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1 Introduction

The results of chapter 6 and 7 are published in [1], chapter 8 is published in [2] and chapter 9
is partly published in [3] within the framework of this thesis. The respective paragraphs — with
minor adjustments — are indicated in grey font. Reprint from [1] under Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). Reprint from [2]
under permission from © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted
with permission from [3] (Copyright 2021, https://doi.org/10.1103/PhysRevMaterials.5.L061401)
by the American Physical Society.

Motivation

Reducing the electrical energy demand of magnetic devices used for data storage and
memory in computing processes, as well as of micro- and nanotechnological systems in
general, is a major global challenge.[1] The aformentioned magnetic systems are
embeded in the information and communication technology (ICT) sector which consumes
about 11 % of the global electricity use, see Figure 1.1. [4] It is predicted that the energy
consumption of the ICT sector will further rise over time.[4] The high energy
consumption is in wide parts due to the use of external magnetic fields or large spin-
polarized electrical currents which lead to undesired Joule heating and thus energy losses.
A promising alternative for increasing the energy efficiency of magnetic devices is to
control the magnetism by electric fields instead of electric currents. Since magnetoelectric
materials offer the possibility to control their magnetic properties via a voltage, intense
research efforts have been pursued in exploring these materials. However, the voltage
induced effects occur mainly at low temperatures, high voltages and/or in material
systems with a complex layer fabrication. [1,5]
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Figure 1.1. Electricity consumption of the ICT sector and involved subsections. In a more
intuitive picture, the electricity usage of Data Centers is about two times the amount of electricity
which is produced in the UK. Reprint from [4] with permission under Creative Common (CC BY)
licence. (https://creativecommons.org/licenses/by/4.0/)
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Figure 1.2. Electrochemical reactions and subsequent changes on the magnetic properties.
Voltage controlled transformation of a ferromagnetic metal (Me) into a weakly-magnetic oxide
(MeOy) leads to significant changes of the magnetic properties.

A topical magnetoelectric approach is the voltage control of magnetic nanostructures via
an electrolyte or a dielectric oxide. [1,5-7] Figure 1.2 shows an example of magnetic
property changes induced by electrochemical reaction, manifested by a transformation of
a magnetic metallic layer into a weakly-magnetic oxide. Here, ferro- and ferrimagnetic
metals or oxides, with a high Curie temperature and magnetization, are suitable
materials. [1] In comparison to conventional strain-based magnetoelectric composites
and magnetic semiconductors, this approach offers the combined advantages of large
effects at room temperature, orders of magnitude lower required voltages, and an often
less complex material and layer synthesis. [5,6,8]

In such voltage-gated magnetic nanostructures, the control of magnetic properties is
mainly discussed with regard to two interfacial mechanisms, namely voltage-induced
electrochemical reactions or electrostatic effects (capacitive effects). [1,6,7,9]
Electrostatic effects are by nature volatile and occur just in a few atomic layers in the case
of metallic materials. In case of electrochemical reactions (or charge-transfer
reactions) [6,7,10,11], chemical changes can affect magnetic properties beyond the
interface and these changes can be non-volatile. [11-15] This makes electrochemical
approaches promising for energy-efficient and voltage-programmable materials. [1] The
application perspectives is fairly broad like in magnetic random access memory, domain
wall logic, neuromorphic computing and magnetophoretic devices for e.g. lab-on-a-chip
technologies. [1,16-18]

A general challenge for the electrochemical control of thin films is that the understanding
of the underlying mechanisms is difficult. This is because the electrochemical,
microstructural, and magnetic processes exhibit complex interdependencies, and at the
same time they occur at the magnetic layer, which is buried under the solid or liquid
electrolyte. To exploit the full potential of electrochemical control of magnetism, a
fundamental understanding of the key mechanisms is required. So far, the interpretation
of electrochemically induced effects is most often solely based on voltage-dependent
magnetization curve changes, probed in situ via, e.g., superconducting quantum
interference device magnetometry, [19] magneto-optical Kerr effect
magnetometry [20,21] or anomalous Hall effect [20,22] setups.[1] Additional knowledge
on the voltage induced impact on the magnetic domains, which underlies the
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magnetization processes, would be an important step forward to disentangle the possible
origins. The modulation of domain expansion [11,23], domain contrast [24] and domain
size [25] after ionic modification of thin films are reported in a few cases, but the direct
and simultaneous detection of electrochemical oxidation/reduction reactions and
magnetic domain structure changes has not been reported so far.[1] In fact, latter
reports [11,23-25] deal with ultrathin films and uniaxial anisotropy perpendicular to the
film plane.

Voltage control of heterostructures, in contrast to single magnetic films, with additional
functionality is highly desired. Additional functionality is achieved in ferro- or
ferrimagnetic layers which share an interface with an antiferromagnet, giving rise to a
unidirectional anisotropy or the exchange bias effect. The latter is also heavily used in
existing nanomagnetic applications, as in hard-drives and magnetic sensors. Thus, the
voltage control of exchange bias is of fundamental importance while the electrochemical
approach for controlling exchange biased materials is still rather unexplored. [2]

Obijectives of the thesis

The aims of this thesis are twofold:

1. To directly observe, for the first time, magnetic microstructure changes of
magnetic thin films with in-plane magnetization in a liquid electrolyte during
simultaneous voltage-triggered electrochemical reactions.

2. To demonstrate novel concepts on the tuning of exchange bias at room
temperature based on electrochemical reactions






2 Fundamentals of magnetic thin films

Magnetic Microstructure and Magnetization Reversal
Landau and Lifshitz [26] found the driving force for the creation of the magnetic

microstructure, or domains, to be the result of minimizing the total free energy. [27,28]
In magnetic domains, the magnetization is uniformly aligned while this alignment
strongly deviates in the domain walls. The creation of domains is governed by the stray
field energy, exchange energy and anisotropy energy as well as possible Zeeman energy
and magnetoelastic energy. [28]

The stray field energy is a magnetostatic energy term and originates from magnetic
surface poles. It is also described as the demagnetizing energy evoked by the magnetic
material itself. The stray field energy can further be described by the stray field coefficient
Kg under the condition that the demagnetizing factor N = 1: [29]

Ka = 0.5-10-Ms? (Eq. 1)

with uo being the vacuum permeability, Ms the saturation magnetization. Iron (Fe) has a
stray field energy coefficient of Kg = 1.8-10° J/m®,

In a ferromagnetic domain, the exchange energy is at a minimum when the magnetic spins
are aligned parallel. The exchange constant of Fe is A = 2:10™! J/m. [27]

The anisotropy energy describes the preferred alignment of the magnetic spins along
distinct directions, so called easy axis. If the anisotropy energy appears to have uniaxial
character, it can be described with the uniaxial anisotropy constant Ky which can be
determined with:

Ku = 0.5-Ms poHa (Eq. 2)

where Ha denotes to the anisotropy field which can be determined from the hard axis
loop. The quality parameter Q = K/Kgq classifies materials, if either the (uniaxial)
anisotropy energy (K or Ky) or the stray field energy (Kq) dominates. If Q >1 (<< 1), the
material of interest has a high (low) anisotropy.

For single crystalline materials, and in absent of any other anisotropy, the easy axes
coincide with the principal axes of the crystal structure and is called magnetocrystalline
anisotropy. [27] For instance, the easy axes for bcc Fe are the <100> directions.

In thin film geometries, the shape anisotropy energy promotes an in-plane alignment
of the magnetization to avoid unfavorable stray fields. [28,30]

With reducing the ferromagnetic layer thickness, additional interfacial effects might
dominate over shape anisotropy. Interfacial effects can lead to an easy axis which is
normal to the film plane, giving rise to the perpendicular magnetic anisotropy (PMA).
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Bloch and Néel Domain walls

The boundary between domains is called a domain wall. Domain walls are distinguished
by the rotation of the magnetization in the wall relative to the magnetization alignment in
the domain. In a Bloch wall (Figure 2.1 (a)), the magnetization rotates out of the plane
of the domain magnetization. In a Néel wall (Figure 2.1 (b)), the magnetization rotates in
the plane of the domain magnetization. [28]

Magnetic films with in-plane magnetization will experience a wall transition from Bloch
to Néel walls according to Figure 2.1 (c) as the film thickness decreases. Figure 2.1 (b)
shows the wall energy over the film thickness without an applied magnetic field. Néel
walls are expected, with no applied field for film thicknesses below 12,/A/K, (grey dotted
line in Figure 2.1 c)). [29,31] The critical thickness for the Bloch-Néel transition in zero
magnetic field for extended Permalloy thin films with a quality factor of Q =2.5-10™ can

be calculated with:
12,/4/K, (Eq. 3)

Equation 3 can also be used for other material systems exhibiting a similar quality
factor. [29] The driving force of this transition is to minimize the associated stray field
energy by keeping Bloch walls with decreasing film thickness, as surface charges would
develop above and below the wall. [29,31]. Néel walls becoming favorable as the film
thickness decreases. As the Néel wall energy is proportional to the area of the charged
surface inside the film, it decreases with decreasing film thickness. [31] As the energy of
the Néel wall decreases, it increases its wall width until the energy contribution of the
stray field is neglectable by reaching a small enough film thickness (see Figure 2.1 (d)).
In contrast, the stray field reduction for a Bloch wall results in decreasing wall widths as
the film thickness decreases. [31]

(a) Bloch wall (c) Energy of wall types in dependence of the film thickness
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Figure 2.1: Characteristics of Bloch and Néel walls in thin films.

a) Bloch wall and b) Néel wall. ¢) Energy of different wall types in dependence of the film
thickness (H = 0 KAm™). The transition thickness from symmetric Néel walls to asymmetric Bloch
walls is marked with a dotted line at 12,/4/k,, . Adapted by permission from [29] (Copyright 1998).
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Surface energy density of a Neel wall
In a simple approach the Néel wall total energy can be approximated, for a perfectly flat
surface, with: [31]

_am2 ad 2
y =A% +0.5aK, +0.25 [-2=| uom (Eq.3)

where y is the surface energy density, a denotes to the Néel wall core thickness and d is
the film thickness. In the case of ultrathin films (film thickness << wall thickness), the
wall core thickness a can be approximated as:

a =~ n(ﬁ)l/z (Eq. 4)

Ky

Charged Néel wall tails

A more realistic Néel wall consists, besides the relatively small core, of two relatively
wide tails. Figure 2.2 (a) depicts a Néel wall cross-section and the charge distribution,
showing a dipolar charge of the core while each tail contains a single charge which is
distributed over the tail width. The extended tails become especially important in thin
films as they strongly interact due to their overlapping tails. For example, in Permalloy
films of 50 nm thickness, the Néel wall tails interact over a distance of at least 100 um. [29]
For Néel walls, wtail is determined between the magnetic charge distribution, described by
the maximum stray field energy density (Kd) and the anisotropy energy (Ku): [29]

wtail= e V' dKd/Ku~ 0.56dKd/Ku (Eq 6)

with y- = 0.577 is the Euler-Mascheroni constant and d is the film thickness.

Two equivalent rotation senses of a domain wall exist and if both are energetically equal,
a domain wall can contain both rotation senses. The position, at which these two parts are
separated is called a Bloch line. In thin films with in-plane magnetization, the
magnetization rotates either circular or cross like in a Bloch line. The center of a Bloch
line is commonly magnetized perpendicularly to the film plane. [29]

| // 7=/ \\ | |

- - =+ o+ o+

- —

Tail Core Tail

Figure 2.2: Néel wall decomposed in tails and core.
Adapted by permission from [29] (Copyright 1998).
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Magnetization process and Magnetization curve
The application of an applied magnetic field adds Zeeman energy to the ferromagnetic

system. At a strong enough applied field, the magnetization will fully align with the
direction thereof. This state is named saturation magnetization (Ms). [27] Figure 2.3
shows the two principle magnetization processes based on a single domain wall element
with uniaxial anisotropy and the magnetization aligned along the easy axis. In case the
external field is applied along the hard axis, the magnetization uniformly rotates out of
the easy axis (Figure 2.3 (a)). On the other hand, if the external field is applied along the
easy axis, the magnetization changes via domain wall motion (Figure 2.3 (b)). [27] The
wall motion is in accordance with increasing the volume of the magnetic domain which
is favored by the applied field direction. [27] In real materials, smooth domain wall
motion can be interrupted by defects which pin the wall where A or K differ from the
value of the host magnetic material. The related magnetization curves along the hard axis
(rotation of magnetization) and easy axis (domain wall motion) are shown in Figure 2.3
(c) and (d), respectively. The anisotropy field (Ha) can be deduced from the hard axis
curve at the field where the magnetization saturates. Further, the area enclosed between
the magnetization axis, zero field and the (positive) anisotropy field is a measure for the
anisotropy energy density K, marked in Figure 2.3 (c).The field at which the
magnetization becomes zero in an applied field is called coercivity (Hc). The remanence
(MR) is the magnetization in zero field after an external field, which saturated the sample,
is removed. Hc and Mr are both marked in Figure 2.3 (d).

(a) Rotation of magnetization . (b) Domain wall motion
Easy axis

’j‘ \S T;_"_ — H
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¢ D

(c) Hard axis magnetization curve (d) Easy axis magnetization curve
10l : | 1 :Remanence Mg |
| | T —
0.5} Anisotropy%/ : L |
” energy density! |
= ' | I 1
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05 | M
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-1.0r [ - .
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Figure 2.3: Typical magnetization processes in a material with uniaxial anisotropy.

(a) Uniform rotation of magnetization and (b) domain wall motion. The yellow area in c)
corresponds to the anisotropy energy density and Ha corresponds to the anisotropy field. The
remanent field and the coercive field are marked in (d).
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Exchange bias in thin films
A distinct deviation from the aforementioned magnetic anisotropies is the

unidirectional anisotropy in nanostructured ferro-/antiferromagnetic bilayers. [32—34]
The unidirectional anisotropy manifests in a shift of the ferromagnetic magnetization
curve along the magnetic field axis. The effect is due to the quantum mechanical exchange
coupling [28,32] of interfacial magnetic moments in a ferromagnet to pinned
uncompensated moments of an antiferromagnet (see Figure 2.4 (a)). [34,35] The effect
is also called exchange bias (EB) effect. The shift of the magnetization curve along the
magnetic field axis, relative to zero magnetic field, is called the exchange bias field (Heg)
(see Figure 2.4 (b)). A prerequisite for establishing EB is that the Néel temperature of the
antiferromagnet is below the Curie temperature of the ferromagnet. [34] Usually, EB can
be initialized by a field cooling procedure, i.e. heating and cooling of a sample in an
external magnetic field. Alternatively, the film fabrication in an external applied magnetic
field can also initialize the EB. If the loop shift is opposite to the external magnetic field
direction after the fabrication procedure, it is called negative EB. [34]

Usually, the Hes shows a dependency on the ferromagnetic layer thickness (dev) as EB
is an interface effect. This dependency can phenomenologically be expressed as in [36].

_ JEB
Hep = Ho-Ms(FM)-dpm (Eq' 7)

This relation (Eq. 7) breaks down for either very thick or very thin ferromagnetic layers
or if the film is not continuous. A second characteristic of EB systems beside the loop
shift is the enhanced Hc which often inversely scales with the ferromagnetic layer
thickness and Hc usually has about the same magnitude as Hes.

(a) Characteristic EB layer system (b) Characteristic magnetization curve of
an EB system curve
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Figure 2.4: Characteristics of an exchange bias (EB) system.

a) Layer architecture with uncompensated spins of the antiferromagnet (AFM) at the interface to
the ferromagnet (FM). b) Typical EB curve of a 13nm Fe/ 10 nm IrMn system with marked curve
characteristics: Hes and Hc. ¢) Thickness dependency of the exchange bias field in dependence
of the ferromagnetic layer thickness.
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Magneto-optical Kerr effect to characterize magnetism in thin films
The magneto-optical Kerr effect (MOKE) is used to characterize magnetic properties

of thin films. The MOKE [37,38] is based on a rotation of the plane of linearly polarized
light upon reflection from a magnetized specimen. On the other hand, rotation of linearly
polarized light caused by transmission of a (magnetic) specimen in the presence of a
magnetic field is called the Faraday effect. A phenomenological explanation of the
MOKE can be made with the concept of Lorentz force. Let us assume that the
magnetization direction of the sample is parallel to the surface and the light beam is
inclined relative to the sample surface, see Figure 2.5. Linear polarized light with its
electric field (E) component parallel to the magnetization direction (M) will be reflected
in the same plane as the incident light (R). The electric field component perpendicular to
the magnetization direction (here: perpendicular to the surface) will experience a Lorentz
force (v) which causes an additional vectorial component to R , the Kerr amplitude (K).
The superposition of R and K will lead to a magnetization dependent rotation of the
electric field vector. The MOKE is a surface sensitive effect with an information depth
on metal surfaces of about 25 nm. The MOKE requires a net magnetization component
in the sample and thus ferro- and ferrimagnets can be probed but not antiferromagnets. [29]
If the magnetization lies along the plane of incidence and parallel to the surface, it is
called the longitudinal effect (as in Figure 2.5). The longitudinal mode is usually used to
investigate samples with an in-plane magnetization. Samples with PMA can be measured
in the polar mode at perpendicular incidence. [29]

A Kerr microscope and a laser-MOKE uses the MOKE to measure magnetization curves
(laser MOKE and Kerr microscope) and to observe magnetic domains (Kerr microscope).
In general, several techniques like Lorentz microscopy, magnetic force microscopy or the
Bitter pattern technique would allow magnetic domain observation. However, choosing
Kerr microscopy has some advantages over these techniques. In principle, no surface
treatment is necessary and the contrast between differently magnetized domains can be
digitally enhanced. Further, magnetization curves and magnetic domains can be captured
within seconds. Taking this into account, Kerr microscopy becomes a flexible and
efficient technique.

The aforementioned characteristics of magnetic materials are usually defined by the
fabrication process and cannot be changed during usage. However, voltage control of
magnetism might offer an elegant way for the reversible and energy efficient post-
fabrication control of magnetic properties.

