with an orange dashed rectangle in a. c High 

resolution TEM image of a top region of the cross section of the Co3O4 layer. d Fast 

Fourier transform of the region marked with an orange square in c. e HAADF-STEM 

image of the cross-section of a Co3O4 film implanted to 1015 ion/cm2 upon voltage 

actuation. f Co and O elemental EELS mappings of the region marked with an orange 

dashed rectangle in e. g High resolution TEM image of a top region of the cross 

section of a Co3O4 film implanted to 1015 ion/cm2 upon voltage actuation. h Fast 

Fourier transform of the region marked with an orange square in g. For panels d and 

h, “1” and “2” spots are consistent with (311) Co3O4 (PDF® 00-009-0418) and (111) 

CoO (PDF® 00-001-1227) interplanar distances (0.244 and 0.245 nm, respectively), 

while spots “3”, “4” and “5” are unambiguously ascribed to (111) Co3O4 (PDF® 00-009-

0418), (200) CoO (PDF® 00-001-1227) and (101) hexagonal close packed Co (PDF® 

00-005-0727) interplanar distances (0.467, 0.212 and 0.191 nm, respectively).  
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Fig. 8 Depth-resolved defect characterization of as-grown and implanted Co3O4 

films upon voltage actuation (-50 V for 30 min) by Doppler broadening variable 

energy positron annihilation spectroscopy (DBVEPAS) and variable energy 

positron annihilation lifetime spectroscopy (VEPALS). a S parameter obtained by 

DBVEPAS characterization as a function of depth which can be also given in positron 

implantation energy (EP). See Methods for further details. b Average lifetimes obtained 

by VEPALS as a function of depth.  c and d are the positron lifetime components 1 (τ1) 

and the corresponding relative intensities (I1), respectively, as a function of depth. e 

and f are the positron lifetime components 2 (τ2) and the corresponding relative 

intensities (I2), respectively, as a function of depth. To serve as reference, DBVEPAS 

and VEPALS characterization of the as-grown and as-implanted films without being 

subjected to voltage actuation have been also included in panel in dashed lines. The 

lines connecting data points are guides to the eye.    

Conclusions  

Magneto-ionic targets consisting of 50 nm thick Co3O4 films with a 

highly nanostructured and defective preexisting microstructure were 

prepared by reactive sputtering. Specifically, mixed vacancy clusters 

below 10 vacancies are the majority defect type and decrease with 

depth in size from clusters of 10 down to 4 vacancies approximately. 

The as-grown films were then uniformly implanted with 5 keV He ions. 
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Due to the stochastic nature of ion implantation32, the implantation 

results in a Gaussian-like depth profile with the maximum collisional 

damage located at a depth of around 18 nm, reaching half of this value 

at a depth of roughly 35 nm, thus leaving the bottom 15 nm of the 

Co3O4 film much less affected than the top counterpart. Here, by the 

interplay between the preexisting microstructure of the magneto-ionic 

target and a single implantation process, the magneto-ionic response, 

in terms of rate and amount of generated magnetization, of the target 

at short-, mid-, and long-term voltage actuation is controlled by varying 

the collisional damage along depth through ion fluence. In fact, the 

defect depth distribution is crucial to determine the time evolution of 

the magneto-ionic response since the oxygen ions of the magneto-

ionic target become gradually available for diffusion with depth. In 

general, considering the as-grown film as reference, a mild collisional 

damage, characterized by a maximum displacement per atom (dpa) of 

around 0.01 (achieved upon implanting to 1014 ion/cm2), tends to result 

in slightly larger vacancy clusters along the top 35 nm, whereas an 

intermediate collisional damage with a maximum dpa of roughly 0,1 

(achieved upon implanting 1015 ion/cm2) leads to smaller vacancy 

clusters, thus promoting and hindering ion motion at an early stage of 

voltage actuation, respectively. Conversely, the density of mixed 

vacancy clusters increases upon implantation across the bottom 15 nm, 

leading to a larger number of sites prone to diffuse which become 

enabled at long-term voltage actuation. This results in an enhanced 
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generated magnetization. The former hinders ion motion to the 

pronounced decrease in defect size, while the latter allows for ion 

intermixing with the Cu buffer layer due to the deeper penetration of 

He ions caused by the reduction in thickness of the Co3O4 film, thus 

hampering its role as working electrode. This proof-of-principle paves 

the way to further take advantage of ion implantation in terms of ion 

nature, energy, fluence, target temperature and multiple implantations 

for magneto-ionics. 

