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Resumen

Esta tesis abarca el estudio de propiedades magnetoeléctricas en aleaciones magnéticas y

metalicas nanoporosas, y en capas densas de 6xidos de metales de transicién.

La naturaleza interfacial de los procesos magnetoeléctricos ha hecho que histéricamente
el estudio de estos fendmenos se abordara en sistemas de elevada relacidon
superficie/volumen, limitAndose muchas veces a capas ultradelgadas (1-2 nm). En esta
tesis, se postula una nueva forma de afrontar el estudio de estos procesos, basada en el uso
de materiales nanoporosos los cuales se caracterizan por tener una relacién
superficie/volumen muy elevada y una pared de poro o ligamento de pocos nandmetros.
De esta forma, se han obtenido efectos magnetoeléctricos en materiales cuyo grosor global

supera el centenar de nanometros.

La sintesis de los materiales de interés se ha llevado a cabo por métodos de deposicién
electroquimica. Especificamente, se ha sacado partido de la formaciéon de micelas al
disolver copolimeros bloque en soluciones acuosas por encima de la concentracion
micelar critica. Estas micelas quedan atrapadas durante el proceso de electrodeposicion,
actuando como agente moldeador. Usando este enfoque, se han podido sintetizar

diferentes muestras de distintas morfologias y composiciones de la aleacion cobre-niquel.

La aplicacién de voltaje se ha realizado haciendo uso de electrolitos, aprovechando la
formacion de una doble capa eléctrica. Con la intencion de obtener efectos
magnetoeléctricos puros (acumulacién de carga) y evitar procesos oxidativos simultaneos,
se ha utilizado un electrolito organico aprético. Con este método, se pueden obtener
campos eléctricos del orden de centenares de MV/cm. Gracias a este elevado campo
eléctrico, junto con la enrome relaciéon superficie/volumen de los materiales nanoporosos,
se ha obtenido una disminuciéon de la coercitividad de una muestra nanoporosa de
CuzsNi7s en un 32 %. Simulaciones ab-initio atribuyen estos cambios a modificaciones en la
energia de anisotropia magnética adscritos a la acumulacién de cargas electrostaticas en la

aleacion.

En una segunda aproximacién, se han realizado estudios de procesos de oxidacion-
reduccion en medios acuosos (1M NaOH) controlados por voltaje, en este tipo de
aleaciones. Después de aplicar potenciales positivos, se ha visto una modificacion de un 33

% en la magnetizacién, debido a la oxidacion selectiva del cobre en una muestra
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nanoporosa de CuzoNiso. La oxidacién resulta en una aleacion enriquecida en niquel y, por

ende, en una aleacién con mayor momento magnético.

En esta tesis, también se ha demostrado la idoneidad de la técnica de deposicion por capas
atdmicas para producir recubrimientos conformales en materiales nanoporosos. Se ha
visto que esta técnica permite preservar la integridad morfoldgica y estructural de la capa

activa,asentando asf las bases para aplicaciones en estado sélido.

En la ultima parte de esta tesis, se ha demostrado la posibilidad de inducir
ferromagnetismo mediante la aplicacion de voltaje eléctrico en capas densas de C0304. El
campo eléctrico aplicado da lugar a una migracién idnica controlada, resultando en
regiones ricas en oxigeno y otras en cobalto, estas ultimas originando el ferromagnetismo.
Este experimento es una de las primeras evidencias de movimiento i6nico inducido por
voltaje a temperatura ambiente y sin la necesidad de utilizar capas donadoras/aceptores

de oxigeno (en otras palabras, sin fuentes o sumideros de oxigeno).



Abstract

This Thesis covers the study of the magnetoelectric response in nanoporous metallic alloy

and transition metal oxide dense films.

The interfacial nature of magnetoelectric processes, independently of its origin, has
limited its study to ultrathin film configurations (usually 1-2 nm). Here we propose a novel
approach to overcome this thickness limitation, thus achieving magnetoelectric response
in materials whose overall thickness is larger than 100 nm. To accomplish this, we have
employed nanoporous materials, with pore walls and ligands of very few nanometers,

which are characterized by a large surface to volume ratio.

These materials have been synthesized by micelle assisted electrodeposition. Micelles get
trapped during the electrodeposition process thus acting as a soft templating agent,
allowing us to synthesize nanoporous copper-nickel alloy films with tunable composition

and morphology.

Voltage application has been performed through electrolyte-gating, taking advantage of
the generation of an electrical double layer in aprotic organic electrolytes which helps to
avoid spurious oxidation processes. This method allows for the application of electric
fields as high as hundreds of MV/cm. Thanks to the high electric field achieved, together
with the ultrahigh surface area of nanoporous materials, a 32 % reduction in the coercivity
of a CuzsNizs nanoporous film has been achieved. Ab-initio simulations attribute this large
effect to changes in the magnetic anisotropy energy due to charge accumulation in the

sample|electrolyte interface.

In a second approach, the voltage control of redox processes has been studied in aqueous
electrolytes (1M NaOH). After positive bias application up to a 33 % reduction in the
magnetization has been achieved in a Cuz0Niso nanoporous sample thanks to the selective
Cu oxidation. The controlled oxidation process resulted in an enriched Ni alloy which

possesses a larger magnetic moment.

Moreover, we have demonstrated the suitability of atomic layer deposition to conformally
coat the nanoporous alloys, preserving the morphology and structure, thus setting the

basis for future solid state applications.

In the last part of this Thesis, it has been demonstrated that, upon electric field application,

a ferromagnetic response arises in a paramagnetic single CosO. layer, at room
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temperature. The applied voltage promotes the ionic diffusion, resulting in oxygen rich
and cobalt rich regions, being the latter the responsible of the induced magnetic signal.
This experiment is one of the first evidences of ionic motion at room temperature without

the assistance of oxygen buffer layers such as Gdz03 or HfO..
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Preface

The contents of this Thesis have been organized in different chapters as follows:

e Chapter 1: The introduction presents the theoretical basis of the main concepts on
magnetism and magnetic materials, paying attention to recording media and
spintronics fields. The state-of-the-art of the different approaches to control
magnetism by means of electric field is shown. A brief section on the
electrodeposition of porous materials is included. Finally, the main goals and a

schedule of the whole Thesis work are presented.

e Chapter 2 presents the obtained results on this Thesis as a compilation of articles.

A brief summary of the workis included prior to each article.

e Chapter 3 describes the magneto-ionic driven ON-OFF ferromagnetism in a dense
Co304 film. Despite not being formally included in the compilation of articles, the
work presented herein complements the results obtained in chapter 2 and thus, it

is equally relevant.

e Chapter 4 includes an overall discussion of the results obtained throughout this

Thesis.

e Chapter 5 points out the main conclusions of the Thesis.

e Chapter 6 briefly outlines some future perspectives.

e Chapter 7: the Curriculum Vitaeis enclosed at the end of this dissertation.

Please note that a specific chapter devoted to an "Experimental Section" is not listed in the
UAB Guidelines for the presentation of a PhD dissertation as a compilation of peer-reviewed
articles. Nonetheless, | would like to point out that the experimental details for each work
are given in the corresponding papers (see Chapters 2 and 3). Although the fundamentals of
each technique are not described in the Thesis, we consider that they can be found in
advanced textbooks.
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Chapter 1: Introduction

1.1 Magnetic materials

All materials, in the presence of an applied magnetic field (Happiiea), respond to it in one
way or another, with more or less intensity. The magnetic moment, m, of an isolated atom
originates from the intrinsic spin of the electrons and the orbital movement of the

electrons around the nucleus. For an individual electron, its magnetic moment is:
m = —”73(1 +2s) (eq. 1)

Where s is the intrinsic spin, 1 the orbital angular momentum, ps the Bohr magneton (us =
9.27 x 1024 JT-1) and h is the reduced Plank constant (h = 1.055 x 10-34 Js). In an atom
within a solid, the net magnetic moment depends on the configuration of and the
interaction between the electrons. The net magnetic moment per unit of volume is the so-
called magnetization (M). Specifically, in the presence of an external field Happiied,
materials can suffer from a reorganization/reorientation of spins, generating an induced
magnetic field termed “magnetic induction” (B). In free space, both fields are related

each other as follows:
B = |J~0Happ1ied (eq.2)

where o is the free space permeability (o = 41 x 107 N-A-2 in units of the international
system (IS) or po = 1 in the Centimeter-Gram-Second (CGS) system). The permeability ()
can be understood as the ability a material has to arrange its spins in the presence of an

Happliea- Thus, eq. 2 slightly changes when dealing with materials!:
B =o(H+M) (eq.3)

Note that now B is a function of H (not of Happiiea), which is often called internal magnetic

field, and M. Moreover, Eq. 3 turns to be:
B = py(H + 41M) (eq. 4)
in the CGS system of units. Applying the relationship2:
M = xH (eq.5)
Eq. 4, results in:

B =po(H+M) = poH + poxH = po(1 + Y)H = popH = pH (eq. 6)
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Where ., is the relative permeability, p is the material permeability and x is the magnetic

susceptibility.

[t is important to highlight that when dealing with materials, H is no longer equal to

Happlied- Namely:
H= Happlied + Hd (eq- 7)

Its origin resides in the magnetic redistribution in the material, generating an internal
magnetic field, which is strongly dependent on the sample shape, called demagnetizing

field (Hq).
Depending on the type of response, magnetic materials can be classified in (Figure 1):

¢ Diamagnetic (x<0 and xd!)

o Paramagnetic (x>0 and yl!)

o Ferromagnetic (x>0, xT1T and x(H), u(H))
e Ferrimagnetic (x>0, xTT and x(H), u(H))
¢ Antiferromagnetic (x>0 and xl!)

Diamagnetism arises from the bounded electrons in an atom, which under an external
magnetic field undergo Larmor precession, and as a result, a small negative magnetic
moment is generated. This induced magnetic field tends to oppose to the external
magnetic field (x < 0). As diamagnetism arises from bounded electrons, all materials
present a diamagnetic response to an external magnetic field. However, in some cases,
other contributions can overcome the weak diamagnetic signal. Hence, diamagnetic
substances are usually composed of elements with orbital shells completed with no
unpaired electrons. As it depends on the external magnetic field, diamagnetism vanishes
after Happliea iS removed. Contrarily, the magnetic moments in paramagnetic and
ferromagnetic (FM) materials align with Happiiea. In the latter case, the interaction
between spins (exchange interaction) is very strong and positive and thus, in the absence
of these fields, ferromagnetic materials retain the alignment (exhibit spontaneous

magnetization). The exchange energy is defined as follows:
Eexchange = _ZIHZCOSG (eq. 8)

Where | is the exchange constant (] > 0 in ferromagnetic materials)3. Note that if ] > 0, the

exchange energy minimizes for parallel configurations (0 = 0 degrees).
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a)

Ferromagnetic Paramagnetic

c) d)

Antiferromagnetic Ferrimagnetic

Figure 1: (a-d) Schematic illustration of the spin arrangement in different magnetic materials.

In the case of paramagnetic materials, spins tend to align with the external magnetic field
generating a small attractive response but, contrary to ferromagnetic materials, the
exchange interactions are overcome by thermal fluctuations, so that spins become
misaligned in the absence of Happiiea. Thus, no retention of net magnetic moment is found
after removal of the applied magnetic field in paramagnetic materials. Ferrimagnetic
(FiM) materials (compounds) behave like ferromagnets with the difference that they are
made of two spin sublattices with antiparallel alignment (negative exchange interactions
(J < 0)) but of dissimilar strength. Upon application of a magnetic field, even if some spins
tend to oppose Happiied, the overall response is not vanished and, therefore, ferrimagnets
have a positive net magnetic moment. Finally, like ferrimagnets, antiferromagnetic
(AFM) materials have oppositely aligned spin sublattices (J < 0) but in this case providing
a total zero macroscopic magnetic moment. The dependence of the magnetization on the

applied field is linear, as for paramagnetic materials.

1.1.1 Characterizing magnetic materials: M vs Happiiea curves or

hysteresis loops

By plotting the dependence of the magnetization (M) with respect to the external applied
magnetic field (Happiiea), Some characteristic fingerprints of the magnetic materials arise,

determining their potential applications.
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A simplified picture to understand the dependence is the one that describes a magnetic
material as a collection of small regions called magnetic domains. These domains are
strongly dependent on several parameters such as the exchange energy,
magnetocrystalline anisotropy (Emc), magnetostatic energy (Ewms) and, also, an energy term
which depends on the external applied field (Euappliea Or Zeeman energy).
Magnetocrystalline anisotropy arises from the spin-orbit and electrostatic crystal field. In
systems with uniaxial symmetry, magnetocrystalline energy can be expressed as a series

expansions3:
Emc = K; sin?0 + K, sin* @ + -+ (eq.9)

where Kj, Kz... are the anisotropy constants and 0 is the angle between the magnetization
and the crystal axis. The magnetostatic energy stands for the self-induced energy, which is

expressed as follows:
EMS = fV M- Hd dv (eq 10)

This term is the responsible of the shape anisotropy, since the demagnetizing field is
strongly dependent on sample’s shape. Finally, the external magnetic field provides an

energy to the system? described by eq. 11:

EHappiiea = —HMo Jy M- Happiiea dV (eq. 11)

Sweeping the external magnetic field from one value to another will make the energy
balance among all these contributions to be different, giving rise to the hysteretic
character of ferromagnetic and ferrimagnetic materials (Figure 2a). In the case of
diamagnetic, antiferromagnetic and paramagnetic materials, they all present a linear M vs.
Happiiea behavior with different slopes. Some important parameters that can be extracted
from a hysteresis loop are: saturation magnetization (Ms), remnant magnetization or
remanence (Mg), the so-called squareness ratio (Mgr/Ms) and coercivity (Hc). The first term
accounts for the magnetization achieved by a material when all the moments are aligned
with the direction of the applied field. Remnant magnetization is the magnetization that is
kept after saturation when Happiiea is brought back to zero. H¢ accounts for the magnetic
field necessary to suppress the net remaining magnetization in the material (Figure 2b).
Another important parameter parameter is the Curie temperature (Tc) that is the
temperature at which a ferromagnetic or ferrimagnetic material becomes paramagnetic,
or the Néel temperature (Ty) which is the same concept for the case of antiferromagnetic

materials.
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a) b)

AN M — | _—
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Figure 2: M vs Happlied dependence for different magnetic materials. Slopes in diamagnetic, antiferromagnetic
and paramagnetic materials have been magnified with the aim to exemplify their response, since
ferromagnetic magnetization is several orders of magnitude larger.

1.2 Applications: Magnetic recording and spintronics

Magnetic materials are essential in our daily life. They are broadly employed in a wide
range of devices and applications. In fact, one can get surprised from the extent of
processes and applications where they are used. Just summarizing, we can find them in
home devices (TV, phone, speakers, fridge, microwave...), in medicine treatments and
diagnosis (magnetic resonance imaging, drug delivery, hyperthermia...), in data storage
devices (computers) or in power generation plants, among others (Figure 3). In most
previous examples, the magnetic materials properties remain invariantly. In other words,
the magnetic properties of each magnetic element are not modified during the desired
application process. However, in magnetic storage data devices, magnetization direction
and sometimes other magnetic parameters such as coercivity (like in thermally-assisted

switching), have a dynamic function i.e change during its operation.

Traditionally, digital information has been stored in magnetic tapes. These tapes, which
have a 2D configuration are normally produced by embedding magnetic nanoparticles in a
polymeric matrix. Initially, the media is in a demagnetized state, i.e., all the magnetizations
of the individual magnetic domains are randomly distributed. As long as the demagnetized
tape passes through the proximity of a recording head, magnetic recording is achieved by
an external local magnetic field (Figure 4a). The written bits are stored in-plane, which
makes them strongly dependent on microstructure, grain size, dispersion and chemical
environment. As it is strongly important to minimize noise sources arising from, for

example, dipolar interactions between domains, the achieved density of information is
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limited. This configuration was widely employed in the field of Audio and Video recording

technology although the density of information achievable is not so high.

Figure 3: Examples of daily objects that contain and employ magnetic materials. Icons designed by Freepik

and Vectors Market on www.flaticon.com under 3.0 creative commons license.

Fortunately, with the span of new synthesis technologies, higher and higher densities have
been achieved and novel approaches have been implemented like the production of
perpendicular aligned bits. Conventional hard drive massive data storage devices are
currently composed of many magnetic single units where information is stored. These bits
are made of high magnetic anisotropy and high coercive field materials with the aim to
provide stability to the stored data. Each of these bits can have the dipole moment up or

down, generating the information bits (e.g., 1=Up or 0=Down) (Figure 4b).

However, information is not stored permanently, it is dynamically changed. In these
devices, magnetic switching is conventionally achieved by locally applying an external
magnetic field. With the span of new lithographic processes, denser and denser arrays of
bits have been obtained. However, if a bit is too small, it becomes more sensitive to
thermal fluctuations (= KgT), thus boosting the need for materials with higher and higher
magnetic anisotropy. At the same time, if the magnetic anisotropy is exceedingly high, the
local magnetic field needed to flip the bit is also increased significantly, thus making its
technological application difficult and energetically more costly. Instead of applying higher

external fields, magnetic switching is sometimes assisted by locally heating the magnetic
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bit with a laser, which drastically reduces the magnetic anisotropy energy and the
coercivity (thermally-assisted writing). Hence, in such a case, the properties of the
magnetic material are not invariant but purposely made to vary, in order to achieve an

optimized performance.

With the aim to improve magnetically-actuated devices’ performance, an intense research
on magnetic manipulation has been carried out during the last decades. In the late 80’s, it
was discovered that different resistances values were obtained by currents passing
through multilayers composed of alternating ferromagnetic and non-magnetic conductive
layers depending on their relative magnetic orientation (giant magnetoresistance (GMR))4.
With this discovery, spin was introduced as a new degree of freedom in the world of
electronics, opening a new field called spin electronics or spintronics. This discovery
boosted the performance of devices like hard drives and magnetic random-access

memories (MRAMs) introducing components like spin-valves.

The working principle of MRAMs is a bit more complex but with the improvement of
lithographic processes, they also have benefited from denser arrays of bits. MRAMs are
composed of tunneling junctions which at the same time are built of a free ferromagnetic
layer, a spacer layer (in this case an oxide, not a metal), a pinned ferromagnetic layer, a
pinning layer (antiferromagnetic) and sandwiched between the word lines (bottom) and
bit lines (above) which are used to provide the effective magnetic fields to tailor the
orientation of the free and pinned layers (Figure 4c). Its working principle is also based
on magnetoresistive effects: by analogy to GMR (as described above but for the case of
metallic spacers), there exists the tunneling magnetoresistance (TMR) when the spacer is
an insulating layer. The magnetoresistance effects arise from the spin nature of
magnetism. When the free layer and the pinned layer are both parallel, the electrons
crossing the tunneling junction encounter less resistance (0-bit) than when both layers are
antiparallel, which promotes a high resistance state (1-bit). The free layer can be flipped
externally by assistance of an external magnetic field. However, magnetic fields cannot be
applied in a simple manner to a single tunneling junction without affecting the
neighboring memory units. This represents a limiting factor of conventional magnetic
actuation procedures. Remarkably, in the 2000’s, scientists realized that when a spin-
polarized current pass through a thin ferromagnet whose magnetization presents some
tilt with respect to the spin direction of the electrons, a torque is transferred from the
current to the magnetization itself and thus, magnetization switching can be achieved

without the need of external magnetic fields (spin-torque effect). This phenomenon
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increased the selectivity in the bit's flip while reducing the overall electric power

consumption during the magnetization reversal processs®.

This helped to produce more efficient read-heads in data storage devices. However, both
writing and reading processes are again current-mediated and, thus, the dissipation of
energy in the form of heat (Joule heating effect) is still present, thus conditioning the

efficiency of devices.

a

Writting Head

Vi

Bit Line

Antiferromagnetic Layer
Pinned Layer

Source Line

Spacer

Figure 4: Scheme of a) magnetic tape, b) hard-disk memory and c) a tunneling junction of a MRAM.
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1.3 Electric-field control of magnetism

Even though device performance has improved over the years, electric currents are still
the main way to manipulate magnetic elements in memory devices, with the unavoidable

energy loses by heat dissipation (Joule Effect, eq. 12):
P = VI = RI? (eq.12)

In parallel to the development of current-based magnetic manipulation strategies,
alternative procedures have been envisaged to produce even more efficient devices. One
of these approaches is the electric-field (E-field) control of magnetism (i.e,
manipulation of magnetism using voltage). Recently, some works predicted a reduction in
the energy consumption by a factor 500 by replacing current-based by electric field
magnetic actuationé. For that, a tunable, strong and non-volatile magnetoelectric (ME)

coupling is required.

Under E-field application, some magnetic materials can suffer a modification of their
magnetic response. Generally speaking, it is possible to classify the ME phenomenology in:
strain-mediated, charge accumulation and redox processes. The origin of these phenomena

is complex and, usually, two or more effects may occur simultaneously?.

The most promising magnetic materials to be modified by means of E-fields are the so-
called multiferroics (MFs). Basically, there are two kinds of multiferroic materials: single-
phase or ‘intrinsic’ (s-MFs) and composite multiferroics (c-MFs). In general, s-MFs are
materials which possess two or more ferroic orders (i.e. (anti)ferromagnetic, ferroelectric
and/or ferroelastic) which are mutually and intrinsically coupled. This means that under
magnetic field application, a ferromagnetic + ferroelectric material (from now on, simply
multiferroic, even being a more general concept) will suffer an internal electric
polarization change (direct magnetoelectric effect) while, by application of an electric

field, its magnetic response will be altered (converse ME effect).
AP = aAH,ppiieq Or AE = agAH,pp1ieq (9. 13)
AHappliea = a—1AE (eq. 14)

Where P is the electrical polarization, E-field is the electric field, Happiiea is the applied
magnetic field, ag is the direct magnetoelectric coefficient and o is the converse

magnetoelectric coefficient.
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In spite of the pioneering studies about one century ago, it was not until the last years that
s-MFs materials have been deeply studied by scientists, prompted by the development of

novel syntheses and technologies8?®.

Although it could be thought that single phase multiferroics are the ideal candidates to be
implemented in voltage-controlled devices (due to its intrinsic ferroelectric and
ferromagnetic coupling??), s-MFs are scarcell, with weak magnetoelectric coupling, and

most of them present Curie temperatures far below room temperature.

In the case of composite multiferroics, none of the counterparts present an intrinsic
magnetoelectric coupling but each of them possesses one of the ferroic orders. Contrary to

s-MF19, the coupling is usually mediated by elastic interactions in most of the c-MF:

Magnetic Elastic (

Direct ME = eq. 15)

Elastic  Electric

Electric  Elastic

Converse ME = (eq. 16)

Elastic Magnetic

In other words, in c-MFs, when voltage is applied to the piezoelectric counterpart, it
subsequently deforms and such induced strain is transmitted to the ferromagnetic
counterpart in which magnetic changes can occur due to the inverse magnetostriction
effect. In this case, although the coupling is achieved extrinsically via strain, strong ME
couplings at room temperature can be readily achieved. However, the obtained magnetic

changes are volatile since they disappear upon strain removal.

1.3.1 Strain-mediated magnetoelectric coupling

Strain-mediated composite multiferroics opened the door for successful voltage control of
magnetic parameters, such as magnetic anisotropy, coercivity or even phase transitions!2.
Pioneering studies stating magnetoelectric coupling between BaTiO3; and CoFe;04 were
reported back in the seventies!3. Since then, huge efforts have been made in the study of
magnetoelectric effects in bulk compositesi4. It was with the development of new
synthesis methods that much control has achieved. Note that the coupling is strongly
dependent on the amount of structural defects, residual strain, and clamping effects. More
recently, Sahoo and co-workers!s demonstrated the intrinsic dependence of the magnetic
properties of a 10 nm thick BCC Fe film grown on a (100) BaTiO3 (BTO) substrate on the

strain transferred from the substrate to the thin film under thermal phase transitions. BTO
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is a ferroelectric material which presents several structural transitions: from cubic to
tetragonal at 393 K, tetragonal to orthorhombic at 278 K and an orthorhombic to
rhombohedral structural transition at 190 K. Due to these crystallographic changes in the
substrate, it is easy to understand that under cooling/heating, different strain
configurations can be transferred to the BCC Fe layer. As demonstrated in the work,
changes up to 120 % in the in-plane coercive field and 33 % in the AM,./Mg were obtained
during the orthorhombic to rhombohedral transition. The authors also demonstrated that,
thanks to the piezoelectric properties of the BTO, it was possible to tune coercivity up to
20 % for electric field above the ferroelectric coercive field [max applied E-Field of £10
kV/cm] in the tetragonal phase. Another example of strain-mediated voltage control of
magnetism is that presented in reference 16 which involves the metallic equiatomic FeRh
alloy. Here, one can take advantage of the lattice parameter dependence of the AFM-FM
first-order transition in FeRh. A 25 K shift is achieved in the transition due to the strain
transmitted from the BaTiO3 substrate upon voltage application. The symmetry presented
with the E-field confirms the strain nature of the phenomenon. However, some density-
functional simulations demonstrate that upon electron injection, the FM phase of FeRh
tends to stabilize at the expense of the AFM phase, thus demonstrating that even if the

strain-effects are high, pure electric field effects cannot be neglected.

In spite of the satisfactory results summarized above, strain-mediated ME effects are
ultimately governed by the interface between both constituents, determining the strength
of the coupling. Not only lattice mismatch plays a detrimental role on the coupling but
also the nature of the ferroelectric counterpart. Since most of the ferroelectric substrates
are oxide-based, a partial oxidation of the interface is unavoidable when depositing metals
on top!”. This worsens the quality of the interfaces and, hence, the ME coupling!819.
Moreover, long operation times can lead to fatigue-induced failure at the interfaces. An
additional problem is that if the c-MFs are grown onto a substrate in the form of thin films,
the mechanical clamping with the substrate limits the amount of achievable strain, hence
the strength of the induced magnetoelectric effect. Conversely, if the substrate itself is
used as piezoelectric material, then due its relatively large thickness, large voltages need
to be applied in order to attain reasonable electric fields (since the electric field is

inversely proportional to the thickness of the insulator).