N4

/[y // Figure 2.5: Magneto-optical Kerr

/ / effect in longitudinal geometry.
/ —— / o

/ M / Adapted by permission from [29]

L E— (Copyright 1998).
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3.1 Voltage control of magnetism

Among other possible control parameters, such as electrical current, the voltage control
of magnetism promises a low energy consuming alternative, as undesired Joule heating
effects can be avoided. [5,39] Within this research field, the electrochemical control of
nanoscale magnetism is a rapidly emerging topic. [5,6,9-11,20,21,40-43] In the
following, we first describe different approaches on the voltage controlled manipulation
of magnetism. Afterwards, we focus on the electrochemical control of magnetism in more
detail.

Materials for voltage control of magnetism
Voltage control of magnetism can be broadly distinguished by the material class. The
material classes are magnetic semiconductors, single-phase and two-phase multiferroic
materials as well as nanostructured metals. [5] Capacitive effects in diluted magnetic
semiconductors due to the application of a voltage leads to a modulation of the charge
carrier density and results in a change of the ferromagnetic properties thereof. [44,45]
Changes in Hc and Mg have been observed [44]. For the most prominent diluted magnetic
semiconductor based on (In,Mn)As [44], the low Curie temperature (< 30 K) and
complex fabrication procedures remain open challenges. Strain induced modulation of
(ferro)magnetic properties can be achieved with single-phase and two phase multiferroic
materials. Applying a voltage to single phase multiferroic, exhibiting magnetic and
ferroelectric order at the same time, can trigger a change of the magnetic properties
thereof. However, single-phase multiferroics are rare and their Curie temperature is
usually below room temperature. [8,46] Applying a voltage on heterogeneous ferroic
materials, e.g. bilayered ferromagnetic-ferroelectric materials, leads to a polarization of
the ferroelectric material. Due to interfacial magneto-elastic coupling, the change in
ferroelectric domains results also in a change of the ferromagnetic domains [8,47-51],
see Figure 3.1. Nevertheless, multiferroics show disadvantages in their complex
fabrication procedure and degrading interfaces during repetitive straining cycles. [6,9]
The following subsections will now focus on voltage control of ferromagnetic metal
layers gated via a dielectric layer or an electrolyte. In comparison to magnetic
semiconductors and multiferroics, these involved magnetic layers are usually easy to
fabricate, e.g. often using room temperature deposition and polycrystalline materials. In
addition, ferromagnets can be manipulated which exhibit a high Curie temperature and a
high saturation magnetization saturation.
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Ferromagnetic Domain

Ferroelectric
Domain

Figure 3.1: Illustration of ferroelectric/ferromagnetic magneto-elastic coupling. The alternating
ferro-electric domains (white arrows) transfer strain to the ferromagnetic domains (black arrows)
and causes their magnetization to rotate from in-plane to out-of-plane. Reprinted with permission
from [48] under Creative Common Attribution (CC BY) license.
(https://creativecommons.org/licenses/by/4.0/)

Architectures for voltage control of ferromagnetic metals by electrostatic or
electrochemical effects

The principle device architecture for voltage control of ferromagnetic metals is shown
in Figure 3.2. The structure contains the ferromagnetic metal layer, in contact with a
solid-state dielectric layer or an electrolyte and a top electrode. The voltage is applied
between the ferromagnetic layer and the top electrode. Two principle mechanisms are
distinguished for changing the ferromagnetic properties. These are (i) voltage-triggered
electrostatic effects (Figure 3.2 (a)) and (ii) electrochemical reactions (Figure 3.2 (b)),
occurring at the ferromagnetic/electrolyte interface.

a) Electrostatic b) Electrochemical
t t 1
Dielectric Top electrode Top electrode Top electrode

Electrolyte
Electrolyte

- @eelons
\Esr 111

Ferromagnet Ferromagnet

Substrate

Substrate Substrate

! !

o Uppermost atomic layer o Changes microstructure and
o Changes intrinsic magnetic phase

properties o Can be nonvolatile
o Vvolatile

Figure 3.2: Common architectures to achieve magnetoelectric effects.
a) Electrostatic effect in dielectric or electrolytic architecture and b) electrochemical reaction
based on a change in oxidation state of part of the ferromagnetic layer (red bar)
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Electrostatic effects (Figure 3.2 (a)), meaning charge accumulation or depletion at the
surface of a ferromagnet can affect the intrinsic magnetic properties at the surface. [52]
This can be achieved by either using a dielectric or an electrolyte.

However, the conduction electrons of the metal screen the applied electric field and limits
the penetration depth of the applied electric field. In metals, the screening length is on the
order of one atomic layer. Thus, only ultrathin nanostructured ferromagnetic metals,
exhibiting a high surface to volume ratio, are accessible. [53] An overall characteristic of
charge accumulation is the volatility of the induced magnetic changes.

Voltage control of ferromagnetic metals based on electrostatic effects

Electrostatic effects have been proposed as the origin for experimentally observed

voltage induced changes in the magnetic anisotropy [54], coercivity [53], Curie
temperature [55] or domain wall dynamics [56] and on EB [57,58]. The ferromagnetic
materials are ultrathin (< 1 nm) FePt, FePd, Fe, Co, FeCo and FeCoB films. [54,57-62]
Typical gate barrier materials are oxide layers with a high relative permittivity such as
MgO, Al>Os or HfO,. [54,59-62] In addition, the voltage can also be applied via an liquid
electrolyte or ionic liquid. [53,61] In these systems, the electrochemical double layer that
forms in front of the ferromagnetic surface acts as a dielectric barrier layer that is only a
few nanometers thick. [53,61,63] The voltage drop across a much smaller distance and
larger electric fields are achievable, by a given external voltage, compared to solid oxide
barriers, which are typically 50 nm thick to avoid the formation of pinholes. The enhanced
electrostatic effects and lower required external voltages motivate the use of liquid
electrolytes and ionic liquids films, sometimes in combination with an oxide layer
measuring a few noanometers thick. [53,61,63-65]
Electrostatic effects on the magnetic microstructure has been demonstrated via Kerr
microscopy. For this, a transparent or a thin enough dielectric or electrolytic layer was
used in combination with a transparent top electrode, such as indium tin oxide. [65-68]
Ultrathin films with perpendicular magnetic anisotropy were utilized to induce charge
accumulated effects in FePt, CoFeB or Co thin films which results in changes of the
nucleation and pinning sites, the wall velocity or the domain size. The observed
electrostatic induced changes on the magnetic microstructure were caused by changes in
the magnetic anisotropy. [61,65,66,68—70]

In an electrolyte, besides electrostatic effects, electrochemical reactions can be
triggered by the external voltage. This will allow additional device functionalities. Indeed,
the occurrence of charge transfer reactions were started to be realized as the magnitude
of observed effects in voltage controlled electrolyte/magnetic film architectures exceeded
those expected for charge accumulation. [21,64,71] Electrochemical reactions (Figure 3.2
(b)), e.g. voltage-assisted metal to metal-oxide transformations, enable the manipulation
of larger film thicknesses. [6,9] Of additional advantage is the possibility to obtain non-
volatile effects. [6,9,11]
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3.2 Electrochemical control of magnetism

For electrochemical control of ferromagnetic thin films, solid-state oxide layers [11],
liquid electrolytes [21] or a combination of both [72] have been proposed. As indicated
in Figure 3.2 (b), the electrochemical control relies on a change in the oxidation state of
the ferromagnetic material. The transferred charge during an oxidation or a reduction
process is directly proportional to the transformed amount of material. For instance, for
an oxide-metal transformation of a thickness d, where Me*" are reduced to Me (Me*" +
ze" > Me), the charge density g can be calculated according to Faraday’'s law of
electrolysis:

Q=m-z-F-(M)™"(EQ.7)
and

Q _
q=-=p-dzF- (M7  (Eq.8)
where Q" is the electrical charge, m is the mass of the metal, p is the density of the metal,
A is the layer area, F is the Faraday constant and (M) is the molar mass.

Within the presented thesis, liquid and solid-state electrolytes are utilized. In case of
liquid electrolytes, an additional third electrode with a fixed potential (reference electrode)
is used. The potentials, E, quoted in this work represent the potential of the working
electrode (magnetic thin film) in Volt vs. the reference electrode. The formula symbol E
for the electrode potential is chosen according to the IUPAC definition for
electrochemistry, to avoid confusion please note that it is not equivalent to the electric
field. [1]

A reference electrode is absent in the case of solid-state electrolytes and the term gate
voltage, Vg in Volt, will be used instead.

Liquid electrolytes for voltage control of magnetism

Using liquid electrolytes requires electrochemical methods e.g., cyclic voltammetry for
investigating the oxidization and reduction potentials. In a cyclic voltammogram, the
potential of the working electrode is linearly swept, back and forth between two potentials,
versus time. The current density at the working electrode is then plotted against the
potential and the different obtained peaks in a cyclic voltammogram indicate different
oxidation states of the working electrode.

For the electrochemical voltage control of magnetism using liquid electrolytes, large
effects on the magnetization curve have been reported for the reduction and oxidation of
FeOx/Fe nanoislands using liquid alkaline electrolyte. [43] Figure 3.3 (a) shows the
cyclic voltammogram of a KOH/FeOx/Fe system. The reduction potential
Er = - 1.26 Vsce at which the reduction of Fe?* to Fe occurs (Fe?* +2e” > Fe) and the
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oxidation potential Eo =-0.20 Vsce at which a passivation oxide forms, are marked.
Figure 3.3 (b) show in situ anomalous hall measurements which reveal an almost
complete voltage-induced on/off switchting of the magnetism when the FeOx/Fe
nanoislands (Figure 3.3 (c)) are electrochemically reduced and oxidized.

Another vivid example for the control of magnetism within the liquid electrolyte
approach can be seen in Figure 3.4. Di et al. investigated the influence of controlled
surface-limited oxidation and reduction of electrodeposited Co (0001) (3.1 ML) on
atomically flat Au (111). [73] Here, the development of the hysteresis loop is measured,
via a laser-MOKE, at different potentials on a cyclic voltammogram, see Figure 3.4 (a).
At the starting potential at E = - 1.45 Vusg, the film is in-plane magnetized. Sweeping
towards more positive potential, the film becomes out-of-plane magnetized by reaching
the first peak (P1 at E = - 1.16 Vwmse). This is due to the surface oxidation of the Co which
is correlated to OH coverage (sketch in Figure 3.4 (b)). In the reversed sweep, towards
more negative potential, the film becomes in-plane magnetized due to the oxide reduction,
at E = - 1.34 Vvse which is correlated to a H adlayer (sketch in Figure 3.4 (c)).
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Figure 3.3: Electrochemical control of FeOx/Fe films polarized in 1 mol It KOH.
(a) Cyclic voltammogram of FeOy/Fe in 1 mol I KOH solution. (b) In situ anomalous hall curves

which show a close to on/off switching of magnetism. FeOx/Fe nanoislands.
Adapted from [43] with permission from The Royal Society of Chemistry.
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Figure 3.4: Electrochemical control of a Co thin film via surface reduction and oxidation.

(a) Electrochemical transformation of the ferromagnetic layer. (b) Adsorption processes of
hydrogen on a ferro-magnetic layer. Reproduced/Reprinted from [73], with the permission of
AIP Publishing.

Solid-State electrolytes for voltage control of magnetism

Electrochemical oxidation and reduction can also be achieved within solid state
structures. Among the used solid state electrolytes like HfOx, AlOx and MgO [64,74,75],
GdOyx [11,42,71,76] takes a superior role for achieving electrochemical reactions in
magnetic materials, as for instance a complete on/off switching of magnetization was first
achieved with a solid state GdOx electrolyte. [11,42] GdOx is also used in the presented
thesis to change the properties of thin magnetic films.
GdOxy is often utilized in a Pd/Co/GdOx structure with perpendicular magnetization of the
Co layer, shown in Figure 3.5 (a). Oxygen ion migration was utilized in the
Pt/Co/GdO«/Au at elevated temperatures, to oxidize the full volume of the Co layer [11],
shown in Figure 3.5 (b). In the pristine state, the Co layer exhibits an out-of-plane
magnetization curve (blue curve in Figure 3.5 (b)). Upon oxiditing at Vg = -4 V, the out-
of-plane magnetization curve vanishes (red line in Figure 3.5 (b).
The mechanism for magnetization switching can change in the same device structure by
utilizing hydrogen accumulation at the Pd/Co/GdOx interfaces. [20,77,78] The hydrogen
based switching mechanism is shown in Figure 3.5 (c). In its pristine state, the Co layer
is magnetized out-of-the film plane (blue magnetization curve in Figure 3.5 (¢)) in order
to switch to the hydrogen based mechanism, hydrated Gd(OH)s [78] is used and a water
splitting reaction at the Au/Air interface is needed. It is thus mandatory to operate such a
device in a humid environment. The current understanding of this mechanism is as
follows: Upon the application of a positive gate voltage, water from the ambient
surrounding is being split at the Au(anode)/Air interface (2H.0 > 4H™ + O, + 4¢’). The
produced protons (H*) are passed on from an OH" to the neighboring O? ion inside the
Gd(OH)z layer. When the protons reach the Pd/Co (cathode) interface, they become
electrochemically reduced to atomic hydrogen (4H* + 4e- > 4H). The accumulated
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hydrogen at the Pd/Co interface affects the hybridization between the Co and the Pd layer
and leads to a switching of the magnetization in the film plane, see red line in Figure 3.5
(c). [20,77] After setting the external voltage back to 0 V, the accumulated hydrogen at
the Pd/Co interface is being oxidized and removed from the Pd/Co/GdOy interfaces by
diffusing towards the GdOx. Thus, PMA is being restored.

With the same hydrogen switching mechanism, the voltage control of a heavy-
metal/ferromagnetic interface in an all solid-state structure was also achieved in
Pd/Co/Pd/GdOy. [20] In addition, the Pd layer between the Co and GdOx is transformed
into PdHx upon the first application of a gating voltage [20], see Figure 3.6.

(a) Pristine (b) Oxygen based (c) Hydrogen based
mechanism mechanism
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Figure 3.5: Co/GdO based archi-tectures and switching mech-anism of magnetization.

(a) Pristine structure. (b) Oxygen based switching mechanism. (¢) Hydrogen based switching
mechanism. The blue magnetization curves show the pristine state with an out-of-plane
magnetization. Whereas the red lines show the magnetization curve after the gating voltage is
applied. The magnetization curves in (b) are adapted by permission from [11] (Copyright 2015
https://doi.org/10.1038/nmat4134) and the magnetization curves in (c) are adapted by permission
from [20] (Copyright 2019 https://doi.org/10.1038/s41563-018-0211-5).
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Figure 3.6: Hydration of Pd layer and magnetization switching.

Electrochemical control of magnetic domains

From a fundamental and application perspective, the understanding of the changes in
the magnetization reversal, induced by an external voltage, is of crucial interest. So far,
interpretations of underlying mechanism were mainly deduced from changes in the
hysteresis loop. However, investigating the magnetic microstructure could be of
additional benefit in understanding the underlying mechanism. To the best of the author’s
knowledge, only two publication [11,71] gave a glimpse on the subsequent impact on the
magnetic microstructure during voltage control of magnetism based on charge transfer
reactions. Both studies [11,71] utilize an oxygen based switching mechanism in the
Pt/Co/GdOx/Au structure. One example shall also be discussed here. [71] The
experimental set up and the results can be seen in Figure 3.7. Without an applied electric
field, the domain wall propagates undisturbed beneath the electrode perimeter (Figure 3.7
upper row). However, upon applying a voltage through the cylindrical electrode (-6V for
180s), the domain wall is pinned at the electrode perimeter (Figure 3.7 lower row). The
phase change from Co to CoO, and thus a change in the magnetic anisotropy, hinders an
undisturbed propagation of the domain wall. [71]
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Figure 3.7: Co/GdO architecture and modulations of domain wall propagation. Adapted by
permission from [71] (Copyright 2015 https://doi.org/10.1038/nnano0.2013.96).
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Electrochemical control of the magnetic domain wall motion has also been achieved in
in architectures which utilize a combination of a solid-state and a ionic liquid [23,66] or
using a liquid electrolyte [79]. However, in all cases, the observations were made on Co-
based thin films with perpendicular magnetic anisotropy. No reports are available which
investigate the influence of electrochemical reactions on the magnetic microstructure of
samples with in-plane magnetization.

Voltage control of exchange bias

Mainly thermal treatments like field cooling or ion bombardment are utilized to
achieve irreversible changes in the antiferromagnet in order to control the EB
properties. [34,80,81] In contrast, voltage control of the EB offers an alternative way of
tuning these properties at room temperature. Indeed, a first result on isothermal switching
of EB via a voltage was achieved in a ferroelectric antiferromagnet (Cr.O3) combined
with a ferromagnetic layer. [82] Latter concept was further exploited by utilizing different
ferroelectric antiferromagnets (BiFeOs [83] or YMnOs[84]) and multilayered
multiferroic heterostructures. [84-86] Multiferroics require a special crystal structures,
often low temperatures or extremely high electric fields. [85,86] An alternative topical
approach towards low-voltage electric control of magnetic properties of thin films is
based on charge accumulation or charge transfer reactions, but reports on the control of
EB are scarce in this field. [6,9,57,58] Wang et al. achieved the electric modulation of EB
by ionic liquid gating of the [Co/Pt]/IrMn system and explained it by the injection and
extraction of electrons in the antiferromagnetic layer. [57] The EB effects in this case are
restricted to low temperatures (10-100 K), because the electronic charging is significant
only in very thin IrMn films (<5 nm) which exhibit low blocking temperatures. [57]
One first report addresses NiCoOx/NiCo interfaces, in which irreversible EB changes are
induced by oxygen ion diffusion and interfacial reduction/oxidation reactions via
temperature control. [40] First attempts to voltage-control EB via ionic mechanisms
involve topographically patterned elements consisting of a cobalt layer in contact with a
CoOx or HfOy antiferromagnetic layer that exhibits resistive switching. [87—89] The
voltage-dependent EB is interpreted based on a resistive switching mechanism, involving
the formation and rupture of conducting filaments in the antiferromagnet and associated
dynamic atomistic rearrangement of the antiferromagnet/ferromagnet interface.
Analogous to the high and low resistance states set by resistive switching, the voltage can
only toggle between two states possessing different EB fields. Moreover, the choice of
materials is strongly limited because specific oxides are required for the
antiferromagnetic layer. Consequently, effects are only reported for small EB values and
partially shifted magnetization curves. [2]
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4.1 Film fabrication

The films were deposited via sputtering which is a physical vapor deposition technique.
During the sputtering process, the inert working gas is ionized and the charged particles
are accelerated towards the target. This leads to the ejection of the target material which
Is deposited onto the substrate. The sputter process is done in a vacuum chamber. For the
deposition of Co and Fe, magnets were placed behind the target, which is negatively
charged, to trap electrons. This results in faster deposition rates and is called magnetron
sputtering. In addition, other gases besides the working gas can be inserted during the
sputtering process which undergo an electrochemical reaction with the deposited material.
For example, oxygen gas can be added to form a metal-oxide thin film, e.g. GdO. Further,
more than one target material can be deposited at once, if the desired film should be an
alloy, e.g. sputtering Co and Gd at once to form a CoGd alloy. [90]

The film systems which are investigated within the presented theses were deposited in
different sputtering chambers.