Methods 

Sample preparation: growth of the magneto-ionic targets & ion 

implantation  

50 nm thick Co3O4 films were grown by reactive sputtering on B-doped, 

highly conducting [100]-oriented Si wafers (0.5 mm thick), previously 

coated with 20 nm of Ti and 60 nm of Cu. Depositions were carried 

always out while partly masking the Cu layer to serve afterwards as 

working electrode. The Co3O4 films were grown at room temperature in 

an AJA International ATC 2400 sputtering system with a base pressure 

around 5×10-8 Torr.  High purity O2 and Ar gases were used. The target 

to substrate distance was around 11 cm and the deposition rate of 

about 3 Å/s. Co3O4 was grown using O2 and Ar flows of 1,7 and 17 sccm, 

respectively, at a total pressure of 3×10-3 Torr, resulting in an O/Ar flow 

ratio of 9,1 %/90,9%.   
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Then, the as-grown films were uniformly implanted at room 

temperature with 5 keV He ions at different fluences using a Helium-S 

system from Spin-Ion Technologies. The implantations were performed 

with an ion incidence angle of 7° with respect to the direction 

perpendicular to the sample surface to avoid ion channeling. The ion 

energy of 5 keV was adjusted to have the maximum collisional damage 

located at the first half of the Co3O4 film (specifically, at a depth around 

18 nm), avoiding a pronounced atomic intermixing at the Co3O4/Cu 

interface which could be detrimental to the conductivity of the Cu buffer 

layer and, thus, harmful to its role as bottom electrode. Fluences of 1014 

and 1015 ion/cm2 were used to achieve dissimilar degrees of collisional 

damage, which expressed as displacement per atom (dpa) was 10-2 and 

10-1, respectively. Collisional damage profiles were simulated using the 

TRIM (TRansport of Ions in Matter) program, which is part of the SRIM 

(Stopping Range of Ions in Matter) package53.  

Magnetoelectric characterization 

Magnetoelectric measurements were carried out by performing 

vibrating sample magnetometry while gating the films at room 

temperature using a homemade electrolytic cell filled with anhydrous 

propylene carbonate with solvated Na+ and OH- ions (in a concentration 

range of 5–25 ppm with the aim to react with any traces of water) as 

liquid electrolyte16,24,55. A vibrating sample magnetometer from Micro 

Sense (LOT-Quantum Design) was used. Measurements of magnetic 
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moment vs. time under an external magnetic field of 1 T applied along 

the film plane (high enough to ensure that the generated magnetic 

moment remains saturated) were carried while applying -50 V between 

the Cu buffer layer, acting as working electrode, and a Pt wire, which 

acts as counter electrode, using an external Agilent B2902A power 

supply16,24,55. The sign of voltage was such that positive charges 

accumulate at the counter electrode when negative voltage is applied. 

After 30 min, the voltage was switched off and two consecutive 

hysteresis loops (i.e., magnetic moment vs. applied magnetic field) were 

measured using a maximum applied magnetic field of 2 T. The loops 

were taken while sweeping the magnetic field from 2 T to -2 T and then, 

from -2 T back to 2 T. The magnetic moment is normalized to the initial 

volume of the Co3O4 given by multiplying the area exposed to the 

electrolyte and the film thickness. In all hysteresis loops, the signal at 

applied magnetic fields far above saturation fields is subtracted to 

remove linear contributions.  

Structural and compositional measurements 

High resolution transmission electron microscopy (HRTEM), 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. Cross 

sectional lamellae were prepared by focused ion beam.     



 

113 
 

Defect characterization by Doppler broadening variable energy 

positron annihilation spectroscopy (DBVEPAS) & variable energy 

positron annihilation lifetime spectroscopy (VEPALS) 

DBVEPAS measurements were conducted at the apparatus for in-situ 

defect analysis AIDA57 of the slow positron beamline SPONSOR58. 