Finally, even though many studies exploit the magneto-elastic coupling, many of the
employed substrates, besides being piezoelectric, are also ferroelectric. Remarkably, in the
interface between an insulator and a metallic ferromagnet, charge accumulation can occur,

giving rise to the so-called charge-mediated ME effect. However, since all ferroelectric
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materials are piezoelectric as well, combined effects are likely to occur, entangling each

contribution?.20-22,

1.3.2 Charge-mediated magnetoelectric coupling

Ferromagnetism in diluted magnetic semiconductors (DMS) like (In, Mn)As is known to be
hole-mediated. Specifically, Mn substituting In provides localized magnetic moments.
Additionally, due to its acceptor nature, Mn also provides holes which bridge
ferromagnetic interactions. Density functional theory (DFT) calculations have
demonstrated that Mn exhibits an AFM order in first neighbor interactions, i.e., in absence
of holes, hence the whole system behaves antiferromagnetically. Thus, it seems logical to
think that, by injecting electrostatic charges, a long-range FM order might be achieved,
opening the possibility of an electric control of ferromagnetism. This was first
demonstrated by H. Ohno, who in 200023 was able to isothermally tune the Curie
temperature of (In, Mn)As thin films with voltage. A few years later, in 2003, people from
the same group were successfully able to electrically switch and demagnetize thin films of
similar composition in the presence of a small external field?4. By taking advantage of the
+1.5 K change in T¢ after ¥1.5 MV/cm application, (Figure 5a), the authors are able to
switch the magnetization using combined electric and magnetic fields. To do this, the
authors first saturated the sample (point 1 in Figure 5b). Afterwards, a negative field
smaller than the coercive field of the sample at 0 V but higher than that of the biased
sample (point 2) was applied. After, the application of the electric field reduces the

coercive field, reversing the magnetization (point 3).

a) M b) M

ov
-1L.5MV/em
+1.5MV/cm

applied Happlied

Figure 5: a) Hysteresis loop of (In,Mn)As at 40 K upon different electric fields, b) switching steps scheme.

Adapted from reference 23.
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Other systems, such as the MnxGe1.x, which also show hole-mediated ferromagnetism were
also studied. Interestingly, in this system, T¢ increases up to 116 K for a 3.5 % Mn content,
which is a 130 % higher than in the case of (In, Mn)As. Here, the authors were able to
achieve on-off magnetization switching with only +0.5 V. Boukari et al. predicted and
successfully demonstrated a higher tuning in carrier mediated II-V group DMS, such as
(Cd, Mn)Te, with a small bias of + 0.7 V. However, the measurements were carried out at
much lower temperatures?s. Not only Hc and T¢ parameters have been successfully
controlled by voltage but also magnetic anisotropy?627. Other semiconductor systems with

higher T¢ were also successfully manipulated under voltage application2s.

Importantly, in 2011, Yamada and colleagues successfully modified by means of voltage
application the paramagnetic properties of a DMS with a T close to room temperature,
and, therefore, induced a ferromagnetic moment at room temperature2. The authors were
able to control the magnetic properties of Co-doped TiO, epitaxially grown on top of
LaAlOs. In this system, the magnetoelectric mechanism is also the mediation of carriers.
However, contrary to (In, Mn)As, magnetic properties of this DMS instead of being hole-

are electron-mediated.

An important milestone was achieved in 2007 when Weisheit and co-workers30 found
that, upon voltage application, the coercivity of ultrathin metallic ferromagnets could be
tuned with voltage. Specifically, changes in coercivity up to -4.5 % and +1 % were
obtained in 2 nm thick FePt and FePd L1, films, respectively. The authors explained the
effect in terms of charge accumulation, which causes changes in the magnetic anisotropy
energy (MAE). As the ferromagnetism arises from unpaired 3d electrons with energies
close to Fermi energy and assuming that the MAE change depends in first approximation
on the excess of electrons, changes in the MAE up to -200 % in FePt and +70 % in FePd
were theoretically predicted. These values are in agreement with the reported
experimental values. Further experiments carried out by the authors demonstrated a
reduction on the response in thicker films (only changes of -1 % and no effect was
observed for samples of 4 nm in thickness), evidencing the thickness-dependence of the
effect, which can be understood bearing in mind that electric field in metals is confined at
the surface of the material, within the so-called Thomas-Fermi screening length, which is <
1 nm). Importantly, the work by Weisheit and co-workers was the first result showing
charge-mediated magnetoelectric effects in metals, not only in semiconductors, as in
previous studies. The interfacial nature of this phenomenon in metallic films is related to
the electric screening length of metals, typically of a few unit cells31. For this reason, the

studied materials are typically in the form of ultrathin films, to enlarge the surface-to-
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volume ratio. Changes in the coercive field have also been reported in FePt32 and Fe33, as
well as in CoFeB in CoFeB|MgO tunnel junctions. Changes in the MAE have been also

reported for CoSi34, while voltage-driven variations in T¢ have been observed in Co35:36,

For applications, perpendicular magnetic anisotropy (PMA) is often requested since,
among other advantages, it allows for a larger magnetic density packing (i.e., enhanced
areal density of information). Maruyama et al37 prepared Fe deposits on top of Au in a
layer-by-layer growth with PMA. Within this geometry, upon *200 V application a
maximum change in the PMA of 40 % was achieved. The authors attribute this change to
the influence an electric field has on the Fe electron occupancy, taking advantage of the
strong out-of-plane hybridization (spin-orbit coupling) between Au and Fe. These
experimental results were in agreement with the theoretical predictions of Nakamura and
co-workers38. Another system of interest is the CoFeB|MgO|CoFeB in which a much larger
magnetoresistance has been reported when compared to the Fe|MgO|Fe. Wang et al.3°
found that PMA is achieved for a MgO barrier thicker than 1 nm. In that case, as in the
previous work of Maruyama, a modification in the PMA was expected during voltage
application. In the as-prepared sample, the magnetic switching occurs at 20 Oe and 125 Oe
for the top and bottom layer, respectively. Upon application of -1.1 V, the upper/bottom
layer shows a reduced/increased switching field. When +1.1 V are applied to the system,
the behavior of the system inverts, i.e. the switching field of the upper layer increases
whereas that of the bottom layer reduces. This opposite behavior with the sign of voltage

is reasonable since charge is accumulated at both interfaces.

E-field control of PMA in other systems such as Fe, FeCo, CoFeB, FePd, FePt, Co|Pd

multilayers has also been explored#0-46,

Domain wall motion has also been studied systematically under E-field actuation?’. For
example, Liu and co-workers demonstrated that under voltage application domain wall
propagation velocity could be either increased or reduced*s. Not only they were able to
tune the propagation velocity but also they showed that nucleation and propagation of
domains became altered. Specifically, under positive bias more nucleation centers

appeared, in agreement with a previous work from Herrera et al.°.

Very recently, magnetic properties of a 3 nm thick Lag74Sro26MO3 film were modified
exploiting its capacitive and pseudocapacitive behaviors0. The film exhibits a T¢ around
246 K, which can be shifted by 14 K under electric field application (JAV| = 1.7 V). Thus, in
measurements carried out at 235 K, a transition from ferromagnetic to paramagnetic

behavior was achieved. Even further changes could be obtained measuring at 220 K (T¢
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shift of 26 K). Interestingly, by increasing the electric field range (|AV| = 3 V), not only the
paramagnetic state could be recovered but an intermediate change in the magnetoelectric
coefficient sign was also observed. Similar results have been obtained for La;-xCaxMnO3

(LCMO) samples>L.

1.3.3 Magnetoelectric coupling caused by electrochemical

processes

Instead of taking advantage of the strain or charge accumulation, it is also possible to take
profit of changes in the oxidation state of a ferromagnetic material induced with an
externally applied voltage. These systems have gained huge interest recently due to the
non-volatility of the achieved effect. Electrochemical processes also overcome one of the
main drawbacks of charge accumulation effects in metallic films (i.e., the limited range of
the phenomenon due to the electric field screening length). One of the drawbacks of
electrochemical processes is, nevertheless, that the induced magnetoelectric effects are

not instantaneous.

Broadly, voltage control of magnetism due to electrochemical processes can be classified
in two main effects: magneto-ionics, in which the diffusion of mobile charged ions plays a
major role (this includes lithiation), and redox reactions. Since lithiation (Li* ion migration)
has gained importance in the last years and has established as a domain field itself, it is

discussed separately.

1.3.3.1 Magneto-ionics

Magneto-ionics has mostly relied in exploiting migration of oxygen species in a candidate
material. Specifically, it is the effect in which oxygen diffuses back and forth from an
oxygen source towards/backwards the magnetic material, especially when high 0%

mobility materials are used (i.e. HfO; or Gd»03).

For example, in the work by Bi et al5?, the magnetic anisotropy was controlled by the
reversible oxidation of a 0.7 nm thick Co film adjacent to an 80 nm thick Gd»03 layer. In
this paper, the authors took advantage of the PMA arising from the Co 3d - O 2d orbital
hybridization. In the as-prepared sample, the system presented a strong PMA which

17



Enhanced magnetoelectric effects in electrolyte-gated nanoporous metallic alloy and dense metal oxide films

vanished after the application of -5 V during 6 min. Not only the PMA was suppressed but
also the in-plane magnetization, suggesting that under E-Field application 0% diffused
towards the Co turning the continuous films into a matrix of CoOx with superparamagnetic
cobalt. Interestingly, the initial state was recovered upon positive bias application (+ 5V
for 13 min). If the positive bias was extended over time, the system turned from out-of-
plane towards in-plane anisotropy suggesting oxidation at the interface. These results
were further supported by X-ray absorption (XAS) measurements. In the as-prepared XAS
spectra, a main contribution of metallic cobalt was obtained together with a small
shoulder, corresponding to CoO. Upon negative bias, the CoO shoulder increased until it
became a predominant peak while, at the same time, Co almost vanished. This was further
corroborated by the X-ray magnetic circular dichroism (XMCD) signal suppression. In
measurements in which positive voltage application was left for longer times, almost a
metallic signal was obtained. In the work of Uwe Bauer and coworkerss3, electron energy
loss spectroscopy (EELS) signal of oxygen was successfully monitored in-situ after biasing,
confirming the oxygen source/sink behavior of Gd;03. Moreover, they also demonstrated
that, at RT, diffusion of oxygen is limited and non-uniform in contrast to a more
homogeneous diffusion after biasing at 100 °C. Over time, the authors were able to
suppress the PMA evidencing cobalt oxidation. These features were exploited to employ
the magneto-optic Kerr effect (MOKE) microscope laser to locally heat assist and thus
locally tune the PMA. By only increasing temperature by 20 °C (power increase of MOKE
laser from 1 to 10 mW), successful voltage control was achieved. A deeper knowledge on
the underlying mechanism was provided by Gilbert and coauthors* who studied, by
polarized neutron reflectivity (PNR), first order reversal curves (FORC) and XAS, the
magneto-ionic effects induced in a 15 nm Co film grown over 2 nm of GdOx and 1 pm of
Al;03. Upon an electrothermal treatment (+40 V/230°C/15 min), PNR results showed a
broadening of the GdO«|Co interface which expanded over more than 10 nm (over the 15
nm of the total thickness). It also showed some changes in the Al region suggesting O
transport from the alumina and gadolinium oxide layers towards Co. PNR results also
evidenced a decrease in the magnetization close to the surface (up to 80 %) which lowered
towards the bulk (decrease of 38 %), in agreement with magnetometry results, which
showed a decrease in Mg and H¢ of 68 % and 55 %. FORC and XAS measurements revealed
the formation of a secondary phase (when comparing to the as-prepared FORC
distribution), in line with the appearance of 2 peaks in the XAS spectra located at 779.2
and 776.8 eV, characteristic of CoO. The reversibility of the process was also studied, and
some interesting conclusions were given. PNR results showed that upon negative bias,

magnetization could be recovered up to 90 %. PNR also provided evidence for the
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metallization of the interface between cobalt and gadolinium oxide. This metallic
underlayer screens the electric field deeper in the Co film, thus representing a practical
limit. The magneto-ionic control of magnetism has also been exploited to tune H¢, PMA,

domain wall motion, Ms and T¢5%5-58,

In spite of the successful voltage control of the magnetic properties, the above strategies
and measurements have been performed above RT in order to promote oxygen diffusion,
hence limiting potential use in actual devices and decreasing the energy efficiency of the

process.

1.3.3.2 Redox reactions

Another approach which has been lately exploited to tune magnetism is through redox
reactions. Using this concept Di and co-authors were able to controllably tune the
anisotropy of an ultrathin layer of Co grown on top of Au/Si substrates®. With application
of -1.16 V with respect to a mercury/mercury sulfate electrode, oxidation occurs. As
mentioned above, the anisotropy of cobalt strongly depends on the degree of
hybridization with oxygen and, thus, an in-plane/out-of-plane transition can be achieved.
A more negative bias (-1.34 V) was necessary to reverse the process until its initial state.
Redox effects in Fe thin film have been also studied employing different KOH and NaOH

electrolytes60.61,

Huge changes of around 200 % have been achieved under bias application in 0.1 M
LiClO4|dimethyl carbonate and ethylene carbonate to a CoPt sample. Authors ruled out the
origin of the effects to be a direct consequence of electrochemical charging but to a
pronounced oxidation/dissolution processéz. Leistner et al. found similar results by
employing 1M LiPFs in the same mixture of solvents in a sample of FePt. In a posterior
work, they took advantage of controlled oxidation process to tune the magnetic anisotropy

up to a 25 %0364,

1.3.3.3 Lithiation

Many transition metal oxides have been postulated as excellent materials in Li-ion
batteries, due to their large ability to incorporate charge into their lattice. Specifically,

C0304 and Fe30. are able to incorporate up to 6 Li atoms®s. Zhang et al. took advantage of
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lithiation process to induce, in a reversible fashion, ferromagnetism in an electrode

composed of nanoparticles of a-Fe;03. Upon lithiation, the following reaction takes place:
Fe;03 + 6Li* + 6e- 2 3 Li;0 + 2Fe (eq. 17)

resulting in a sample enriched in iron, which enhanced the ferromagnetic response of the
electrode. The magnetic response was followed by structural changes where an

intermediate LiFeO; phase appeared on increasing the applied electric field.
Fe;03 — LiFeO; = Fe (eq. 18)

The authors demonstrated the reversibility and stability of the process upon voltage
cycling. In another work, the authors studied two spinel ferrites systems, CuFe;04 and
ZnFe;04%. Upon lithiation magnetization decreases up to 50 % and 70 % respectively. In
the first system, it was believed that Li reduced Cu from Cu?* to Cu® supressing the
magnetic interaction between Cu2+-0-Fe3+. In the second system, additional pure charge
effects needed to be taken into consideration, according to the authors. MnFe;0467, Fe30468,
a-LiFes0g%% have also been recently explored for lithiation purposes. Notice that lithiation
also involves a transfer of electrons (i.e., a ‘pure’ redox reaction), but the major effect on
the magnetic properties of the material is caused by the migration of lithium. This is way

lithiation is typically classed into magneto-ionic phenomena.

1.4 Magnetoelectric characterization: How to apply an electric

field while measuring the magnetic properties?

Magnetoelectric effects by means of charge accumulation or redox processes have been
successfully achieved through two main geometries. The first one is the field effect
transistor (FET) structure, composed of a source electrode, a drain electrode and a gate
electrode. This geometry is mostly used to evaluate measurements through resistive Hall
Effect. Here the gate voltage is the one that alters the magnetic properties of the
ferromagnetic layer, and the current flowing from the source to the drain is the one which
is used to track the changes in magnetization. The gate electrode and the ferromagnetic
layer are isolated by an insulating layer (dielectric) (Figure 6a). Another employed
geometry is the condenser-like structure (Figure 6b). This is commonly achieved through

growing a ferromagnetic material on top of an insulating material. Here the voltage is
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applied between the ferromagnetic material and a back electrode grown on the other side

of the dielectric part.

The production of solid state devices is strongly hampered by the production of high
quality insulating materials as any structural defect will result in pinholes where charge
accumulated will leak. As it is still challenging to grow high quality insulating materials,
some approaches have appeared to circumvent the drawbacks. The first one is the
utilization of insulating polymers such as polyimide (PI) or polyvinyl difluoride (PVDF).
The second approach is the employment of organic solvents such as ethylene carbonate,
propylene carbonate (Figure 7), ionic liquids such as Diethylmethyl(2-
methoxyethyl)Jammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI), 1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) or the utilization of

electrolytes such as LiPFs-ethylene carbonate or KClO4-polytethylene oxide.

a b
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Figure 6: Scheme of the a) field-effect transistor and b) condenser-like geometry employed to evaluate the
electric field effect on magnetic materials.

This last approach exploits the occurrence of the so-called electrical double layer (EDL)
(Figure 8). In the interface between an electrolyte and an electrode, molecules tend to
arrange according to the electrode polarization. If the electrode is positively (negatively)
polarized, anionic (cationic) species will arrange along the electrode surface. The
occurrence of the EDL can be spontaneous since the natural chemical reaction equilibrium
between the electrode and the electrolyte leads to a potential difference (open-circuit
potential (OCP)). Moreover, this configuration can be rearranged by an external
polarization of the electrode. It is important to highlight that the spacing between the
electrode and the ions close to the surface is at most of 1 nm and, therefore, the electric
fields generated are much higher than those achieved in solid state dielectrics (whose

thickness is typically larger).
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Figure 7: Set-up scheme employed by Weisheit et al. to apply electric field. In this configuration, the electric
field is applied by forming an electrical double layer of solvated sodium ions in propylene carbonate. Scheme
adapted from ref. 30.
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Figure 8: Scheme of the electrical double layer formed at the electrolyte | layer interface

1.5 Interfacial nature of magnetoelectric effects

As it has been demonstrated in the previous sections, all magnetoelectric effects are of
interfacial nature. In the case of the multiferroic composites, the response of the
heterostructure is governed by the quality of the interface between the ferroelectric and
the ferromagnetic layer. In the case of pure magnetoelectric effects, i.e. those governed by
modifying the carrier density through charge injection, the effect is limited by the Thomas-

Fermi screening length which is smaller than 1 nm in metals and, thus, ultrathin films (few
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monolayers) are needed’0. Furthermore, it is also determined by the quality of the
dielectric layer, since charges are accumulated at the interface of the heterostructure. In
the case of magneto-ionics, the thickness of the layer does not play an important role, or at
least not as important as in pure magnetoelectric effects, but the proper diffusion of
oxygen from the adjacent oxygen reservoir determines its effectiveness. Finally, lithiation
and ‘pure’ redox processes overcome thickness limitation of other methods. However,
both lithiation and redox reactions are governed by the interface with the electrolyte and

thus the effects are supposed to be enhanced in materials with large surface area.

From the abovementioned reasons, it is clear that large surface-to-volume ratio materials
are expected to maximize the magnetoelectric response. Thus, suitable candidates to

maximize ME effects are porous materials characterized by a huge surface area.

Surprisingly, so far, the study of magnetoelectric effects in porous structures has been
widely overlooked, and only few works have tackled this point. One of them is the work by
S. Ghosh who studied the charging effect in the magnetic response of a nanoporous
electrode’!. According to the author, the magnetization changes were related to strain
induced by the charge accumulated in the surface, and thus due to the magneto-elastic
response of the material. Similar studies carried out in 1M KOH electrolytes reported a
4.2% change in Ms in a nanoporous y-Fe;03-Pt electrode’2. One plausible hypothesis was
that electrochemical reactions in the y-Fe;03 counterpart could explain the magnetization
changes, however further contributions (magneto-elastic or charge) cannot be discarded.
Subkow and Fahnle’® also suggested that the magnetoelectric response in nanoporous

materials could induce changes in the MAE in the exposed surfaces.

1.5.1 Porosity: A boost towards energy-efficient magnetoelectric

effects

Many materials’ properties are interface-governed’+77. With the development of
nanotechnology, novel nanostructures have led to improved or even new properties,
which can be exploited in a myriad of applications such as photonic devices, catalysis,
separation membranes, flexible nanoelectronics, sensing, hydrophobic surfaces, batteries,
supercapacitors, fuel cells or thermal and acoustic insulators. Among the several novel
morphologies, (nano)porosity is one of the most promising features in materials subject to

applications where surface governs over the bulk?7478-80,
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Porous materials, according to the International Union of Pure and Applied Chemistry
(IUPAC), can be classified into three categories depending on the pore size: macroporous
materials are those whose pore size exceeds 50 nm, microporous if the pore size is below
2 nm and mesoporous when pore size lays between 2 and 50 nm. Sometimes the term

‘nanoporous’ is used instead to broadly refer to materials with pore sizes below 100 nm.

There are several approaches to synthesize porous materials showing either ordered or
disordered pore arrangements8l. For example, nanocasting, like classical casting
techniques, takes advantage of a preexisting scaffold to mold the desired material (hard-
templating). In the late 90’s, Goltner and co-workers mimicked the casting approach to
synthesize materials in the mesoporous regime. Specifically, the authors were able to
produce mesoporous polymer networks using porous silica as a template82. Since then, a
lot of work has been done to develop mesoporous organic and inorganic materials in
powder form with tunable morphologies (porosity degree, interconnection,

arrangement...) through nanocasting8384.

Similarly, evaporation-induced self-assembly (EISA) techniques use a soft-template to
induce porosity85. The addition of a controlled amount, above the so-called critical micellar
concentration (cmc), of surfactant into a polar solvent generates supramolecular
aggregates (micelles) whose morphology and arrangement can be controlled. When those
surfactants are introduced into a solution with the desired precursors, micelles generate
voids in the resulting film and therefore, porosity is induced. This procedure is compatible
with several deposition techniques such as spin-coating, dip-coating, doctor blading, inkjet

printing or spray coating.

In spite of the potential of nanocasting and EISA to synthesize nanoporous materials with
controlled morphology (Figure 9a), pore size, pore interconnection and composition,
typical products are transition metal oxides and when metallic compounds are desired,
costly post-synthesis H; reduction processes are involvedst. Moreover, most of the time,
several steps are involved (synthesis of the template, impregnation, calcination, selective
etching of the template...). Alternative techniques, such as electrodeposition, allows to

take advantage of both hard and soft- templating approaches in a more cost-effective way.

24



Chapter 1: Introduction

1.5.1.1 Electrodeposition of porous materials

Electrodeposition is a functional technique to grow a broad spectrum of materials like
metals, oxides, hydroxides and other compounds on a substrate and, therefore, coatings or
films of these materials are typically obtained87-9, Its cost-effectiveness relies on the fact
that no vacuum systems are needed, a wide variety of substrate shapes and varied sizes

can be coated, provided that they are conductive, and it can work at room temperature.

Electrodeposition is a chemical growth technique in which the deposition of the material
of interest is produced by the reduction of parent ions presents in an electrolyte when

electrons are provided to the system (eq. 19):
M2+ + 2e- > MO (eq. 19)

Apart from the working electrode, where the target material is to be deposited, the system
is composed of a counter and, eventually a reference electrode (two or three electrode
configuration), the latter for a more accurate control of the potential on the working
electrode. The sum of the two or three electrodes plus the electrolyte is named as the

electrolytic cell.

Interestingly, electrodeposition allows tuning materials’ properties by simply modifying
the electrodeposition parameters such as potential, pH, temperature, concentration of
electroactive species in solution or addition of additives (grain refiners, stress

relievers...)91-93,

There exist several procedures to grow nanostructures by electrodeposition, to name a
few: from the synthesis itself, where the growth mechanism can be exploited, such in the
case of leave-shaped hydroxides®4; by taking advantage of the influence of the substrate on
the electrodeposition process?, and by electrodepositing into patterned substrates like e-
beam lithographed substrates or templates like anodic alumina or polycarbonate
membranes®. Furthermore, electrodeposition has also been proved as a powerful

technique in the production of porous materials with dissimilar pore sizes.

The Faraday law states that the amount of mass electrodeposited is directly proportional

to the charge transferred to the system:

m « Q (eq.20)
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However, this relationship takes into account 100 % efficiency in the process. Generally
speaking, this law assumes that only the reaction of interest is taking place. However, side
reactions can take place, reducing the efficiency of the system. One important side reaction
is the hydrogen evolution reaction (HER). In acidic media, HER consists in the reduction of

solvated protons to hydrogen gas:
4 H30* +4 e- > 4 H20 + 2H; (eq. 21)
while in alkaline media, the water molecule reduces to molecular hydrogen:
2H;0 + 2e- > 20H- + H2 (eq. 22)

HER reaction and the concomitant decrease in the efficiency of the process has been long
considered a drawback since it decreased the density of the metallic films and introduced
fragility?”. However, the hydrogen bubbles generated can be used as a soft-templating
agent and this concept has been indeed exploited on purpose to produce metallic porous
structures? (Figure 9b). In our Group, by taking advantage of hydrogen co-evolution
during cations discharge and by simultaneously playing with different electrodeposition
parameters, several morphologies and compositions of macroporous CuNi films were
obtained%. Several other systems like Pt100, Aul01, Ag102, Cul103.104 Njl05 Ph106 or Cu-Sn108
have also been grown by the hydrogen bubble template deposition approach, giving rise to
metallic frameworks with pore sizes in the micrometer range. However, in order to obtain

magnetoelectric effects in porous materials, the pore wall must be reduced to a few

nanometers and thus overcoming the Thomas-Fermi screening length.