The FeOy/Fe/Au films: For this work, we sputtered thin films of Fe (8 nm)/Au (13 nm)/Cr
(3 nm) on SiO2 (100 nm)/Si substrates with a an area of 10 mm x 10 mm. The targets
were alinged under an incidence angle of 45° with respect to the substrate normal. Cr was
used as adhesion layer and Au to ensure good film conductivity. The base pressure was
2x10® mbar and 2% ArH was used as sputtering gas. The deposition took place at room
temperature. The deposition rates were measured with a quartz crystal before depositing
the film. The native oxidation of the Fe surface was initiated by exposing the sample to
ambient condition.

The FeOx/Fe/IrMn films: Exchange bias thin film systems consists of a 5 nm Au (buffer
layer), 10 nm Ir17Mngs (antiferromagnet) and a top Fe (ferromagnet) layer with different
nominal thicknesses drenom = 5, 7, 9, 11, 13 nm were deposited on thermally oxidized
Si(100) substrates with an area of 10 mm x 10 mm by rf-magnetron sputtering at room
temperature (base pressure was 10" mbar and the working pressure under continuous
argon flux was 10~2 mbar). [2] The sputtering rate was determined beforehand via step
measurements by using atomic force microscopy. During the sputtering procedure an
external magnetic field of 28 kAm™ was applied parallel to the sample plane to set the
initial ordering state within the antiferromagnetic layer, i.e., a preferred alignment of the
local unidirectional anisotropy. After removal from the vacuum chamber, a native FeOx
layer formed on the Fe layer. [2]

The FeOx/Fe/lrMn exchange biased samples were fabricated by Rico Huhnstock at the
University of Kassel.
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The Co and GdCo films: Films with layer architecture of Ta (3 nm) / Pd (10 nm) / NiO
(30 nm) / Pd (0.2 nm) / Co (0.9 nm) / Pd (5 nm) / GdOx (10 nm) / Au (8 nm) and Ta (3
nm) / Pd (10 nm) / NiO (30 nm) / Pd (0.2 nm) / GdCo (6 nm) / Pd (5 nm) / GdOx (10 nm)
/ Au (3 nm) were fabricated by sputtering. For deposition, the thermally oxidized Si/SiO>
substrate was mounted on a 1x1 cm? flat permanent magnet with a magnetic field of
2.8 kOe with the magnetic north pole perpendicular to the substrate surface. The layers
were deposited by dc magnetron sputtering at room temperature at 3 mTorr Ar pressure.
In addition, the oxide layers were deposited via dc reactive sputtering with a partial
oxygen pressure of 0.07 mTorr. Before depositing GdOy, a corner of the film was covered
to serve as contact for upcoming gating experiments. [3] The deposition rate was
measured beforehand via X-ray reflectivity by Sara Sheffels (MIT). Hydration of the
GdOx into Gd(OH)3 followed the procedure described in [78] at 70°C whereas the sample
sit at distance of about 2 cm above the heating plate. Circular Au electrodes with a
diameter of 200 pm and about 8 nm in thickness were patterned via a shadow mask and
dc magnetron sputtering on top of the continuous film. [3]

A second film set of samples utilized the ferrimagnet GdCo as the functional layer. The
same layer architecture and procedure as mentioned above are used. Except, the Co (0.9
nm) was replaced by GdCo (6 nm), whereas Gd and Co were sputtered at the same time.

4.2 Ex-situ and in-situ analytical characterization

Transmission electron microscopy
Transmission electron microscopy (TEM) was used to probe the microstructural,

morphological, structural and compositional appearance of the films. In a TEM, highly
accelerated electrons are directed at a very thin specimen. [91] The differently scattered
and transmitted electrons can be used to form an image. For bright field imaging, an
aperture is inserted which blocks the strongly scattered electrons. In the bright field case,
the intensity of scattering is dependent on the mass and the thickness, which gives rise to
the so called mass thickness contrast, as well as on the relative orientation of the crystal
lattice and the electron beam, which gives the diffraction contrast. [91,92]

In order to chemically analyze the sample, energy-filtered transmission electron
microscopy (EFTEM) is used. In EFTEM, electrons with characteristic kinetic energies
are selected for image acquisition. The obtained energy-filtered images hold information
of the chemical element in the sample.

The preparation of the cross-section lamellas was carried out via focused ion beam technique
on a FEI Helios Nanolab 600i using 30 and 4 kV Ga+ ions. Further thinning of the lamella
was performed in a Gatan PIPSII with 0.2 kV Ar+ ions. The lamellas were prepared by
Almut Pohl and Tina Sturm, both IFW Dresden

The FeOx/Fe/Au films: High resolution transmission electron microscopy was conducted on
a double-aberration-corrected FEI Titan3 80-300 microscope to investigate the architecture
and microstructure of the film. The crystallographic orientations of the layers were
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determined by performing a fast Fourier transform in the Gatan Microscopy Suite of the
respective sample areas. [1]
The TEM was operated by Dr. Sebastian Schneider (IFW Dresden).

The FeOx/Fe/lrMn films: The layer architecture and microstructure were characterized by
TEM (FEI Tecnai G2, acceleration voltage 200 kV, field-emission). [2] The TEM was
operated by Dr. Ulrike Wolf (IFW Dresden).

The Co and GdCo films: TEM was used to characterize the architecture and
microstructure. To conduct qualitative elemental mapping, we carried out energy-filtered
TEM (three window method) using a post column Gatan imaging filter (GIF Trideiem,
Gatan, Inc., US). We thereby exploited the inner-shell electrons excitations of respective
elements by the highly energetic TEM beam electrons. For example, we used for mapping
Pd the Mas edge at 335 eV, Co the M2 3 edge at 60 eV, and Ni the M2 3 edge at 68 eV. [3]
The TEM was operated by Dr. Daniel Wolf (IFW Dresden).

X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical states of

Fe, in FeOx/Fe/IrMn thin films, before and after electrochemical treatment. XPS is based
on the photoelectric effect. The material under investigation is exposed to (high) energetic
radiation (X-ray’s) which will lead to the ejection of photoelectrons from the electron
shells of the material. The final analysis of the kinetic energy of the liberated
photoelectrons holds information of the chemical states.

XPS was conducted at a PHI 5600 CI (Physical Electronics) spectrometer. The pass
energy of the hemispherical analyzer amounts to 29 eV. Monochromatic Al-Ka excitation
(350 W) was used. The information depth of the measurements was varied by changing
the angle between analyzer and sample surface (values are given with respect to the
sample surface). The analysis area had a diameter of ~<800 um. [2]

XPS was conducted by Dr. Steffen Oswald (IFW Dresden).

Ex-situ and in-situ Raman spectroscopy
In situ Raman spectroscopy was used for the chemical identification of FeOx. The

principle is based on the interaction of the incident laser light and the chemical bonds of
the material of interest. The incoming laser light is scattered at the sample surface at
different wavelengths which hold information about the chemical structure of the analyte.
Raman spectra were recorded on a T64000 triple spectrometer (Jobin Yvon) Horiba, equipped
with a diffraction grid of 600gr/mm and a 532 nm excitation wavelength of a Torus 532 laser
(Laser Quantum). The ex situ measurements were carried out with a Leica PL FLUOTAR
50x objective and with the laser power adjusted to less than 7.4 uW (laser spot diameter of
20 um on the sample). [93] An UMPIlanFLN 20XW Olympus water immersion objective
was used for the in-situ measurements. E was applied by the potentiostat in a two-electrode
configuration. [1]
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In-situ Raman experiments were conducted under the supervision and with assistance of
Sandra Schiemenz and Frank Ziegs, both IFW Dresden.

In situ Rutherford backscattering
In-situ Rutherford backscattering measurements (RBS) were conducted to investigate the

thickness and the layer stability in contact with the electrolyte of FeOy/Fe/Au samples. [1] In
a RBS experiment, high energetic ions with a low mass (e.g. Helium) are shoot on the sample.
The ions penetrate the material and the energy of the backscattered ions are detected. The
obtained, and characteristic, energies of the backscattered ions can be converted into a spectra
which allows to determine the elements of the film and the thickness thereof. The layered
film was deposited on a SisN4 window with a thickness of 500 nm. The different substrate is
expected not to affect the film properties as both, SisN4and SiO are amorphous. The substrate
was attached to the beamline instrumentation in such a way that the backside faced vacuum
(10 mbar) and the Fe layer faced either air or the electrolyte by using a special in situ
cell [94]. The He+ion beam of 1.7 MeV energy was generated by a 2 MV van de Graff
accelerator and guided via switching magnets towards the sample. The obtained spectra were
evaluated using SIMNRA [95] software. [1] The voltage was applied with the assistance of a
SP-50 BioLogic potentiostat. In situ RBS measurements were conducted under the
supervision and with assistance of René Heller and Nasrin B. Khojasteh (both HZDR).

4.3 Electrochemical characterization

Electrochemical procedures

Electrochemical operations with liquid electrolytes: The electrochemical reduction and
oxidation for the FeOx/Fe systems was conducted in a cell made out of polyether ether
ketone in a three-electrode array. Cyclic voltammetry (CV) is an electrochemical
characterization method for identifying oxidation and reduction potentials of an
electrochemical system. The applied potential is swept while the current is recorded.

In chronoamperometry (CA), a fixed potential is applied to the ferromagnetic layer and
the resulting current is recorded over time.

A 1 mol |-1 LiOH aqueous solution was used as electrolyte. The FeOx/Fe thin film
samples were connected as the working electrode, while platinum wires served as
counter- and reference electrodes. The potentials, E, quoted in this work represent the
potential of the magnetic thin film in Volt vs. the platinum reference electrode. The
formula symbol E for the electrode potential is chosen according to the IUPAC definition
for electrochemistry, to avoid confusion please note that it is not equivalent to the electric
field. The application of E and the measurement of the j(E) characteristics were performed
with a potentiostat (Biologic SP50). [1]

Electrochemical operations with solid electrolytes: Electrochemical cells utilizing a solid-
state electrolyte, such as GdOy, are usually operated in a two electrode array. Reference
electrodes are usually absent, because of very difficult design requirements. [96] Thus,
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solid-state devices operate in a two electrode configuration. The applied potential thus
equals the cell voltage.

The voltage was applied by using a Keithley 6430 source meter and a Lakeshore CPX-
VF probe station with CuBe probes.

4.4 Magneto-optical Kerr Magnetometry and Microscopy

The evaluation of magnetic properties is examined via the magneto-optical Kerr effect
(see Figure 2.5). Within the frame of the presented thesis, a wide-field Kerr microscope
and a laser-MOKE has been used. A Kerr microscope is typically used to image the
magnetic microstructure as it allows for imaging a wide area on the sample surface (up
to cm?). In contrast, a laser-MOKE has only a small spot size (in the range of pm?) which
needs to raster across a larger sample area in order to image the magnetic microstructure.

Kerr microscopy
Wide-field Kerr microscopy was used to investigate samples with in-plane

magnetization. This includes measurements of magnetization curves and the imaging of
magnetic domains. A principle sketch of the elements of an advanced Kerr microscope
with the beam paths is shown in Figure 4.1. “The Kerr microscope is based on an optical
polarization reflection microscope that applies the Kohler illumination technique to
obtain homogeneously illuminated images.” [97] The light is emitted from white LEDs.
A polarizer in the illumination path linearly polarizes the incoming light. The linearly
polarized light is guided via a beam splitter and an objective to the sample surface. Upon
reflection, the light passes the through the beam splitter and a second polarizer, called
analyzer, which is used to extinguish the light of one magnetic domain direction. The
opposite magnetic domain direction appears brighter on the camera image. A
compensator in the image forming path can be optionally installed to correct the
elliptically distorted light. A camera is used to visualize the magnetic domains.

The light of 8 LEDs is guided independently to the microscope via glass fibers, which
ends are arranged in a conoscopical plane in a cross-like manner. The sensitivity direction
of the microscope depends on the incident direction of the incoming light. Thus, the
conoscopical arrangement allows to adjust the light incidence direction for probing the
desired magnetization direction. Figure 4.2 (a) exemplifies the selection of LEDs for the
longitudinal mode to image magnetization directions. Two orthogonal incidences, as
shown in Figure 4.2 (a), can be combined to either image magnetic domains or domain
walls at the same sample area, which is shown in Figure 4.2 (b).

A contrast enhancement among the magnetic domains can be achieved by subtracting two
domain images obtained with opposite light incidence (see Figure 4.2 (c)).
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Figure 4.2: Influence of selected light sensitivity on the magnetic domain contrast.

a) selected plane of polarization is sensitive to different magnetization directions. b) domain and
domain wall contrast. ¢) contrast enhancement with selective light pulses with oblique incidence
from left and right. Inspired and adapted from [97], with the permission of AIP Publishing.
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An additional way of contrast enhancement is offered by digital means [98] which is
shown in Figure 4.3. First, a background image is recorded while the sample is saturated.
This background image is subtracted from images during the magnetization reversal
which removes any non-magnetic signal, such as the topography. As a result, the
magnetic domains can be seen more easily.

Image during magnetization Image in the saturated Subtracted image with
reversal state magnetic domain contrast

Figure 4.3: Digital contrast enhancement.

The combination of a Kerr microscope with an electrochemical cell is part of the
presented thesis and will be described in chapter 5.

Laser-MOKE
Laser-MOKE was used to investigate samples with perpendicular magnetization and

solely for measuring magnetization curves. Here, a polar rotation geometry, in which the
light is coming perpendicular to the surface, was used. A laser-MOKE setup consists,
similar to the Kerr microscope, of an incident polarizer, an analyzer and a photodiode
detector. A 2.5 mW laser with a wavelength of 660 nm (red) was used as the light source.
In order to conduct gating experiments on the solid state samples, a probe station was
adjusted to the setup. The gate voltage was applied via a CuBe probe near the edge of the
circular Au electrode and another CuBe probe landed on the previously covered
Ta/Pd/NiO/Pd/Co/Pd layer. All experiments were performed at room temperature. The
temperature of the iron yoke of the magnet was constantly monitored, with the help of an
attached thermocouple, and stayed at 26°C (+/-1°C) during the measurements. The
Mgr/M1o0o 0e ratio was determined by normalizing each loop and taking Mr from the
ascending field branch of the magnetization curve.






5 Combining Kerr microscopy and electrochemistry —
the in situ cell

In order to carry out a combined electrochemical and magnetic analysis, an
electrochemical cell, suitable for a Kerr microscope, has to be developed. This method is
named in-situ Kerr microscopy. In this chapter, the design and the construction of the
electrochemical cell used for in-situ Kerr microscopy will be presented.

Design requirements for the in situ cell

In order to conduct combined electrochemical and magnetic experiments, an
electrochemical cell has to be designed which with a Kerr microscope. This cell has to
offer sufficient space for the electrolyte and electrodes as well as space to connect the
electrodes of the cell via cables to a potentiostat. At the same time, the cell has to fulfill
the space restrictions given by the Kerr microscope. The cell width is restricted by the
magnetic pole shoes (maximum diameter of 50 mm). The height of the cell should be in
accordance with the working distance of the objective (maximum of 3 mm). Also, the cell
has to offer the possibility to place a glass slide on top of the cell which will give a plane
surface of the electrolyte and thus allows for proper microscopical operations. The
competing space requirements for the cell, to allow electrochemical experiments (“as

large as possible”), and the space restrictions given by the Kerr microscope (“as small as
possible”) have to be optimally considered.

Additional requirements for the Kerr microscope

The Kerr microscope has to be equipped with an objective being able to compensate
for the changes in refractive index arising from the cover glas and the electrolyte. In
addition, the objective lens must still be able to guide polarized light. For this, a long-
distance objective (ZEISS ACHROPLAN with 40x magnification) with a collar ring was
used. This makes it possible to focus on the sample surface at a distance of 3 mm between
the sample surface and the objective.

Cell realization

Figure 5.1 shows the electrochemical cell, which fulfills the design requirements for
in-situ Kerr microscopy. The cell bottom and top piece are fabricated out of polyether
ether ketone (PEEK), which is stable in alkaline electrolyte of pH 14. The bottom piece
of the cell carries the sample ( Figure 5.1 (a)) and has electrical contacts. The contacts for
the electrodes are made out of CuBe to ensure a low contact resistance. The top piece,
including the overflow container for the electrolyte, can be screwed on the bottom piece
(Figure 5.1 (b)) while the sample is in between. The Pt-wires acting as pseudo-reference
and counter electrode are placed on the lid and are electrically connected to the CuBe
contacts (Figure 5.1 (b)). The Pt-wire electrodes will also stayer later in contact with the
electrolyte. Figure 5.1 (c) shows the electrical connection of the cell with the cables from
the potentiostat.
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Bottom
piece

Figure 5.1. In situ electrochemical cell for the Kerr microscope

(a) Bottom of the cell and electric contact to the sample. (b) Top piece with overflow container
on the bottom piece and connection of the Pt wire as reference and the counter electrode, RE -
reference electrode, CE — counter electrode. (c) Connection of electrodes with the potentiostat at
the bottom of the cell.