Positrons are accelerated and monoenergetically implanted into 

samples in the range between EP = 0.05−35 keV, allowing for depth 

profiling. A mean positron implantation depth (given in nm) can be 

approximated using a simple material density ρ dependent formula as 

Depth (nm) =
36

𝜌(
g

cm3). 𝐸P(keV)1,62
 57. This approximation does not account 

for positron diffusion and gives the best estimation for materials with 

large defect concentration, which show short positron diffusion lengths. 

When implanted into a solid, positrons lose their kinetic energy due to 

thermalization and, after short diffusion, annihilate in delocalized lattice 

sites or localize in vacancy-like defects and interfaces emitting usually 

two anti-collinear 511 keV gamma photons upon meeting electrons. 

Since, at the annihilation site, thermalized positrons have very small 

momentum compared to electrons, a broadening of the 511 keV line is 

observed mostly due to the momentum of electrons, which is measured 

with high-purity Ge detectors (with an energy resolution of 1,09 ± 0,01 

keV at 511 keV). This broadening can be divided in three regions: a 

fraction which embraces the middle part of the annihilation line 

(510,07−511,93 keV) and two outer fractions (508,21−508,91 keV and 
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513,09−513,79 keV), which define the so-called S and W parameters, 

respectively. The S parameter is the fraction of positrons annihilating 

with low momentum valence electrons and represents vacancy type 

defects and their concentration. The W parameter accounts for the 

overlap of the positron wavefunctions with high momentum core 

electrons. Plotting S as a function of positron implantation energy, S(EP), 

provides depth dependent information, whereas S-W plots are used to 

examine atomic surrounding of the defect site and its size, which 

determines the type59. Positrons implanted into solids may form a 

hydrogen-like bound state with an electron, giving rise to the so-called 

positronium46,60,61. Positronium is formed on external or internal 

surfaces of solids by a thermalized positron picking an electron on the 

surface and escaping from solid into a pore or free space62. Depending 

on the orientation of electron and positron spin in the bound state, 

positronium decays in two photons (para-positronium, which is a singlet 

state) or three photons (ortho- positronium, triplet state). In solids, the 

three-photon decay of ortho-positronium is suppressed due to pick-off 

annihilation (two photon decay) with an electron with opposite spin 

from the environment63,64. Hence, the ratio of the "32" is sensitive to 

the chemical environment of the positronium atom. 

VEPALS measurements were conducted at the Mono-energetic 

Positron Source (MePS) beamline at Helmholtz-Zentrum Dresden – 

Rossendorf (Germany)43 using a digital lifetime CrBr3 scintillator 

detector, 51 mm in diameter (≈ 2 inch) and 25.4 mm in length (1 inch), 
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coupled to a Hamamatsu R13089-100 photomultiplier with a µ-metal 

shield and housed inside a solid Au casing with a homemade software 

employing a ADQ14DC-2X digitizer from SPDevices with a 14 bit vertical 

resolution and a 2GS/s (gigasamples per second) horizontal resolution44 

and with a time resolution function down to about 0.240 ns. The 

resolution function required for spectrum analysis uses two Gaussian 

functions with different intensities depending on the positron 

implantation energy, EP, and appropriate relative shifts. All spectra 

contained at least 1×107 counts. A typical lifetime spectrum N(t) is 

described by N(t)=(1/i)Ii exp(-t/i), where i and Ii are the positron 

lifetime and intensity of the i-th component, respectively (Ii=1). All the 

spectra were deconvoluted using the non-linearly least-squared based 

package PALSfit fitting software45 into 3 discrete lifetime components, 

which directly evidence delocalized annihilation (i.e., bulk annihilation) 

and localized annihilation at 2 different defect types (or sizes: τ1 and τ2). 

The corresponding relative intensities reflect to a large extend the 

concentration of each defect type (size) if the size of compared defects 

is in the similar range. In general, positron lifetime is directly 

proportional to defects size, i.e., the larger is the open volume, the lower 

is the probability and longer it takes for positrons to be annihilated with 

electrons41,42. The positron lifetime and its intensity has been probed in 

function of positron implantation energy EP or, in other words, 

implantation depth (thickness). The average positron lifetime τAverage is 
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defined as τAverage = τiIi and it has a high sensitivity to the defect size 

(type). 