Figure 9: SEM images of a) Nanoporous SnO2 powder prepared by nanocasting (courtesy of Dr. Junpeng Fan)
and, b) macroporous CuNi film synthesized by hydrogen evolution templating electrodeposition (courtesy of
Dr. Jin Zhang).
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In order to reduce the pore size to the mesoporous regime, hydrogen co-evolution does
not work. Alternatively, surfactants can be added to the electrolyte to act as soft-
templating agents. This approach tries to mimic the aforementioned soft-templating
phenomena exerted by the H, bubbles but these are replaced by surfactant micelles. When
an amphiphilic surfactant is dissolved in a solvent (typically water) above a certain
concentration referred to as the cmc, molecules tend to arrange forming supramolecular
assemblies called micelles. These micelles form because of the amphiphilic character of
these substances, which contain polar water-soluble groups and water-insoluble
hydrocarbon chains in the same structure. At low concentrations, these entities are
dispersed within the solvent and lack long range order. However, when the concentration
of some surfactants such as amphiphilic block copolymers keeps rising, micelles start to
form long-range order structures in solution known as lyotropic liquid crystal (LLC)
phases and different metallic mesostructures can be achieved08. Examples of amphiphilic
block polymers are Poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (Pluronic P123®), or poly(w-hydroxypoly(ethyleneco-butylene)-co-
poly(ethyleneoxide)) (KLE).

In the last few years, several systems have been studied combining electrodeposition and
LLC, putting emphasis in the synthesis of mesoporous noble metals such as Pt109.110, Pd111,
Rh11z due to its powerful catalytic properties. Several other systems like Co113, Nil14115,
Sn116, Sell7, Tel18, and many others!!? have also been studied. The synthesis of oxides and

hydroxides following similar procedures remains less explored and only few works tackle

j£93,120-122,

LLC based electrolytes are characterized by having a large viscosity which precludes an
efficient stirring of the solution and by presenting complex phase diagrams. Therefore, co-
deposition of alloys in LLC media is challenging and thus, scarcely reported!?3. As an
alternative, electrodeposition from solutions containing block copolymers whose
concentration is above de cmc but below the concentration threshold to LLC phases has
been recently reported as a promising approach to synthesize nanoporous alloys. The
micelles formed in solution adsorb onto the substrate and the cations coordinated at the
outer shell of the micelles get reduced. Thus the micelles act as structure-directing
agents!24125 Generally speaking, films with higher amount of noble metals like Pt or Au
exhibit a better defined mesoporosity. The interaction between the cations and the
surfactant has to be sufficiently strong so as to ensure the formation of extended networks
at the solid/liquid interface but not too much in order to prevent pore collapse after

surfactant removal or displacement. Whilst the affinity between block copolymer micelles
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and noble metals is optimum, that between the polymeric micelles and non-noble metals
like Cu or Ni may be too weak to form extended frameworks. Therefore, the synthesis of

high-quality mesoporous films made of non-noble metals is rather challenging.
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1.6 Objectives of this Thesis

This Thesis is mostly aimed at enhancing the magnetoelectric coupling in metallic alloys
containing one ferromagnetic element by exploiting sample configurations with
maximized surface-to-volume ratios, such as nanoporous samples. By means of
introducing porosity, it is also expected to overcome the ultra-thin film regime (1 -2 nm)
in which charge-mediated magnetoelectric effects are limited and, thus, induce

magnetoelectric effects in samples with thicknesses beyond 1 -2 nm.

To achieve this, we aim to investigate new synthesis routes and thus modify current
methods for the preparation of nanoporous materials, which have so far focused on noble-

metal based alloys i.e., micelle-assisted electrodeposition.

Moreover, with the aim to obtain magnetoelectric effects in solid state configurations and
thus replace electrolyte gating strategies to apply electric field, the prepared nanoporous
materials are coated with dielectric materials to obtain condenser-like systems at the
nanoscale. Finally, in the framework of magneto-ionics, we will try to exploit structural
defects of materials in metal oxide films, such as vacancies and grain boundaries, to
enhance ion mobility and allow for room temperature voltage-induced ionic motion. This
would overcomes the current need of heat-assistance and the necessity of oxygen sources,
such as Al;03, HfO; or Gd;0s.

See below schematically the different objectives of this Thesis:

e Enhancement of the magnetoelectric coupling in metallic alloys by exploiting
sample configurations with maximized surface-to-volume ratios, such as

nanoporous samples.

e Overcome by nanoporosity the ultra-thin film regime (1 -2 nm) in which charge-

mediated magnetoelectric effects are typically limited.

e Search for new synthesis routes to prepare nanoporous materials with tailored

pore architectures and ultra-thin pore walls.

e Investigate routes to conformally coat metallic nanoporous materials with
dielectrics to be able to apply electric fields in solid state and, thus, replace

electrolyte gating strategies with solid-state configurations.

e Make magneto-ionics feasible at room temperature and without the need of

external oxygen sources by engineering structural defects in metal oxide films.
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1.7 Schedule

A schedule of the work carried out, including attendance to congresses and publications, is

chronologically shown in the following table. The total length of the Thesis corresponds to

2 years and 6 months. Purple lines indicate the beginning of each academic year.
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Chapter 2: Compilation of articles

2.1 Charge-mediated magnetoelectric effects in nanoporous CuNi
alloys

In this article, we show that the coercivity of nanoporous CuNi can be drastically reduced
by subjecting this type of materials to the action of an electric field (i.e., electric voltage).
Such electric control of the magnetic properties is very appealing for energy-efficient
magnetic actuation. In our case, a reduction in coercivity implies that lower currents are
needed to switch the magnetization of the system (either when using an electromagnet or
in spin-torque devices), thus reducing the energy loss in the form of heat dissipation (Joule

effect).

Nanoporous CuNi samples were electrodeposited potentiostatically from an electrolyte
containing 0.2 M Ni(CH3C00);-4H20, 0.02 M CuSO4-5H;0, and 8 mg mL-! (0.8 wt. %) of
poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-PPO-
PEO) triblock copolymer (Pluronic P-123). The concentration of P123 was chosen to be
above the cmc but below the concentration of LLC formation, with the aim to induce
porosity but with a reduced electrolyte viscosity so as to enhance the CuNi codeposition.
Structural, compositional and morphological characterization techniques (X-Ray
diffraction (XRD), energy dispersive X-Ray analyses (EDX) and selected area electron
diffraction (SAED)) confirmed the formation of a face centered cubic (FCC) CuNi solid
solution (CuzsNizs), highly textured along the (111) direction. Transmission electron
microscopy (TEM) and scanning TEM (STEM) revealed the formation of a nanoporous
structure with a pore size of 5 nm and interpore distance between 4-5 nm. Porosity was

preserved along the whole thickness of the sample (600 nm).

Due to the difficulties to produce large area defect-free dielectric layers, the electric field
was applied to the nanoporous film through the formation of an EDL in an anhydrous
organic solvent (propylene carbonate) which contains solvated Na* and OH- ions. The EDL
allows for the generation of high intense electric fields up to hundreds of MV/cm. The
magnetoelectric measurements were all carried by electrolyte-gating in a home-made cell
developed specifically to be able to apply voltage while performing MOKE measurements.
Upon positive voltage, a reduction of coercivity down to 32 % of the initial value was
achieved, while almost no change was observed for negative voltages. This is ultimately
ascribed to the large surface-area-to-volume ratio and the ultra-narrow pore walls of the
system, which allow for much larger accumulation of electrostatic charges compared to

fully-dense films. That is, the whole nanoporous structure is affected by the electric field
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and not only the outer topmost surface, thus resulting in a pronounced voltage-induced
reduction of coercivity. Ab-initio calculations support that this voltage modulation of
coercivity arises from changes in the magnetic anisotropy energy, which stem from
electric field-induced spin-dependent modifications of the magnetic density of states in the

alloy.

Finally, voltammetric studies and magnetoelectric measurements in oxidative media ruled

out oxidation-reduction processes as the origin of the observed effect.
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Voltage-Induced Coercivity Reduction in Nanoporous Alloy
Films: A Boost toward Energy-Efficient Magnetic Actuation

Alberto Quintana, Jin Zhang, Eloy Isarain-Chdvez, Enric Menéndez, Ramdn Cuadrado,
Roberto Robles,* Maria Dolors Bard, Miguel Guerrero, Salvador Pané, Bradley J. Nelson,
Carlos Maria Miiller, Pablo Ordejon, Josep Nogués,* Eva Pellicer,* and Jordi Sort*

Magnetic data storage and magnetically actuated devices are convention-
ally controlled by magnetic fields generated using electric currents. This
involves significant power dissipation by Joule heating effect. To optimize
energy efficiency, manipulation of magnetic information with lower magnetic
fields (i.e., lower electric currents) is desirable. This can be accomplished by
reducing the coercivity of the actuated material. Here, a drastic reduction of
coercivity is observed at room temperature in thick (=600 nm), nanoporous,
electrodeposited Cu—Ni films by simply subjecting them to the action of an
electric field. The effect is due to voltage-induced changes in the magnetic
anisotropy. The large surface-area-to-volume ratio and the ultranarrow pore
walls of the system allow the whole film, and not only the topmost surface,
to effectively contribute to the observed magnetoelectric effect. This waives
the stringent “ultrathin-film requirement” from previous studies, where small
voltage-driven coercivity variations were reported. This observation expands
the already wide range of applications of nanoporous materials (hitherto in
areas like energy storage or catalysis) and it opens new paradigms in the
fields of spintronics, computation, and magnetic actuation in general.

1. Introduction

The continuous progress in information and communication
technologies critically depends on an optimized utilization of
electric power. Magnetism and spintronics have largely con-
tributed to the digital revolution by dramatically enhancing the
hard disk capacity and the data processing speed.l"?) Magnetic
actuation is also at the heart of many micro-/nano-electrome-
chanical systems and other engineering applications. However,
power consumption in magnetoelectronic devices continues to
be a constraining issue.l) Magnetization switching in devices

is conventionally done by localized mag-
netic fields (generated via electromagnetic
induction) or by spin-polarized electric
currents (spin-transfer torque).>* Both
principles require of relatively high elec-
tric currents and therefore involve sig-
nificant loss of energy in the form of heat
dissipation (Joule effect). For example,
the currents needed to operate conven-
tional magnetic random-access memo-
ries (MRAMs) are of the order of 10 mA,
whereas spin-transfer torque MRAMs
require 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.’) Replacement of
electric currents by electric fields would
drastically contribute to reduce the overall
power consumption in these and other
devices.

Several approaches to tailor magnetism
by means of an electric field have been
proposed so far: (i) strain-mediated magnetoelectric coupling
in piezoelectric-magnetostrictive composite materials,®”]
(ii) multiferroic materials in which the ferroelectric and fer-
romagnetic order parameters are coupled to each other,® and
(iii) electric-field induced oxidation-reduction transitions (mag-
netoionics).[*1% However, each of these approaches faces some
drawbacks, e.g., (i) clamping effects with the substrate, need
of epitaxial interfaces, and risk of fatigue-induced mechan-
ical failure; (ii) the dearth of available multiferroic materials
and the reduced strength of magnetoelectric coupling, even
at low temperatures; and (iii) precise control of the chemical
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reactions, their kinetics, and the reversibility of the process.
Thus, there is clearly a technological demand for alternative
approaches to manipulate magnetism with an electric field at
room temperature.

Interestingly, a number of exciting experiments performed
in recent years have shown the possibility to modify the mag-
netic properties of diluted magnetic semiconductors/!12
and some metallic elements and alloys3-1% directly with an
applied electric field, via accumulation of electrostatic charges
at their surface. This is very promising for the development of
low-power magnetic actuators and spintronic devices. Among
the magnetic effects caused by electric field one can mention:
change of Curie temperature in diluted magnetic semicon-
ductors such as (Ga,Mn)As or (In,Mn)As['); changes of coer-
civity'7] and, in some cases, reorientation of the magnetic
easy axis in thin films.'?!8 In semiconductors these effects
are mostly observed at low temperatures and are due to elec-
tric-field induced modification of the charge carriers’ concen-
tration. In metals, magnetoelectric phenomena are related to
spin-dependent screening (i.e., electrons with different spin
characters respond differently to the applied electric field('®))
and, therefore, only occur within a few nm from the surface.l”]
This restricts the effect to ultrathin films (consisting of a few
monolayers),13151718] which can be difficult to be integrated
in real devices.

Given the surface origin of voltage-induced magnetic
changes in metals, it is envisaged that an increase of the sur-
face area-to-volume (S/V) ratio in nanoporous materials could
trigger a significant enhancement of magnetoelectric effects,
provided that the pore walls are kept sufficiently narrow.?0:21]
During the last few years, the advances in the synthetic path-
ways to produce nanoporous materials with controllable pore
size and composition have boosted a wealth of applications
in diverse fields such as catalysis, bioimplants, dampers, gas
sensing or energy storage, where materials with a high sur-
face area are essential.?>-?*l However, although many of the
cutting-edge technological applications in spintronics and
magnetic actuators also rely on surface or interface magnetic
phenomena, the use of nanoporous materials in these tech-
nologically relevant fields has been largely overlooked,!?>%¢]
particularly for pure magnetoelectric effects, i.e., neither
mediated by strain nor resulting from oxidation/reduction
reactions.

In this work, we explore intrinsic magnetoelectric effects
in nanoporous Cu-Ni films grown by micelle-assisted electro-
deposition (Figure 1a). We demonstrate that a drastic reduction
of coercivity can be obtained in the nanoporous metallic alloy
(with very narrow pore walls) under the application of voltage
across an electrical double layer using a nonaqueous liquid
electrolyte. The nanoporous morphology of the investigated
material allows for much larger accumulation of surface electric
charges compared to fully dense films. Since the whole porous
structure is affected by the electric field, this results in a much
more pronounced voltage-induced reduction of coercivity com-
pared to previous studies.l'®l The purely magnetoelectric effects
in Cu-Ni are ascribed by ab initio calculations to changes in
the magnetic anisotropy energy stemming from electric field-
induced spin-dependent modifications of the magnetic density
of states at the surface.
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2. Results and Discussion
2.1. Morphology and Structure of the Electrodeposited Films

The typical morphology of the cross-section of the electrodepos-
ited Cu-Ni films, observed by scanning transmission electron
microscopy (STEM), is shown in Figure 1b. STEM observa-
tions demonstrate the occurrence of open-cell porosity, with
highly interconnected ligaments whose lateral size is typi-
cally around 5-7 nm. The overall film’s thickness is around
600 nm. Further structural analysis, performed by high-res-
olution transmission electron microscopy (HRTEM), reveals
the occurrence of crystalline planes within the pore walls
(Figure 1c). The corresponding selected area electron diffraction
(SAED) patterns (Figure 1d) indicate the formation of a face-
centered cubic (FCC) solid solution, similar to electrodeposited
Cu-Ni dense films.””] X-ray diffraction (XRD) measurements
(Figure 1e) corroborate that the films grow forming a FCC solid
solution and they are actually textured along the (111) direction,
i.e., the (200) FCC peak, expected at around 260 = 51°-52°, is not
detected.?””) Moreover, even if the Gibbs free energy of mixing
between Cu and Ni is slightly positive,?®! no phase separation
into Cu-rich and Ni-rich regions takes place during electrodepo-
sition. Compositional analyses, carried out by energy-dispersive
X-ray (EDX) spectroscopy, reveal that the composition of the
films is CuysNiys (at%). The nanoporous character of the Cu-Ni
films brings about a drastic increase of the S/V ratio. Indeed,
simple geometrical reasoning can be used to show, for example,
that the S/V ratio of a 600 nm thick porous film covering an
area of 1 x 1 mm? and being made of an array of vertically
oriented pores, with 5 nm pore diameter and 5 nm interpore
distance would be about 120 times larger than the S/V ratio
of a fully dense layer of 600 nm covering the same area. Inter-
estingly, the total volume of “active material” (i.e., influenced
by the action of an electric field) in the nanoporous layer case
would be around 250 times larger than that of an ultrathin
(2 nm thick) film.

2.2. Control of Coercivity Using Voltage

Figure 2a illustrates the experimental setup used for the magne-
toelectric measurements. The formation of the electrical double
layer surrounding the pore walls is depicted in Figure 2b. The
sample was mounted in a home-made electrolytic cell filled
with anhydrous propylene carbonate with Na* solvated spe-
cies, and the magnetic properties were measured along the film
plane by magneto-optic Kerr effect (MOKE), while applying dif-
ferent constant voltages between the sample and the counter-
electrode. The use of a liquid electrolyte is very convenient to
generate high electric fields. Namely, the large dielectric con-
stant (¢, = 64 for propylene carbonate) and the formation of
the so-called electrical double-layer (with thickness =1 nm)®
promote significant charging effects when applying moderate
voltages. Representative hysteresis loops, measured at different
positive voltages, from 0 to 14 V, are shown in Figure 2c. A pro-
gressive narrowing of the hysteresis loop is clearly observed
as the voltage is increased. The coercivity, Hc, decreases from
=97 to 66 Oe, which represents a relative variation close to 32%

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) lllustration of the micelle-assisted electrodeposition procedure, where PPO and PEO denote, respectively, the poly(ethylene oxide) and
poly(propylene oxide) blocks of the PluronicP-123 triblock copolymer and (i—iv) denote the different synthetic steps: (i) stirring for clear solution,
(i) addition of metal salt, (i) coordination of dissolved metal species with the hydrophilic shell domains of the micelles, (iv) electrodeposition.
b) Cross-section image of the electrodeposited nanoporous Cu-Ni films (which are about 600 nm thick), observed by scanning transmission electron
microscopy (STEM)—image taken after making a slice of the film and observing it along the perpendicular to film direction (cross-section), at a depth
of about 300 nm from the outer film surface. c) High-resolution transmission electron microscopy (HRTEM) image of the nanoporous Cu—Ni alloy.
d) Corresponding selected area diffraction (SAED) pattern. €) X-ray diffraction (XRD) patterns of the nanoporous films before and after the magneto-
electric measurements.

(see Figure 3a). This is a remarkably larger change compared  also tend to become progressively more square-shaped as
to previous works from the literature on ultrathin metallic  the applied voltage is increased. The corresponding variation
films, reporting variations of only up to 4.5%.1) The loops  of the remanence-to-saturation magnetization ratio, Mp/Ms,
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Figure 2. a) Schematic illustration of the experimental setup used for the magnetoelectric measurements. As an example, this panel depicts the case
where the sample is subject to positive polarity (that means that anions would accumulate at the surface of the nanoporous Cu-Ni alloy by Coulombic
attraction). b) Representation of the formation of the electrical double layer around the pore walls during the magnetoelectric measurements. c) Rep-
resentative hysteresis loops of the nanoporous Cu-Ni films acquired under application of different voltage values.

and the normalized differential magnetic susceptibility around
the coercivity, y = (dm/dH)y - yc (where m denotes here the
normalized Kerr amplitude signal) are shown in Figure 3b.
The effects on H¢, Myr/Ms, and x for negative voltages are sig-
nificantly smaller and opposite to those observed with positive
voltage (see Figure S1 in the Supporting Information). No sig-
nificant variations in the Kerr signal amplitude were observed
for either positive or negative applied voltages. To corroborate
the crucial role played by the porosity on the observed mag-
netoelectric effects, the same experiments were performed on
fully dense Cu—Ni films with the same composition and thick-
ness, prepared by electrodeposition. As shown in Figure S2
(Supporting Information), the variations of Hc in that case are
negligible, both for positive and negative applied voltages.

In order to rule out that oxidation/reduction reactions might
govern the observed variations of Hc, cyclic electrochem-
ical voltammetry experiments were performed, both for the
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nanoporous and the fully dense Cu-Ni films, using the same
nonaqueous electrolyte as for the magnetoelectric measure-
ments. The results, shown in Figure S3 (Supporting Informa-
tion), indicate absence of clear oxidation/reduction peaks, with
current densities of the order of wA cm™, varying smoothly
with potential. This suggests that capacitive processes (i.e.,
charge accumulation), rather than faradaic ones (involving
charge transfer -electrons- across the electrode—electrolyte inter-
face), dominate during in situ magnetoelectric measurements.
This is in agreement with the XRD results since no diffraction
peaks corresponding to metal oxides/hydroxides were observed
after the magnetoelectric measurements (see Figure le). Also
no evidence for phase separation (i.e., occurrence of peaks
from Ni-rich and Cu-rich FCC solid solutions) was encoun-
tered after the magnetoelectric measurements. Additionally,
the Cu/Ni ratio of the films did not vary after the measure-
ments, confirming that selective dissolution of either Cu or
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Figure 3. a) Dependence of the coercivity, H¢, on the applied positive
voltage. b) Dependence of the susceptibility around the coercivity (see
definition in the text), x, and the remanence-to-saturation magnetization
ratio, Mg/Ms, as a function of voltage. Note that the lines are guides to
the eye.

Ni does not take place during the voltage application (i.e., the
observed magnetic changes are not due to variations in the film
composition).

To further confirm that oxidation/reduction processes are
not responsible for the observed trends in magnetic proper-
ties, hysteresis loops were also acquired while applying voltage
using an aqueous electrolyte (0.1 M NaOH solution). In this
case, oxidation indeed takes place upon application of a posi-
tive potential, as evidenced by cyclic voltammetry (Figure S4a,
Supporting Information), where relatively high current densi-
ties (=\mA cm™) are attained for V > =1 V. However, in spite of
the oxidation, the changes in H¢ were always <6% and actually
Hc slightly increased (not decreased) after partial oxidation
(Figure S4b, Supporting Information).

2.3. Ab Initio Calculations

The fundamental physical origin of intrinsic magnetoelectric
effects in metallic alloys remains still not fully understood.
However, in metals, electric fields are screened very effectively
and such screening is known to be spin-dependent due to
exchange interactions.'®! Hence, the electrostatic charges that
are accumulated at the surface (within the so-called Thomas—
Fermi screening length, Arg = 0.5 nm) can induce modifications
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in the electronic band structure (i.e., in the charge density of
unpaired d electrons with energy close to the Fermi levell'316))
and, consequently, cause changes in the surface magnetization
and the magnetic anisotropy energy (MAE).[63031] Magnetic
effects can propagate a few nm toward the interior of the alloy,
within the spin—spin correlation length, which exceeds 20 nm
in many metallic systems.?” Given the 3D nanoporous mor-
phology of the films, the electric field affects the nanopore walls
from “all directions” (see Figure 2b). Interestingly, since the
pore walls are very narrow and fully interconnected, the overall
porous structure (i.e., the entire porous film) contributes to the
observed voltage-induced large reduction of coercivity.

Although magnetoelectric phenomena in ultrathin Cu,_,Ni,
films have been predicted theoretically (in particular, changes
in the Curie temperature),? this is the first experimental dem-
onstration of such effects for this type of alloys. To get a deeper
understanding of the fundamental origin of magnetoelectric
effects in Cu-Ni we carried out ab initio calculations,3334
including spin—orbit interactions, on (111) slabs of Cuy5Niys
(Figure 4a,b). Different configurations of randomly arranged
Cu and Ni atoms were averaged in order to simulate an alloy
(three examples are depicted in Figure 4a). The results show
an almost linear dependence of the surface magnetic moment
with the applied electric field (Figure 4c), which can be quanti-
fied as

UoAM = ° 4E (1)

where AM is the surface magnetization, E is the applied elec-
tric field, and ag is the so-called surface magnetoelectric
coefficient. Note that E of the order of 1 V A~! indeed corre-
sponds to the values obtained from voltages around 10 V (as
in our experiments), assuming that the electrical double layer
is =1 nm thick.?”! Fitting the data in Figure 4c, we obtain that
as = 3.6 x 107'* G cm? V! when the magnetic moment is
in-plane, and ag = 3.0 x 107 G cm? V-! when the magnetic
moment is pointing out-of-plane. These values are of the same
order of magnitude as the ones calculated for a pure Fe(001)
film.3% Similar trends are obtained considering the (001) plane
(see Figure S5 in the Supporting Information). The applied
electric field also induces changes in the density of states
(Figure S6, Supporting Information) and an increase of the
change of the surface orbital moment m, (Figure 4d), which can
be related to an increase of the MAE using Bruno's relation®!

MAE o< Am, (2)

The changes in total and orbital magnetic moments shown
in Figure 4 are confined to the surface atoms. Overall, the
effect would be negligible, as shown in Figure S2 (Supporting
Information) for a fully dense film. The use of a nanoporous
material allows enhancing the effect to make it measurable.
Changes in MAE are generally correlated with variations in
Hc, Mg/Ms, and x (ie., the overall shape and width of the
loop).'31%] However, in our case, due to the complex mor-
phology of mesoporous Cu-Ni films, the correlation between
MAE, Hc, and yx is not straightforward. An increase of positive
MAE indicates an enhancement of perpendicular magnetocrys-
talline anisotropy per Ni atom. Magnetocrystalline anisotropy
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competes with the shape anisotropy (which promotes magnetic
easy axis along the nanopores ligaments directions, which are
randomly distributed). Such competing anisotropies make the
correlation between Hc and MAE rather complex. Nonetheless,
the variation of H¢ and yx with the electric field can be con-
sidered consistent with changes in the calculated MAE of the
system.

3. Conclusions

In conclusion, our work demonstrates that the coercivity of nano-
porous Cu-Ni thick films can be drastically decreased by simply
applying an electric field. The large surface-area-to-volume ratio
and the ultranarrow pore walls of the system play a crucial role
in the discovered effect. Such electrically driven modification of
magnetic properties is very appealing for energy-efficient mag-
netic actuation. Indeed, a reduction in coercivity implies that
lower currents are needed to switch the magnetization of the
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system (either when using an electromagnet or in spin-torque
devices), hence considerably reducing energy loss in the form
of heat dissipation (Joule effect). The voltage-induced decrease
of coercivity could also be used as an alternative to thermally
assisted magnetic writing in magnetic recording applications,
since the latter is less energetically effective. Thus, the results
from this work will likely expand the already wide range of appli-
cations of nanoporous materials (so far, mainly in chemistry),
to areas like magnetically actuated micro-electromechanical sys-
tems, magnetic recording or spintronics, where their potential
has been hitherto largely overlooked.