Figure 5.2 shows the cell placed in the Kerr microscope set up. Figure 5.2 (a) shows how
the electrolyte is filled into the cell (not shown for the overflow container). The cell can
contain 100 pl of electrolyte in the inside in combination with an additional overflow
container. The cover glass is placed on top of the cell (Figure 5.2 (b)). Figure 5.2 (c)
shows the cell placed between the magnetic poles and the objective above.
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Figure 5.2. In situ electrochemical cell combined with the Kerr microscope.
(a) Filling of electrolyte into the electrochemical cell. (b) placing of cover glas on the cell. (c)
fully assembled set up for in situ investigations.



Combining Kerr microscopy and electrochemistry — the in situ cell 31

Electrochemical cell operation and limits

In a first step, the correct electrochemical operation of the cell was tested via cyclic
voltammetry. For this, the cell was assembled into a three-electrode array. Pt wires served
as reference- and counter electrode. An FeOy/Fe/Au sample served as working electrode
and 1 M of LiOH was used as electrolyte. The recorded cyclic voltammogram in Figure
5.3 has a comparable shape as the cyclic voltammogram in Figure 3.4 which demonstrates
the electrochemical functionality of the cell. The cyclic voltammogram in Figure 5.3
shows three cathodic peaks (la, Ila, 1lla) and three anodic peaks (lc, llc, 1lic) and a
passivation regime. The electrochemical reactions which take place at the different anodic
and cathodic peaks are listed in the inset of the cyclic voltammogram in Figure 5.3 and a
listing of the occurring reactions can be found in [99].

Conclusion

In summary, the home-built electrochemical cell, fulfills all the requirements arising from
electrochemical side and the microscopical side. The combination of the electrochemical
cell with the Kerr microscope will be named in situ Kerr microscopy or in situ cell from
here onwards.
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Figure 5.3. CV on FeOx/Fe/Au thin film in 1 M LiOH in the developed cell.
Electrochemical reactions are marked.






6 In-plane uniaxial anisotropy and blocked domain
state in FeO,/Fe thin films

The results of chapter 6 are published in [1] within the framework of this thesis. The
respective paragraphs — with minor adjustments —are indicated in grey font. Reprint from
[1] under Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/)

6.1 Microstructure and composition

The crosssectional layer architecture is examined by high-resolution transmission
electron microscopy (HR-TEM) and shows a polycrystalline layered heterostructure
(Figure 6.1 (a)). The Fe grains show a thickness of around 5 nm. A native oxide layer
with a thickness of 2-3 nm is observed which follows the shape of the Fe grains and
penetrates deeper at the grain boundaries. The fast Fourier transformed (FFT) images of
the individual layers show that the iron oxide (FeOx-), iron (Fe-) and gold (Au) layers are
all crystalline. As compared with the Fe layer, the FFT reflexes for the FeOx are closer to
the center due to the longer interatomic distances in real space. The FFTs indicate that the
individual Fe grains align epitaxially with the underlying Au grains. Investigating the
surface morphology, atomic force microscopy reveals also a polycrystalline nature of the
film (see Appendix Figure 12.1). The average lateral grain size can be estimated to about
30 nm. Both is in accordance with the HR-TEM images. Raman spectroscopy identifies
Fez04 as the dominant iron oxide phase (see Appendix Figure 12.2), which is expected
after room temperature oxidation. [100-102]
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Figure 6.1: Microstructural and thickness characterization of pristine FeOx/Fe thin film

(a) Cross-sectional HR-TEM image and FFTs of the FeOx/Fe/Au/Cr layers. (b) RBS spectra,
derived elemental contributions, and extracted layer thicknesses d for the layer being in contact
with air (black) and in the electrolyte (green). The deconvolution of the simulated fit in the
elemental subspectra, used for the layer thickness calculation, is added. The fit is identical for
both spectra, proving that no thickness change occurs upon addition of electrolyte solution.
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The structure and orientation of the film was probed by x-ray diffraction (XRD) (see
Appendix Figure 12.3) The planes which lie parallel to the surface are the fcc Au(111)
and bcc Fe(110) planes. Pole figures (see Appendix Figure 12.3 (b), (c)) reveal a
pronounced (111) fiber texture (intensity rings) of the Au thin film in accordance with the
0-20 scans. The previously indicated epitaxial relation of the Fe/Au grains derived from
the FFT images (Figure 6.1 (a)) supports the interpretation from the XRD data that the
individual Fe grains align epitaxially with the underlying gold grains. As the pole figure
measurements reveal a random orientation of the Au grains in the film plane, we assume
also an (110) in-plane fiber texture of the Fe grains.

To test the film thickness and the compatibility between the liquid electrolyte and the
fabricated FeOx/Fe thin films, in situ Rutherford backscattering spectroscopy was utilized.
First, the layer thickness of the FeOx/Fe thin film without being in contact with the
electrolyte was determined. In a second step, 1 M LiOH electrolyte was added to the
sample surface in a special in situ cell [94] and the layer system was measured again. A
comparison of the measured RBS spectra in pristine state and in contact with the liquid
electrolyte as well as simulated elemental contributions are presented in Figure 6.1 (b). To
calculate the layer thicknesses, the areal density derived from the spectra was evaluated.
The nominal Fe thickness of 6.7 +/- 0.5 nm, calculated from the RBS spectrum, matches
the Fe thickness of about 5 nm as observed in the HR-TEM images after native oxidation,
considering that about 1-1.5 nm of Fe is "consumed” to form the FeOy. Thus, the in-situ
RBS measurement confirms that the FeOx/Fe film is stable in contact with liquid
electrolyte. It should be noted, that the areal densities of Fe and FeOy are too similar and
cannot be discriminated within the RBS measurement.

6.2 Magnetically blocked state in pristine FeOy/Fe thin film

This section provides an overview of the magnetic characteristics of the FeOx/Fe thin
film. These characteristics are inherently connected to the polycrystalline and defect rich
nature of the films which form the basis for interpreting the voltage triggered magnetic
and structural changes thereof.

In-plane uniaxial anisotropy and hard axis anomaly

To investigate the influence of the FeOx on the magnetic properties in the FeOx/Fe thin
film system, an Au/Fe/Au thin film is compared with an FeOx/Fe thin film. The upper Au
layer in the Au/Fe/Au film protects the Fe from oxidizing under ambient condition (see
Appendix Figure 12.4). The Au/Fe/Au layer is taken as a reference for investigating the
influence of the FeOx on the magnetic properties in the FeOyx/Fe film The in-plane angular
dependency of Mr/Ms and Hc values is plotted in Figure 6.2 for FeOx/Fe thin film as
compared to Au/Fe/Au layers In both cases, the polar plots reveal a dominating uniaxial
magnetic anisotropy. The angular dependencies of Mr/Ms and Hc qualitatively resemble
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those expected from the Stoner-Wohlfarth model of uniaxial single-domain
particles, [103] with the exception of the behavior very close to the hard axis (0°).
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Figure 6.2: In-plane angular resolved measurements of a Au/Fe/Au and an FeOx/Fe thin film.
(a) Mr/Ms and b) Hc values of FeO,/Fe/Au layers (black symbols) as compared to Au(10
nm)/Fe/Au layers (red symbols), as extracted from in-plane Kerr hysteresis loops measured at
different applied magnetic field directions. (note: data points were measured from 0-/80° and
mirrored)

Such a deviation in the vicinity of the hard axis has been previously observed in
polycrystalline films and has been attributed to local anisotropy fluctuations induced by
different kinds of microstructural disorder in polycrystalline film and the associated
formation of blocked state. [29,104,105]

Similar angle-dependent Mr/Ms and poHc values are obtained for the Fe films capped
with FeOyx and Au, except for slightly increased poHc values in the vicinity of the easy
axis (90°) for the Au/Fe/Au layers. From this, it can be concluded that in the present case
there is a negligible effect of the native oxidation on the uniaxial anisotropy and the
magnetization processes of the Fe films. It confirms previous observations that the
uniaxial anisotropy arises from the oblique sputter deposition process. [106-109]. This
type of anisotropy is usually traced back to a self-shadowing effect and an associated
anisotropic-surface modulation [110] of the film. There is negligible contribution of the
magnetocrystalline anisotropy of bcc Fe to the uniaxial anisotropy, because of the random
in-plane orientation of the Fe grains that is inherited from Au grains (see Appendix Figure
12.3). In addition, in nanocrystalline films the magnetocrystalline anisotropy is averaged
out, to a large degree, by exchange interaction according to the random anisotropy
model. [111] The observed in-plane uniaxial anisotropy in the FeOx/Fe films from the
present study is consistent with previous work on Fe thin films prepared by oblique
sputter deposition, [106,108,109] and can thus be attributed primarily to geometric
surface/grain shape effects.
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Hard axis magnetization reversal and blocked state

In order to understand the magnetization reversal process in more detail, we look at single
magnetization curves. Along the easy axis, the shape of the curve is close to rectangular
with Mr/Ms = 1. The hysteresis loop along the hard axis is more rounded, compared to
the easy axis curve, with Mr/Ms = 0.75 and the Hc is comparable with the Hc along the
easy axis, shown in Figure 6.3 (a). An ideal hard axis of a uniaxial magnetic material
would follow a linear magnetization reversal by uniform rotation with zero Mr and Hec,
as depicted in Figure 2.3. Non-ideal hard axes, with high Mr and Hc, are reported for e.g.
polycrystalline FeNi [29,112,113] or Co [105] thin films with uniaxial in-plane
anisotropy. The underlying magnetization and domain processes when applying the field
along the hard axis are known and can be described as follows (Figure 6.3 (b)). [29] When
the applied magnetic field is decreased from the saturated state ((1)), longitudinal
fluctuations of magnetization ((2)) develop out of an incipient ripple structure [114]. Such
magnetic fluctuations are caused by statistical perturbations from the random distribution
of crystal anisotropy in polycrystalline films, inhomogeneous strain, texture, or non-
magnetic impurities. [115] On decreasing the magnetic field further, the amplitude of the
fluctuation of the magnetization becomes larger and, eventually, the magnetization splits
in narrowly-spaced magnetic domains separated by domain walls (see also Figure
6.4). [29,113,116]
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Figure 6.3: Magnetization curves and schematic of magnetization reversal along the hard axis.
(a) In-plane magnetization curves along the easy axis and the hard axis as measured by Kerr
magnetometry. (b) Schematics of the development of the blocked state in a magnetic field along
the (horizontal) hard axis. Starting from the saturated state ((1)), a fluctuating magnetization ((2))
forms that leads to the development of the blocked magnetic state ((3)) with high Mg/Ms ratio.
The magnetic charges of the interacting Néel walls are marked by magnetic poles (N and S for
North- and South pole, respectively).
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Figure 6.4: Magnetization reversal along the hard
axis with Kerr microscopy.

Hysteresis and associated Kerr microscopy images
of FeO,/Fe/Au films for magnetization along the
hard axis. The Kerr sensitivity is along the easy axis
(orthogonal to the hard axis).

Anhysteresis for accessing anisotropy energy of hard axis magnetization curve
Anisotropy is a key factor for the evolution of Hc. As the hard axis magnetization
curves shows M, it is not straight forward to derive the anisotropy energy (see also Figure
2.3). An alternative to measure anisotropy is to use anhysteretic curves. An anhysteretic
curve represents the magnetization process with solely reversible changes. [117] Figure
6.5 (a) shows the principle method to determine the anhysteretic magnetization curve. An
anhysteretic curve is obtained by the application of a biasing direct current (DC) magnetic
field and a superimposed alternating current (AC) magnetic field. The AC field strength
saturates the sample and decays in amplitude. This process is repeated for every DC field
strength. [117] Figure 6.5 (b) shows a comparison of the hysteresis and anhysteresis along
the hard axis and the determination of the anisotropy. The anhysteretic magnetization
curves (Figure 6.5) consist of a linear part at lower magnetic fields and a partly non-linear
contribution at higher magnetic fields until saturation; the two parts identify homogenous
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and inhomogenous anisotropy contributions, respectively. [118] The anhysteresis allows
the determination of the anisotropy energy and the type of domain wall.

Néel domain walls in FeOy/Fe thin films

In extended permalloy films with an anisotropy parameter Q = 2.5-10* (being defined as
Q = Ku/Kg with Kg= 0.5u0Ms? being the stray-field energy coefficient [29]) the Bloch-
Néel transition occurs around 12,/A/Ky4. [119] This calculation can be applied also for
the Fe films from the present study, because they exhibit a similar anisotropy parameter
Q = Ku/Kg = 1.8-10** (with Ky = 3.3-102 Jm3 estimated from the anhysteresis in Figure 6.5
(@) and Kg = 0.5p0Ms?= 1.8-10° Jm?). Taking, as an approximation, the exchange
constant of bulk Fe, A = 1.98-10"** J/m, [120] the Bloch-Néel transition is expected to
occur at a thickness of 40 nm. Thus, the present Fe films, with a much smaller film
thickness of just 5 nm, are expected to exhibit Néel walls. Figure 6.6 shows high-
resolution longitudinal Kerr microscopy images of the FeOx/Fe/Au films in the AC-field
(20 Hz, 16 kAm™) demagnetized state. The Kerr sensitivities are along the easy axis on
the left and (approximately) along the hard axis on the right. Wide, irregular domains
with an average magnetization direction along the easy axis are seen in the image on the
left. In the image on the right, the domain contrast (almost) disappears as the Kerr
sensitivity is transverse to the domain magnetization. Under this condition, the Néel
domain walls appear as the contrast reveals black and white segments according to the
simultaneous presence of clockwise and counterclockwise magnetization rotation across
the walls. It is expected that the Néel walls consist of a narrow core and extended tails
(see Figure 2.2). The tails are not visible in the images, but could be viewed at a higher
lateral resolution, i.e. by using Lorentz Transmission Electron Microscopy. [29] In that
case, the ripple pattern would show up with a characteristic texture, from which the local
magnetization direction could be derived.
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Figure 6.5: Anhysteretic measurement.

(a) Principle method for obtaining the anhysteretic magnetization curve by the superposition of
a DC and AC magnetic field, adapted from [117]. (b) Hard axis hysteresis and associated
anhysteresis. The anisotropy contributions are marked with marked anisotropy contributions.
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Figure 6.6: High resolution Kerr microscopy image of FeOx/Fe/Au thin films.

High resolution Kerr microscopy image of FeOx/Fe/Au films in the demagnetized state obtained
by applying a decaying AC magnetic field along the hard axis. The image on the left reveals the
magnetization components along the easy axis, while that on the right reveals the magnetization
components along the hard axis (with some residual longitudinal contrast superimposed).






7 Voltage control of FeO,/Fe thin films with in-plane
uniaxial anisotropy

The results of chapter 7 are published in [1] within the framework of this thesis. The
respective paragraphs — with minor adjustments —are indicated in grey font. Reprint from
[1] under Creative Commons Attribution (CC BY) license.
(https://creativecommons.org/licenses/by/4.0/)

In this part, the voltage control of magnetization reversal via an electrochemical
reaction of the ferromagnetic layer in the FeOy/Fe thin film system is achieved and
discussed. The basic electrochemical mechanism is revealed by in situ Raman
spectroscopy. Selected in plane directions and angle resolved magnetization
measurements resolve a voltage induced collapse of Hc and Mr close to the hard axis
during the reduction process. Anhysteretic measurements reveal an invers scaling of
coercivity and anisotropy upon reduction. By consulting the magnetic microstructure, a
voltage induced change of the domain arrangement is found. Combining these results
points to a de-blocking mechanism which originates from changes of the Néel wall
interactions and also hints to changes in microstructural pinning sites. Afterwards, 180°
magnetization reversal is achieved in a biased magnetic field but triggered by a voltage.
The energy efficiency and the application potential are discussed.

7.1 Voltage control of hysteresis by electrochemical reduction of FeOx

Reversible electrochemical reduction/oxidation reactions in the FeOx/Fe layer are
expected when specific external voltages [99] are applied via the electrolyte. In-situ
Raman measurements (Figure 7.1 (a)) confirmed a voltage-induced phase transformation
in the FeOx/Fe films. In the pristine state, the characteristic peak at 665 cm™ identifies
FesOs in the native iron-oxide layer, which is expected after room temperature
oxidation. [100] After addition of the electrolyte, a Raman measurement was first carried
out in the open circuit potential (ocp) state, i.e., the state of the FeOx/Fe layer in the
electrolyte without additional external voltage applied. In this ocp state, the FezO4 peak
can still be clearly observed despite the increased electrolyte-induced background level
in the in-situ Raman measurement. When a reduction potential of —1.10 V is applied, the
Fesz04 peak vanishes, evidencing a voltage-induced FeOyx to metal Fe transformation. The
complete disappearance of the Raman signature of FesOs indicates that a full
transformation of FesO4 to Fe metal occurs. This is in line with the evaluation of the
transferred charge during the reduction (see Figure 12.5 in Appendix), The Fez04 peak
re-appears after re-oxidation of the reduced metal state, which establishes the reversibility
of the reduction reaction.