Ab initio calculations of positron lifetimes  

Ab initio calculations of positron lifetimes for different possible defect 

configurations were performed employing the so-called atomic 

superposition technique ATSUP47. The electron-positron correlations 

were treated according to Boroński-Nieminen48 and the gradient-

correction scheme with α = 0.2249.   
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Supplementary Information  

 

Fig. S1 Ab initio calculation of the positron lifetime τ as a function of vacancy cluster 

(assumed spherical) size in Co3O4 depending on the nature of the first removed atom. 

Co3O4 has a spinel crystal structure, in which 2 types of Co atoms (i.e., Co2+ and Co3+) 

can be distinguished due to the different atomic surrounding. Conversely, the 

environment is always the same for O. 

 

 

Fig. S2 TRIM (TRansport of Ions in Matter) simulation of the depth-resolved collisional 

damage, given in number of target displacements per impinging ion and crossed 

distance, of 5 keV He ions colliding with Co3O4.  

  



 

126 
 

 

Fig. S3 Magnetization vs. applied magnetic field, M (Happlied), measurements of an as-

grown Co3O4 film by vibrating sample magnetometry along the plane of the film.  

 

 

Fig. S4 Evolution of coercivity (HC) and squareness (MR/MS) as a function of ion fluence. 

Both HC and MR/MS values are extracted from the ascending branch of the 2nd 

consecutive hysteresis loop measured upon switching the voltage off. In this way, a 

stable magnetic state magnetization is ensured since magnetization depletion is 

virtually vanished. Note that hysteresis loops are recorded from positive to negative 

applied magnetic fields (descending branch) and then, from negative to positive 

values (ascending branch).  
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4. General Discussion  
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This thesis provides important improvements for magneto-ionic 

systems relying on oxygen motion in Co-oxide films. Voltage-induced 

oxygen migration were boosted using three different approaches, 

solving different challenges one by one, as shown in table 1. 

Table 1 Challenges and respective solutions for each identified limitation in magneto–

ionics of Co3O4 system 

 Challenge Solution How? Chapters 

1 
Low magneto-

-ionic rate 

Increase electric 

field inside the 

film 

Decreasing 

Co-oxide film 

thickness 

3.1 

2 Too large VG 
Increase EDL 

strength 

Adding salts 

to PC 
3.2 

3 

Small 

generated 

magnetization 

Engineer depth-

resolved defect 

density 

Ion 

Irradiation 
3.3 

By thickness reduction from >200 nm to 5 nm, sub-second ON-OFF 

transition rates were achieved in electrolyte-gated paramagnetic 

cobalt oxide films. Our magneto-ionic system displayed interesting 

features such as operational dynamic range that may be useful for 

the creation of artificial neural networks whose magnetic 
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properties would be controlled by applied voltage (i.e., magneto-

ionic synapses).  

To further enhance the EDL strength, we focused our attention to 

the composition of the PC electrolyte. In other words, we put the 

focus to the electrolyte composition instead of actuating on the 

metal oxide thin film or the working conditions, which are the 

typical approaches followed in the literature. Inspired by energy 

storage devices, such as battery electrolytes, we demonstrated that 

the ionic strength of the electrolyte plays an important role in 

magneto-ionics. To this end, different inorganic salts were added 

to PC, namely potassium iodide (KI), potassium chloride (KCl) and 

calcium tetrafluoroborate (Ca(BF4)2) at concentrations below their 

corresponding solubility limits.  

Finally, since magneto-ionics is a diffusion-controlled mechanism 

of ions. We exploited the potential of light ion implantation of He+ 

to engineer depth-resolved defect density we obtained novel 

results controlling the oxygen mobility though the Co-oxide 

thickness.  

In the following, aspects not covered in chapter 3 are discussed here. 