4. Experimental Section

Nanoporous Cu—Ni Film Growth: The electrodeposition of nanoporous
Cu-Ni films was performed in a thermostatized three-electrode cell using
a PGSTAT302N Autolab potentiostat/galvanostat (Ecochemie). Contrary
to other more sophisticated methods, here the nanoporosity is induced
during single-step micelle-assisted electrodeposition (see Figure 1a), a
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procedure which has been used in recent years for the growth of only
very few types of nanoporous layers, i.e., Pt-based alloysi*®-3# and Cu,*%]
but not magnetic alloys. Together with the lyotropic liquid crystals, this
synthetic approach can be categorized as a soft templating method.
Above the “critical micellar concentration” (c.m.c.) (e.g., 0.004 wt%
for P123 at room temperaturel*%)), the micelles start to spontaneously
form in the aqueous solution, get progressively in contact and tend to
self-assemble at the solid-liquid interface, interfering and guiding the
electrodeposition process, leading to the growth of mesoporous metallic
films (see Figure 1a). Si/SiO, chips coated with Ti (10 nm)/Au (90 nm)
adhesion/seed layers were used as cathodes (0.25 cm? working area),
a platinum spiral served as counter electrode and a double junction
Ag|AgCl (E = +0.210 V/SHE) with 3 m KCl inner solution and 1 m NaSO,
outer solution was employed as the reference electrode (Metrohm AG).
Prior to deposition, the substrates were degreased with acetone and
ethanol, and rinsed in Milli-Q water. The electrolyte contained 0.2 m
Ni(CH;C00),4H,0, 0.02 M CuSO,-5H,0, and 8 mg mL™" (0.8 wt%)
of poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene
oxide) (PEO-PPO-PEO) triblock copolymer (PluronicP-123). The pH
was left as-prepared (pH = 6.0). Electrodeposition was carried out
galvanostatically at 25 °C, at a current density (j) of -80 mA cm™?,
during 120 s, under mild agitation (200 rpm) to favor mass transport
of the electroactive species toward the cathode. N, was bubbled
through the solution to get rid of oxygen before each deposition. The
electrodeposited films (600 nm thick) were rinsed with Milli-Q water and
ultrasonicated in ethanol for 5 min to remove remaining micelles from
the growth process.

Fully Dense Cu—Ni Film Growth: The electrodeposition of fully dense
Cu-Ni films is described elsewhere.?’]

Magnetoelectric Measurements: Hysteresis loops at different DC
voltage values were measured at room temperature, along the film
plane, in a MOKE setup from Durham Magneto-Optics (see Figure 2a).
An external Agilent B2902A power supply was employed to generate
voltage. The sample was mounted vertically in a quartz SUPRASIL cell
filled with anhydrous propylene carbonate containing Na* ions. The
anhydricity of the electrolyte avoided oxidation of the Cu-Ni during
magnetoelectric measurements. Metallic sodium ions played a twofold
role: (i) to react with any trace amounts of water that could enter the
electrochemical system during experimental manipulation, forming
Na*OH; (i) to promote the creation of the electrical double layer from
the solvated Na* and OH™ ions. A waiting time of 300 s was introduced
between each voltage change and the hysteresis loop measurement in
order to allow the diffusion of the electrolyte toward the interior of the
pores of the Cu—Ni film and the formation of the electrical double layer.
For the sake of comparison, magnetoelectric experiments were also
carried out using a 0.1 M NaOH solution that forced sample oxidation
during voltage application. The oxidation potentials were selected in
agreement with cyclic voltammetry results.

Morphology and Structural Characterization: The morphology of the
nanoporous films was assessed by HRTEM (FEI Tecnai G2 F20 operated
at 200 kV) and scanning transmission electron microscopy (STEM,
model FEI Tecnai F20) and compositional analyses were performed
using EDX analysis in a field emission scanning electron microscope
(Zeiss Merlin, at 2kV and 100pA). The crystal structure was investigated
by XRD on a Philips X'Pert diffractometer (Panalytical) using Cu-Ker
radiation, in the 42°-54° 26 range.

Electrochemical Characterization: Cyclic voltammetries were carried
out in a PGSTAT 302 N Autolab potentiostat/galvanostat (Ecochemie)
and a VSP potentiostat with low-current option from BIOLOGIC.

Ab Initio Calculations: First principle calculations were performed by
means of density functional theory using the SIESTA code.?*34 Norm-
conserving Troulliers—Martins pseudopotentials*l including pseudocore
corrections were used to describe the core electrons, and double-zeta
polarized strictly localized numerical atomic orbitals were used as basis
set. An additional shell of diffuse orbitals was used in the surface atoms,
as described in ref. [42], to improve the accuracy of the description
of the surface properties. The generalized gradient approximation
in the Perdew-Burke—Ernzerhof version was used for the exchange
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correlation potential.**l Spin—orbit interactions were included in the
on-site approximation.l*##3 An electric field was applied perpendicular
to the film. Exhaustive convergence tests were performed to guarantee
a tolerance below 107 eV in the total energies and below 1073 yg in
the spin and orbital moments. To achieve that level of convergence a
25 x 25 x 1 k-grid was used, together with a temperature of 1 K in the
Fermi—Dirac distribution and a mesh grid of 600 Ry.

A FCC CuysNiys alloy was simulated using a (2 x 2) 10 layer slab with
randomly arranged Cu and Ni atoms. The lattice constant of 3.542 A
was obtained from experimental data at this concentration.?’) Symmetry
was applied, so up and down surfaces were equivalent. In this way
results for positive and negative electric fields were extracted from a
single calculation. Several atomic configurations were considered for the
(111) orientation and the results were averaged among them. A single
configuration was considered for the (001) orientation to show that the
results are qualitatively similar for both orientations (see Figure S5 in
the Supporting Information).

The magnetic density of states (Figure S6, Supporting Information)
was calculated as the density of states for spin up minus the density
of states for spin down projected in the direction of the magnetization.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S4. (a) Cyclic voltammetry curves from the nanoporous Cu-Ni films acquired
while immersing the films in the aqueous electrolyte (0.1M NaOH). (b) Dependence of

the coercivity, Hc, on the applied voltage when using the aqueous electrolyte. The line
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Figure S5. (a) Dependence of the magnetic moment oriented along the given directions
of the (001) surface with the applied electric field. Only the surface Ni atoms are
considered. The calculated surface magnetoelectric coefficients are g~ 5.5x10™* G
cm® V' in-plane and ag = 4.3x10™ G cm> V"' out-of-plane. (b) Orbital moment
differences Am; between the indicated directions of the (001) surface for the surface Ni
atoms. (c¢) In-plane directions considered for the (001) surface. The lines in (a) and (b)

are guides to the eye.
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Magnetic Density of States (eV™)

Figure S6. Magnetic density of states (MDOS) for the surface Ni atoms of one
considered (111) configuration. MDOS is defined as the DOS for spin up minus DOS
for spin down. Changes of the MDOS with the applied electric field illustrate the origin

of the magnetoelectric effect.
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Chapter 2: Compilation of articles

2.2 Redox control of magnetization in nanoporous CuNi alloys

In this article, we demonstrate that the magnetization of a nanoporous CuzoNigo (at. %)
film can be tailored by voltage-controlled redox processes in a protic liquid medium (1M

NaOH).

The sample was prepared by surfactant-assisted electrodeposition and consists of a FCC
CuNi solid solution. Morphological cross-section characterization carried out by scanning
electron microscopy (SEM) showed that the film consists of a stack of elongated
nanoparticles. TEM and STEM confirmed that the nanoporosity is preserved along the

sample thickness.

In contrast to the previous article, a protic aqueous solution (i.e., oxidative medium) was
employed to induce electro-oxidation processes in a controlled manner. Upon positive
bias, magnetic moment at saturation enhancements up to 33 % can be achieved by
tailoring the magnitude of the applied voltage. This is ascribed to the selective
electrochemical oxidation of the Cu counterpart, as confirmed by synchrotron XRD and X-
Ray photoelectron spectroscopy (XPS). Specifically, synchrotron XRD revealed a shift
towards higher 26 angles of the CuNi peaks which is consistent with the occurrence of a

Ni-enriched alloy.

This process can be fully reversed by negative biasing. This reversibility takes place by the
electrochemical reduction of Cu oxides and hydroxides back towards metallic Cu which, in
spite of the miscibility gap known for the CuNi system, gets dissolved again in the CuNi
solid solution. This is consistent with theoretical studies which demonstrate the shift in
the miscibility gap to temperatures below room temperature in nanostructured systems,

such as ours, allowing for Cu and Ni miscibility at room temperature.

The use of nanoporous morphologies, with an increased surface-area-to-volume ratio,
enhance these redox effects which are of interfacial nature and, moreover, allow for the

propagation of the effect all along the sample.
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Tunable Magnetism in Nanoporous CuNi Alloys by
Reversible Voltage-Driven Element-Selective Redox Processes

Alberto Quintana,* Enric Menéndez,* Eloy Isarain-Chdvez, Jordina Fornell, Pau Solsona,
Frangois Fauth, Maria Dolors Bard, Josep Nogués, Eva Pellicer, and Jordi Sort*

Voltage-driven manipulation of magnetism in electrodeposited 200 nm thick
nanoporous single-phase solid solution Cu,,Nig, (at%) alloy films (with sub
10 nm pore size) is accomplished by controlled reduction-oxidation (i.e.,
redox) processes in a protic solvent, namely 1 m NaOH aqueous solution.
Owing to the selectivity of the electrochemical processes, the oxidation of
the CuNi film mainly occurs on the Cu counterpart of the solid solution,
resulting in a Ni-enriched alloy. As a consequence, the magnetic moment at
saturation significantly increases (up to 33% enhancement with respect to
the as-prepared sample), while only slight changes in coercivity are observed.
Conversely, the reduction process brings Cu back to its metallic state and,
remarkably, it becomes alloyed to Ni again. The reported phenomenon is fully
reversible, thus allowing for the precise adjustment of the magnetic proper-
ties of this system through the sign and amplitude of the applied voltage.

1. Introduction

Since the pioneering studies on magnetoelectric effects in the
50’s and 60’s, a flurry of research has been undertaken on the
electric control of magnetism.!l Conventional magnetoelec-
tric studies focused on strain-mediated systems, in which the
magnetic properties were modified by the interfacial coupling
between piezoelectric and magnetostrictive counterparts.l
However, the strain caused by the voltage in these heterostruc-
tured systems limits the applications of this phenomenon
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in technological devices due to fatigue-
induced mechanical failure. Controlling
magnetism with electric fields without
involving strain is an emerging field of
research and might boost current magnetic
technologies. Novel applications such as
low power or multilevel voltage controlled
magnetic memories are envisaged.C!

Due to the intrinsic coupling between
ferroic orders, single-phase multiferroics
are the most promising candidates for
magnetoelectric applications not mediated
by strain. However, so far, the observed
magnetoelectric coupling is weak, thus
hindering its use in real devices.l More-
over, the amount of intrinsic multiferroic
materials is rather limited since the under-
lying physical mechanisms of ferroelec-
tricity and magnetism are different and tend to exclude each
other.l To overcome these drawbacks, several approaches to
electrically tailor magnetism are being proposed. For example,
another route consists in the injection of electrostatic charges
to a ferromagnetic material in order to modify its electronic
band structure and, consequently, its magnetic anisotropy and
magnetization.! This is commonly accomplished by preparing
a condenser-like configuration in which a dielectric material
is sandwiched between the ferromagnetic material of interest
and a metallic electrode. Materials with a high dielectric con-
stant are preferred, with the aim of being able to accumulate
large amounts of electrostatic charges. However, some of these
dielectrics also exhibit high ion mobility, e.g., HfO, or Gd,0s.
In this case, oxygen diffusion (and the concomitant oxidation—
reduction processes) may play a predominant role, even over-
coming charge accumulation effects during voltage actuation
and, thus, becoming the main factor determining the overall
magnetic properties of the system. Similar phenomena have
been reported in ferromagnetic/ferroelectric interfaces prior
and after voltage application.l”! Actually, controlled plasma
oxygen has been utilized to externally promote oxygen migra-
tion and tailor perpendicular magnetic anisotropy in Pt/Co/
AlO, systems via Co—O hybridization at the interface between
Co and AL® A reversible change of the perpendicular magnetic
anisotropy by voltage actuation has been reported in Pt/Co/
GdoO, layers due to the diffusion of O~ from the oxide to the
cobalt layer.”) The voltage control of oxygen migration (i.e.,
controlled oxidation and reduction) with the aim of modifying
magnetism in both solid statel®!% and liquid*¥ ferromagnetic/
insulating interfaces has evidenced very satisfactory results

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and has led to the emergence of magneto-ionics as a means to
induce magnetoelectric effects.

In general, when a material is subjected to an electric field,
charge accumulation, redox processes, and magnetostriction
(the latter only in case piezoelectric materials are involved)
may simultaneously occur. Disentangling these contributions
is essential to further control magnetism by voltage actuation.
All these phenomena are interface-driven and, consequently,
are expected to be maximized in materials with a high surface
area-to-volume ratio, a parameter which is largely exploited in
a widespread range of applications.'? Although this is typi-
cally achieved in ultrathin films, nanoporous magnetic alloys,
with extremely large surface area-to-volume ratios, may be an
appealing alternative.'3 However, so far, the magnetoelectric
effects in nanoporous materials have been rather overlooked.

In a previous study, we showed that the coercivity of the CuNi
nanoporous alloys can be drastically reduced by voltage actua-
tion using an organic aprotic (and water-free) electrolyte, essen-
tially due to purely electrically induced changes in the magnetic
anisotropy. This effect could be utilized to significantly reduce
energy consumption in magnetically actuated devices. In this
article, we present a voltage-driven electrochemical approach to
tailor not the coercivity but the overall magnetization of the fer-
romagnetic nanoporous Cu,(Nig, films using an aqueous elec-
trolyte (i.e., via controlled electrochemical redox processes). The
strong element selectivity of the oxidation process allows for
an enhancement of the magnetic moment at saturation up to
33%. This effect turns out to be fully reversible by changing the
sign of the applied voltage. Besides the interest of these results
in the field of magnetic devices and spintronics, our work also
contributes to extend the potential applications of the porous
materials, so far mainly employed in fields such as catalysis, '
water cleaning,” self-cleaning and superhydrophobic sur-
faces,l"® and energy storage and conversion.['’]

2. Results and Discussion

Figure 1la shows a representative SEM image of an as-
prepared nanoporous Cu,Nig, film. A homogeneous granular
morphology is observed at the surface of the film. The size
of these granules typically ranges between 50 and 200 nm. A
magnified image (Figure 1b) reveals that these clusters are, in
fact, nanoporous, i.e., they consist of agglomerated sub 10 nm
nanoparticles. The morphology along sample thickness was
characterized by scanning transmission electron microscopy
(STEM) and TEM (Figure 1c,d, respectively). STEM reveals that
the porosity spans the whole thickness of the film, where the
bottom bright layer in the STEM image corresponds to the Au
surface. The nanoporous morphology is further confirmed by
high-resolution TEM (Figure 1d), from which the average pore
size can be estimated to be between 5 and 7 nm. Compositional
analyses performed by energy dispersive X-ray analysis (EDX)
give Cu and Ni contents of 20 and 80 at%, respectively.

The as-prepared samples were characterized from a struc-
tural viewpoint by synchrotron grazing incidence X-ray diffrac-
tion (GIXRD) at the ALBA light source facility. As can be seen
in Figure 2, the GIXRD pattern of an as-prepared sample
exhibits several X-ray diffraction (XRD) peaks arising from face
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Figure 1. a) Low-magnification and b) high-magnification SEM images
of the top surface of a nanoporous CuyNig film. ¢) STEM and d) TEM
images of the cross-section of the same film.

centered cubic Cuy,oNig, indicating the polycrystalline nature of
the film. No additional peaks from pure Cu or Ni are observed,
ruling out phase separation and, thus, indicating that the Cu
and Ni grow forming a solid solution.

In order to investigate the voltage-driven redox processes, in
situ magneto-optic Kerr effect measurements at selected oxida-
tion/reduction voltages were carried out in liquid medium. Prior
to the first measurement (i.e., 0 V), the sample was submerged in
the electrolyte during 30 min in order to allow the solution (1 m
NaOH) to wet the nanopores by capillary action. Subsequently,
hysteresis loops were acquired at increasingly applied voltages
in steps of 0.1 V, up to a maximum applied voltage V = +1.2 V.
The as-prepared sample exhibits a rather square-shaped loop
with a coercivity around 100 Oe, indicating an in-plane
easy axis. As can be seen in Figure 3a, while the coercivity

10000
—— CuNi

8000 L Au (311)

6000  Au(200)

CuNi (111)

4000 | CuNi (220)

Intensity (# counts)

2000 CuNi (200)

30 . 35 40 45 50 55 60
20 (degree)

Figure 2. Synchrotron grazing incidence XRD pattern corresponding to
the nanoporous CuyNigg film.
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Figure 3. a) MOKE hysteresis loops taken under the application of increasing positive voltages, up to V = 0.8 V. b) MOKE hysteresis loops for applied volt-
ages larger than 0.8 V. ) MOKE hysteresis loops corresponding to the pristine (0 V), oxidized (+0.8 V), and reduced (-2 V) states. d) Dependence of the
Kerr signal change (in %) on the applied voltage. Note that, for all hysteresis loops, the Kerr signal was normalized by the signal measured in absence of the
magnetic field, so that the differences are indeed representative of variations in the magnetic moment, not simply due to the changes in the optical reflection.

remains rather unaltered with the applied voltage (relative
changes are below 5%), the Kerr signal (i.e., the amplitude of
the magneto-optic Kerr effect (MOKE) signal) monotonously
increases with the applied voltage up to V = +0.8 V. Figure 3b
shows that no significant changes are observed beyond +0.8 V,
confirming that the Kerr signal tends to saturate at +0.8 V.
Remarkably, the pristine magnetic state (i.e., same coercivity
and Kerr signal) can be recovered by applying negative volt-
ages. Full recovery is achieved after applying -2 V for 10 min
(Figure 3c). Since, in a first approximation, the Kerr signal can
be considered to be proportional to the magnetic moment, 8!
the increase in Kerr signal with positive voltages can be under-
stood as an increase of the magnetic moment in the film
volume probed by MOKE. This change in Kerr signal can be
quantified as follows (see scheme in Figure S1, Supporting
Information)

% change = (A (V) - Ac(0)) /AL (0)) x 100 0

where A (V) is the difference in Kerr signal between positive
and negative saturation and A, (0) is the Kerr signal ampli-
tude at 0 V. Figure 3d represents the change in Kerr signal as
a function of the positive applied voltage. The maximum rela-
tive increase in the Kerr signal amplitude is 33%, for an applied
voltage V = +0.8 V. It is worth noting that the coercivity remains
rather unaltered upon voltage application, evidencing that the
intrinsic porous microstructure dominates over other param-
eters, such as composition or crystallite size.[1°]
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In order to elucidate if any structural change is responsible for
the observed magneto-electric effect, synchrotron XRD measure-
ments were carried out ex situ in grazing incidence (2° as angle
of incidence) mode for the as-prepared sample, after subjected
to oxidation at +0.8 V and the sample reduced using -2 V.

As can be seen in Figure 4, upon oxidation, the (220)
CuyNigy GIXRD peak significantly shifts toward higher 26

101 ;=1.23854
09l
& -, Au(311) |
£ osf
o 05}
@ L
% 04
E 03f CuNi (220)
2 02} A(20)=0.2 —
0.1
0.0 i 1 | " i 1 I
56 57 58 59 60 61 62 63 64
20 (deg)

Figure 4. Detail of the synchrotron grazing incidence XRD peaks cor-
responding to the CuNi (220) and Au (311) of an as-prepared sample, a
sample subjected to +0.8 V (oxidized) and a sample subjected to -2 V
(reduced). The normalization of the intensity has been done by dividing
the chosen 260 window by the intensity of the (311) Au peak.
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angles (0.2° difference), indicating a decrease of the lattice cell
parameter which could be ascribed to a change in composition
in the Cu—Ni solid solution, more specifically, to an increase in
the Ni content.’”] This is consistent with the obtained magnetic
results since an increase in the Ni content would explain the
enhancement of Kerr signal (i.e., magnetic moment) upon the
application of positive voltages. Such an increase of the Ni con-
tent would indicate that Cu preferentially oxidizes during the
application of a positive voltage.?”) Negem and Nady studied the
oxidation of nanocrystalline Cu-Ni alloys in 1.0 v KOH solu-
tion and found that the oxidation peaks recorded in the cyclic
voltammetry studies were related to the formation of oxidized
Cu species (Cu(OH)*s~ — Cu,0 — Cu(OH),). Parallel cyclic
voltammetry studies with electrodeposited pure Ni counterpart
showed the absence of oxidation peaks in the anodic scan./?!
Interestingly, when negative voltages are applied, the (220) Cu—
Ni GIXRD peak shifts back to the initial position, suggesting
that the negative voltage not only induces reduction of the
previously oxidized atoms but also the metallic Cu reincorpo-
rates into the Cu—Ni solid solution. In other words, the original
composition (Cu,Nigg) is recovered. As a result, the magnetic
properties of the as-deposited pristine films are also recovered
(Figure 3c).

We have further analyzed the patterns by Rietveld refine-
ment (Figure S2, Supporting Information) using the MAUD
softwarel??) to extract structural information on the crystal-
lite size (average coherently diffracting domain) of the nano-
porous CuNi film before and upon voltage actuation. As can
be seen in Table S1 (Supporting Information), the oxidation
process (i.e., +0.8 V) results in a decrease of crystallite size
from 22 nm (crystallite size of the as-prepared sample) down
to 16 nm. Interestingly, the crystallite size fully recovers the
pristine value after applying a voltage of -2 V (reduction),
suggesting that the redox processes are grain boundary medi-
ated and evidencing the high reversibility of the process. It is
worth mentioning that, in all samples, the crystallite size is
larger than the interpore distance which is around 4 nm. This
evidences that the crystallinity is preserved independently of
the porosity over the extension of the crystallite size which is
roughly five times larger than the interpore distance.l?*l As can
be seen in Table S2 (Supporting Information), the crystallite
size in the Au of the different samples does not change, indi-
cating that the buffer Au layer does not play any role in the
redox processes.

Further insight from a structural point of view have been
obtained by the TEM characterization of the sample cross-
section (Figure S2, Supporting Information), which reveals
that the oxidation process is accompanied by the formation of
Cu oxides and Cu and Ni hydroxides. This is also confirmed
by Fourier transform infrared spectroscopy (FT-IR) measure-
ments (Figure S4, Supporting Information). Indeed, the as-
prepared sample shows an almost featureless pattern whereas,
upon oxidation, a broad band appears around 3600 cm’,
which corresponds to O-H stretching modes. Moreover, a
new band appears around 690 cm™! which is characteristic of
Cu and Ni oxides or Ni hydroxides,?* in agreement with the
TEM analyses. Further characterization was carried out by ex
situ (i.e., not in the solution) X-ray photoelectron spectroscopy
(XPS) on an as-prepared sample, a sample oxidized at +0.8 V
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and a sample first subjected to +0.8 V and then subsequently
reduced at -2 V. The voltage protocols to treat the samples were
performed in the same cell setup used to apply voltage in the
MOKE apparatus and immediately measured. Figure 5 shows
the deconvoluted core-level XPS spectra of the Cu 2p and Ni 2p
peaks. All the spectra were fitted assuming a linear background
and employing Gaussian functions. Deconvolution was per-
formed according to the work by Biesinger et al.?’! Several
parameters resulting from the multiplet peak fitting (binding
energy, area, half-width half-maximum, and the fraction of the
spectra corresponding to each compound) are summarized in
Tables S3 and S4 (Supporting Information) for Cu 2p and Ni 2p,
respectively. Figure 5 shows that the spectra can be described
assuming the existence of up to 4 counterparts. Specifically,
metallic Cu, Cu,O, CuO, and Cu(OH), need to be considered
for the deconvolution of the Cu 2p;; spectra while metallic Ni,
NiO, Ni(OH),, and NiOOH contribute to the Ni 2ps),.

Already for the as-prepared sample, NiO, CuO, and Cu,O
species are present in the outmost surface, which may arise
from the natural tendency toward passivation of Cu and Ni.l¢!
Cu and Ni are susceptible to oxidation in air even at room
temperature and the occurrence of a nanostructured porous
architecture would likely enhance surface oxidation. Ni(OH),,
NiOOH, and Cu(OH), could also form during the rinsing
step in water aimed to remove electrolyte residues after elec-
troplating!?’) or as a side reaction product during electrodeposi-
tion, due to local pH alkalinization, especially when plating at
high overpotentials.?®]

Two clear trends are identified upon careful analysis of the
XPS (Table 1). For the Cu 2p3), transition, the contribution of
metallic Cu and Cu,O species is drastically reduced when the
V =+0.8 V is applied. Instead, the Cu(OH), signal is remarkably
enhanced. When V = -2 V is applied, metallic Cu and Cu,0
contributions increase notably, particularly that of metallic Cu.
Indeed, the metallic Cu signal is even clearer than in the as-
prepared state. The increase in the relative amount of Cu,O
and the concomitant decrease of CuO and Cu(OH), amounts
are understandable taking into account that all the reduction
processes from CuO and Cu(OH), to Cu involve Cu,O as an
intermediate step.?”) For the Ni 2p;, transition, during the
oxidation process NiOOH is favored at the expense of Ni(OH),
and NiO, but not by oxidizing metallic Ni. Following an inverse
tendency, when the reduction process is carried out, NIOOH is
transformed into Ni(OH),. This means that the Cu-based spe-
cies are prone to significantly change upon voltage application,
whereas the Ni-based compounds remain rather unaltered,
in agreement with the fact that the oxidation and reduction is
driven by the Cu counterpart in the alloy. Indeed, it has been
claimed that NiO and Ni(OH), constitute highly stable passive
layers, being thus less susceptible to undergo changes upon the
application of negative/positive potentials.*!