To characterize the voltage-dependency of the reduction reaction and to reveal associated
electrochemical changes, the current density j and the magnetic properties of the FeOx/Fe
films were measured simultaneously at selected cathodic potentials E. For each voltage
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step, E was applied for 60 seconds and a new pristine sample was used in each case to
exclude the effects of previous treatments. The magnetization curve measurement was
performed through the electrolyte by MOKE magnetometry in a dedicated in-situ Kerr
microscopy setup (Figure 7.1 (b) and chapter 5). The implemented electrochemical cell
was assembled in a three-electrode arrangement with the FeOx/Fe films as the working
electrode. Figure 7.1 (c) shows a comparison of the easy and hard axis in their pristine
state and in the ocp state. Figure 7.1 (d) shows the observed E-dependency of j (black
data points) and Hc (blue data points), respectively, along the in-plane easy axis. The
coercivity in the ocp state, Hc,ocp, lies at 2.4 KAm™.
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Figure 7.1: In situ characterization of FeOx/Fe thin film E (V)

Voltage-control of the Hc by electrochemical reduction of FeOy. (a) Raman spectra for the same
FeOy/Fe/Au layer in the pristine state, in the electrolyte at the ocp state, in the electrolyte at a
reduction potential E =-1.10 V, and after re-oxidation and electrolyte removal. The asterisk
indicates the substrate peak. The native Fe;O4 peak vanishes during the reduction (oxide to metal
transformation at —1.10 V) and re-appears during re-oxidation (metal-to-oxide transformation).
Schemes for the different states are displayed on the right. (b) Sketch of the electrochemical cell
combined with a wide-field Kerr microscope. (c) Comparison of easy and hard axis in the pristine
state and at the ocp state. (d) Reduction current density —j (black data points) and simultaneously
measured relative Hc change along the in-plane easy axis (blue data points) in dependence of the
applied potential



Voltage control of FeOx/Fe thin films with in-plane uniaxial anisotropy 43

No significant changes in current density and Hc are observed up to E =-1.08 V. The
strong increase of the cathodic (negative) current density below —1.08 V indicates the
onset of the reduction of the FeOx to metallic Fe. Simultaneously, a drastic decrease in
Hc is measured. At —1.10 V the Hc decreases to 1.3 kAm™, corresponding to 53 % of the
initial value at the ocp state. For more negative potentials, a further decrease in Hc down
to 30 % is reached but, at the same time, the H> evolution reaction becomes a dominant
side reaction and hinders the stable operation of the cell. The simultaneous change of
current density and Hc below the threshold potential of the FeOx-to-Fe-transformation
reaction confirms that the voltage-induced change in Hc originates from this
electrochemical transformation. By contrast, changes caused by capacitive charging
mechanisms should scale linearly with the potential and would not require a threshold
potential. The drastic change of Hc is a first sign of the significant voltage-tunable
magnetism that is possible in the present system.

We measured the impact of the reduction at E =—1.10 V and re-oxidation at E =-0.02 V
on the magnetic properties along different in-plane magnetic field angles with respect to
the pristine state (Figure 7.2). For all three axes — (0°), easy (90°), and intermediate (45°)
— the application of the reduction potential leads to a strong decrease in Hc (Figure 7.2
(a-c)). Close to the hard axis, both Hc and Mg almost vanish. Upon re-oxidation, the
hysteresis loops nearly recover to those of the pristine state for all three directions. The
reversibility of this process for 10 cycles is shown as a representative of the Hc change
along the intermediate axis in Figure 7.2 (d) (top). The associated change in Kerr intensity
difference Al (Figure 4d (bottom)) reversibly increases and decreases by about 15-20 %
upon reduction and re-oxidation, respectively. For a rough estimate, an increase of 11 %
in overall Ms is expected for the full reduction of a FesO4 (3 nm)/Fe (5 nm) bilayer to a
single Fe (7 nm) layer. The observed change in Al is qualitatively consistent with this,
and also with previously observed changes in Ms for FeOx/Fe films polarized in alkaline
electrolytes. [121]

The in-plane angular distribution of Hc and Mr/Ms ratio, respectively, was extracted from
angle-resolved Kerr measurements from 0° to 180° in steps of 10° for both pristine (black
symbols and grey area) and reduced state (blue symbols and blue area) (Figure 7.2 (g,f)).
The dominant two-fold symmetry reflects the mentioned uniaxial anisotropy. Consistent
with such anisotropy, Hc and Mr/Ms ratio both decrease when turning the field from the
easy axis (90°) toward the hard axis (0°, 180°). In the vicinity of the hard axis, the sudden
and strong increase in the Mr/Ms ratio and Hc in the pristine state is consistent with the
proposed formation of the blocked state by Néel wall interactions and the pinning of
Bloch lines in the nanocrystalline FeOx/Fe films (see discussion in section 6.2). This
deviation from expected ‘ideal’ hard-axis behavior constitutes a peak of Mr/Ms ratio and
Hc in an angle range of ca. = 10° around the hard axis (Figure 7.2 (e,f)).

Remarkably, the voltage-induced reduction leads to a strong decrease in Hc for all field
directions (Figure 7.2 (e)). In an extended angle range around the easy axis (50° - 130°),
Hc drops to 30-50% of the initial value. The strongest voltage-induced effect on Hc
occurs in the vicinity of the hard axis. Additional measurements with a higher angular
resolution close to the hard axis confirm a drastic voltage-induced decrease in Hc to 5%
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of the initial value (see Appendix Figure 12.6 (a)). For the Mr/Ms values (Figure 7.2 (f)),
changes upon voltage-induced reduction are negligible for angles close to the easy axis,
whereas a significant decrease in Mr/Ms to 10% of the initial value (see Appendix Figure
12.6 (b)) is measured when approaching the hard axis. To summarize, the strongest
voltage-induced Hc and Mgr/Ms ratio changes are achieved when magnetic fields are
applied close to the hard axis, where a blocked magnetic state is initially present. In Figure
7.2 (e) and (f), this is reflected in a change in the peak feature representing the deviation
from ‘ideal’ hard-axis behavior around 0° and 180°: in the reduced state at —1.10 V, the
magnitudes of the deviations and/or the angular widths of the peak around the hard axis
become smaller, indicating a voltage-induced magnetic de-blocking.

The comparative study of FeOx/Fe/Au and Au/Fe/Au layers (see Figure 6.2) rules out the
possibility that the change in magnetic behavior originates solely from the voltage-
induced increase of the Fe layer thickness [121,122] or the removal of a specific FeOx.
Instead, the massive change in the close-to-the hard-axis behavior indicates that the
factors that are key to the evolution of coercivity and the blocked state, namely anisotropy
and magnetic microstructure, are modified during the reduction process.

7.2 Inverse scaling of coercivity and anisotropy revealed by
anhysteresis

Anisotropy is a key factor for the evolution of coercivity. Magnetoelectric effects are
often explained via the direct proportionality between voltage-induced anisotropy and
coercivity changes. [53,115,123] Therefore, we studied the anisotropy and the anisotropy
fluctuations in both pristine and reduced states in greater detail. The similar shapes of the
angular Hc- and Mr/Ms ratio distributions for the pristine- and reduced states in Figure
7.2 (e,f) confirm that uniaxial anisotropy continues to predominate. However, larger
relative angle-dependent Mr/Ms and Hc changes are observed in a normalized plot
(Figure 12.6 (c,d)), which indicates that the magnitude of the uniaxial anisotropy
increases in the reduced state.

Clearly, homogeneous anisotropy increases strongly upon reduction. The anisotropy field,
obtained by extrapolating the linear part of the anhysteretic magnetization curve to
saturation, changes from 0.3 kAm™ in the pristine state to 1.1 kAm™ in the reduced state.
The associated uniaxial anisotropy constants (K,) of 326 Jm? and 1202 Jm™ for the
pristine and reduced state, respectively, are estimated from the respective areas of the
homogeneous anisotropy contribution depicted in Figure 7.3 by assuming the saturation
magnetization of (bulk) Fe, Msre= 1710 kAm™. The complex evolution of the anisotropy
in nanocrystalline two-phase systems currently prevents us from unambiguously
determining why the anisotropy increases upon reduction. We speculate that the increase
could be attributed to an anisotropic change in the grain shapes/sizes or roughness of Fe
upon electrochemical FeOy reduction. In addition, an electronic-charge-induced
modulation of the interface PMA of the Fe layer, [54] caused by superposed
electrochemical double-layer formation at the reduction potential, may play a minor role.
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Figure 7.2: Electrochemical control of magnetization curves in FeOy/Fe thin films

Reversible angle-dependent voltage control of magnetic hysteresis up to ON/OFF switching of
coercivity and remanence (magnetic de-blocking). a — ¢) Magnetization curves of FeOx/Fe films
in the pristine state at —1.10 V (reduction) and -0.02 V (oxidation) measured by Kerr
magnetometry with an in-plane magnetic field close to (a) the hard axis (0° + 3°), (b) the easy
axis (90° + 3°), and (c) an intermediate axis (45°+ 3°). d) Reversible coercivity change along the
intermediate axis when repeatedly switching between reduced (—1.10 V) and oxidized (-0.02 V)
state. e, f) Angular dependence of coercivity (e) and Mer/Msratio (f) in the pristine state and at —

1.10 V (reduced state).



46 Voltage control of FeOx/Fe thin films with in-plane uniaxial anisotropy

An increase of in-plane uniaxial anisotropy resulting from a voltage-induced decrease of
interface PMA has been reported for vicinal Fe films, even considerably thick ones (35
monolayer). [124] However, at this thickness, the effects are significantly smaller than
those observed in the present films. This can explain the observed decrease in the
inhomogeneous anisotropy contributions. The increase of homogeneous anisotropy
occuring simultaneously with the drastic decrease in coercivity upon reduction shows that
the direct proportionality between anisotropy and coercivity, which is often used as a
simple model for magnetoelectric effects, [11,53,125] is not applicable here. Instead, it is
likely that changes in microstructure or magnetic domain structure dominate over direct
anisotropy effects, as discussed in the next section.

7.3 Voltage control of magnetic domains

The magnetic domain observations were made with an in-situ Kerr microscopy setup,
which resolves the magnetic domains concurrently with electrochemical polarization in
the liquid electrolyte. Figure 7.4 (a-d) shows the AC-demagnetized states, which
resemble domain states close to zero-field equilibrium, for a pristine FeOx/Fe film and
for the same film in the electrolyte at the ocp, reduction (-1.10 V), and oxidation (-0.02
V) states. For all images, the demagnetizing is carried out along the hard axis and the
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Figure 7.3: (In situ) anhysteresis measurements of FeO/Fe thin film.

Determination of voltage-induced anisotropy change. a, b) Anhysteretic magnetization curves of
FeO./Fe films as measured by Kerr magnetometry along the in-plane hard axis for the pristine
state (a) and at -1.10 V (reduced state) (b). Separation of homogeneous and inhomogeneous
anisotropy contributions by a linear fit in the low magnetic field region. The sketches in both
panels illustrate the proposed microstructural origin. In the natively oxidized state (a), strong
anisotropy fluctuations can result from an inhomogeneous microstructure and grain boundary
FeOx, which partially decouple the individual Fe grains and yield local variations of the easy axis.
In (b) the decrease of the anisotropy fluctuations can be explained by the reduction of the grain
boundary oxides into Fe, which homogenizes the microstructure and allows better coupling
between the Fe grains.
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Figure 7.4: Voltage control of magnetic domain size

a-d) Magnetic domains observed by in-situ Kerr microscopy in the pristine state (a), in the ocp
state (b), at —1.10 V (reduction) (c), and at —0.02 V (oxidation) (d). The images were acquired
after a decaying 20 Hz AC field was applied perpendicularly to the easy axis. Arrows on the right
indicate easy axis, Kerr sensitivity, and magnetic field directions. e) Average domain size,
extracted from the domain images for the four states (a-d). For each state, the AC routine and
domain image acquisition was repeated three times.

Kerr sensitivity is set along the easy axis. The domains are observed to extend along the
easy axis and their somewhat irregular shape is typical for polycrystalline thin films with
uniaxial anisotropy and Néel walls. [29] The average magnetization in the domains is
aligned along the easy axis (marked exemplarily with the black and white arrows in
Figure 7.4 (a)). As expected, the magnetic domain character and width are not altered by
the electrolyte contact (pristine versus ocp state). While applying the reduction voltage of
-1.10 V, the shape of the domains remains comparable but a strong increase in domain
width is observed. During re-oxidation (-0.02 V), the average domain size decreases
again and the domain image resembles that of the pristine and ocp states. For the pristine-,
ocp- and re-oxidized states, all of which are characterized by the presence of an FeOx
cover layer, the average domain width is around 6 um (Figure 7.4 (e)). By contrast, the
average domain width in the reduced state is around 14 um. An example for the domain
width analysis is given in the Appendix in Figure 12.7.

The observations described above point clearly to a significant voltage-induced change
of the equilibrium magnetic domain width upon oxidation/reduction. This increase of
domain size could be caused by an increase in domain-wall energy, which results in an
energy-saving decrease in the number of domain walls. We calculate the change in the
domain-wall energy upon reduction by accounting for an increase in Fe-layer thickness
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Table 1: Exchange constant A, saturation magnetization Ms, anisotropy constant Ky, Fe layer
thickness d and calculated wall core width a and surface energy density for a Néel wall in for
pristine and reduced (at —1.1 V) state

Pristine state Reduced state
A (m™) 2.0-10"11
Mg (Am™1) 1.71- 106
K, (Jm™3) 326 1202
d (m) 5-107° 7-107°
a (m) 1.1-107° 5.7-1077
Yy Jm™?) 49-1073 7.0-1073

from 5 nm to 7 nm, which is expected during the reduction process, [122] and by
considering the measured changes in Ky (see Figure 7.3). With the thickness of the Fe
films of 5 nm (7 nm) in oxidized (reduced) state, the films are in the ultrathin
limit [31,126], where the wall core thickness can be approximated with Equation 5. The
parameters used for the calculations according to equations (1, 2) and the calculated core
wall thicknesses and surface energy densities obtained from the two equations for the
pristine (oxidized) and reduced (-1.1 V) state are given in Table 1. The results show that
a 40% increase in surface energy of the Néel wall can be expected due to the voltage-
induced changes in film thickness and anisotropy during the reduction process. Additional
wall energy contributions are associated when interactions of the Néel walls occur.
However, no significant change is expected here, since the measured domain size and
film thickness remains in the same order of magnitude for pristine and reduced state
(compare Figure 3.77 in Ref. [29]).

This calculation shows that an increase in domain-wall energy of ~ 40 % can be expected

during the reduction process, which could explain the decrease in the number of domain
walls and the associated increase in the equilibrium domain size.

7.4 Magnetic de-blocking due to change of Néel wall interactions

Based on the results presented above, we propose a consistent mechanism that connects
the voltage-induced changes in hysteresis, anisotropy, and domain size with the
reduction/oxidation process. Since the magnetization processes are distinctly different for
fields along the hard and easy axis, both are addressed individually.

For the hard-axis case, the impact of oxidation and reduction on the hysteresis can be
explained by the interplay of the anisotropy change and the specific properties of the
magnetically charged Néel walls. The blocked state, which causes the large Hc and Mg
along the hard axis in the pristine (oxidized) state (Figure 6.3), originates from the
interaction between the extended tails of the Néel walls. The tail width weii depends
strongly on the anisotropy, [29] which implies that the voltage-induced change in Ky also
changes Weil. For symmetric Néel walls, Wil iS determined by a balance between the
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magnetic charge distribution, described by the maximum stray field energy density (Kq)
and the anisotropy energy (Ku) [29]:,

Weair = € VdpeKy(Fe) /K, (Fe) = 0.56 dp. K ;(Fe)/K,(Fe) (see also Equation 6)

where y = 0.577 is the Euler-Mascheroni constant and d is the film thickness. For the
present case, we use the Ky values obtained from the anhysteretic measurements and Fe-
film thicknesses of 5 and 7 nm for the pristine (oxidized) and reduced state, respectively,
in equation (1). With those values, we obtain tail widths of 24.1 um and 8.4 pm for the
pristine (oxidized) and reduced state, respectively. This indicates that wii decreases
concurrently with the increase in domain size upon reduction. For parallel walls, wall
interactions play a role as soon as an overlap of the Néel wall tails occurs, i.e. when the
domain width < 2 wii. [29] For the oxidized state, strong interaction is expected as the
average domain width of around 6 um is much smaller than 2 Wil = 48 um. This is
consistent with the emergence of a strong blocking. Upon reduction, the values for the
average domain size of 15 um and 2 Wwit = 16 um are similar. Even though this
comparison is carried out on the basis of equilibrium domains, a qualitatively similar
trend is expected and observed (Figure 7.5) for the domains present in the remanent state.
In Figure 7.5 the magnetic domain images of FeOx/Fe/Au films in LiOH solution obtained
by in situ Kerr microscopy during magnetization reversal along the hard axis are
compared for the state at ocp (oxidized state) and at -1.10 V (reduced state). For in the
ocp state, the fine domain structure, which is characteristic for the blocked state (see also
Figure 2) is observed. In contrast, at -1.10 V, larger domains are observed, with irregular
nature connected to pinning. The striking difference in the domain size is in line with the
de-blocking mechanism proposed in the manuscript. In agreement with the significantly
decreased Hc at -1.10 V, the saturated state is achieved at lower reverse magnetic fields
than in ocp state. We expect that significantly fewer interactions between the walls will
occur in the reduced state, which is consistent with the observed de-blocking. We can
thus conclude that the voltage-induced switching from a blocked state to a ‘close-to-ideal’
hard-axis behavior with negligible Mr and Hc, and vice versa, results from a change in
amplitude of the Néel wall interactions. This change in wall interactions, in turn,
originates from anisotropy-related decrease/increase in Néel wall tail width in
combination with the coarsening/refinement of the magnetic microstructure. If the field
is applied along the easy axis, the decreased Hc (see Figure 7.2 (a-e)) upon reduction,
concurrent with an increased anisotropy, seems unexpected at first glance. However, this
need not be the case if we bear in mind that Hc is an extrinsic property and depends on
both, anisotropy and microstructure. In the present study, the voltage-induced Ky and Hc
vary inversely, which implies that microstructural effects dominate over the anisotropy
effects. We propose that this is due to the electrochemical modification of the grain
boundary oxides, which can act as pinning centers for the magnetic domain walls in the
pristine state. Upon reduction, the defective FeOx centers will transform to ferromagnetic
Fe and thereby lose the pinning functionality. In addition, the homogenization of the
ferromagnetic Fe surface and better exchange coupling of the individual Fe grains are
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Figure 7.5. Magnetic domain images of FeO,/Fe/Au films in LiOH solution during magnetization
reversal along the hard axis in ocp state (left) and at -1.10 V (right).
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expected, which is in agreement with the measured increased homogeneity of anisotropy
in this study. All three effects can contribute to the drastic decrease in Hc along the easy
(and also intermediate) axis.

Until now, similar effects have been well known for magnetic materials in which grain
boundaries are altered in an irreversible way. For example, a decrease of Hc is observed
when switching from decoupled nanogranular structures to coalesced FePt films [127].
Also, for Nd2Fe14B magnets, the control of Hc and Mr relies on the tuning of the exchange
coupling between the NdzFe14B grains, which is achieved by the optimization of the
nature and distribution of intergranular phases. [128] The present study demonstrates that
similar Hc control can be achieved in a reversible way by voltage-induced FeOx reduction
and re-oxidation at grain boundaries in thin films. The magnetic changes in our FeOx/Fe
thin-film system are reversed within seconds (see following section) and are also fully
reversible during several voltage switching steps.