Ideally, the solutions implemented in each work should be combined 

altogether to achieve a synergistic effect. However, each 

challenge/solution was applied one by one to investigate its impact on 
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the magneto-ionic response and to find out optimum experimental 

conditions (i.e., thickness of the Co-oxide layer, salt type and 

concentration, best ion irradiation conditions). The three independently 

optimized solutions could be merged in a final study.  

Although in the first paper largest saturation magnetisation and faster 

magneto-ionic response were observed in the 5 nm-thick Co-oxide 

films, slightly thicker counterparts were investigated in the second 

study. There were two main reasons for this selection: (i) the two studies 

were carried out in parallel, and it was not yet clear at the beginning of 

the second study which thickness worked best, (ii) both 5 nm- and 15 

nm-thick Co-oxide films had the same phase (i.e. mainly CoO). In the 

third study related to defect engineering, Co3O4 films of 50 nm were 

selected to facilitate the characterization of the defects generated 

through light ion implantation by DBVEPAS and VEPALS. Note that the 

simulated collisional damage predicts that the central region of the 50 

nm-thick films is affected, while the bottom and upper parts become 

less damaged (recall the Gaussian profile). This was done in purpose to 

avoid having an effect at the interface between the Co-oxide film and 

the Cu seed-layer. The irradiation of 5 nm-thick films would for sure be 

possible using lower energies which, in principle, would render highly 

homogeneous damage across the film thickness. However, the Co-

oxide / Cu interface would as well become heavily affected (e.g., 

through an intermixing of phases). To avoid this issue, multiple ion 

irradiation steps (instead of a single irradiation experiment) could be 
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performed to have better control on the collisional damage and, hence, 

on the density and nature of the defects generated. In any case, any of 

the aforementioned possibilities (irradiation of thinner films and/or the 

application of multiple irradiation schemes) should be investigated in 

detail to clarify whether they bring or not a benefit to the magneto-

ionic response of the Co-oxide films. 

AIMD simulations were consistent with the magneto-ionic response of 

the Co-oxide films assayed in PC supplemented with different salts. The 

results suggested the formation of a more effective EDL when KI instead 

of KCl was dissolved in PC. Although the AIMD simulations were carried 

out under open circuit conditions (i.e., the Co-oxide film was not 

externally biased), the application of an electric field would enhance the 

EDL strength, since a larger amount K+ ions would be attracted towards 

the Co-oxide/electrolyte interface and, simultaneously, I- ions would be 

repelled more efficiently. The addition of salts clearly improved the 

magneto-ionic rate but the cyclability could not be extended beyond a 

few cycles. Chemical reactions between the material and iodide ions 

were thought to compromise the cyclability of the system. Indeed, signs 

of delamination were noticed upon cycling. To overcome this issue, 

different inorganic salts not involving halogen elements, which are 

highly electronegative, could be tested. On the other hand, an issue 

which remained unexplored within this Thesis is the characterization of 

the reactions taking place at the counter electrode, since bubbling was 

observed in some cases (e.g., when Ca(BF4)2 dissolved in PC was used 
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as electrolyte). The electrode set-up configuration also deserves further 

consideration. If one wishes to determine the exact voltage at the Co-

oxide film, a three-electrode configuration (working electrode –the Co-

oxide film–, pseudo-reference electrode, and counter electrode) should 

be used. However, we anticipate that the voltage difference for two and 

three electrodes is not that large under our experimental conditions 

(highly resistive electrolyte). In any case, electrolyte engineering in 

magneto-ionic systems is definitely a novel approach to enhance the 

energy efficiency in voltage actuation, since much lower voltages are 

required to switch the magnetization of Co-oxide, thus decreasing Joule 

heating dissipation.  

Remarkably, we demonstrated that the amount of generated 

magnetization in 50 nm thick Co3O4 films can be controlled by 

modifying the ion fluence-generated collisional damage. An 

intermediate collisional damage with a maximum displacement per 

atom (dpa) of 0.1 were achieved upon implantation of 1015 ion/cm2, 

which generated small vacancy clusters, which in turn promoted or 

inhibited ion mobility early in the voltage actuation process. Finally, it is 

worth mentioning that the magneto-ionic rate and the saturation 

magnetization achieved upon application of -50 V in the irradiated 50 

nm-thick Co3O4 films were similar to those measured for non-irradiated 

(i.e., as-grown) 20 – 30 nm thick films. We hypothesize that the 

irradiation of the latter would enhance their magneto-ionic 
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performance. However, issues related to the damage induced at the Co-

oxide / Cu interface should be considered.  