Remarkably, our results reveal that, contrary to common
wisdom, oxidation of the Cu—Ni alloy leads to an increase of
magnetic moment (rather than a decrease, as it would be the
case in most magnetic metals and metallic alloys upon oxida-
tion). Such counterintuitive behavior can be explained as being
due to the selective oxidation of Cu during the application of
positive voltages on the Cu-Ni solid solution. It is also worth
mentioning that voltage actuation does not result in phase
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Figure 5. Deconvoluted XPS spectra for the pristine (0 V), oxidized (+0.8 V), and reduced state (-2 V) for a—c) Cu, and d-f) Ni.

separation (i.e., Ni-rich and Cu-rich regions). Therefore, voltage
can be used to reversibly modify the composition of the Cu—
Ni solid solution. Moreover, in spite of the positive enthalpy of
mixing of the Cu-Ni system, during the reduction process Cu
gets incorporated to the solid solution. It is known that the Cu—
Ni bulk alloys present a miscibility gap for temperatures below
600 K.2! However, in recent works, it is suggested that in
nanoparticles with sizes below 10 nm, the driving forces domi-
nating segregation are much weaker, thus eventually lowering
the miscibility gap to below room temperature.?% Hence, it is
a plausible hypothesis that the metallic Cu obtained for nega-
tive voltages gets dissolved again in the Cu—Ni solid solution at

room temperature owing to the narrow pore walls and the high
surface area-to-volume ratio of the investigated material.

3. Conclusions

Voltage control of magnetism in a nanoporous Cu-Ni solid
solution thin film (with atomic composition CuyyNig) has been
successfully achieved in a reversible manner by selectively oxi-
dizing/reducing the copper from the nanoporous CuNi alloy
in a 1 M NaOH electrolyte. A maximum change in the Kerr
signal amplitude of 33% is reached after application of + 0.8 V.

Table 1. Summary of the area (in %) for each metallic element or compound calculated from the deconvoluted XPS spectra.

Cu Cu,0 CuO Cu(OH), Ni NiO NiOOH Ni(OH),
ov 5% 18% 26% 50% 2% 28% 27% 43%
+0.8V 1% 1% 27% 1% 1% 22% 42% 35%
-2V 15% 10% 18% 58% 0% 22% 34% 43%
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The voltage-driven compositional changes in the nanoporous
alloy are confirmed by synchrotron X-ray diffraction. Specifi-
cally, the Cu-mediated redox processes result in a reversible
shift of the Cu,(Nig, peaks toward higher/lower 26 values when
oxidizing/reducing, respectively. This is consistent with an
increase/decrease of the Ni content in the solid solution. X-ray
photoelectron spectroscopy further corroborates the oxidation
of Cu by means of the formation of Cu(OH), under positive
voltages, whereas Ni oxidation states at the surface remain
rather unaffected by voltage. Full reduction of the copper
hydroxide is achieved when applying -2 V. Remarkably, upon
application of negative voltages, Cu is reincorporated into the
Cu-Ni solid solution and does not form any secondary phase,
hence allowing for the full reversibility of the process.

4. Experimental Section

200 nm thick CuyNigy films were electrodeposited onto Au (100 nm)/
Ti (10 nm)/Si substrates using a thermostatized three-electrode cell in a
PGSTAT302N Autolab potentiostat/galvanostat (Ecochemie). A platinum
spiral served as a counter electrode and a double junction Ag|AgCl
(E = +0.210 V/standard hydrogen electrode) with 3 m KCl inner solution
and 1 m Na,SO, outer solution was employed as a reference electrode.
Substrates were cleaned with acetone, isopropanol, and Milli-Q water.
An electrolyte (100 mL) consisting of 0.2 m Ni(CH;COO),-4H,0, 0.02 m
CuSO,.5H,0, and 8 g L™ of poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly(ethylene oxide) (PEO-PPO-PEO) tri-block copolymer
was employed. The bath temperature was set at 30 °C and the pH was
kept at 6. The deposition was galvanostatically performed at a constant
current density of -80 mA cm™ during 120 s under mild agitation
(200 rpm). The concentration of PEO-PPO-PEO tri-block copolymer
was chosen to be above the critical micellar concentration (cmc),
which at 30 °C lays between 1 x 1073 and 4 x 107> wt%.5" During the
electrodeposition process, the micelles adsorb on the cathode acting
as a structure directing agent and hence inducing nanometric porosity
(templating). Mild agitation favors the mass transport of electroactive
species toward the cathode. The bath was deaerated before each
deposition with N, to get rid of oxygen.

In order to perform in situ magnetic measurements, a home-made
cell setup was employed.['*l Voltage was applied between the nanoporous
CuNi film and a platinum wire. A’ 1 m NaOH solution was used to
promote the occurrence of oxidation—reduction events on the CuNi film.
The in situ in-plane magnetic properties were characterized at room
temperature by MOKE (Durham Magneto-Optics setup) while applying a
ramp voltage. The voltage was externally applied with an Agilent B2902A
power supply.

The as-prepared samples and the samples subjected to different
voltages were ex situ characterized from morphological and structural
viewpoints by scanning and transmission electron microscopies (SEM
and TEM, respectively), EDX and XRD using Cu Ka radiation, including
synchrotron XRD using a wavelength of 1.2385 A. FT-IR measurements
have been performed in a Hyperion 2000 FT-IR microscope in reflection
mode with a 15x IR Schwarzschild objective. SEM observations were
carried out in a Zeiss Merlin microscope operated at 7 keV, whereas TEM
characterization was performed on the cross section of the nanoporous
films using a FEI Tecnai G2 F20 microscope operated at 200 kV. The
composition was evaluated by EDX at 15 kV and 1 nA. GIXRD using
synchrotron radiation was performed at the BL0O4-MSPD beamline of
the ALBA synchrotron light facility. The angle of incidence was chosen
to be 2° in order to fully probe the porous layer while minimizing the
contribution from substrate. Data were collected in reflection mode
using the position sensitive detector MYTHEN.32]

XPS analyses were performed in a PHI 5500 Multitechnique
System (from Physical Electronics) spectrometer, equipped with a
monochromatic X-ray source (Al Ka line with and energy of 1486.6 eV
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and 350 W), placed perpendicular to the analyzer axis and calibrated
using the 3ds; line of Ag with a full-width at half-maximum of 0.8 eV.
The analyzed area was a 0.6 mm? for each sample. Charging effects were
corrected by referencing the binding energies to that of the adventitious
Cls line at 284.8 eV.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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of the % of change.
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CuNi As-prepared Oxidized (+0.8 V) Reduced (-2 V, “Recovered”)
<D=+ 5<D> 21 16+ 2 2+ 1
(nm)

Table S1: Table 1: Crystallite size <D> of the CuNi phase obtained by Rietveld refinement of
the synchrotron GIXRD patterns in the 56-64° 20 range corresponding to the as-prepared,
oxidized and reduced samples.

Au As-prepared Oxidized (+0.8 V) Reduced (-2 V, “Recovered”)
<D> + §<D> 22+1 22+1 2241
(nm)

Table S2: Crystallite size <D> of the Au phase obtained by Rietveld refinement of the
GIXRD patterns in the 56-64° 20 range corresponding to the as-prepared, the oxidized and

reduced samples.
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Enhanced magnetoelectric effects in electrolyte-gated nanoporous metallic alloy and dense metal oxide films

2.3. Coating nanoporous Ni-based alloys by atomic layer
deposition

This third work tackles the preparation of three-dimensional (3D) nanoengineered
composite films with tunable composition and magnetic properties, having an strong
potential for solid state magnetoelectric applications. These materials were synthesized by
means of a two-step, ‘all-chemical’ deposition approach combining (i) surfactant assisted
electrochemical deposition with (ii) atomic layer deposition (ALD), which is a subclass of

chemical vapor deposition.

More specifically, this work demonstrates the possibility to grow Ni and Cu-Ni
mesoporous metallic films, with highly tunable composition (pure Ni, CuzoNigo and
CussNiss in at. %), pore architectures (continuous porous networks, corrugated
mesophases or circular pore morphologies) and magnetic properties, that depend on the
electrodeposition conditions. In all cases, as observed by SEM and TEM images, mesopores
(with sizes ranging between 5 nm and 30 nm) are clearly observed both throughout the

surface and in the interior of the films.

XRD and Rietveld refinement structural analyses revealed the occurrence of two phases in
the electrodeposited CuNi films. This explains their dissimilar magnetic properties. While
CuzoNigo presents a clear two-contribution loop arising from two ferromagnetic phases,
CussNiss, which should be non-ferromagnetic, exhibits a clear hysteresis loop, confirming

the presence of a Ni-rich ferromagnetic phase.

Until this point, magnetoelectric measurements have been carried out employing liquid
electrolytes. To further envisage real applications, it is desirable to replace liquid by solid
state dielectrics. This problematic has been tackled in this work, by successfully coat the

synthesized nanoporous layers with insulating layers.

Specifically, this is proven for the CuzNigo film utilizing a 50 nm-thick amorphous alumina
coating. Compared to other deposition methods, ALD allows for a conformal coverage of
the CuNi matrix, precisely following the pore contours. Although some surface oxidation
occurs during the ALD process since this is carried out at a temperature of around 100-
200 °C, both the crystallographic structure and the magnetic properties of the parent

metallic framework are largely preserved.

Although preliminary magnetoelectric studies revealed the occurrence of leakage currents
(pinholes) and further work is in progress to improve the quality of the ALD coatings, this

synthetic approach opens new paths for solid state magnetoelectric studies.
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ABSTRACT: Mesoporous Ni and Cu—Ni (Cu,oNig, and
CuysNigs in at. %) films, showing a three-dimensional (3D)
porous structure and tunable magnetic properties, are prepared
by electrodeposition from aqueous surfactant solutions using
micelles of P-123 triblock copolymer as structure-directing
entities. Pores between 5 and 30 nm and dissimilar space
arrangements (continuous interconnected networks, circular
pores, corrugated mesophases) are obtained depending on the
synthetic conditions. X-ray diffraction studies reveal that the
Cu—Ni films have crystallized in the face-centered cubic
structure, are textured, and exhibit certain degree of phase
separation, particularly those with a higher Cu content. Atomic

Mixing with metal salts

Electrodeposited Ni-based
mesoporous films

hod % e |

layer deposition (ALD) is used to conformally coat the mesopores of Cu,(Nig, film with amorphous AL, O;, rendering multiphase
“nano-in-meso” metal-ceramic composites without compromising the ferromagnetic response of the metallic scaffold. From a
technological viewpoint, these 3D nanoengineered composite films could be appealing for applications like magnetically actuated
micro/nanoelectromechanical systems (MEMS/NEMS), voltage-driven magneto-electric devices, capacitors, or as protective

coatings with superior strength and tribological performance.

KEYWORDS: mesoporous films, nanoengineered composites, surfactant-assisted electrodeposition, atomic layer deposition,

magnetic properties

1. INTRODUCTION

Mesoporous metallic materials with high electroconductivity
and surface area have sparked much attention during recent
years owing to their wide range of applications in areas such as
electronic devices, catalysis, energy technologies, or even
recording media.' Their intrinsically porous structure has
proven to be useful for the adsorption, selection, sensing,
removal, storage, and release of second-phase materials.””’
Given their large potential, several techniques have been
developed during the last decades in order to controllably
create nanoporosity, by either selective etching from the fully
dense counterparts (e.g, dealloying or foaming)®® or
spontaneous association of small building blocks while leaving
empty spaces in between (bottom-up approach).'*™"> From the
viewpoint of the material’s architecture, control of the alloy
composition often needs to be combined with precise tailoring
of the mesoporous morphology, pore alignment, and
orientation. This still remains a challenging issue. Most

A 4 ACS Publications  © 2018 American Chemical Society
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approaches rely on relatively slow, multistep synthetic
procedures, sometimes including costly clean room facilities.
Ideally, such materials should be synthesized in a series of easy
steps (preferably in a single- or two-step) allowing for a simple
but precise control of the shape and morphology of the
obtained structures.

During the past few years, mesoporous metals and alloys
have been extensively prepared by means of sacrificial
templates, using the replication method, from either soft or
hard templates.”>'* In the case of the templated deposition of
metals, their growth from the substrate is guided by the
template and the mesoporous structure often emerges after the
template is removed. Very recently, the usage of spherical
micelles of di- or triblock copolymers (e.g., polystyrene-block-
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Table 1. Optimized Electrodeposition Parameters for the Growth of Mesoporous Ni, Cu,(Nig), and Cu,sNiss Films

mesoporous metallic film Ni
0.08 g/mL P-123
20 mL ethanol
0.4 M NiSO,

0.5 M NaSO,
0.2 M boric acid

0.5 mg/mL saccharine

Bath composition

Applied potential or current E=-18V
Deposition time/s 1200
pH 3.65

Bath temperature/°C

Cu,Nig, (at. %)
0.008 g/mL P-123
0.2 M Ni(OCOCH,),-4H,0
0.02 M CuSO,-SH,0
0.5 M NaOCOCH;
0.2 M boric acid
0.4 mg/mL saccharine 0.4 mg/mL saccharine
j = —100 mA cm™ j = —100 mA cm™
150 150
6.25 4.00

25

CuysNigs (at. %)
0.008 g/mL P-123
0.2 M Ni(OCOCH;),-4H,0
0.02 M CuSO4-SH,0
0.5 M NaOCOCH;
0.2 M boric acid

poly(oxyethylene) (PS-b-PEO) known as KLE or poly-
(ethylene glycol)-block-poly(propylene glycol)-block-poly-
(ethylene glycol) (PEG-PPG—PEG) known as P-123) in
water as soft-templates have been demonstrated for a number
of metals (e.g., Au, Pt, Pd, Cu)'®""* and alloys (Pt—Cu, Pt—Ru,
Pt—Fe, and Cu—Ni).”"~>* Contrary to the evaporation-induced
self-assembly approach, metal deposition and micelle assembly
take place simultaneously in liquid phase without involving any
solvent evaporation. Furthermore, because the concentration of
the block copolymers is above the critical micelle concentration
(cmc) but well below the threshold for the formation of
lyotropic liquid crystal structures,” the viscosity of the
electrolyte does not dramatically increase.

The advances in the synthetic pathways to produce magnetic
materials with different nanoarchitectures has boosted the
discovery of new magnetic phenomena and, in turn, expanded
the range of applications of magnetic materials, since many
magnetic pro(perties of materials rely on surface or interface
phenomena.”® In this context, very recently, we demonstrated
that magnetic mesoporous metallic materials, with an increased
surface area-to-volume ratio, show enhanced magneto-electric
phenomena compared to fully dense films with analogous
compositions.”* The system under study was Cu—Ni and
mesoporous films of this alloy were successfully prepared by
electrodeposition (ED) from “micelle assembly” of P-123 in
water. The coercivity of the as-prepared mesoporous Cu—Ni
films could be drastically decreased by simply applying an
external electric field. In our previous work, however, only the
general features concerning the mesoporous organization for a
particular Cu/Ni ratio were introduced. Instead, emphasis was
laid on the electrically driven modification of magnetic
properties. The key experimental factors enabling the formation
of the mesoporous structure were mostly overlooked.

Remarkably, besides the aforementioned magneto-electric
effects, magnetic mesoporous metallic materials can also be
successfully employed as supports to host other functional
materials that could bring biocompatible, hydrophilic/hydro-
phobic properties, electrical insulation, or even enhanced
mechanical or magnetic performance.”’ For example, 3D
macroporous Ni films prepared by the hydrogen bubble
templating approach can function as scaffolds to anchor
electrodeposited Co(OH), nanoflakes or sputtered Si to
produce nanoporous composites with superior supercapacitor
and electrochemical performance.”®* In the case of meso-
porous materials of metallic nature, an appropriate technique
should be carefully selected in order to conformally coat the
mesopores with a second-phase material while avoiding or
minimizing its oxidation and eventual pore collapse. Atomic
layer deposition (ALD) turns out to be a powerful deposition

technique that allows not only precise control over the
composition of the deposited materials, but also these can
continuously coat high-aspect-ratio substrates.**™>> In fact, we
proposed the combination of ED and ALD to prepare
composite layers consisting of 3D macroporous magnetic
metals coated with metal oxide nanolayers, ie., Ni/Al,O; and
Ni/Co,FeO,.”* It was demonstrated that both the porosity and
the magnetic properties of the electrodeposited metallic matrix
were maintained after the ALD step under optimized ALD
conditions. However, the ALD deposition was only tested on
metallic films exhibiting large pore sizes, on the order of 5—15
pum. It was then envisaged that such a synthetic approach could
be well applied to out-of-sight surfaces of nanometric sizes (e.g.,
mesopores) grown by surfactant-assisted ED.

In this work, CuyNigy, CuysNiss;, and Ni magnetic
mesoporous films are electrodeposited in the presence of P-
123 triblock copolymer dissolved in the aqueous electrolyte.
The growth of mesoporous Ni coatings was carried out under
potentiostatic mode, whereas Cu—Ni alloys were fabricated
under galvanostatic means. Although all samples show
mesoporosity, the resulting morphologies (e.g, pore align-
ment) are different depending on the electroplating conditions.
Insulating Al,O3, with a high dielectric constant, is chosen to
coat the Cu,oNig, framework (which is taken as a model) by
means of ALD. The structure and magnetic properties of the
films, before and after the ALD process, are studied in detail.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the CuyyNig, Cu,sNiss, and Ni Magnetic
Mesoporous Films. All the chemicals were purchased from Sigma-
Aldrich and used without further purification. Electrochemical
fabrication of nanoporous Ni and Cu—Ni films was carried out in a
PGSTAT120N Autolab potentionstat/galvamostat (Eco Chemie) with
a standard three-electrode cell system. Si/Ti (25 nm)/Au (125 nm)
substrates (working area 0.25 cm*) were used as cathode. A platinum
wire served as counter electrode. The cathode and anode were
mounted parallel to each other at a distance of 2 cm. A double junction
AglAgCl 3 M KCl electrode (E = +0.210 V versus standard hydrogen
electrode (SHE)) was utilized as the reference electrode. The
optimized growth parameters for the ED of nanoporous Ni,
Cu,Nig, and CuysNigs are listed in Table 1. Note that due to the
dissimilar deposition conditions (mainly the deposition time, which is
different, but also other parameters like the bath formulation and
deposition mode), the thickness of the mesoporous Ni film was
measured to be around 7 ym, whereas those of Cuy,Nigy and Cu,sNigg
were approximately 600 nm and 1 ym, respectively. We anticipate that
the thickness of the Cu richer film is probably a bit overestimated due
to the influence of its higher roughness. Al,O; nanolayers were
deposited by ALD onto the previously electrodeposited porous
metallic films in a Cambridge Nanotech Savannah 100 reactor in
exposure mode. The Al,O; coatings were produced by alternate
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Figure 1. Schematic illustration of Pluronic P-123 micelle assembly strategy for the preparation of mesoporous magnetic films. Step 1: stirring to
form the P-123 slurry; Step 2: addition of metal species to the aqueous solution; Step 3: the dissolved metal species coordinate to the PEO region of

the micelles. Step 4: electrodeposition.

pulsing of trimethylaluminum (TMA) and ozone (O3) at a deposition
temperature of 100—200 °C.

2.2. Structural Characterization. Scanning electron microscopy
(SEM) images and energy-dispersive X-ray spectroscopy (EDX)
analyses were acquired using a Zeiss Merlin microscope operated at 3
kV and 15 kV, respectively. Transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM)-EDX
analyses were performed on a Tecnai F20 HRTEM/STEM micro-
scope operated at 200 kV. Cross sectional specimens were prepared by
embedding the films in EPON epoxy resin. Subsequently, a very thin
slide was cut using a microtome apparatus and placed onto a carbon-
coated Cu TEM grid. 6/20 X-ray diffraction (XRD) patterns of the
different samples were recorded on a Philips X'Pert diffractometer in
the 42—54° 20 range using Cu K, radiation (4 = 0.1541 nm). The
crystallographic structural parameters, such as crystallite sizes,
microstrains, lattice parameter, and stacking fault probability were
evaluated by fitting the full XRD patterns using the Materials Analysis
Using Diffraction (MAUD) Rietveld refinement program.s“’35
Hysteresis loops were recorded at room temperature in a vibrating
sample magnetometer (VSM) from Micro Sense (LOT-Quantum
Design), with a maximum applied magnetic field of 4500 Oe. The
loops were normalized to emu g~ using the amount of material
deposited as determined by coupled plasma optical emission
spectroscopy (ICP-OES, model optima 4300DV). For this purpose,
the films were digested in concentrated nitric acid solution at room
temperature and further diluted to 1% HNO;.

3. RESULTS AND DISCUSSION

Nanoporous Ni, Cu,Nig, and CuysNigs (at. %) films were
electrodeposited from an aqueous solution containing the metal
salts and the nonionic, amphiphilic poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) (PEO—
PPO—PEO) triblock copolymer (Pluronic P-123) (Table 1).
In a typical preparation, the P-123 slurry was mixed manually
using a glass rod upon addition of the aqueous solution
containing the metal salts. Mixing time of 1 h was required to
ensure the dissolved metal species were well incorporated at the
outer shell of the hydrophilic domains of the micelles.
Complete mixing was confirmed by the homogeneous color
and transparency of the solution. An external potential or
current density was applied to reduce the metallic cations,
eventually forming a silvery slab of nanoporous magnetic films
(Figure 1). Hence, the surface of the working electrode acted as
a solid—liquid interface, where the metallic films were deposited
and patterned by the surfactant-inorganic aggregates. During
the ED, the metal species are thought to move toward the
working electrode together with the P-123 micelles, which act
as structure-directing agents. The essence of this method is thus
to exploit the self-assembly of P-123 molecules into micelles
which gather spontaneously at the solid—liquid interface during
the synthesis of the mesoporous films.

First, the nanoporous Cu,(Nig, film was prepared, and its
surface morphology was directly observed by SEM using
secondary electrons. Shown in Figure 2a is the low-

Figure 2. Low and high magnification SEM images of mesoporous (a,
b) Cu,oNigy; (¢, d) CuyNigs; and (e, f) Ni films.

magnification top view image of the film, in which a rather
homogeneous nanoporosity can be distinguished. The high-
magnification SEM observations (Figure 2b) demonstrate the
occurrence of a hierarchical porous architecture, consisting of
aggregates of nanoparticles which leave in between a high
density of nanopores, whose size ranges from S to 10 nm. In a
dilute surfactant electrolyte, as in our case, the P-123 molecules
assemble into spherical micelles. A long-range organized
surfactant structure does not exist in solution, because the
concentration of the block copolymer is not high enough to
form a lyotropic liquid crystal phase.

The interaction (electrostatic, hydrogen bonding, etc.)
between metal ions and surfactant assemblies is essential to
tune the arrangement of the surfactant species. Therefore, using
strongly acidic or basic conditions can modify the interactions
and can influence the organization of inorganic polymerizing
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species. Namely, the decrease of the pH of the electrolyte, from
6.25 to 4.00 (see Table 1 and Figure S1), has an impact on the
morphology of the coatings. Film morphology changes from
hierarchical nanoparticulated/nanoporous film to a striated
patterned porous structure (Figure 2c,d). This process is
probably driven by the enhanced interaction between metal
ions and P-123 at a lower bath pH, which may cause alignment
of the micelle spheres, ultimately resulting in the formation of a
corrugated mesophase. In both cases, the concentration of
surfactant was set at around 0.8 wt % which is above the cmc of
P-123 at 25 °C* but lower than the threshold for lyotropic
liquid phase formation. Besides modifications in the mesopore
arrangement, the composition of the film fabricated at pH =
4.00 also changed to CuysNiss. In principle, one would expect
the amount of Cu in the films to diminish with a decrease in the
bath pH. A simple speciation analysis of the electrolyte proves
that the relative fraction of free Ni** in solution increases much
faster than that of free Cu?* upon lowering the pH. However, it
has been demonstrated for various electrolytes that there is not
a linear relationship between the percentage of Cu in the films
and the pH (in the range from 4 to 9) but a minimum in the
Cu content is typically observed at pH ~ 6.°**7 An increase of
the copper content has been observed in acetate-based
electrolytes and for Cyy, > Ccyy, when the pH is decreased
from near neutral pH to 4.

Attempts to produce Ni films with mesoporous network
from the same Cu—Ni bath were proven unsuccessful. Instead,
the deposition was carried out in a more predictable way by
using a ternary surfactant—cosolvent—water system. The
introduction of ethanol as cosurfactant to the binary
surfactant/water system enriches the aqueous P-123 phase
diagram.*® The mesopore size is largely determined by the
hydrophobic core of the micelle spheres. The ethanol
molecules are most likely anchored to the hydroxyl groups
(—OH) located at the hydrophilic—hydrophobic interface, thus
increasing the apparent volume of the hydrophobic blocks
rather than that of the hydrophilic blocks. Thus, the ethanol
cosurfactant, which acts as a swelling agent, allows for an
additional degree of control over the pore size.*”*’

As depicted in Figure 2e, the as-deposited Ni layer is
homogeneous and rather free from defects such as perforations
or bumps. The pore connectivity is relatively low and many
isolated pores can be observed (Figure 2ef). High magnifica-
tion observations reveal the occurrence of pores with on-top
circular morphology, whose sizes range from 10 to 30 nm. As
mentioned earlier, this increase in the pore size probably stems
from the addition of the ethanol cosurfactant and the
concomitant increase in the carbon chain length. In all cases,
the metal species were deposited uniformly on the substrates
without any cracks or voids.