7.5 Switching of magnetization by a low voltage and energy efficiency

Magnetization switching by 180°, induced by an electrical field instead of magnetic

fields, is of general interest in magnetic devices and is desired for such applications as
logical operation modes. [129] The reversible collapse of Hc by voltage-triggered
reduction that we document from the present study offers a direct route to voltage-induced
switching of magnetization by 180° in the presence of a small magnetic bias field. This
is demonstrated in Figure 7.6 as compared with conventional magnetic-field switching
along the magnetic easy axis.
The starting point is the ocp (oxidized) state, which is saturated at H = +15.9 kAm™ and
which exhibits a Hc of 2.9 kAm™. Conventional M-switching under magnetic field
control (green curve in Figure 7.6 (a)) was probed via in-situ Kerr microscopy. The
magnetization reversal can be followed from the Kerr micrographs, starting with the
saturated state (upper image in Figure 7.6 (b)), followed by the switching via nucleation
and growth of reverse domains (middle image), and ending with the fully switched state
with reverse magnetization (bottom image). To demonstrate E-induced switching, the
same sample, again after saturation in H = +15.9 kAm1, is held at H = -1.6 kAm™. In
this state, the magnetization is still fully aligned in the direction of the previously applied
positive magnetic field. The application of E =—1.10 V leads to a reduction of Hc and
consequently to magnetization reversal, which can be followed by the domain images in
Figure 7.6 (c). The voltage is applied after 10 s at a magnetic field of —1.6 kKAm™. At this
time, the fully saturated state is probed (upper image in Figure 7.6 (c)). After about 30 s
at —1.10 V, reverse domains nucleate and grow (middle image). Full switching occurs
within 2 seconds (bottom image). This M-switching is unambiguously caused by the
voltage application: a control experiment for the same sample at —1.6 kAm™ at ocp
showed that no change in magnetic state occurs within 120 seconds without applied
voltage (see video in [1]).
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Figure 7.6: E-induced 180° switching of magnetization by a low voltage.

a) Pathway for E-induced magnetization reversal based on the voltage-induced change from a
high Hc-state (ocp state, green curve) to a low Hc-state (—1.10 V, reduced state, blue curve) at a
small bias field of —1.6 kAm. The conventional magnetic field-controlled magnetization reversal
is indicated for comparison. b, ¢) Domain evolution at the same sample position during the H-
induced (b) and the E-induced (c) magnetization reversal. These in-situ Kerr images were
extracted from a video camera monitoring the switching processes. The sample was saturated at
+15.9 kAm prior to switching in both cases.
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After the voltage-induced M-switching, a hysteresis with significantly lower Hc, as
expected for the reduced state, is measured (blue curve in Figure 7.6 (a)). Remarkably,
the E- and H-controlled magnetic reversal proceed in a similar manner. This becomes
evident from the comparison between the domain images during the switching processes
(Figure 7.6 (b,c)), which show similar locations and shapes of the growing reverse
domains. This indicates that the nucleation sites and the local distribution of pinning sites
that affect the reverse domain growth do not change substantially during the reduction
process. However, the E-induced switching proceeds at much lower (constant) H, which
points to a substantially reduced pinning strength. These observations can be explained
considering the electrochemical effect on the grain boundaries as pinning sites. The local
distribution of the grain boundaries remains similar upon reduction/oxidation processes,
since the boundaries between the randomly oriented grains do not disappear. Their
pinning strength, however, decreases strongly from the oxidized (non- or weakly-
magnetic) to the non-oxidized (magnetic) state during the voltage-triggered reduction
process (as discussed in Section 7.4). The voltage-induced change of equilibrium domain
size indicates that at a local scale, the voltage-induced switching of magnetization should
proceed even without an additional external magnetic field.

Currently, this effect cannot be resolved because of the very fine magnetic microstructure
at remanence, in conjunction with the limited resolution of our in-situ Kerr microscope
set up (which relies on objective lenses with long working distance, i.e. limited resolution
and magnification). However, the effect may be observable by in-situ magnetic force
microscopy. The voltage-induced displacement of the domain walls, either by modified
domain-wall interactions or a change of the pinning strength, could be of interest for
domain-wall logic concepts [130]. In comparison to domain size modulations achieved
by capacitive electronic charging in a sub-nanometer Co layer when applying 10 V [67],
the present ionic mechanism for domain size control requires a much lower voltage (1 V)
and opens the door to a non-volatile setting of the local magnetization.

7.6 Energy efficiency and application potential for data storage and
actuation

In the electrochemical approach presented here, voltage-induced changes in phase and
microstructure allow the reversible tuning of technologically important magnetic properties
at room temperature. For example, during the process of writing in magnetic storage devices,
the state with low Hc and associated easy magnetization switching, could be set by voltage.
As compared with heat-assisted magnetic recording, where the decrease in Hc and switching
of magnetization are controlled by laser heating, the control of Hc by voltage is a more
energy-efficient and possibly simpler setup, even though addressing a single bit by an electric
field remains an engineering challenge. We evaluate the switching energy required for
changing Hc, MR, and the direction of magnetization from the time integral of the measured
electric current multiplied by the applied voltage. An energy of 121 mJ is calculated for
switching the large area (38.5 mm?) and for the switching time of 60 s. To facilitate
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comparison with current memory devices, the energy per typical bit area was evaluated within
a simple model assuming a linear dependency between switching energy and device area. For
a circular area with a diameter of 50 nm (3 nm), typical for high density longitudinal
(perpendicular) magnetic recording media, this calculation yields a switching energy of 618
fJ (5 fJ). These energy values approach the order of magnitude of the lowest reported
switching energies, namely 6 fJ for a magnetic tunnel junction device with 50 nm diameter,
switched in a much shorter time of 0.5 ns. [131-133] Previous studies on memristive systems
have shown that reduction/oxidation based mechanisms [132,133] can also yield switching
times down to the sub-ns regime. This indicates that the presented electrochemical
mechanism can yield an improvement in the energy efficiency of several orders of magnitude.
The ionic mechanism could be applied imminently to magnetic films with higher and/or
perpendicular magnetic anisotropy to achieve stable magnetization at small bit size. For
example, for a granular high density FePt media, a reduction/oxidation-tunable FeO/Fe
overlayer [13] could be exploited in a similar manner to achieve voltage-induced decoupling
and coupling of the FePt grains and, thus, tunable Hc. As an alternative, higher anisotropy
and stability of magnetization may be possible via the exchange-bias effect achieved in
combination with an antiferromagnetic underlayer.

The demonstrated energy-efficient switching of Hc and Mg, both of which are key parameters
for the energy product of magnetic materials, could also be applied in micro- and
nanoactuation. At present, integrated electromagnets offer flexibility in field strength as well
as easy ON/OFF switching at the microscale, but they require sophisticated coil design, are
limited in field strength, and cause undesired Joule losses. [134] Further, the energy
consumption of microelectromagnets increases strongly with decreasing dimension, which
impedes their use at the nanoscale. [135] Our study points to a fundamentally new route
toward tunable nanomagnets with voltage-programmable energy product and associated
magnetic stray fields, and thus toward a low power alternative to microelectromagnets.

The ionic mechanism presented here works for films covered by native oxide layer and thus
does not require specific preparation or surface treatment. This robustness presents a key
advantage over other magnetoelectric tuning mechanisms. Moreover, large reversible effects
are obtained in ferromagnetic metal films beyond the ultrathin limit in ambient conditions
and at room temperature, a combination that is not yet possible with conventional
magnetoelectric approaches.

7.7 Interim conclusion

We demonstrate a fully reversible low-voltage-induced collapse of Hc and Mr in
FeOx/Fe thin films at room temperature, accompanied by large anisoptropy and domain
structure changes. The magnetic changes are induced by the reversible reduction and re-
oxidation of the FeOx layer. Detailed analysis of the impact of this phase change on the
magnetic hysteresis and domains indicates a voltage controlled de-blocking mechanism,
connected to changes in the microstructure and the structure of magnetic domains.

In the initial (oxidized) state, a blocked state that exhibits a large hysteresis for the hard
axis direction is stabilized by Néel wall interactions. Upon reduction of the FeOy, the
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increase in anisotropy and Fe-layer thickness can lead to a larger domain wall energy, and
thereby cause the observed increase in domain size. As a result of the coarsening of the
magnetic microstructure, the domain-wall interactions are weakened, and the
magnetically blocked state is suppressed. This is followed directly by the voltage-induced
switching from a large hysteresis along the hard axis to ‘close to ideal® hard-axis behavior.
The decreased pinning strength of the grain boundaries upon FeOx reduction can cause
the collapse of the Hc along all other directions.

The apparent contradiction that a decreased Hc is obtained at increased anisotropy can be
resolved by accounting for the role of the microstructure and the magnetic domains. Hc
and anisotropy thus do not need to necessarily scale with each other, an important
consideration for the electrochemical control of materials involving changes in phase and
microstructure. This consideration opens a route beyond the state-of-the-art of
electrochemical control of thin-film, in which extrinsic properties such as Hc are usually
changed by controlling the intrinsic perpendicular magnetic anisotropy. The voltage-
induced modification of local defects presents a paradigm change in ionic control of
magnetism, which so far commonly affect the interface or the bulk of the material as a
whole. For the local control of defects only a small portion of the material needs to be
affected. This promises a higher energy efficiency and faster speed than conventional
magneto-electric approaches. The electrochemical mechanism presented in this paper
fulfills the important requirements of room temperature and ultralow power operation of
future magnetic devices, especially in the fields of magnetic memory, domain wall logic,
neuromorphic computing, and magnetic actuation devices. The mechanism of voltage-
controlled defects may be transferrable to many other defect-controlled materials, such
as type Il superconductors or materials with specific mechanical properties.

With chapter 5, 6 and 7, we fulfilled the first objective of the presented thesis, namely:
To directly observe, for the first time, magnetic microstructure changes of magnetic thin
films with in-plane magnetization in a liquid electrolyte during simultaneous voltage-
triggered electrochemical reactions. These findings provide new insights into the
mechanisms of voltage controlled magnetic properties by electrochemical reactions.






8 Voltage control of FeOx/Fe/lrMn thin films with in-
plane unidirectional anisotropy

The results of chapter 8 are also published in [2] within the framework of this thesis. The
respective paragraphs — with minor adjustments —are indicated in grey font. Reprint from
[2] under permission from © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

So far, we were able to demonstrate significant voltage-induced magnetic changes of
a FeOy/Fe thin film system with in-plane uniaxial anisotropy. Within this section, a
ferromagnetic (FM) FeOx/Fe layer is placed in contact with an underlying antiferro-
magnet (AFM) IrMn. This combination gives rise to a unidirectional anisotropy and
finally tunable exchange bias (EB).

8.1 Characterization of the pristine state exchange biased thin films

The typical layer architecture and morphology of the FeOy/Fe/lrMn system after
preparation is shown in the cross-section bright-field transmission electron microscopy
(TEM) image in Figure 8.1 (a). The film consists of columnar IrMn and Fe grains which
are covered by a native FeOx. The native oxidation leads to a decrease in the Fe layer
thickness dre by ~ 2 nm in comparison to the nominal Fe layer thickness drenom. This is
as expected for room temperature oxidation of Fe in ambient conditions. [136] The
magnetization curves of the pristine exchange bias (EB) systems with drenom =5, 7, 9, 11,
and 13 nm are displayed in Figure 8.1 (b). All exhibit an EB with a full shift of the
magnetization curves. A systematic shift of the curves towards smaller |Heg| is observed
upon increasing drenom. The same trend holds for the Hc for 7 nm < dre,nom < 13 nm. This
superposition of similar trends for -Heg and Hc leads to the situation that for different Fe
thicknesses, that there is a significant difference in the field shifts for the individual
hysteresis branches towards negative saturation, whereas the difference in the shift of the
hysteresis branches towards positive saturation is less strongly pronounced. The
hysteresis for the system with drenom = 5 nm differs from the systems with larger drenom
with regard to both curve shape and Hc. The inset in Figure 8.1 (b) reveals that, as
expected for the interface-dominated EB effect, [36] Heg is inversely proportional to dre,
where dre is approximated as dre = dre,nom - 2 nm based on Figure 8.1 (a). The smaller EB
at larger drenom can thus be directly explained by the weaker impact of the Fe/lrMn
interface in comparison to that of the film volume. In addition, Hc also almost inversely
scales with dee for all drenom > 5 nm. This is a reasonable behavior, as additional
anisotropy and thus Hc contributions in EB systems are known to originate from the
FM/AFM interface. [137] Similar trends for Hee and Hc have been observed in
FeCo/lrMn [138] and Fe/MnPd [137] EB heterostructures. The deviation observed at
drenom = 5 N indicates that at this thickness, a limitation for the FM/AFM layer model
is reached in the present case. This is understandable since the intergranular oxidation
(see Figure 8.1 (a)) at this small drenom IS expected to result in separated Fe nanoislands
and thus a fundamentally different morphology.
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Figure 8.1: Layer architecture and ferromagnetic layer thickness dependence of the
FeO./Fe/lrMn exchange bias systems.

a) Cross-sectional bright field TEM image of the as-deposited layer stack with dre nom = 13 nm.
b) In-plane magnetization curves for systems with different nominal Fe layer thicknesses. The
inset shows -Hes and Hc scaled at dre* and respective linear fits to the data (for 7 nm < dre nom
<13 nm). Error bars for -Heg and Hc are below the symbol size.

The strong correlation between the EB and the Fe layer thickness offers an elegant means
for the voltage-control of the EB by electrochemical modification of the top Fe layer.
Previous studies on Fe thin films concluded that approximately 2 nm of an FeOx layer can
be transformed into approximately 1.5 nm of an Fe layer, and vice versa, by electrolyte
gating. [139] Such a thickness variation, according to Figure 1b, should yield significant
changes in Heg and Hc in the present EB systems, with larger effects expected at smaller
dre.

8.2 Electrochemical modification of EB — voltage dependency

For the potential (E)-induced manipulation of the FM layer thickness and,
consequently, the EB, an aqueous alkaline electrolyte (1 mol It LiOH) is chosen, in which
the electroreduction of FeOx layers to metallic Fe layers can be achieved at room
temperature. [139,140] The electrochemical treatment and the magnetic measurements
are simultaneously carried out in an in situ Kerr microscope setup (chapter 5).

The electrochemical behavior of the FeOx/Fe/lrMn system in the electrolyte is
characterized by cyclic voltammetry (see appendix, Figure 12.8). Figure 8.2 (a) shows
the current density-potential-curve j(E) in the potential range of -0.95V >E >-1.1V, in
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which the reduction of Fe occurs. The increase of the cathodic j confirms the enhancement
of the reduction reaction when polarizing in the cathodic (negative) direction.
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Figure 8.2: Electrochemical modification of EB in FeOx/Fe(11nm)/IrMn systems.

(@) j(E)-curve measured at a rate of 10 mV/s. (b) Hes and (c) Hc obtained during (blue dots) and
after (orange dots) potentiostatic polar-ization at selected E for 60 s. Error bars for Heg are below
the symbol size and the dashed lines are a guide to the eye. (d) Magnetization curves for the film
in as-deposited, ocp and polarized states showing the voltage-induced EB shift obtained at
E=-1.09 V. All data in (b, c, d) is collected in the exact same sample area. bars for Heg and Hc
are below the symbol size.
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The magnetic property changes upon electrochemical reduction of an FeOy/Fe/lrMn EB
system are shown in Figure 8.2 (b,c), and e for drenom = 11 nm. The measurements were
carried out in situ on the exact same area. First, the magnetization curve is measured in
the pristine state and after electrolyte addition in the open circuit potential (ocp) state.
The comparison of these two magnetization curves (Figure 8.2 (d)) reveals that the films
are stable in the electrolyte and that the pure electrolyte contact does not alter the magnetic
properties. Selected reduction potentials are then applied in a stepwise potentiostatic
routine, starting at E = -0.97 V and ending at E = -1.09 V. The potentials are held for 60 s,
which is the time required for acquiring a single magnetization curve measurement. After
each potential step, E is switched off and the magnetization curve is measured again to
probe the (non)volatility of the E-induced changes. Magnetization curves of the pristine
state and during/ after voltage application are exemplarily depicted for E = -1.06 V in the
appendix (Figure 12.9). The extracted Heg and Hc values are plotted in Figure 8.2 (b) and
(c), respectively, as a function of E. In the polarized state, lower |Hes| values are measured
towards more cathodic (negative) E. Figure 8.2 (d) shows the strong hysteresis change
observed when applying E =-1.09 V.

For E more positive or equal to -1.06 V, the voltage-induced Heg shifts are retained
after the voltage is turned off (orange symbols), revealing the nonvolatile nature of the
modification. For E = -1.09 V, the EB strongly reduces further after voltage switch-off.
For Hc, similar nonvolatile behavior as for Heg is observed.

The observed voltage-induced magnetic modifications are discussed in the following
section with respect to the electrochemical mechanisms. The E-induced reduction of an
FeOx layer in alkaline solution has been shown to start at the FeOx/Fe interface and not
at the electrolyte/FeOy interface. [140] As a consequence, the reduction process is
expected to lead to an increase in the FM layer thickness dre, which, in conjunction with
Figure 8.1, could directly explain the decrease of EB upon electrochemical reduction. The
larger Hes change observed at a more cathodic E is consistent with the increased cathodic
j and thus the higher reduction reaction rate.