Finally, although 5 nm-thick CoO films were demonstrated to yield 

faster magneto-ionic response under electrolyte-gating, the stability in 

air of such films (specially when partially reduced to form CoOx + Co) is 

worse than for thicker films. Since these layers are not protected, 

passivation would be particularly an issue for ultra-thin films (or small 

metallic Co clusters which could be easily become re-oxidized). So, the 

interplay between the various factors may render intermediate 

thicknesses as the most suitable ones.  
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5. Conclusiones  
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The following list of bullet points provides a summary of the main 

conclusions drawn from this Thesis:  

• Our results demonstrate a strong film-thickness dependence of 

the strength of the magneto-ionic effect in electrolyte-gated 

paramagnetic cobalt oxide films. Thinner films achieve dramatically 

higher magneto-ionic rates than thicker ones, by a factor of 134 

larger in 5 nm than for 230 nm films. Higher MS was achieved for the 

thinner samples of 5 nm by a factor of 18 larger than for 230 nm. 

Remarkably, pulsed voltages can be used to generate meaningful 

cumulative magneto-ionic effects that emulate potentiation and 

plasticity of biological synapses. According to cumulative magneto-

ionic effects at 100 Hz, activation times in the 5 nm-thick films are 

on the order of 10–2 s, making these magneto-ionic systems based 

on oxygen ion migration the fastest reported to date. Our results 

provide a significant contribution to the usability of magneto-ionics 

in practical applications like neuromorphic computing, which 

operates at rates comparable to those attained in this work. 

• By exploiting the electrolyte engineering approach, we 

demonstrate a remarkable improvement of the magneto-ionic 

motion in 15 nm-thick Co oxide films. Inorganic salts were added to 

PC to produce faster magneto-ionic rates and a higher generation 

of magnetization. By doing this, the medium's ionic strength is 

raised, which results in a stronger electric field upon biasing at the 
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Co oxide/electrolyte interface. As a result, oxygen mobility within the 

material is promoted, allowing for faster and more abundant 

formation of metallic cobalt. 

• We have exploited the potential of ion implantation to engineer 

depth-resolved defect density and type with the aim to control the 

magneto-ionic behavior of Co3O4 thin films. We demonstrate that, 

by the interplay between the highly nanostructured nature of the 

magneto-ionic target (i.e., 50 nm thick Co3O4 film) and a single 

implantation process of light ions (He+) at 5 keV, the magneto-ionic 

response, in terms of rate and amount of generated magnetization, 

of the Co3O4 film at short-, mid-, and long-term voltage actuation 

can be controlled by varying the generated collisional damage 

through ion fluence. This proof-of-principle paves the way to further 

exploit ion implantation in relation to ion nature, energy, fluence, 

target temperature and multiple implantations for magneto-ionics.      
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6. Future Perspectives  
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Based on the novelty and significance of this Thesis, several possibilities 

arise to further boost the studied magneto-ionic system: 

• To combine the improvements achieved in this Thesis in the same 

experiment: 5 nm-thick Co-oxide film irradiated with a single 

implantation process of He+ at 5 keV for a fluence of 1015 ions/cm2 

electrolyte-gated in KI-containing PC at –1.5 V vs. pseudo-reference 

Pt electrode. 

• To test counter-electrode geometries with larger areas (e.g., mesh-

like electrode) to increase and homogenize the electric field strength 

at the target material (i.e., Co-oxide) surface.  

• To study the magneto-ionic behavior of Co-oxide films in the 

presence of ionic liquids (e.g., 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, EMI-TFSI).  

• To replace the liquid electrolyte by a solid-state electrolyte such as 

HfOx or GdOx to move towards device applicability. 

• To produce arrays of magneto-ionic dots by lithography to be 

individually actuated with different voltage protocols. 

• To use other ions for implantation in Co-oxide, considering different 

doses and fluences, for further tuning of the collisional damage.  
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