To further access the inner mesoporous architecture of the
films, the CuyoNig, specimen was embedded in resin and sliced
in order to study its cross section morphology. The sample was
fairly robust and no obvious broken pieces were observed. The
typical morphology of the cross section of this sample, observed
by SEM, is shown in Figure 3a. It is worth noting that the
mesoporous structure formed on the Au cathode developed
from the very initial stages of the ED process. This observation
is in accordance with our preceding observations regarding the
growth of pure Ni mesoporous films.** Freshly formed
crystallites serve as nucleiseeds for the subsequent metallic
ions discharge, hence rendering truly nanoporous sizes. TEM
images demonstrate the occurrence of open-cell porosity, with

Figure 3. (a) SEM, (b) TEM, and (c) HRTEM images of the cross
section of the mesoporous Cu,(Nig, film. The inset in (a) corresponds
to the top SEM image, for the sake of comparison. (d) Corresponding
SAED pattern with the Miller indices of the diffracting rings.

highly interconnected ligaments whose lateral size is typically
around S—7 nm (Figure 3b). The high-resolution TEM
(HRTEM) image reveals that the Cuy,Nig, frameworks are
highly crystalline and the lattice fringes are visible in the entire
cross section (Figure 3c). The interplanar distance seen on the
image (0.2318 nm) matches the (111) planes of the face-
centered cubic (fcc) structure. Figure 3d shows the
corresponding selected area electron diffraction (SAED)
pattern, for which the continuous rings indicate the formation
of a polycrystalline material.

The crystallographic structure and phase composition of the
CuysNiss, CuyoNigy, and Ni films were studied by XRD (Figure
4). The most intense peaks at 44—45° match the 26 position
expected for (111) fcc Ni and Cu—Ni solid solutions,
suggesting that all the samples fully crystallize in the fcc
structure (space group Fm3m, as for Cu and Ni). In the case of
Cuy,oNig, the (200) fcc peak, which should appear at around 26
= 51-52° is not detected, suggesting a pronounced crystallo-
graphic texture along the (111) direction.

For both Cu,sNiss and Cu,(Nig, samples, although there is
no peak splitting detected, the (111) peak asymmetric
broadening gives a clear indication of the coexistence of Cu-
rich and Ni-rich phases (i.e., two fcc solid solutions with slightly
different cell parameters). In order to validate this hypothesis,
the Rietveld’s refinement of the XRD pattern corresponding to
CuysNigg was performed in four different ways (Figure S2).
First, the XRD pattern was fitted assuming only a single fcc
solid solution without crystallographic texture (Figure S 2d).
Such an approach did not provide a good fitting. Likewise, poor
fittings were also obtained assuming a single fcc phase with
(111) texture or two fcc solid solutions without texture (Figure
S2b,c). Instead, a good agreement between the experimental
pattern and the simulated curve was achieved upon assuming
the coexistence of two fcc solutions and (111) texture (Figure
S2a). In fact, phase-separation has been commonly observed for
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Figure 4. 0/20 XRD patterns in the 42—54° 20 range for (rightward
triangle, mesoporous Ni; leftward triangle, mesoporous Cu,(Nig;
upward triangle, mesoporous Cu,sNis;). The computed profiles (black
solid lines) obtained using the MAUD program are also shown. The
bottom panel shows the theoretical lines for isotropic, pure fcc Cu and
Ni.

the Cu—Ni system when electrodeposition events are confined
inside small cavities, as is the case here. There are several
examples in the literature (micropillars, nanowires, nanotubes)
for which phase separation in Cu—Ni is observed, even in the
presence of complexing agents in the electrolyte.*"** Actually,
the enthalpy of mixing between Ni and Cu is slightly positive
(with maximum values ranging between +0.5 and +1.5 kJ/
mol).">* Hence, there is a natural tendency for Cu and Ni to
mutually segregate forming Cu-rich and Ni-rich solid solution
regions when the system is brought to thermodynamical
equilibrium.*

The values of cell parameters, crystallite sizes, microstrains,
and stacking fault probabilities of the three samples, determined

by the MAUD software, are listed in Table 2. Note that the
(111) fec main reflection shifts toward higher angles as the Cu
content is decreased, suggesting an overall reduction of the
lattice cell parameter (which is expected, since the lattice
constant of Ni is lower than that of Cu, and Cu—Ni alloys
typically obey the Vegard’s law*®). Crystallite sizes for both Ni-
rich and Cu-rich solid solution phases in the Cu—Ni films are
kept below 100 nm, while a value greater than 150 nm is
obtained for the _pure Ni film which cannot be resolved by line
profile analysis.*” The addition of ethanol to the Ni electrolyte
lowers the dielectric constant. The decrease of conductivity of
the plating solution together with the overall different bath
composition induces the observed changes in crystallite size.
Interestingly, particularly for the Cu—Ni mesoporous films, the
crystallite size is considerably larger than the width of the pore
walls, suggesting that several nanopores are contained inside
coherently diffracting domains (i.e., the films comprises truly
nanoporous crystals rather than simply being an assembly of
tiny nanoparticulate clusters). The microstrains were found to
be rather low in all films, in the range of 107> and below.
Saccharine is known to be an excellent tensile macrostress
reducing agent and is thus responsible for the low microstrains
(low density of dislocations in the crystals). The Rietveld
refinement of the XRD patterns using MAUD also includes the
Warren’s formalism to evaluate the stacking fault (SF)
probability, agg. According to the Warren’s description of the
SFs, 1/agy designates the average number of planes between
two consecutive SFs. Significant stacking fault probability was
only found for pure Ni, and the value is around 0.0113 (Table
2); hence, there are ca. 88 planes between consecutive SFs.
The hysteresis loops of the nanoporous Cu—Ni and Ni films
are shown in Figure S. The highest value of saturation
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Figure S. Room temperature hysteresis loops corresponding to Nij,
CuysNiss, and CuyNigy mesoporous films.

Table 2. Crystallographic Structural Parameters Obtained after Rietveld’s Refinement of the XRD Patterns of Cu,Nis,

CuyNig,, and Ni Mesoporous Films

lattice parameter/A crystallite size/nm microstrains stacking fault probability
(£0.0005 A) (£2 nm) (£1.0 x 107%) (+0.0005)

Cu,Nig;  Ni-rich phase 3.5402 60 32%x 107 0.0058

Cu-rich phase 3.5720 16 2% 107 -
CuyNigy  Phase richer in Ni 3.5383 74 32 x 107" 0.0067

Phase less rich in Ni 3.5574 14 1x107* -
Ni 3.5298 >150 9x 107 0.0113
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Figure 6. (a) STEM image and EDX elemental distribution of O, Al, and Ni in the interfacial area enclosed within the red rectangle for a cross-
sectioned Al,O;/CuyNig, film; (b) EDX line scan performed across the interface between Cu,(Nigy and AL O3, as indicated by the arrow in the

scheme shown above.

magnetization, Mj, corresponds to pure Ni while Cu,sNiss and
Cu,Nig, films exhibit lower M. Interestingly, a constriction is
observed in the central part of the Cu,(Nig, hysteresis loop,
suggesting the presence of two magnetic phases in this sample.
With the results from XRD taken into account, these two
phases could be ascribed to the two fcc solid solutions indicated
in Table 2. Actually, according to the Vegard’s law, the two
solid solutions for the Cu,oNig, sample presumably contain
about 85 at. % and 60 at. % Ni;*® hence, both could show a
ferromagnetic response (since the threshold for ferromagnetic
behavior in Cu—Ni alloys at room temperature is indeed
around 60 at. %*°). The Cu,Nigs film does not show such
narrowing of the hysteresis, indicating the presence of a single
magnetic phase. In this case, according to the Vegard’s law, the
Ni-rich solid solution would contain approximately 70 at. % Ni,
whereas the Cu-rich phase would contain only 20 at. % Ni,
hence being nonmagnetic. Note also that the loop correspond-
ing to CuyNig, shows a higher remanence-to-saturation
magnetization ratio (ie, a large squareness ratio, Mgp/Mg).
This is probably due to the in-plane shape anisotropy of this
film, which is presumably fully magnetic (i.e., consisting mainly
of exchange coupled ferromagnetic regions). The reduction of
Mg/M; for the CuyNigs film is an indication of a lower
magnetic shape anisotropy (see Figure S). This reduction of
shape anisotropy is consistent with the former assumption that
this film is made of Ni-rich ferromagnetic clusters embedded in
a nonmagnetic Cu-rich matrix (ie., a “discontinuous” magnetic
structure). This nonconnected magnetic structure yields to an
overall decrease of exchange interactions between ferromag-
netic counterparts, explaining the enhanced coercivity of the
CuysNigg sample with respect to the Ni film since exchange
interactions are usually in detriment of the coercivity.** Finally,
the My/Mg value for pure Ni is also relatively low, but this
could be anticipated due to its much larger thickness (7 ym, as
opposed to the 600 nm to 1 ym thickness of the Cu—Ni films)
and consequently lower magnetic shape anisotropy.

14882
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Mesoporous materials provide well-controlled nanosized
environments where other materials with dissimilar chemical
and physical properties can be hosted, leading to “nano-in-
meso” multiphase composites. In this work, Al,O5, which is the
most widely studied material of those prepared by ALD, was
chosen to coat and fill the pores of the Cu,(Nig, films. A
Cu,(Nigy/ALO; specimen was prepared for cross-sectional
imaging to assess the quality of the oxide nanocoating. After the
ALD process, as shown in the STEM image (Figure 6a), the
CuyNig, alloy, featuring a brighter contrast, is covered by a
darker-contrast layer. The composition profile across the
interface was determined by STEM-EDX elemental distribution
mapping. The analysis reveals that the local distribution of Al
(in red) and Ni (in green) elements is well-distinguished and
that the irregular border between the two elemental maps
follows the surface geometry, hence pointing to a conformal
coating of Al,O;. However, there is not such a clear
compositional distinction between the O and Ni signals, but
instead, they coexist within a few nanometers interval. This was
further proven by performing a STEM-EDX line scan analysis
(Figure 6b). When the electron beam was swept from the outer
surface of the film toward the inner part of the material (vertical
arrow in the scheme), the Al and O signals first appear at 20 nm
from the starting point and vanish at approximately 90 nm. The
Cu and Ni signals monotonically increase from around 35 nm,
suggesting that the thickness of the Al,O; coating is about 50
nm. Hence, there is not an abrupt switch in composition, but
rather the four elements are present within a distance of about
55 nm from the upper surface. Therefore, it is conjectured that
the outermost surface of mesoporous Cu—Ni films got slightly
oxidized during the ALD process, which is plausible bearing in
mind that such treatments are performed under O3 atmosphere.
Hence, Ni-oxide, Cu-oxide, and some mixed (Al Cu,Ni),0,
phases may exist within this region.

XRD patterns were recorded to confirm the formation of
oxidized Cu—Ni phases and to assess whether the ALD
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treatments could have induced further phase separation, as
previously reported in fully dense Cu—Ni films subject to
annealing treatments.” As depicted in Figure 7a, a small peak
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Figure 7. (a) XRD patterns and (b) room temperature hysteresis
loops of mesoporous Cu,(Nig, and Al,O;@Cu,,Nig, composite films.

appears after ALD at around 26 = 43°, which can be ascribed to
Cu- or Ni-oxides. However, no obvious change of the (111) fcc
reflections is observed (no peak splitting or further asymmetric
shape), suggesting that the Cu—Ni mesoporous films can
withstand the ALD process to a great extent from both
morphological and crystallographic aspects. This could be
anticipated since phase separation in electrodeposited Cu—Ni
films was observed above 250 °C.** Only a narrowing of the
(111) peak occurs, which is indicative of grain growth and
reduction of residual stresses caused by the annealing process
which accompanies the ALD process (crystallite size after the
ALD treatment is larger than 150 nm and cannot be resolved
by X-ray line profile analysis, as evaluated using MAUD).

No peaks corresponding to crystalline Al,O; are observed in
the measured 26 range. This is in agreement with the formation
of amorphous Al,O; by ALD, as previously reported in the
literature when similar ALD conditions are employed.*® Finally,
due to the slight oxidation that takes place during ALD, the
saturation magnetization is found to decrease (Figure 7b) but
only by 15%; hence, a clear ferromagnetic response is
preserved.

4. CONCLUSIONS

This work demonstrates the possibility of growing Ni and Cu—
Ni mesoporous metallic films, with highly tunable pore
architectures, compositions, and magnetic properties, by ED
in the presence of a triblock copolymer surfactant. Nanopores

well distributed both throughout the surface and within the
films were observed. The mesoporous films can serve as
scaffolds and be successfully coated with Al,O; nanolayers by
atomic layer deposition. This has been proven on the Cuy;Nig,
film. Although some surface oxidation occurs during the ALD
process, both the crystallographic structure and the parent
magnetic properties of the metallic matrix are greatly preserved.
Hence, the concept exploited here can render functional
multiphase metal-ceramic nanocomposites which are entirely
processed using a chemical-like route: electrochemical deposi-
tion followed by a subclass of chemical vapor deposition
(ALD). These “nano-in-meso” composites could find applica-
tions in several fields like magnetic MEMS/NEMS or
protective coatings.
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Figure S1. EDX spectra of nanoporous (a) Cu2oNiso, (b) CussNiss and (c) Ni layers.
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Chapter 3: Further Insights

3. Magneto-ionics: An unprecedented magnetoelectric effect

In the previous chapter, the effectiveness to improve the charge-mediated magnetoelectric
response of a CuNi alloy film by introducing nanoporosity by means of micelle assisted
electrodeposition was demonstrated (1st article). In the second article, the selectiveness in
the electrochemical oxidation, promoted by means of an oxidative electrolyte (1M NaOH
solution), was exploited to tune the magnetization of a nanoporous CuNi alloy by
selectively oxidizing/reducing Cu. In the last article of chapter 2, a novel dual approach to
produce 3D metal-ceramic nanocomposites has been shown by conformally coating
nanoporous CuNi alloy films with Al:03 using ALD, establishing the basis to perform

magnetoelectric experiments in solid state devices.

The above magnetoelectric measurements were all carried by electrolyte-gating in a
home-made cell set-up which allows us to apply voltage while performing magneto-optic
Kerr effect measurements. MOKE is a local and surface sensitive technique and does not
allow for a quantitative determination of the magnetic moment. Therefore, in order to
account for magnetization changes while performing magnetoelectric measurements, a
similar experimental configuration was implemented in our vibrating sample

magnetometer (VSM) setup.

In these previous works, magnetoelectric effects have been tackled in nanoporous metal
alloys. Moreover, electrolyte gating has been employed to tune some physical properties,
like conductivity, in oxide based superconductors. However, modification of other

properties such as magnetic ones has been overlooked.

In order to further shed light on this effect, we investigated magnetoelectric effects via
electrolyte-gating using a non-oxidative medium in 100 nm dense Co304 thin films. Upon
electric field actuation, ionic diffusion occurs generating enriched Co and O regions, as
demonstrated by EELS, and therefore a ferromagnetic arises. The magnetic signal scales
with time and potential. A mechanism is proposed upon structural and defect
characterization (TEM, EELS, energy filtered TEM (EFTEM), and positron annihilation
spectroscopy (PAS)).

The importance of this work relies in the fact that it is one of the first evidences of room
temperature ion migration, since other magneto-ionic approaches require from heat
assistance. Moreover, the process is self-sustained, since no external oxygen sources (HfO,

Gd20s3 or Alz03) are needed.
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Voltage-controlled ON-OFF ferromagnetism at room temperature

in a single metal oxide film

For consistency in the thesis structure, this chapter is structured like a research article.

Abstract

Electric-field controlled magnetism can boost energy-efficiency in widespread
applications. However, technologically, this effect is facing important challenges:
mechanical failure in strain-mediated piezoelectric/magnetostrictive devices, dearth of
room-temperature multiferroics or stringent thickness limitations in electrically-charged
metallic films. Voltage-driven ion motion (magneto-ionics) circumvents most of these
drawbacks while offering unprecedented magnetoelectric phenomena. Nevertheless,
magneto-ionics typically requires heat-treatments and multi-component heterostructures.
Here we report on the electrolyte-gated and defect-mediated O and Co transport in a Co304
single layer which allows for room-temperature voltage-controlled ON-OFF ferromagnetism
(magnetic switch) via internal reduction/oxidation processes. Negative voltages partially
reduce Co304 to Co (ferromagnetism: ON), resulting in graded films including Co- and O-
rich areas. Positive bias oxidizes Co back to Coz04 (paramagnetism: OFF). This electric-
field-induced atomic-scale reconfiguration process is compositionally, structurally and
magnetically reversible and self-sustained since no oxygen source other than the Cos0.
itself is required. This novel process could lead to new electric-field-controlled device

concepts for spintronics.

98



Chapter 3: Further Insights

The search for energy-efficient materials and processes has become central to increasing
industrial competitiveness, as well as to fulfilling environmental, health and other societal
expectations. A stable, strong, tuneable and non-volatile voltage-control of magnetism
might allow for ultra-low-power magnetic storage and spintronic devicesi-4. So far,
magnetoelectric devices are controlled by electric currents, inherently involving a
significant energy loss by Joule heating effect. The partial substitution of electric currents
by electric fields to manipulate such devices (i.e., voltage-modulation of magnetism) would
result in a remarkable energy saving with an important cost reductions3. Over the years,
voltage control of magnetism has relied on several strategies, such as (i) development of
single-phase multiferroic materials with intrinsic magnetoelectric coupling5s, (ii) inverse
magnetostriction effects in epitaxial piezoelectric/ferromagnetic heterostructuresé-9 or
(iii) electric charge accumulation in dielectric/ferromagnetic condenser-like
structures10-14, Unfortunately, implementation of these materials in real devices is
hampered by several factors. Single-phase multiferroics are scarce, usually operative only
at low temperatures and still exhibit rather weak magnetoelectric coupling; artificial
strain-mediated piezoelectric/magnetostrictive heterostructures are prone to mechanical
fatigue and thus have a limited endurance; finally, due to the sub-nanometric electric-field
screening length in metallic ferromagnetic materials, electric charge accumulation effects
are typically observed only in ultrathin films (<2 nm) which are very sensitive to
oxidation. Moreover, most of these approaches typically render volatile magnetic effects

which disappear upon voltage removal.

Recently, voltage-induced ionic motion in magnetic materials 15-18 has attracted huge
interest, since this phenomenon may allow for an electrical modulation of magnetism to an
extent never attained by any other magnetoelectric means. Magneto-ionics opens a new
paradigm since it is not limited to the electric-field screening length and it can therefore be
relevant in relatively thick films. However, in most previous magneto-ionics studies,
voltage needs to be applied at high temperature since ion migration is a thermally-
activated processt51618. Furthermore, the material of interest typically needs to be in
contact with Gd.03 or HfO: layers, which act as ion reservoirs by accepting or donating
oxygen ions depending on the voltage polarity1517.18. So far, the reported magneto-ionic
effects are mostly limited to changes in coercivity1617.18, anisotropy easy axisi517, or

exchange bias?°.

Electrolyte gating (in particular, the use of EDL) allows for the generation of very large

electric fields (due to the <1 nm EDL thickness) capable of inducing 02- migration in some
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oxides. This effect has been exploited to sensitively tune the electrical properties of a
variety of materials, eventually suppressing/inducing insulator-to-conductive phase
transitions20-24, However, to date, magneto-ionic control of ON-OFF ferromagnetism at

room temperature has remained elusive.

A drastic voltage-induced ON-OFF ferromagnetism at room temperature has only been
achieved by tuning the antiferromagnetic-to-ferromagnetic metamagnetic transition of
FeRh12 or the superparamagnetic blocking temperature of Ni nanoparticles?s, in both cases
mediated by the coupling to underlying ferroelectric substrates. High-temperature
voltage-assisted oxidation of ultrathin (0.7 nm) Co layers in contact with GdOx underlayers
has also been used to suppress magnetization?s. In turn, ON-OFF ferromagnetism at low
temperatures was achieved in Lao7sSro26MnOs films by electrochemical (pseudo-
capacitance) doping?6. A maximum of up to 70% change of the magnetization has been
observed in ZnFe;0, films at room temperature by electrochemistry-driven Li-ion

exchange?7.

Herein, we report on the room-temperature voltage-induced ionic motion of oxygen and
cobalt in a single 100 nm-thick polycrystalline paramagnetic Co304 film. Negative biasing
tends to reduce Coz04 to Co, resulting in ferromagnetism, whereas, upon positive voltages,
the process can be completely reversed, oxidizing Co back to Coz04. The amount of Co, and
thus the induced ferromagnetism, scales with time and the applied bias. Part of the
induced ferromagnetism is permanent, but can be fully erased by applying positive
voltages. Non-stoichiometry, primarily determined by defects such as oxygen and cobalt
vacancies and grain boundaries, circumvents the lack of heat assistance and allows for a
significant voltage-driven ionic motion even at room temperature28. This approach opens
up the possibility to take advantage of internal redox processes in single-phase thick

layers, without the need of secondary oxides acting as donor/acceptor of oxygen.

To investigate the influence of electric field on the magnetic properties, the Co304 films,
prepared by plasma-enhanced atomic layer deposition29.30 (see Methods), were subjected
to voltage for a given period of time using a home-made electrolytic cell, as sketched in
Figure 1a (i.e., electrolyte-gating)1331. The voltage was then switched off and, immediately
after, in-plane VSM measurements were recorded in-situ inside the electrolyte. An
anhydrous liquid media (propylene carbonate with Na+ solvated species) was used as
electrolyte for two purposes: (i) to control the surroundings of the Co30s with a non-

oxidizing medium, and (ii) to be able to maximize electric fields while applying low and
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moderate voltages. In this configuration, the Co304 film is used as a working electrode.

Voltage is applied between the film electrode and a Pt counter-electrode (see Figure S1).

As voltage is increased, ions in the electrolyte solution diffuse towards the surface of the
electrode forming the EDL which leads to strong electric fields on the order of hundreds of
MV/cmi3. As can be seen in Figure 1b, the pristine Co304 sample shows no ferromagnetic
behaviour in agreement with its paramagnetic nature at room temperature. Conversely,
after subjecting the sample to —10 V for 60 min, the measurements show a clear hysteresis
loop, evidencing ferromagnetism. This generated ferromagnetism can be fully removed
(and, thus, the process reversed) by applying a positive voltage of 20 V for 60 min. It might
be anticipated that this reversible phenomenon could be explained in a magneto-ionic
framework through voltage-driven O2- transport, giving rise to reduction and oxidation
(i.e, redox) processes which are polarity dependent. For a given voltage (i.e., -10 V),
Figure 1c shows the VSM measurements as a function of time. Further, Figure 1d shows
the voltage-dependence of the hysteresis loops for a fixed biasing time (i.e., 60 min). The
magnetic moment scales with time and, in a more pronounced manner, with voltage,
indicating that the underlying atomic mechanisms probably rely on voltage-activated

diffusion effects.

The measured magnetic signal after applying -50 V is equivalent to a metallic 6 nm-thick
Co film. Treatments up to —-200 V were also carried out to maximize the effects and to
subsequently perform a detailed structural characterization of the samples. As shown in
Figure S2, upon removal of the -200 V (applied for 30 min), the magnetic moment relaxes
following an exponential decay but a clear ferromagnetic signal remains (even for several
months). Note that the hysteresis loop recorded immediately after such a high negative
applied voltage is open (Figure S2a) since the magnetic moment progressively decreases
during the time needed to acquire the loop. However, once the film is relaxed, the loops
close, as expected. Note that this relaxation effect is considerably weaker for lower applied
electric fields. For example, the loops obtained after applying lower voltages for 60 min

close completely at high applied magnetic fields (Figure 1d).

To shed light on the atomic mechanisms which take place under voltage actuation,
compositional characterization of the top sample surface through XPS was carried out
(Figure 2). As shown in Figure 2a, the XPS spectrum of the pristine sample is consistent
with a rather pure Co30. phase with traces of CoO, while, upon treatment at -10 V for 60

min, metallic Co or a Co-rich phase is present at least at the sample surface. Hence,

101



Enhanced magnetoelectric effects in electrolyte-gated nanoporous metallic alloy and dense metal

negative biases promote reduction from Cos04 to CoO and from CoO to ferromagnetic Co
(Figure 2b), in agreement with the magnetometry results. It should be mentioned that CoO
may partially come from natural oxidation from Co since the XPS is performed ex-situ and,
thus, the sample is exposed to air. In contrast to negative biases, positive voltages allow for
the recovery of the Cos04 phase, evidencing that Co tends to re-oxidize (Figure 2c). This
demonstrates the high reversibility of the process, which not only takes place magnetically
but also compositionally, and further indicates that voltage-driven redox processes could
be a plausible scenario. Figure 2d (corresponding to an applied voltage of —-200 V for 30
min) confirms that the amount of generated Co scales with the applied negative voltage in

concordance with the magnetic results.
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Figure 1 | Voltage actuation and magnetic characterization by VSM. a, Custom-made electrolytic cell used
for the in-situ voltage-applied VSM measurements. b, normalized moment (m) versus applied field VSM
measurements of a pristine sample, after being treated at -10 V for 60 min and after recovery having applied
+20 V for 60 min. ¢, VSM measurements corresponding to a sample subjected to -10 V for 0, 15 min, 30 min

and 60 min. d, VSM measurements corresponding to a sample subjected to decreasing negative voltages of 0 V,
-10V,-25Vand -50 V, applied during 60 min.

From a compositional viewpoint, it is clear that this ON-OFF ferromagnetism can be

electrically-modulated by voltage-driven ion migration. However, further information on
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morphological and structural aspects is essential to determine the mechanisms which

govern this atomic transport. Actually, Co304 is prone to exhibit vacancies3 and, in case of

bulk Co304, Co migration is vacancy-mediated (i.e., via Co3+ vacancies)3334.
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Figure 2 | Compositional characterization by XPS. XPS core level Co2p spectrum of a the as-prepared
sample, b the same sample upon -10 V for 60 min, ¢ the sample in b after applying +20 V for 120 min and d
another sample after being treated at -200 V for 30 min. The spectra are deconvoluted taking into account
Co0304, CoO and Co contributions.