The stability of the E-induced Hes modification for E being more negative or equal to
-1.06 V after the voltage was turned off shows that this electrochemical routine can be
employed to set specific Heg values by utilizing E as a control parameter. One explanation
for the stability of the partially reduced state is that the remaining FeOy protects the
underlying, modified, Fe layer. This hypothesis is supported by previous TEM
investigations of epitaxial FeOx/Fe/FePt heterostructures, in which an increased Fe layer
thickness protected by FeOy is observed after the electrochemical reduction process. [139]
For E = -1.09 V, this stability is no longer present. The instability might be associated
with proton reduction, which becomes pronounced as a side reaction at more cathodic
potentials. [141] In this case, a more complex electrode/electrolyte situation is expected,
involving, e.g., a local pH increase [142] and hydrogen absorption and
embrittlement [143], where both processes could lead to an irreversible modification of
the EB heterostructure.
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8.3 Electrochemical modification of EB — time dependency

To prevent film instability, E = -1.03 V is chosen for the reduction in the following
experiments. Figure 8.3 shows that the Hes and Hc changes can be substantially increased
when the reduction time tris prolonged. This indicates that after 60 s (Figure 8.2), only a
partial transformation of the native FeOx layer occurred. For a full transformation of 3 nm
FeOx (as estimated from Figure 8.1 (a)), an increase of dre by 2 nm can be expected. For
this situation, the required charge is compared with the measured electrochemical data in
the following section. For the electrochemical reduction of Fe ions to a metallic Fe layer
with a thickness dre, according to the reaction Fe** + ze” — Fe, the charge density g can
be calculated via Faraday’s law:

Q' =mezFM™* (1) andq=Q/Ax=predrezF (M) @)

where Q" is the electrical charge, m is the mass of Fe, pe is the density of Fe, the layer
area Aa = 1 cm?, F is the Faraday constant and (M) is the molar mass of Fe. It is widely
agreed that Fe ions of a valence of 2+ and 3+ are present in a native oxide layer after
room temperature oxidation of polycrystalline Fe in ambient air. [136,144,145] Therefore,
two limiting cases with z = 2 and z = 3 are calculated. This calculation yields 2.7 mC cm"
2 (in the case of Fe?* ions) and 4.0 mC cm (in the case of Fe*" ions) as the charge density
required to form one nanometer of the metallic Fe layer. In Figure 8.3 (b), these values
are compared to the experimental g extracted from the j(tr) curves by integration. The
comparison shows that the transferred q is sufficient for the formation of several
nanometers of metallic Fe when the reduction time is sufficiently long. Within the first
60 s of reduction, g = 5.2 mC cm2is transferred. This corresponds to a maximum possible
Fe layer thickness between 1.3 nm (assuming Fe3* reduction) and 1.9 nm (assuming Fe?*
reduction) when 100% current efficiency is assumed. The calculation overestimates the
transformed thickness because it cannot account for proton reduction as a side reaction,
which lowers the current efficiency. However, the estimate still proves that the full
transformation of the native oxide layer, involving the formation of a 2 nm thick Fe layer,
cannot proceed within the first 60 s at E = -1.03 V and requires prolonged reduction times.
This agrees with the observed t-dependence of the EB (Figure 8.3 (a,c)), where after t; =
60 s the E-induced shift in the EB is still small. However, when prolonging tr, the E-
induced Heg observed in the heterostructure with drenom = 11 nm indeed approaches the
Heg of an as-deposited film with a 2 nm larger thickness, i.e., drenom = 13 nm. In contrast
to the EB(tr) behavior, the E-induced Hc values at longer t; (Figure 8.3 (d)) decrease well
below the Hc of the as-deposited heterostructure with drenom = 13 nm. This can be
understood, as the Hc values not only depend on the FM/AFM interface but are also
strongly linked to the microstructure of the FM layer. The pronounced E-induced decrease
in Hc indicates that the reduction process alters the microstructure of the FM layer. In the
present granular films the reduction of grain boundary oxides, and hence a resulting
decreased number of domain wall pinning sites in the Fe layer, may explain the larger
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decrease of Hc. A similar mechanism was recently proposed for electrolyte infiltrated
nanoporous CoPt, in which a partial reduction of CoO to Co resulted in a decreased
Hc. [146]
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Figure 8.3: Control of the magnetic properties of an EB system by the reduction time.

(a) Magnetic hysteresis of an FeO./Fe/lrMn system with drenom = 11 nm in as-deposited state and
during continuous polarization at t,; = 0-60 s, t» = 90-150 s and t;3 = 240-300 s after the start of
the voltage application. The data is collected in the exact same sample area. The magnetic
hysteresis of an as-deposited FeO/Fe/lrMn heterostructure with drenom = 13 nm is added for
comparison. (b) Transferred charge density g as a function of t.. For comparison, q required to
form a 1 nm thick Fe layer from Fe?* or Fe*" ions is indicated. (c) Hes and (d) Hc as extracted
from a) plotted as a function of t; in comparison to the as-deposited states (dashed lines). Error
bars for Hes and Hc are below the symbol size.
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At this point, it can be concluded that, E and t; can be independently employed to control
the amount of transformed FeOx within certain potential limits. Thus, the electrochemical
mechanism promises to be a versatile method for a voltage-programmable EB.

For a direct comparison of the effects due to electrochemical polarization and the Fe layer
thickness, the electrochemical modification of the EB was investigated for different
drenom. INn a simple layer model, the electrochemical reduction is expected to transform a
similar thickness of FeOx into Fe independent of the thickness of the underlying Fe layer.
This is consistent with the measured j(t) and transferred q that are similar for the different
Fe thicknesses drenom (Figure 8.4 (a)). Figure 8.4 (b) and (c) shows that the application
of -1.03 V in all cases induces a decrease in |Hegl and, except for drenom =5 nm, also a
decrease in Hc. In line with expectations, the E-induced EB shift strongly increases when
proceeding towards smaller dre nom.
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Figure 8.4: FM layer thickness dependence of E-induced EB and Hc change.

(a) Exemplary j(tr) curves obtained at E = -1.03 V for different drenom; the inset depicts the charge
g transferred after 60 s as a function of dge. E-induced (b) Hes and (c) Hc obtained for different
dre,nom IN cOmparison to the states at Eqcp. Error bars for Heg and Hc are below the symbol size.
Dashed lines are a guide to the eye.
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8.4 Model for voltage control of EB by electrochemistry

By using a simple model for the EB, the FM layer thickness dependence of Heg can be
described analytically by considering the FM layer properties (Mre as the saturation
magnetization of the FM) and the AFM/FM coupling constant Jg [36].

Hgp = -t (3)

HoMFedFe

Note that the actual Fe layer thickness dre set by the electrochemical reduction cannot be
directly probed in situ. However, because the reduction reaction proceeds at the FeOx/Fe
interface, [140] the FM/AFM interface and the AFM properties defining Jg [36] can be
assumed constant. Thus, according to equation (3), no change in the slope of Hes (dre?)
is expected for the electrochemical manipulation of the FM layer thickness. In Figure 8.5,
different scenarios from no to a full transformation, are compared. The plot of the voltage-
induced Heg vs. dre® reveals that the slopes differ in comparison to the ocp states for the
two limiting cases: (1) that all FeOx is reduced to Fe (dre = dre,nom) and (1) that no FeOx
IS reduced to Fe (dre = drenom - 2 NM = dreocp). Case (I1) even yields unreasonable
nonlinear behavior. A fit with the same slope of Heg (dee ™) as for the ocp states is obtained
when assuming that the reduction leads to an increase of the Fe layer thickness by 1.1 nm
within 60 s. This is quite reasonable with regard to previously observed t; -dependence of
Hes and the analysis of q (Figure 8.3 (a) and (b)).
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Figure 8.5: Correlation of the electrochemical EB modification with a partial reduction of the
FeOx and associated Fe layer thickness increase.

The E-induced Heg shift from Figure 8.4 b is scaled at dr. for three cases: (1) dre Set as drenom,
corresponding to a full reduction of FeOy,(I1) dre Set as dre,ocp COrresponding to no reduction of
FeOx and (I11) dre Set as dreocp + 1.1 NM, corresponding to a partial reduction of FeOx. The EB
states at Eqocp With dre = dre,ocp = Urenom - 2 NM are given for comparison. The lines are linear fits
to the data (intercept at zero, not considering the data for drenom = 5 Nm marked with brackets).
For the data obtained for drenom= 7 nm, the sketch visualizes the proposed E-induced change in
dre.
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It can be concluded that within the time frame of 60 s, the complete FeOx layer is not
transformed. The nonvolatility observed after voltage application and switch-off (Figure
8.2 (b)) can then be explained by the remaining oxide which functions as a protective
layer. This agrees with a previous study [139] in which a protecting oxide that is thinner
than the oxide formed by natural oxidation was imaged after electrochemical reduction
of the native FeOx on Fe layers. In this study, [139] imaging was carried out after
electrolyte removal and handling in air, which confirms that this thinner oxide is
protective and does not thicken when in contact with ambient conditions. In the present
case, the remaining oxide freezes in the E-programmed EB states and thus acts as a key
to achieve nonvolatility.

An analysis of the influence of tr and drenom revealed that the reduction process is
consistent with a t-dependent increase of dre underneath a protecting oxide layer within
the time frame of several tens of seconds. This offers the possibility that, in addition to E,
t- can be employed as a control parameter to set different EB states in a nonvolatile
manner.

8.5 Non-volatile and reversible voltage control of exchange bias

The presented concept, of the Fe layer thickness change, is confirmed by subsequently
polarizing an FeOx/Fe/lrMn film with drenom = 13 nm at E = -1.03 V for different t; and
measuring the magnetic properties during voltage application and voltage switch-off.
Selected magnetization curves are presented in the Appendix in Figure 12.9. Figure 8.6
(@) shows that a stepwise and nonvolatile change in Heg can be achieved by a repetitive
voltage application even if it is intermittent due to a voltage switch-off of several minutes.
The switch-off states were always held until Eqcp reached the initial value again. In this
time frame, some fluctuations of the Heg values occur, but the stepwise change in Hes
when comparing the consecutive switch-off steps can still be clearly attributed to the
previously applied voltage. The nonvolatility was confirmed after complete removal of
the electrolyte. A partly reversible EB change is observed during additional
measurements for the second and third polarization steps in Figure 8.6 (a). Here, the
decrease of IHeg! during voltage application ((1) — (2)) is followed by partial recovery
of Heg after voltage switch-off ((2) — (3)). Respective magnetization curves are plotted
in Figure 8.6 (b). This reversibility can be understood by considering the long
(accumulated) reduction time. When the reduction process proceeds for a sufficiently
long time, the full FeOx layer will be transformed at some point and lead to unprotected
Fe being present at the electrode/electrolyte interface. In the polarized state, this metallic
Fe is stabilized by the reduction potential (-1.03 V). However, during voltage switch-off,
reoxidation of the Fe surface takes place and, compared to the state at -1.03 V, causes a
decrease in dre and an associated increase in Hes. The re-oxidation in this case is faster
than the reduction because it starts at the Fe surface in direct electrolyte contact, whereas
the reduction process relies on ionic migration through the initially 3-4 nm thick oxide
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layer. [140] During the third reduction step in Figure 8.6 (a), an even further decrease of
IHesl is recorded, followed again by a reversible behavior after voltage switch-off. This
behavior indicates that the full reduction of FeOx and thus contact of metallic Fe to the
electrolyte does not occur at the same time throughout the whole sample surface but may
proceed in a nonuniform manner. This is reasonable for the granular morphology and
associated local variation of FeOx thickness Figure 8.6 (c) shows that full reversibility
can be achieved when subsequent to the reduction potential, instead of voltage switch-off,
an oxidation potential (E =-0.02V > Eqcp) is applied. In this case, voltage-induced re-
oxidation of previously transformed metallic Fe and the formation of a thicker FeOy layer
is expected and can explain the associated increase of both |Heg| and Hc. Heg and Hc can
be repeatedly switched by this routine (Figure 8.6 (d)). Reversibility for several hundreds
of cycles can be expected in this electrochemical system [147] but may require careful
adjustment of reduction/oxidation potential and potential switching routines. [141] The
observed reversible behavior of EB indicates that the Fe/lrMn interface, which is
responsible for the EB, remains unchanged.
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Figure 8.6: Non-volatile and partly reversible setting of EB by voltage.

a) EB evolution during a sequence of voltage ON/OFF switching obtained for an FeOx/Fe/lIrMn
heterostructure with drenom = 13 nm. Arrows mark the partly reversible change of Heg when
switching the voltage ON and OFF. b) The partial reversibility of the E-induced change of EB is
depicted by a comparison of the hysteresis obtained after 150 s in ON state (2) and those obtained
in the previous (1) and subsequent (3) OFF states (orange full and dashed lines, respectively). c)
Magnetization curves exhibiting a fully reversible change of Hes and Hc when subsequently
applying reduction (2) and oxidation (3) voltages. The hysteresis of the pristine state is added for
comparison. d) Heg and Hc values obtained by repeated reduction and oxidation in comparison to
pristine and ocp states. Error bars are below the symbol size and all data is collected in the exact
same areas of the two samples utilized for (a,b) and (c,d).
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8.6 Nonvolatile change of oxidation state and layer thickness

Angle-resolved X-ray photoelectron spectroscopy (XPS) was carried out to probe the
non-volatile change of the oxidation state induced by the electrochemical reduction and
subsequent voltage switch-off. In Figure 8.7 (a,b) sections of Fe electron binding energy
spectra measured in the same area before and after electrochemical reduction and voltage
switch-off are compared. Prior to electrochemical polarization, a large FeOx component
is measured and a small contribution of metallic Fe is only detected for the highest
incidence angle (75°). After prolonged treatment at -1.03 V, a strong increase of the peak
related to metallic Fe is measured for all incidence angles. This proves the voltage-
induced reduction of the native FeOx layer to metallic Fe and the presence of a thinner
yet protective FeOx layer after voltage switch-off. At the FeOx/Fe layer surface after
electrochemical treatment, Mn impurities are detected by XPS, with a decreasing
intensity at higher angles of incidence and after sputtering part of the FeOy/Fe layer. A
possible explanation is that at a few defective sites in the large treated area (38.5 mm?)
Mn dissolution into the electrolyte followed by redeposition on the surface occurred. On
a local scale, cross-sectional TEM images of the treated area in comparison to the
untreated as-deposited area outside the electrochemical cell reveal that the layer structure
is still intact (Figure 8.7 (c,d)).
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Figure 8.7: Non-volatile voltage-induced change of oxidation state and layer thickness for an
FeO,/Fe/lrMn exchange bias system with deenom= 13 nm.

(a,b) Angle-resolved Fe2ps» XPS spectra in the same area (a) before and (b) after electrochemical
polarization at -1.03 V for 600 s. (c,d) Cross-section bright-field TEM images obtained (a) in the
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outer unaffected area, and (b) in the inner area which has been modified by the electrochemical
routine displayed in Figure 8.6 a.
The observed decrease of the FeOyx/Fe layer thickness in Figure 8.7 (d) is in accordance

with the expected volume reduction during the transformation of FeOx to Fe. The
interface between metallic Fe and FeOx cannot be identified unambiguously, which seems
mainly related to the very small grains present in the layers. One reason for grain
refinement by the electrochemical phase transformation may be the presence of Li ions
in the electrolyte. Li-assisted transition metal (M) oxide reduction reactions are known to
induce grain refinement after several potential switching steps. [148] Because this
reaction involves the electrolyte/FeOx/Fe interfaces, this mechanism would mainly
modify these interfaces, and is not expected to degrade the Fe/lrMn interface.
Nevertheless, it should be noted that grain size and transformation stress/strain-related
effects, in addition to the proposed layer thickness effects, might also play a role in the
voltage-induced EB and especially the Hc changes. The influence of antiferromagnetic
FeO (Néel temperature Tn ~ 200 K) [136], which may be present at the FeOx/Fe interface,
is considered negligible for the EB variations due to the room temperature operation (see
Appendix Figure 12.10).

8.7 Electrochemical patterning of EB and magnetic domain state

Lateral magnetic patterning of a thin film can be envisioned by this procedure because
the electrochemical reduction only proceeds in the area subjected to contact with the
electrolyte. In the present case, the voltage-modified area is defined by the diameter of
the electrochemical cell placed onto the EB film. The magnetic properties across the
sample have been probed to confirm that local variations in pristine state are significantly
smaller than the electrochemically induced changes in the patterning experiment (see
Appendix Figure 12.11). In Figure 8.8, the lateral positions are described in a sketch and
the associated magnetization curves and typical domain images are displayed for the two
areas after the electrochemical routine as in Figure 8.6 (a) had been applied. For the same
applied magnetic field H, different domain states are present for the voltage-modified and
as-deposited area. When a reversed magnetic field of -12 kAm™ is applied after saturation
in positive H, the magnetization of the untreated area is switched by approximately 50%
(point 1 in Figure 8.8) which corresponds to the coercive field, whereas the magnetization
of the electrochemically treated area is almost fully switched (point 2 in Figure 8.8). This
can be clearly followed by the observed domains, which for point 1 includes white and
black domains equally distributed and portioned, whereas only a few dark domains are
visible for point 2. Even more interesting is the behavior for the Mr after saturation in
the negative field direction. In the as-deposited case, the hysteresis is fully shifted, a full
180° magnetization switching has already occurred, and a fully saturated state with no
domains is reached (point 3 in Figure 8.8). However, in the voltage-treated area,
approximately 70% of the magnetization is switched, and accordingly, magnetic domains
are still clearly visible. This experiment proves that voltage-induced setting of magnetic
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domain states is possible by exploiting reduction/oxidation reactions in the ferromagnetic
layer of an EB system. Because the modification is especially large in terms of the Mg, a
magnetic field will not necessarily be required for the stabilization of different domain
patterns. In the present experiments, a (negative) reduction potential was utilized as a
control parameter to modify the ferromagnetic layer thickness. Further versatility of the
approach is expected when utilizing an anodic (oxidation) potential as an additional
control parameter, after or instead of the reduction procedure. For one specific anodic
potential this could already be shown (Figure 8.6 (c,d)). The careful adjustment of the
oxidation potential and the potential switching regimes are promising routes towards even
more variability in voltage-programmable states and long term reversibility of the
proposed approach, because the nature and thickness of the protecting oxide layer on Fe
are known to depend upon the electrochemical potential sequence applied. [149]
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Figure 8.8: Lateral patterning of EB and magnetic domain state by voltage.

a) In situ Kerr microscopy analysis with longitudinal sensitivity is carried out on one sample by
choosing lateral positions within the voltage-treated area and in the outer, unaffected area. b)
Magnetic hysteresis and ¢) magnetic domain images obtained after electrochemical treatment
(routine at -1.03 V as in Figure 6a) in comparison to the as-deposited state. For both lateral
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positions, magnetic domain images are acquired at H = -12 kAm™ (after saturation in +H) and at
H = 0 kAm (after saturation in -H) as marked by the numbers 1-4 in the hysteresis.