For a more detailed structural characterization, three samples were investigated: an as-

deposited film, a film treated at -200 V for 30 min (where the effects of voltage are

maximized) and a sample treated at -50 V for 30 min and subsequently fully recovered

(i.e., brought back to the paramagnetic state) by applying +100 V for 60 min. Full recovery

from the sample treated at -200 V would require positive voltages higher than the ones

available in our setup, hence the recovery was investigated in a sample treated at -50 V.
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Remarkably, scanning electron microscopy (Figure S3) and 6/26 X-ray diffraction (Figure
S4 and Table S1) indicate that the ion migration mechanism is, at least partially, grain

boundary-mediated (see Supplementary Information).

(222) (440)
/ (200)

(220)
GEED

Figure 3 | Structural characterization by HRTEM of the top regions of the films. a, b HRTEM image and
the corresponding fast Fourier transform of an untreated sample, respectively. ¢, d, HRTEM image and the
corresponding fast Fourier transform of a sample treated at -200 V for 30 min, respectively. The scale barsin a
and c correspond to 5 nm while those in b and d correspond to 5 nm-L The main diffraction spots have been
labelled and indexed (see Table S2 and S3). In green, blue and red, reflections corresponding to Co304 (JCPDF
42-1467),Co0 (JCPDF 43-1004) and HCP-Co (JCPDF 05-0727) are indicated.
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To further investigate the structure of the samples, cross-section lamellae of the pristine
and treated samples were prepared (Figure S5). The cross sections reveal the fully dense
appearance of the films and confirm their average thickness of around 100 nm. High
resolution transmission electron microscopy (HRTEM) was carried at a region close to the
as-deposited sample surface, as indicated by the green square in Figure S5a (see Figure
3a). The corresponding fast Fourier transform (FFT) (Figure 3b) shows diffraction signal
arising mainly from Co3z04 and a small contribution from CoO (Fm3m) (Table S2).
Conversely, the sample treated at -200 V for 30 min shows, besides Co304 and CoO, clear
spots from hexagonal close-packed (HCP) Co, in agreement with the XPS characterization
(green square in Figure S5b, Figure 3c,d and Table S3). This confirms that, for negative
applied voltages, O migrates from Co30; and leaves behind metallic Co areas. Similar
results were also obtained from regions closer to the SiO:; interface (see Figure S6, which
correspond to the red squares in Figure S5), evidencing that, at such voltages, the process
not only reduces the surface but affects the whole Co30, film (Tables S4-S57). In Figure S7,
a HCP-Co nanocrystallite is identified and highlighted in red. The nanocrystallinity of the
generated HCP-Co is consistent with the absence of clear reflections in the 6/260 XRD
pattern of the treated sample (red curve in Figure S4). Finally, HRTEM further confirms

that, upon positive biasing, the initial state is recovered (Figure S8).

To investigate the Co-O distribution, energy-filtered transmission electron microscopy
imaging of the as-deposited, treated and recovered samples was performed. In the as-
deposited sample (Figure 4a), a rather homogeneous distribution of Co and O can be
observed. In contrast, the presence of Co-rich and O-rich areas is clearly detected after
negative biasing using -200 V (Figure 4b,c). Figure 4b also reveals that O has a tendency to
diffuse towards the SiO; interface, while Co-rich regions tend to be more abundant close to
the film's air-exposed surface. This is probably related to the way voltage is applied to the
system (Figure S1). Interestingly, O-rich channels are also observed (Figure 4c). These
channels could act as diffusion paths and allow for a large incorporation of O, to
compensate for the formation of metallic Co areas. Upon recovery, Co and O redistribute

and the sample becomes compositionally homogeneous again (Figure S9).

To locally quantify the Co-O distribution, Co and O electron energy loss spectroscopy
mappings were conducted. As shown in Figure 5a-c, both Co and O are homogeneously
distributed in the as-grown sample, with Co and O atomic percentages corresponding
rather well to those of stoichiometric Co30.: (i.e., 42.9 and 57.1 at.% of Co and O,

respectively). In contrast to the as-grown sample, the EELS mappings of the sample biased
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at —200 V reveal the presence of Co-rich and O-rich areas, with compositional variations
ranging from almost pure Co to O-rich regions with Co200s0 (at.%) (Figure 5e,fh,i). These
results indicate that formation of HCP-Co is accompanied with an increase of the O content
in Co304 (i.e, formation of cationic vacancies in the structure of Co304). Actually, it is
known that Co304 can accommodate more oxygen than the stoichiometric composition in
its structure3s, particularly under certain conditions of temperature and oxygen partial
pressure3s, Here, such an effect is electric-field-induced. Similar results have been
reported in electrolyte-gated VO2, where oxygen concentrates forming chains of edge-
sharing VOs octahedral¢. Analogous chains of dimeric-sharing CoO¢ octahedra have been
also reported in CoOx nanoparticles3”. Remarkably, a reduction of the interplanar
distances has been reported in O-rich Co304 fibers3”. The coexistence of stoichiometric
with off-stoichiometric Cos.x0O4:x regions could be correlated with the asymmetry in the

XRD peaks of the negatively biased sample (Figure S4).

To rule out spurious effects arising from Na+ from the electrolyte or Si4+ from the
substrate, EDX spectroscopy and EELS spectra were acquired on the sample treated at
-200 V for 30 min. Neither Na nor Si were detected (Figure S10, S11 and S12). The
mechanism herein reported is thus different from previous works on lithiation of ZnFe;0s4,
CuFe;04 and a-Fe;03 aiming at partially tuning their magnetization by electrochemical
treatment in 1 M LiPFs in ethylene carbonate and dimethyl carbonate solutions27.s.
Finally, Co and O EELS mappings were also performed for the fully recovered sample and,
as expected, a homogeneous composition throughout the film close to stoichiometric
Co304 was obtained (Figure S13). Thus, the structural characterization clearly
demonstrates that, in contrast to conventional magneto-ionic systems where there is a
source/reservoir of oxygen to trigger the redox processes,!518 in the here-prepared Coz04
films the magnetic switch is accomplished by a reversible atomic scale reconfiguration of

the O and Co ions within the film itself.

Variable energy (VE) and coincidence Doppler broadening (cDB) positron annihilation
spectroscopy (PAS)3940 as well as positron annihilation lifetime spectroscopy (PALS)
experiments were performed (see Methods and Supplementary Information) in an
attempt to shed further light on the presence of negatively charged open volume defects
(i.e., cationic Co vacancies, Co-O vacancy complexes and grain boundaries) with depth-

resolved resolution.
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VE-PAS experiments (Figure S14) evidence a relative increase of the low electron
momentum fraction, S (directly proportional to the size and concentration of defects4!, see
Supplementary Information), after treatment using negative voltages, while S
concomitantly decreases again after positive biasing. This is in agreement with the
increase of open volume defects for negatively biased samples, supporting the presence of
channels for ionic O transport. Since VE-PAS cannot clearly distinguish between defects
size and defect concentration, additional PALS and cDB-PAS investigations were

performed.

Film Film

D R RN ®eeecsscsessssssssscessnssnee

Substrate Substrate

Substrate

Figure 4 | Depth-resolved structural and compositional characterization by EFTEM. a, b, ¢, EFTEM image
corresponding to (a) the as-grown sample and (b,c) two different regions of a negatively biased sample at -
200 Vfor 30 min. The scale bars correspond to 50 nm in a and b, and to 100 nm in c. Blue spots correspond to
Co and red spots to O.

The PALS spectra after background correction were deconvoluted using the non-linearly
least-squared-based package PALSfit fitting software+243 into three discrete lifetime
components, which directly evidence three different defect types (sizes) [see Figure 6a-b
and S15a]. The resulting intensities reflect the concentration of each defect type (size)

[Figure 6¢ and S15b]. In general, positron lifetime scales with defects size (i.e., the larger
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the open volume, the longer it takes for positrons to be annihilated)404344, The shortest
lifetime component (7:<0.30 ns) represents vacancy clusters inside the grains, whereas
the intermediate (0.35<7,<0.70 ns) and the longest (1.5<73<4.0 ns) lifetime components
indicate grain boundaries and larger voids (1-3 nm in diameter) contributions,
respectively. The lifetime of small vacancy clusters (:) is around 0.21 ns in the as-grown
sample. This lifetime strongly increases (up to 7;%0.29 ns) in the sample treated at -200 V
(indicating an increase of the average vacancy size), and then decreases down to about
0.23-0.25 ns in the recovered sample. The lifetime component 2, representing grain
boundary contributions, behaves similarly, which is in accordance with a Co and O ionic
migration mechanism. Namely, during negative biasing, ionic motion is promoted at the
grain boundaries and large open volume defects are left behind, so that disordered grain
boundaries increase in size (in agreement with Figure S3c); positive biasing reverses the
ionic migration and defects states are partially refilled. The contribution from the 73
component within the films is below 1% (see Supplementary Information), thus it can be

neglected.

In order to translate the obtained positron lifetime values to realistic defects sizes,
additional cDB-PAS measurements were also conducted (Figure 6d) and compared with
theoretical calculations by means of the so-called atomic superposition (ATSUP)
method+546 (Figure 6e) [see Methods and Supplementary Information]. Electron
momentum distributions, acquired at E,=3 keV and normalized to a Co defect-free
reference spectrum, are presented in Figure 6d for the as-prepared, treated and recovered
samples, where annihilation events come from the film region only (see Figure S16). The
low momentum part of the spectra, p,<8x10-3 myc, is simply another representation of S
(Ep=3 keV) from Figure S14. The high electron momentum part of the ratio plots, p,>8x10-
3 moc, shows a minimum at p.x16x10-3 myc for all the samples, which is in qualitative
agreement with the calculated curves from Figure 6e. The high momentum part is a
fingerprint of the defect site atomic surrounding and, interestingly, it does not consist of
pure HCP-Co phase but, instead, is in agreement with the calculations for mixed vacancies
involving different amounts of O and Co atoms (Figure 6e). This does not exclude Co
segregation, since positrons preferentially annihilate at the oxide phase (due to their

higher affinity to oxides).
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Figure 5 | Structural and compositional characterization by high-angle annular dark-field scanning
transmission electron microscopy HAADF-STEM and EELS. a-c, d-f and g-i, HAADF, Co and O EELS
mappings of the pristine sample,and two differentregions of a sample negatively biased at -200 V for 30 min,
respectively.
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Figure 6 | Positron annihilation spectroscopy characterization: a-c, Positron annihilation lifetime
spectroscopy (PALS) analysis, where contributions of the annihilation signal from grains (a) and grain
boundaries (b) is shown for as-grown (black), treated (red), and recovered (green) samples. The black vertical
lines show an approximate position of the interface between the Co304 film and the SiO2 buffer layer. The
straight lines in (a) markthe lifetime of the vacancy complexes of different sizes: from trimers (V3) to clusters
of 6 vacancies (V6). c, the absolute intensity of the lifetime components. d, Coincidence Doppler broadening
ratio plots (normalization by a defect free Co reference) measured at E, = 3 keV, with a corresponding atomic
superposition (ATSUP) simulation (e).

Table S8 shows the calculated positron lifetime values for different types of vacancy
defects in HCP-Co and Co304. The results indicate that existence of small vacancy clusters,
probably in the form of cobalt vacancy dimers (two vacancies), V2o, or trimers (three
vacancies), Vs, coupled with an oxygen monovacancy (single vacancy), Vo (where a
lifetime higher than 0.2 ns is obtained). These configurations, compatible with our
experiment, are indicated in bold in Table S8 (further details can be found in the

Supplementary Information).

In conclusion, voltage-driven O and Co redistribution has been demonstrated in 100 nm-
thick Co304 films through electrolyte-gating, allowing for the controlled generation and

suppression of ferromagnetism. A negative voltage reduces Coz04 to Co (ferromagnetism:
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ON), whereas the process is reversed by applying a positive bias, aimed at oxidizing Co
back to Co304 (paramagnetism: OFF). These gate-induced O and Co migrations are driven
by mixed vacancy clusters as evidenced by positron annihilation spectroscopy. lonic
transport seems to be promoted at grain boundaries and is further assisted by the
formation of diffusion channels that incorporate large amounts of O. Part of the generated
ferromagnetism is not transient but stable, although it can be easily erased by applying
adequate positive voltage values. The process is self-sustained in the sense that no
external source/sink of oxygen is required. Our approach also circumvents the need of
thermally-assisted ionic migration, i.e., voltage-driven oxygen motion takes place at room
temperature. Furthermore, our procedure could in principle be extended to room
temperature oxide-based antiferromagnets (e.g, NiO), allowing for an extra degree of
freedom taking advantage of exchange bias effects, thus opening new avenues in

spintronic devices.
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Methods
Sample preparation

Co304 films were grown on thermally-oxidized Si wafers (i.e. SiO2 (100 nm)/ <100> Si (1
mm)) by  plasma-enhanced atomic layer deposition (PE-ALD)  using
bis(cyclopentadienyl)cobalt (CoCpz, STREM, min. 98%) as Co precursor and O plasma as
oxygen source2?. The depositions were performed in a home-built ALD reactor with a base
pressure of 10-6 mbar2930, The container with the solid CoCp: precursor and the tube to
the reactor were heated to 80°C and 100°C, respectively, to prevent deposition of the
precursor in the tubes or valves. The Cos04 layers were produced by alternate pulsing of
CoCp2z and O plasma at a deposition temperature of 200°C. Argon was used as a carrier
gas for the Co precursor. The ALD cycle consisted of 5 s CoCp: exposure, 5 s of pumping, 5
s Oz plasma exposure and 5 s of pumping. During the exposures, the pressure in the ALD
chamber was in the 10-3 mbar range. The growth rate was 0.5 A/cycle, and a total of 2000
ALD cycles were applied to obtain 100 nm thick Co30;4 films.

Structural and compositional measurements

SEM images were acquired using secondary electrons in a FEI Magellan 400L microscope
operated at 20 kV. TEM, STEM/EDX and EELS were performed on a TECNAI F20
HRTEM/STEM microscope operated at 200 kV. Cross sectional lamellae from the as-
grown, treated (-200 V for 30 min) and recovered (-50 V for 30 min / +100 V for 1 h)
samples were prepared by focused ion beam (FIB) and placed onto a Cu TEM grid.

0/20 X-ray diffraction patterns of the different samples were recorded on a Philips X'Pert
Powder diffractometer with a Pixell? detector in the 17°-40° 26 range using Cu K.
radiation with intensity (Cu Ke)/intensity (Cu Ku)=0.5. The structural parameters of
Co304, such as crystallite size (i.e., average coherently diffracting domain) or lattice
parameter were evaluated by fitting the XRD patterns in the 18°-20° 20 range using the
MAUD Rietveld refinement program+7.

VE-PAS3940 was used to investigate depth-resolved open volume defects at the Slow-
Positron System of Rossendorf (SPONSOR) beamline, which provides mono-energetic but
variable energy positron beam. Further details on this type of experiments, as well as on
PALS and theoretical calculations using the ATSUP method are given in the Supplementary

Information.
Magnetic characterization

Magnetic measurements were carried out at room temperature in a vibrating sample

magnetometer from Micro Sense (LOT-Quantum Design), with a maximum applied
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magnetic field of 2 T. Figure 1a illustrates the experimental setup used for the in-situ
magnetoelectric measurements. The sample was mounted in a home-made electrolytic cell
filled with anhydrous propylene carbonate with Na+ solvated species (i.e.,, non-oxidative
media), and the magnetic properties were measured along the film plane after applying
different voltages, using an external Agilent B2902A power supply, between the sample
and the counter-electrode in a similar fashion of that presented in references 13 and 31.
The Na- solvated species in the electrolyte are aimed at reacting with any traces of water.
The longitudinal magnetic signal was normalized to the area of the sample immersed in

the electrolyte.
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Supporting Information

Voltage-controlled ON-OFF ferromagnetism at room temperature

in a single metal oxide film

A) Experimental setup

Cu Wires

N Indium Welding

——— Pt

— Hot Glue Spacer

Co.0O

Figure S1: Scheme of the wires connection to the Co304 film. Cu wires were attached to the sample using
indium. The welding is performed at the Co304 surface. Insulating hot glue spacers were used to avoid short-
circuits during VSM measurements.
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B) Further magnetoelectric measurements
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Figure S2 | Magnetic characterization of the system when relaxing at 0 V after having applied -200 V
during 30 min. a, VSM hysteresis loops recorded (1) just after removing the voltage and (2) after 325 min. b,

Time dependence of the magnetization at 3000 Oe, where the corresponding stages in a are highlighted by
circles.
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C) Further structural/compositional characterization

Scanning electron microscopy imaging using secondary electrons reveals that the surface
of the pristine film consists of polyhedral-shaped grains with well-defined grain
boundaries (Figure S3a). After subjecting the sample to -200 V for 30 min, the grain
boundaries appear to grow in detriment of the grain size. The average grain area for the
as-prepared sample is 557 * 17 nm?, whereas that corresponding to the treated sample (-
200 V for 30 min) is 527 * 16 nm?2 (Figure S3b,d). Conversely, after recovery, the grain size
increases at the expense of grain boundaries, reaching an average grain area of 613 + 15
nm? (Figure S3f). This suggests that the underlying mechanism for atomic migration is, at
least partially, grain boundary-mediated since atomic diffusion is usually enhanced at the

grain boundaries!.

As shown in Figure S4, the 68/26 XRD pattern of the as-prepared sample is consistent with
a Co304 phase (space group Fd3m) textured along the (111) crystallographic direction.
After negatively biasing the sample at -200 V for 30 min, the (111) and (222) C0304 peaks
slightly broaden and, in particular, the (111) peak becomes clearly asymmetric at the high
20 angle side, indicating that a secondary highly nanostructured Cos0s: phase with
decreased lattice parameter might have been formed during the voltage treatment. Upon
recovery, the asymmetry tends to vanish and the XRD peaks become narrower again,
resembling those of the pristine sample. In order to provide further structural
information, the 6/20 XRD patterns were analysed by Rietveld refinement using the
MAUD software? to extract structural information on the lattice parameter and the
crystallite size (i.e., average coherently diffracting domain) of the Co304 phase for the
pristine sample, upon treatment and after recovery (Table S1). In order to take into
account the aforementioned asymmetry, two Co30s phases with dissimilar lattice
parameters were considered in the fitting procedure for the treated sample (see inset in
Figure S4). While a single Co304 phase was essentially sufficient to appropriately refine the
patterns corresponding to the pristine and recovered samples, a 25 vol.% of a highly
nanostructured Cos0s phase with decreased lattice parameter (7.964 A; compared to
8.090 A in the as-made sample) was required to properly fit the pattern of the treated
sample. This phase is consistent with an oxygen-rich Coz04 phase3. As can be seen in Table
S1, a negative voltage of -200 V causes a slight decrease of crystallite size, from 28 nm (as-
prepared sample) to 26 nm. Interestingly, the crystallite size recovers and even grows a
bit with respect to the pristine sample after recovery, attaining a value of 29 nm.
Interestingly, this effect correlates well with the SEM observations (Figure S3), where very

similar average grain diameters are obtained from the average areas of the particles
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assuming they have roughly spherical shapes. This evidences the high reversibility of the

process and suggests that oxygen migration to reduce and re-oxidize Co is, at least

partially, grain boundary-mediated.
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Figure S3 | Morphological characterization of the sample surface by SEM using secondary electrons. a,
c, e SEM images and b, d, f particle size distributions of the as-prepared sample,a sample treated at -200 V for
30 min and a sample first treated at -50 V for 30 min and then recovered by applying +100 V for 60 min,
respectively. The scale bar in a, ¢, and e is 100 nm. Note that the indicated error refers to the standard
deviation error (se = ssa/NY/2, where sq is the standard deviation and N is the number of observations).
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Figure S4 | Structural characterizationby 0/20 XRD. 6/26 XRD patterns of the as-prepared sample (black),
a sample treated at -200 V for 30 min (red) and a sample first treated at -50 V for 30 min and recovered
afterwards by applying +100 V for 60 min (blue). The peaks corresponding to Co304 have been labelled and
indexed and those arising from the substrate (Si(200) / amorphous SiO2) have been indicated. The upper inset
shows the Rietveld refinement of the XRD pattern of the sample treated at =200 V for 30 min, in the 18.22-20¢
2q range, assuming two contributions (two Co304 phases with different cell parameter).
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Figure S5 | Structural characterization by TEM. TEM images of the cross-section of a the pristine sample
and b the sample subjected to -200 V for 30 min. The scale bars correspond to 20 nm. The red squares indicate
the regions imaged by high-resolution TEM shown in Figure 3 of the manuscript, while the green squares
correspond to Figure S6. Note that the Si/SiO2 substrate would be above the imaged areas.
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Figure S6 | Structural HRTEM characterization of the as-deposited film and a film treated at -200 V for
30 min, always from a region close to the SiO: interface. a, b, HRTEM image together with the
corresponding fast Fourier transform of an untreated sample. ¢, d, HRTEM image together with the
corresponding fast Fourier transform of a sample treated at -200 V for 30 min. The scale bars in a and ¢
correspond to 5 nm whole those in b and d correspond to 5 nm-L The main diffraction spots have been labelled
and indexed (Table S4 and S5). In green, blue and red are the rings/spots corresponding to Co304, CoO and
HCP-Co, respectively.
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Figure S7 | Structural characterization by HRTEM of the sample treated with negative voltage. HRTEM
image of an area located at the middle region of a film treated at -200 V for 30 min where a hexagonal close-
packed cobalt (HCP-Co) nanocrystallite is highlighted. In the inset, an average interplanar distance of 0.19 nm,
which corresponds to (101) HCP-Co, is obtained for the planes of this Co crystallite. The scale bar corresponds
to 5 nm.
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Figure S8 | Structural characterization HRTEM of the sample first treated at -50 V for 30 min and then
recovered applying +100 V for 60 min. a, c, HRTEM image and the corresponding fast Fourier transform of
the recovered sample from a region close to the surface, respectively. b, d, HRTEM image and the
corresponding fast Fourier transform of the recovered sample close to the SiO: interface, respectively. The
scale barsin aand b correspond to 10 nm and those in cand d to 5 nm-L The main diffraction spots have been
labelled and indexed (Tables S6 and S7).
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Film

Substrate

Figure S9 | Compositional characterization by EFTEM. EFTEM image corresponding to the recovered
sample (negatively biased sample at -50 V for 30 min and subsequently positively biased at +100 V for 60
min). The scale bar corresponds to 100 nm.

To rule out spurious effects arising from Na* from the electrolyte or Si from the
substrate, EDX spectroscopy and EELS spectra were acquired on the sample
treated at -200 V for 30 min. Figure S10 and S11 indicate that neither Na nor Si are
present in the O-rich regions (the ones corresponding to Figure 5d-f), ruling out
Na* or Si** ion intercalation as the origin of this electrically-modulated ON-OFF
ferromagnetism. Actually, the EDX analysis (Figure S12) reveals that the Na
content in the treated sample is less than 1% (close to the detection limit). Such a
small percentage could simply arise from surface contamination and can be also
understood bearing in mind that the concentration of Na* in the propylene
carbonate solution is only a few ppm, as assessed by inductively coupled plasma

mass spectrometry (ICPMS).
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Figure S10 | Compositional analysis of an O-rich diffusion path by EELS. EELS spectrum at the Na K edge
of an O-rich diffusion path of the cross-section of a sample negatively biased at -200 V for 30 min.
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Figure S11 | Compositional analysis of an O-rich diffusion path by EELS. EELS spectrum at the Si K edge of
an O-rich diffusion path of the cross-section of a sample negatively biased at -200 V for 30 min.
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Figure S12 | Compositional analysis of an O-rich diffusion path by EDX. EDX spectrum obtained from the
cross-section of a sample negatively biased at -200 V for 30 min. Note that Cu is detected from the TEM grid,
whereas Pt was used as a coating thin layer during the lamellae FIB preparation.
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Figure S13: Compositional characterization by HAADF STEM and EELS after recovery. a, b, c HAADF, Co
and O EELS mappings of the recovered sample (negatively biased sample at -50 V for 30 min and positively
biased at +100 V for 60 min).
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Table S1 | Structural parameters from the Rietveld refinement of the 6/20 XRD patterns. Lattice cell
parameter (a) and crystallite size (<D>) of the as-prepared sample, the sample treated at -200 V for 30 min
and the one recovered at -50 V for 30 min and at +100 V for 60 min samples obtained by Rietveld refinement
of the XRD patterns in the 18-20° 20 range. These values correspond to the main (111) C0304 phase.

As-prepared Treated Recovered
a(A) 8.09 £ 0.08 8.10 £ 0.06 8.092 £ 0.002
<D> (nm) 281 262 291

Table S2 | Structural characterization by HRTEM of the as-deposited film, from a region of the cross
section close to the air-exposed film’s surface. Interplanar distances from the fast Fourier transform
(Figure 3b) of the HRTEM image of the pristine sample presented in Figure 3a together with the corresponding
indexation.

# Ring/Spot d (A) Plane Phase
1 4.690 (111)
2 2.861 (220)
3 2465 (311)
4 2367 (222)
5 2165 (111)
6 2.048 (400)
7 1.545 (220)
8 1.460 (440)

Table S3 | Structural characterization by HRTEM of the sample treated at negative voltage, from an
upper region from the cross-section, close to the air-exposed surface. Interplanar distances from the fast
Fourier transform (Figure 3d) of the HRTEM image of the sample treated at -200 V for 30 min presented in
Figure 3c together with the corresponding indexation.

# Ring/Spot d(A) Plane Phase
1 2.828 (220)
2 2506 (111
3 2.149 (200)
2 1911 (10D HCP-Co
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Table S4 | Structural characterization by HRTEM of the as-deposited film close to the SiO: interface.
Interplanar distances from the fast Fourier transform of the high-resolution transmission electron microscopy
image of the pristine sample presented in Figure S6a together with the corresponding indexation.

# Ring/Spot d(A) Plane Phase
T 4739 a1
2 2888 220
3 2472 (311
4 2149 110 Co0
5 2078 (200)

Table S5 | Structural characterization by HRTEM of a sample treated with a negative voltage, from a
region close to the SiO: interface. Interplanar distances from the fast Fourier transform of the high-
resolution transmission electron microscopy image of the sample treated at -200 V for 30 min presented in

Figure S6c together with the corresponding indexation.

# Ring/Spot d(A) Plane Phase
1 2.849 (220)
2 2.485 (111) Co0
3 1.912 (101) HCP-Co
4 1.540 (511)

Table S6 | Structural characterization by HRTEM of the recovered sample (upper region, close to the
air-exposed surface). Interplanar distances from the fast Fourier transform of the high-resolution
transmission electron microscopy image of the recovered sample close to the surface presented in Figure S8a
together with the corresponding indexation.

# Ring/Spot d(A) Plane Phase
1 4657 (111)
2 2.886 (220)
3 2493 (311)
4 2.153 (200) CoO
5 2.057 (400)

131




Enhanced magnetoelectric effects in electrolyte-gated nanoporous metallic alloy and dense metal

Table S7 | Structural characterization by HRTEM of the recovered sample (region close to the SiO:
interface). Interplanar distances from the fast Fourier transform of the high-resolution transmission electron
microscopy image of the recovered sample close to the SiO; interface presented in Figure S8b together with
the corresponding indexation.

# Ring/Spot d (A) Plane Phase
1 4657 (111) Co304
2 2.886 (220) Co304
3 2493 (311) Co304
4 2361 (222) Co304
5 2153 (200) Co0
6 2.057 (400) Co304
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D)  Further analysis by PALS/VE-PAS techniques

During Variable Energy Positron Annihilation Spectroscopy experiments (carried out
to attain a deeper understanding on the effects of voltage on the structure of the Co30.
films and the mechanism for ion migration), positrons are emitted from an intense 22Na
source and subsequently accelerated to discrete energy values in the range of 0.05 - 35
keV. Such positron implantation energy allows penetrating down to about 2 um for Co.
Doppler broadened spectra representing positron annihilation distribution for each
positron implantation energy were acquired using single High-Purity germanium detector
(HPGe) with energy resolution of 1.09 + 0.01 keV at 511 keV. Slow positron annihilation
spectroscopy is in general realized by implantation of kinetically accelerated positrons to a
sample and detection of the 511 keV gamma photons originating from the electron-
positron annihilation. A change in the electron momentum distribution is represented by a
Doppler shift of the annihilation gamma spectrum. The low momentum part of the
spectrum is characterized by the so-called S-parameter (shape parameter)4, which is
defined as a number of annihilation events in the very middle of the spectrum, in the
energy window of about 511 * 0.930 keV normalized to the total number of events. A
mono-energetic positron beam with variable energy allows depth profiling across the film
thickness, where a positron mean implantation depth is proportional to positron
acceleration energy, E,. In order for such analysis to be feasible, a large enough statistics
needs to be acquired. Here, for each value of E}, a spectrum consisting of minimum 1.5x105

total counts was measured.

Typically, in a VE-PAS experiment, the parameter S (Figure S14) (defined as positron
annihilation with low momentum valence electrons), is proportional to the vacancy
density and their size. This parameter can be determined as a function of the positron
incident energy, rendering a depth-resolved characterization of structural defects.4+56 As
can be seen Figure S14, for all samples, the S parameter first decreases with the incident
energy and then increases again until levelling off, reaching first the SiO buffer layer and
later the Si substrate. The S parameter value at the sub-surface region (lower positron
energies, E, < 1 keV), usually reflects positronium formation and positron surface states
with surface electronss. At higher energies (larger depths) S is proportional to the
concentration and size of existing vacancies. Remarkably, when a negative voltage is
applied, S increases for all depths, suggesting that the density or size of vacancies in Co304
increases with voltage. In addition, the position of the S minimum is shifted slightly

towards higher energies for the negatively biased samples. This would correlate well with
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(i) the increase of the material density (possibly because of the Co-rich phase segregation),
which reduces the penetration depth of positrons for the energy range corresponding to a
sub-surface region [see Figure S14] or with (ii) large concentration of inhomogenously

distributed defect complexes strongly trapping positrons.
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Figure S14 | Low electron momentum fraction, S, as a function of positron implantation energy, E,, for

the as-deposited sample, after treating it at -200 V, and after recovering applying -50 Vand +100 V.

Since VE-PAS results cannot clearly distinguish between defects size and defect
concentration, additional positron annihilation lifetime spectroscopy (PALS) (Figure 6a-c)
and Coincidence Doppler broadening (cDB)-PAS (see Figure 6d) investigations were
performed, both supported with theoretical calculations by means of the so-called atomic
superposition (ATSUP) method’# (Figure 6e). The cDB of the annihilation line at fixed
energy (E, = 3 keV) using two HPGe detectors with energy resolution of 780 + 20 eV at 511
keV was conducted on the C0304 films. The method allows detailed insight into atomic
surrounding of a defect site by comparing the electron momentum distribution of the test
sample with a defect-free reference material, i.e.,, Co. The positron lifetime experiments
were performed at the mono-energetic positron spectroscopy (MePS) beamline, which is
the end station of the radiation source ELBE (Electron Linac for beams with high Brilliance

and low Emittance) at HZDR (Germany)?® using a digital lifetime CrBrs scintillator detector
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with a homemade software employing a SPDevices ADQ14DC-2X with 14 bit vertical
resolution and 2 GS/s horizontal resolution, optimized for room-temperature
measurements and with a time resolution function down to about 0.205 ns. The resolution
function required for spectrum analysis uses two Gaussian functions with distinct
intensities depending on the positron implantation energy, E,, and appropriate relative

shifts. All spectra contained at least 5x10¢ counts.

The positron lifetime spectra were analysed as a sum of time-dependent exponential
decays N(t) = 2 I/trexp(-t/T;) convoluted with the Gaussian’s functions describing the
spectrometer timing resolution using the non-linearly least-squared based package
PALSfit fitting software+610. The yttria-stabilized zirconia (YSZ) reference sample with
well-defined single component positron lifetime, 7 ~ 0.181 ns, was utilized as a correction
spectrum to account for unwanted background by means of subtracting additional (not
related to the sample) positron lifetime components during the fitting procedure: = 0.40 -
0.90 ns (< 4 %) and < 55 ns (< 0.5 %) depending on E,. The spectra after background
correction were deconvoluted into three discrete lifetime components, which directly
evidence three different defect types (sizes) [see Figure 6a-b and S15a]. The resulting
intensities reflect a concentration of each defect type (size) [Figure 6¢c and S15b]. Since the
intensity of the 73 component within the films is below 1%, the concentration of large
voids in the Co304 film is extremely low and can be neglected, even after the voltage
treatments. In the case of SiO,, due to its amorphous nature, such voids exist intrinsically
and 73 =~ 1.5 ns is a typical value for SiO: (Figure S15a). Hence, the increase of intensity at
E, = 5 keV (Figure S15b) indicates the film/buffer interface while the subsequent drop
reflects increased annihilation within the Si substrate. Detailed discussion on the 7; and 7

components is given in the main manuscript.

The coincidence Doppler broadening measurements of the annihilation peak at given
E, are a perfect probe for investigations of the defect site atomic surrounding. Chemical
elements have unique shapes of the cDB spectra. Typically, thermalized positrons have
negligible momentum compared to electrons, thus the momentum of annihilating
electron-positron pair represents mostly the electron momentum. Hence, the measured
Doppler shift in the energy of the annihilation-photons yields the momentum distribution
of electrons that have annihilated positronsé. Here energy of both annihilation photons is
measured in coincidence, which suppresses the background signal in comparison to
standard one detector approaches, i.e, VE-PAS. The difference in energies of the two

annihilation photons is E1-E: = 2-AE = c-p1, where c is the speed of light and p. is the
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longitudinal component of the electron momentum to the direction of emitted annihilation

photon.
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Figure S15 | Longest positron lifetime component, 73, and its intensity, I3, as a function of positron
implantation energy, Ep,. Positron lifetime components longer than 600-700ps correspond to large open
volume defects, e.g, voids and pores. Since the intensity of that component within the films is below 1 % their
concentration is extremely low. In the case of SiO2 due to its amorphous nature such voids exist intrinsically
and 13%1.5 ns is a typical value for SiO». The increase of intensity at E, = 5 keV shows an onset on film/buffer

interface and subsequent drop reflects increased annihilation with the Si substrate.
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To clarify the evolution of the defect structure as a function of voltage treatment, atomic
superposition (ATSUP) modelling was conducted (see Figure 6e) and compared with
cDB experimental ratio plots (Figure 6d) and positron lifetime analysis (Figs. 6a—c). The
so-called standard scheme?.8 has been used, which does not account, however, for atomic
relaxations in the vicinity of a defect (which is sometimes necessary to obtain more ideal
agreement between theory and experiment). In general, the most standard scheme of
ATSUP cannot precisely describe positron annihilation with low momentum valence
electrons, p. < 8x10-3 myc. However, it can fully predict trends once vacancy states are
introduced for the high electron momentum region, p. > 8x10-3 myc. The obtained
calculated ratio plots for a spinel Cos304 structure (Figure 6e) exhibit similar minimum at
the high momentum part of the spectrum as the experimental data (Figure 6d), which is
however slightly shifted by p, *EI20x10-3 moc and the calculated ratio values vary less as a
function of the vacancy complex size when compared to the experiment. This is most likely
due to limitations of the simulation code, since atomic relaxations around defects and
annihilation at grain boundaries were not accounted for. From the modelling, the
following parameters have been calculated and summarized in Table S8: (i) vacancy size
(vacancies within a complex), (ii) vacancy type, and (iii) positron lifetimes. The HCP-Co
and spinel Cos04 structures have been simulated - defect free materials as well as with
vacancy states, e.g, monovacancy, dimers, trimers, up to complexes of 6 vacancies both on

Co and O sites.

The shortest lifetime component (t;) cannot be explained either by a vacancy complex
situated at only Co or O sites (i.e.,, non-mixed vacancies) because the calculated positron
lifetime values in these cases are below 0.2 ns. A vacancy complex related to HCP-Co, on
the other hand, is excluded due to its completely different electronic structure (see Figure
6d), where no clear minimum was found (as for Coz04) but rather a straight horizontal
line. Therefore, the calculations predict existence of small vacancy clusters, probably in the
form of cobalt vacancy dimers (two vacancies), Vzxco, Or trimers (three vacancies), Vsuco,
coupled with an oxygen monovacancy (single vacancy), Vo (where a lifetime higher than
0.2 ns is obtained). These configurations, compatible with our experiment, are indicated in
bold in Table S8. Thus, the defects structure in the as-deposited films can be described as
dominated (75-93% of the overall open volume; see Figure 6¢) by small vacancy clusters
(3-4 vacancies, V3-V4). The presence of defects in the as-deposited Co30s4 films is likely to
be important for the voltage-induced structural changes (and the concomitant

magnetoelectric effects) as it promotes an otherwise limited atomic mobility.
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Figure S16 | The so-called Makhov distribution of positron annihilation with a maximum of 1. Since
positrons are very light particles they scatter more in case of larger implantation energies, E, > 5 keV. The
maxima represent largest probability for positron annihilation and in systems with high enough defect
concentration (reduced or suppressed positron diffusion) are a good measure for positioning of layers and
interfaces. Comparison between Co (pco= 8.9 g-cm3) and Co304 (pcoo = 6.11 g-cm-3) is given. For E, = 6.05 keV,
due to larger density of Co compared to Co304, positrons would predominantly annihilate about 40 nm apart
from the interface to SiO2. This simple modelling gives only a rough estimation of positron annihilation
distribution across the film thickness and cannot be directly applied for phase separated systems.

In the case of the treated sample, 7; strongly increases, especially close to the surface area,
which can be understood as a vacancy complex involving more than 6 connected defects
(V6), likely Vixwo + Vi (Table S8), and is the consequence of ionic migration. After
application of the positive bias, O transfer in the interior of the grains is reversed and
defect clusters decrease in size [vacancy complexes composing of 4-5 defects are emerging
(V4, V5)]. This suggests that the size of vacancies in the recovered sample decreases,

approaching the values of the as-deposited sample.
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Table S8 | ATSUP analysis. Calculated positron lifetime for different vacancy configuration in HCP-Co and a
Co304 spinel structure. The positron lifetime for mixed vacancy cluster states fit well to the experimental

values from Figure 6d.The types of defects configurations compatible with the experiments are highlighted in
bold.

No. of vacancies within

Material Vacancy type Positron lifetime (ns)
a complex
0 - 0.0971
1 Vco (monovacancy) 0.1685
HCP-Co 2 Vaxco (dimer) 0.1873
3 V3xco (trimer) 0.2123
4 V4xC0 0.2240
0 - 0.1188
1 Vco (monovacancy) 0.1646
Co304 - Co vacancy _
2 Vaxco (dimer) 0.1757
clusters
3 Vsxco (trimer) 0.1785
4 V4XCO 0.1795
1 Vo (monovacancy) 0.1201
C0304 - O vacancy
2 Vaxo (dimer) 0.1255
clusters
3 V3o (trimer) 0.1347
2 Veo + Vo 0.1816
3 Veo + Vaxo 0.1952
Co0304 - mixed vacancy 3 Vaxco + Vo 0.2030
clusters ) Vaxco + Vo 0.2251
5 V3xco + Vaxo 0.2394
6 Vixco + Vaxo 0.2526
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Chapter 4: General Discussion

4. General discussion of the results

Magnetic actuation in devices is conventionally controlled by electric currents, used to
either generate magnetic field through electromagnetic induction or to induce
magnetization reversal via spin torque effect (i.e., injecting spin polarized currents). To
minimize energy losses by heat dissipation due to Joule effect in current-based magnetic
systems, electric field modulation of magnetism is undergoing intense research since it has
been predicted that magnetoelectric actuation could boost energy-efficiency in
widespread applications, such as magnetic recording, spintronics or, in general, any kind

of magnetically-actuated device.

So far, different routes to tackle voltage control of magnetism have been considered: by
means of the intrinsic magnetoelectric coupling in single phase multiferroics, by taking
advantage of strain-mediated magnetoelectric coupling in extrinsic
ferromagnetic/ferroelectric heterostructures, by modifying the electronic band
configuration through the injection of electrostatic charges in ferromagnetic/dielectric
interfaces (in ultrathin films) or by redox processes. Even though these magnetoelectric
effects are of very dissimilar origin, all of them are of interfacial nature. That is why most
of the experimental works address the electric control of magnetism by exploiting the

large surface to volume ratio of ultrathin films.

With the aim to bring this aspect to a further step, we tackled magnetoelectric
effects in nanoporous materials with maximized surface to volume ratios, tailored
pore architecture and ultrathin pore walls. This constitutes a novel approach since
although nanoporous materials have been widely used in recent years in several
areas like heterogeneous catalysis, energy storage or gas sensing, their use in

magnetism has been rather overlooked.

The nanoporous materials were prepared by micelle assisted electrodeposition, a
deposition technique which had been largely employed in alloy systems containing noble
metals, but much less used in non-noble transition metal (in particular, magnetic) alloys.
This allowed us to demonstrate that micelle assisted electrodepositionis a successful
approach to synthesize nanoporous noble metal free alloys, such as Cu-Ni, with
tailored pore architecture and ultrathin pore walls. This new synthetic approach
and the properties of these materials have been patented at National and European
levels (EP17170317.6;1707453.5 (UK); 201700590 (ES)) and constitutes one of the

novel aspects of this Thesis.
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To electrically-actuate the samples, we have employed an electrolyte gating approach, in
which the formation of an EDL is exploited to generate ultra-high electric fields (of the
order of tens-hundreds of MV/cm). Moreover, this is the most efficient way to apply
voltage in such large surface areas since the electrolyte can penetrate the interior of the
nanopores and make the inner surfaces of the pore walls magnetoelectrically active.
Furthermore, current leakage in nanoscale dielectric layers, which is a common failure in
solid state magnetoelectric measurements, is avoided by the use of liquid electrolytes.
Despite proving that ALD is a suitable technique to conformally coat nanoporous
configurations, our preliminary works show that current leakage occurs in porous
materials tested in solid-state configuration, thus electrolyte-gating was chosen as the
preferred method to perform our magnetoelectric studies, to ensure a suitable electric

field actuation via the formation of the EDL.

With the aim to take advantage of different magnetoelectric effects, two main electrolytes
have been employed: an aprotic organic solvent (propylene carbonate) and an oxidative

aqueous media (NaOH).

Electrolyte-gating in non-oxidative media allowed us to demonstrate that

nanoporosity boosts charge-mediated effects in Cu-Ni alloys, confirming that
configurations with maximized surface to volume ratio exhibit enhanced

magnetoelectric effects.

Specifically, we successfully achieved a 32% reduction in the coercive field of a
nanoporous Cu-Ni film. Ab initio simulations are consistent with a charge-mediated
magnetoelectric effect mechanism and suggest that voltage induces changes in the
magnetic anisotropy energy of the Cu-Ni alloy due to the accumulation of electrostatic
charges. This coercivity reduction is of paramount importance to enhance the energy
efficiency during magnetic actuation, since it implies that lower applied magnetic fields
(i.e., electric currents) are needed to reverse magnetization, thus resulting in lower Joule

heating effects.

By applyingelectricfieldsin oxidative media, the magnetic moment, rather than the

coercivity, has been modulated. Nanoporosity not only enhances redox effects but

allows for their propagation through the entire sample thickness.

The element-selectiveness in the electrochemical oxidation (positive applied voltage) of a
Cu-Ni alloy allowed us to tune the magnetic moment up to an increase of 33 %. Since the
oxidative process mainly occurs in the Cu counterpart, the alloy ends up being enriched in

Ni, thus yielding a larger magnetic moment. Opposite effects are observed by application
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of negative voltages (i.e., the redox-mediated magnetoelectric effect is reversible and
allows precise control of the magnetic properties of the investigated alloy). Additionally,
this result rules out the possibility that redox processes could be the origin of the
magnetoelectric effects observed in the electrolyte-gated Cu-Ni using a non-oxidative
medium (since redox mainly promotes changes in saturation magnetization, rather than

coercivity).

Hence, we have presented two differentapproaches to tune coercivity and magnetic
moment by voltage. The first strategy relies on a charge-mediated magnetoelectric
effect, whereas the second route is based on redox processes. This two first works
were carried out in a home-made cell setup which allowed us to apply voltages through
liquid media while performing in-situ MOKE measurements. MOKE is a local and surface
sensitive technique and does provide a quantitative determination of the magnetic
moment. Therefore, in order to account for magnetization changes while performing
magnetoelectric measurements, a similar experimental configuration was implemented in

our VSM setup.

Besides nanoporous alloys, we have also induced interesting magnetoelectric effects in
relatively thick (not ultrathin) Co30. films. A magneto-ionic approach has been
successfully employed to tune magnetism in a robust, reversible and non-volatile manner
at room temperature in a single oxide layer. Previous works from the literature dealing
with magneto-ionic effects have typically required of heat assistance, which increases the
energy consumption, and have relied on oxygen reservoirs (e.g., Al:03, HfO; or Gd.03
layers), which act as donors or acceptors of oxygen (depending on the voltage polarity),
hence modifying the magnetic properties of the neighboring ferromagnetic film. Despite
these promising results, to the best of our knowledge, no previous works had tackled the
room temperature modification of magnetic properties via magneto-ionics. Here, taking
advantage of structural defects, magneto-ionics has been successfully demonstrated at
room temperature in a dense polycrystalline 100 nm-thick paramagnetic Co304 film in
which magnetoelectric measurements have been performed by electrolyte gating. Upon
negative bias application (just above a certain threshold potential), a weak ferromagnetic
signal appeared suggesting that at least Co304 partly reduces to metallic Co. The induced
ferromagnetic signal increases with time and it is boosted by voltage. A detailed structural
characterization reveals that this effect under negative biases is consistent with an
internal redistribution of both anionic and cationic species, thus generating Co-enriched

areas (responsible for the observed ferromagnetism) and O-enriched counterparts.
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Remarkably, the obtained results were achieved in a single-phase system and no
external oxygensources such as Al;03;, GdOx or HfOx are needed. Moreover, all ionic
motion has been achieved at room temperature which is necessary to bring this
effect to practical applications. Magneto-ionics on Co30;is shown to not only modify
the coercivity or the magnetization of magnetic materials (as in the case of Cu-Ni),
but to create a real “magnetic switch”, where magnetism can be set ON (or OFF) by

application of suitable external voltages.

In summary, in this Thesis we have investigated previously unexplored approaches to
induce drastic magnetoelectric effects in different types of materials. Depending on the
type of magnetic material and electrolyte we have taken advantage of (i) pure charge
accumulation effects, (ii) redox or (iii) magneto-ionics to achieve the target
magnetoelectric effects. In all cases, we have studied materials which consist of films
whose thickness goes beyond the ultra-thin limit (< 1-2 nm), which was a limitation in
most previous studies on magnetoelectrics. This is important since thicker films may
enable novel approaches to design magnetically actuated devices with enhanced
performance, as well as triggering new fundamental studies to better understand the

emerging field of magnetoelectric phenomena in matter.
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5. Conclusions

From a broad viewpoint, this Thesis constitutes one of the first systematic investigations
on the effects of externally applied voltage on the magnetic properties of nanoporous
alloys. Indeed, nanoporosity has been shown to be successful to enhance charge-mediated
magnetoelectric effects (with respect to dense layers) in CuNi alloy films. This is mainly
ascribed to the large surface-to-volume ratio of these nanoporous films, together with the
uniform pore architecture and the ultra-narrow pore walls. The voltage actuation was

carried out by electrolyte-gating using a non-oxidative medium.

In this context, and due to the interface nature of all magnetoelectric effects, the high-
surface area of these nanoporous CuNi alloys has been also exploited to induce element-
selective redox processes when using an aqueous electrolyte. This allowed us to tailor the
magnetic moment of these nanoporous CuNi alloys since the oxidation mainly occurs on

the Cu counterpart of the CuNi solid solution, resulting in a Ni-enriched alloy.

Finally, concerning the nanoporous CuNi alloy films, we have been able to conformally
coat them with alumina, establishing the basis to perform solid state voltage actuation

using condenser-like configurations.

Furthermore, we have also investigated the magnetoelectric response of a dense Co0304
thin film (initially paramagnetic) via electrolyte-gating in non-oxidative media. Voltage-
controlled ON-OFF ferromagnetism has been demonstrated and magneto-ionics (i.e.,
voltage-induced ionic transport) has been established as the main magnetoelectric

mechanism for this system.

The following bullet points schematically summarize the main conclusions that can be

drawn from this Thesis:

e Ni and Cu-Ni nanoporous metallic films, with highly tunable pore architectures
and ultra-thin pore walls, have been successfully synthesized by micelle assisted

electrodeposition.

e Nanoporosity (nanoscale pore size with ultrathin pore walls) is shown to boost
charge-mediated magnetoelectric effects in CuNi. Specifically, the coercivity can be
drastically reduced after applying positive voltages and this effect is ascribed to
voltage-induced changes in the magnetic anisotropy due to surface electrostatic

charge accumulation.
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e The high-surface area of these nanoporous CuNi alloys has been also exploited to
induce element-selective redox processes and, to thus, tailor the magnetic moment

by voltage actuation using an aqueous alkaline electrolyte.

e Atomic layer deposition has been proven to be a successful technique to
conformally coat the nanoporous of the CuNi films, thus establishing the basis to

carry out voltage actuation in solid state configurations in the future.

e Voltage-controlled ON-OFF ferromagnetism in a 100 nm dense paramagnetic
Co304 layer has been demonstrated. This effect is mainly due to magneto-ionics,
which dominates over any other magnetoelectric effect. The onset of
ferromagnetism is attributed to a voltage-induced internal O and Co redistribution,
driven by the formation of mixed vacancy clusters, as evidenced by positron
annihilation spectroscopy. lonic transport becomes particularly promoted at grain
boundaries and is further assisted by the formation of diffusion channels that
incorporate large amounts of O. Remarkably, this approach is carried out at room
temperature, circumventing the need of thermally-assisted ionic migration, and
does not require external oxygen sources (as opposed to other works in the

literature that use HfO: or Al:03 as oxygen buffer layers).
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6. Future perspectives

Based on the novelty and significance of this Thesis, several future research lines emanate

from the obtained results:

e Design of novel electrolyte solutions for CuNi electrodeposition in order to tune
pore topology and pore wall thickness and, therefore, the surface-to-volume ratio.
This could be accomplished by adding other block-copolymers to the electrolyte
(e.g. KLE) or using ionic liquid-in-water (IL/W) microemulsions. The dependence
of magnetoelectric effects in CuNi alloys as a function of material nanoporosity

could be studied.

e CuNi alloys exhibit rather soft magnetic properties. Thus, with the aim to tackle
magnetoelectric effects in hard magnetic materials, nanoporous FePt, CoPt, FePd
and CoPd can be electrodeposited. Similar voltage protocols to those applied to
CuNi could be performed with the aim to investigate their magnetoelectric

response.

e In analogy to the work carried out on Cos04, antiferromagnetic oxides with Néel
temperatures above room temperature, such as NiO, could be investigated to take
advantage, in addition to magneto-ionics, of the extra degree of freedom that
exchange bias (arising from the ferromagnetic-antiferromagnetic interactions)

could provide.

e Since structural defects, such as vacancies or grain boundaries, play a crucial role
in the magneto-ionic behavior of Cos04, the defect density and defect type could be
optimized to enhance ionic motion at room temperature. This point is crucial to

implement this approach in real technological applications.

e The use of solid dielectrics instead of liquid electrolytes would be appealing for the
development of real spintronic devices. For this purpose, optimization of the
microstructure and insulting properties of the oxide layers prepared by atomic

layer deposition (e.g., HfO: or Al203) would be needed.
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