The proposed electrochemical control of the EB can enable magnetic patterning via a
lithographically defined mask or local magnetic domain writing down to submicrometer
scale by electrochemical micromachining, [150] when utilizing a tool electrode with
reduced dimensions. The advantages of electrochemical patterning over existing vacuum
and thermal EB control methods [34,81,151-153] include the room temperature operation,
energy-efficiency, compatibility with CMOS technologies, and the possibility for
upscaling and modification of 3D geometries. The presented geometry and the use of
liquid electrolytes is favorable because the gate electrode and electrolyte can be easily
removed after EB modification.

In comparison to solid-state resistive switching-based electric control by reduction/
oxidation eactions in an AFM oxide via a top gate, [89] in the present geometry, a metal
AFM is at the bottom while the ferromagnetic layer is covered by a native oxide, both of
which are manipulated via the top gate. In this geometry, the reduction/ oxidation
processes are decoupled from the antiferromagnet/ferromagnetic interface, and in
consequence, the electric manipulation becomes independent of the AFM properties.
AFM metals instead of AFM oxides can be utilized, which is beneficial for spintronic
devices because of the large accessible EB fields, the high thermal stability and in view
of AFM metals as hot candidates for AFM spintronics. [154] Another advantage over the
electric control of top layer AFM oxides, which is often restricted to toggling between
only two EB states, [89] is that the electrochemical transformation in the Fe and FeOx
layer enables continuous non-volatile tuning of the EB. This may become especially
relevant for the electric tuning of domain patterns and associated dynamic stray field
landscapes in liquids, and thereby open a novel and energy-efficient route for
magnetophoretic devices.

8.8 Interim conclusion

In conclusion, the nonvolatile and partly reversible voltage-induced alteration of the
EB is demonstrated in an Fe/lrMn based EB system via the electrochemical modification
of the ferromagnetic layer. Large EB field changes of fully shifted hysteresis loops are
obtained at low voltage (1 V) and room temperature. The EB values can be continuously
programmed by the magnitude of the applied voltage and/or the time of voltage
application. An Fe layer thickness-dependent study and the discussion in the frame of a
simple model for EB indicates that the main underlying mechanism is an E-induced
reduction of the native FeOx to Fe, leading to a thickness change in the Fe layer.
Nonvolatility is achieved as the reduction process starts at the buried FeOx/Fe interface,
which enables protection by the remaining oxide layer.
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Furthermore, lateral patterning of the EB and magnetic domain state by electrical means
is demonstrated in a continuous EB film. This is an important advantage over the solid-
state ionic approaches for electrical EB control, which thus far require patterned
elements. [87,88] The voltage-programming of magnetic domains in extended magnetic
films provides the possibility of electrically controlled magnetophoretic devices that rely
on laterally patterned artificial EB-induced domain structures.[’l In contrast to
conventional modification of EB via local temperature application or ion bombardment,
for example, the presented electrical approach presents an energy-efficient method for
reversible EB fine-tuning, which can be easily combined with standard lithography for
micromagnetic domain engineering.

The versatile reduction/ oxidation-based voltage-control of an EB system provides a new
approach for the design of EB systems and development of future electrically controlled
spintronic and magnetophoretic devices.






9 Voltage control of magnetic thin films with
perpendicular unidirectional anisotropy

The results of chapter 9 are published in [3] within the framework of this thesis. The
respective paragraphs — with minor adjustments — are indicated in grey font. Reprinted
with permission from [3]

(Copyright 2021, https://doi.org/10.1103/PhysRevMaterials.5.L061401) by the American
Physical Society.

In chapters 6, 7 and 8, we focused on magnetic thin films with the magnetization in
the film plane. In particular, the thin films presented in chapter 8 showed a unidirectional
anisotropy in the film plane. In chapter 9, we will focus on the voltage control of magnetic
thin films with perpendicular unidirectional magnetic anisotropy. In addition, we will
replace the liquid electrolyte (LiOH) with a solid-state electrolyte (GdOx).

9.1 Co thin films with perpendicular unidirectional anisotropy

To achieve the perpendicular exchange bias thin film system, we use an ultrathin
ferromagnetic Co layer (0.9 nm) to achieve perpendicular magnetic anisotropy and a NiO
layer (30 nm) as the antiferromagnet. The complete layer stack is depicted in Figure
9.1 (a). All layers were deposited by sputtering. The TEM cross-section image shows the
individual layers in as-deposited state (Figure 9.1 (b)). We deposited an ultrathin Pd
interlayer (0.2 nm) on top of the NiO layer, prior to Co deposition. However, the single
layers of the trilayer Pd(5nm)/Co(0.9nm)/Pd(0.2nm) cannot be distinguished. Without
this Pd interlayer, i.e., when the Co layer is in direct contact with the NiO layer, neither
an out-of-plane (Figure 9.1 (c) grey line), nor an in-plane magnetization curve (not shown
in Figure 9.1 (c)) is detected by MOKE magnetometry. Thus, the direct deposition of Co
on the NiO layer most probably lead to the formation of non-ferromagnetic CoOx. The
introduction of the ultrathin Pd interlayer avoids this oxidation process and leads to the
stabilization of the ferromagnetic Co phase. As a result, this layer stack exhibits the
desired magnetization curve displaying perpendicular EB (Figure 9.1 (c) black curve).
Upon gating, we expect the following electrochemical reactions at Vg = +3 V in the
Au/GdO«/Pd/Co/Pd electrochemical cell: [20], (see also Figure 3.5 and Figure 3.6)

Anode (Au): 2H20 > 4 H" + O, + 4e”
Cathode (Pd/Co): 4H" + 4¢” > H

9.2 Voltage control of EB in Co/Pd/NiO thin films

To achieve voltage tuning of the perpendicular exchange bias field (Heg), we
investigate the influence of hydrogen gating on the magnetic properties of the EB layer
stack. Figure 9.2 illustrates the influence of an applied voltage on the perpendicular
magnetization curves. Figure 9.2 (a) shows the curve of the pristine state after hydration
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of the GdOx layer. The gate voltage is applied between the Au layer and the top Pd layer
(see Figure 9.1(a) and Figure 3.5 Figure 3.6). When a gate voltage (Vg) of Vg =+3 V is
applied, a continuous change in the magnetization curves occurs which reflects a decrease
in the perpendicular anisotropy [20] (Figure 9.2 (b-d)). After 138 s at +3 \V (Figure 9.2
(d)), the closed magnetization curve with vanishing Mr/Mzgeam™ ratio and Hc reveals a
fully in-plane anisotropy state. When the applied voltage is set back to 0 V, the hysteresis
loop recovers to an out-of-plane state (Figure 9.2 (e)-(g)). With this transition from the
out-of-plane to the in-plane state and vice versa, the perpendicular EB vanishes and
recovers. The absolute value of the EB field of the recovered state (|Hes| = 6.6 kAm™ in
Figure 9.2 (g)) compared to the pristine state (JHes| = 12.0 kKAm in Figure 9.2 (a)) is
decreased. In contrast, the Hc of the recovered loop is larger than that of the pristine loop.
In order to study the reversibility on the observed electrochemical control of EB, 11
switching cycles with repeated application of Ve = +3 V and Ve = 0 V were measured.
The out-of-plane Mr/Mreekam™ ratio, Hc and (negative) exchange bias field for this
voltage sequence are shown in Figure 9.3 (a-c), where the grey shaded areas mark the
times with Vg = +3 V and the white areas mark the times with Ve =0 V. In Figure 9.3
(c), the (negative) exchange bias field values are only plotted for the states at 0 V, for
which an appreciable perpendicular EB occurs. To exclude that the effects are related to
the consecutive cycling of the magnetic field, the hysteresis loop of the same sample was
continuously measured for about 250 s before the voltage was applied. In this case, no
change in magnetic properties and EB occurred (grey data points in Figure 9.3 (¢)). In
contrast, the voltage-induced change between out-of-plane state (high Mgr/Mrgekam™ and
Hc) and in-plane state (low Mr/M7g.6am™ and Hc) is observed for all subsequent switching
cycles. After the first cycle, in accordance with the results in Figure 9.2, a decreased
(negative) exchange bias field and increased Hc is observed in the recovered state (0 V),
in comparison to the pristine state. In the subsequent cycles, a further moderate decrease
in [Hes| and a further marginal increase in Hc are measured for the recovered states (0 V).
Further, the time which is necessary to switch |Hes| and/or Hc off decreases after the first
cycle.
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Figure 9.1: Pd/Co/(Pd)/NiO thin film system — crosssection and magnetization curve

(@) Schematic illustration of the sputter deposited layer architecture with nominal layer thicknesses,
including the electrode connections. (b) Cross-section bright-field TEM image of the layer stack depicted
in (a). (c) Magnetization curves for layer stacks with (black symbols) and without (grey symbols) a 0.2 nm
Pd interlayer between the NiO and Co layers as measured by polar laser MOKE magnetometry.
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Figure 9.2: Electrochemical controlled switching of EB
Magnetization curves at (a) pristine state, (b)-(d) at Ve = +3V, showing the decreasing
perpendicular anisotropy over time, and (e)-(g) at V¢ = 0 V showing the recovery of perpendicular
anisotropy and exchange bias over time.

Figure 9.3: Voltage induced changes of magnetic properties in EB system.
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+3 V (grey shaded area) and 0 V.
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As a possibility to further control the EB in the recovered states during several

switching cycles, we investigate the influence of a superposed (out-of-plane) magnetic
field during voltage gating.
Figure 9.4 shows the influence of a superimposed magnetic field of +/- 159.2 kAm*
during gating at Ve = +3 V on the exchange bias field measured afterwards for the
recovered state (0O V) for different measurement steps (n). The black open data point in
Figure 9.4 equals |Hes| of the last measurement step in Figure 9.3 (c). Then, a positive
magnetic field of +159.2 kAm™ and simultaneously +3 V were applied for 10 s. After
setting the voltage back to 0 V, the recorded hysteresis loop exhibits an increase in |Heg|
by about 10 %. The measurements sequence was repeated, but with the superposition of
-159.2 KAm. In this case, after voltage-switch off, a decrease of |Hes| by about 15% is
obtained with respect to the starting state (black data point on the left in Figure 9.4). This
measurement procedure was repeated three times and resulted in a similar
increase/decrease of the exchange bias field for positive/negative applied magnetic fields.
After this routine the sample was saturated in +159.2 KAm™, rested in remanent state and
measured again after 5 min. This results in a positive shift of |Heg|. Almost the same |Heg|
is measured in this sample after 24 days without further voltage- or magnetic field
application, showing good long-term stability. In order to understand the electrochemical
control of EB, the cross-section of the EB layer stack was characterized by high resolution
transmission electron microscopy before and after the voltage-gating procedure (Figure
9.5). In the pristine state (Figure 9.5 (a)), an amorphous Pd/Co/Pd layer is observed on
top of the crystalline NiO layer. In contrast, after the voltage-gating (after cycle n = 8 in
Figure 9.4), a crystalline structure is observed for the Pd/Co/Pd layer which shows
epitaxial alignment to the NiO layer (Figure 9.5 (b)). In addition, crystallized areas are
also visible within the Gd(OH)s after gating.
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Figure 9.4: Exchange bias switching by voltage and magnetic field.

Influence of a superimposed magnetic field during gating steps (n) on the exchange bias field of
the recovered state afterwards. In addition, the long term stability of the exchange bias field after
5 min and 24 days is included.
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Discussion

We achieve voltage-control of perpendicular EB by applying hydrogen-based
electrochemistry to a tailored magnetic layer stack. For this, we introduced an
antiferromagnetic NiO underlayer in a Gd(OH)s/Pd/Co heterostructure, in which the Co
layer is known to be susceptible to hydrogen-based electrochemical control. [20] An
ultrathin Pd interlayer is introduced between the Co and NiO layer to avoid loss of
magnetic properties due to Co oxidation. In such Gd(OH)s/Pd/Co/Pd/NiO architectures
perpendicular EB is achieved. The Pd interlayer thus does not impede the interfacial
coupling between the antiferromagnetic NiO and the ferromagnetic layer. The reason
could be the formation of a Co-Pd alloy at the interface. This is consistent with the HR-
TEM images of the pristine state (Figure 9.5 (a)), in which the individual Co and Pd layers
cannot be distinguished.

Upon voltage gating, a decrease of Hc and Mr/M:s ratio occurs and the perpendicular
EB vanishes. This behavior is reversible and can be directly explained by the decrease of
perpendicular anisotropy of the Co layer due to voltage induced H* migration through the
Gd(OH)3 and subsequent H adsorption at the Co layer. [20] The first-time switching
process is distinct from the subsequent cycles. It shows a slower kinetics until full in-
plane switching is achieved and the changes in Hc and |Hes| between pristine and
recovered (0 V) state after the first cycle are larger than during subsequent cycles. After
the first gating step (Figure 9.3, 15-80 s), a decrease in |Heg| is observed, while at the
same time Hc significantly increases (+22 %). This inverse scaling of Hc and |Heg| is
unusual. In common EB systems, Hc and |Heg| scale with each other, because the EB
gives an intrinsic contribution to Hc. [137] Thus, in the present case, the Hc increase
cannot be caused by the change of the EB, but must have a separate origin.

Our results indicate that the distinct feature of the first cycle, namely the slow kinetics
and the increase of Hc, are related to a microstructural activation/transformation process.
Upon voltage-gating, hydration of the Pd layer is known to occur, which will lead to
expansion and straining of the initial Pd layer. This could induce magnetoelastic effects
in the Co layer and thereby impact Hc. However, in the initial state, the Pd/Co/Pd
structure is amorphous (Figure 9.5 (a)) and the magnetoelastic interactions are expected
to be small due to the microstructural randomness. [155-158]

In contrast, we propose that the observed amorphous to crystalline transformation of the
Pd/Co/Pd layer region (Figure 9.5) provides a direct explanation for the increase in Hc.
We propose that crystallization is triggered when hydrogen enters the structure for the
first time. Such hydrogen-induced crystallization of amorphous metals has indeed been
reported previously. [159,160] Amorphous layers in general show softer magnetic
properties (i.e. lower Hc) compared to their crystalline counterparts. [27,29] This can be
easily understood by the introduction of grain boundaries in crystalline layers which add
pinning sites to the system and thus to an increased Hc. Further, the increased Hc after
the first gating step is assigned to the newly existing grain boundaries. We propose that
the solid-state crystallization process occurs during the first-time hydrogenation process.
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a) Pristine sample (BFTEM)
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Figure 9.5: Cross-sectional TEM on SiO/Ta/Pd/NiO/Pd/Co/Pd/GdOx system.

(a) Pristine sample exhibiting amorphous Pd/Co/Pd layer and (b) sample after voltage-gating,
exhibiting crystalline Pd/Co/Pd layer. The cross-sectional elemental map obtained by Energy-
filtered TEM in (c) shows a larger area of the cross-section, of the same lamella as in (b), of the
film after gating with colored coded elements ( Pd (blue), Ni(red) and Co(green)). The Co layer
is clearly visible.
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This is consistent with the prolonged switching time required during the first step. The
marginal change in Hc during the subsequent cycles (see Figure 9.3 (b)) indicates that
crystallization is completed after the first cycle. The partial solid-state crystallization of
the Gd(OH)s might also lead to the prolonged switching time during the first
measurement step.

As a trend, the |Heg| of the recovered states (0 V) decreases with increasing cycle
numbers, the rate of change slows down and almost settles after cycle number 8 (ca. 500s
in Figure 9.3 (¢)). We discuss this behavior in the following with regard to two possible
mechanisms, a voltage-induced training effect and a thermal after-effect.

The training effect describes the decrease in |Hes| and Hc when cycled in a magnetic
field. [34,161]The training effect is divided into an athermal and a thermal part. [162,163]
The athermal training only occurs after the first magnetic field cycle and triggers,
assuming a hysteresis with -Hes, a significant shift of the descending branch (H. in Figure
2.4 (b)) in such a way that |Hes| and Hc are decreasing. This effect is temperature
independent. In cubic antiferromagnets (e.g. NiO), the athermal training effect is assigned
to a spin flop relaxation leading to a uniaxial spin arrangement in the antiferromagnet
after the first magnetic field cycle of the ferromagnet. [164] On the other hand, the
thermal training effect sets in after the first magnetic field cycle and is characterized by
smaller changes in |Heg| and Hc for subsequent loops. The thermal training effect arises
from thermally instable antiferromagnetic spin ordering within in the antiferromagnetic
grains. [162]

The thermal after effect is similar to the thermal training effect but, here the |Hes]
changes over time in remanent magnetic field. At high enough temperature, the magnetic
ordering in the antiferromagnetic grains overcome a certain energy barrier which allows
for switching their magnetic orientation. [165-168] This reorientation occurs
independently in the AFM grains, as they do not exchange couple among each other,
following a Néel-Arrhenius law of time relaxation. [169]

In the present case, a pronounced training effect is absent when cycling the system
through consecutive hysteresis loops without voltage application (compare Figure 9.3 (c)
grey data points). Thus, the observed effect must arise from a mechanism during the
voltage-gating process. A voltage-induced training effect on EB was previously observed
in CoPt/Cr,0O3 system and related to voltage-triggered spin reorientation in the
magnetoelectric antiferromagnet Cr20z. [170,171] The presented electrochemical case
differs from this in a conceptual way, because the NiO antiferromagnetic layer is not
magnetoelectric, and thus the voltage does not directly impact the antiferromagnetic layer.
Instead, we propose that the voltage-triggered spin reorientation in the ferromagnetic
layer adjacent to the antiferromagnetic domains can trigger relaxation processes in the
surface antiferromagnet spin states. Voltage-induced H adsorption affects the
perpendicular spin ordering of the ferromagnet, which couples to the AFM. The
perpendicular spin ordering of the ferromagnet vanishes upon H adsorption and re-
establishes at voltage-switch-off. During these reorientation processes in the ferromagnet,
the adjacent unstable AFM spins might experience a reorientation process and metastable
spins (e.g. rotatable spins) will fall into a more stable state which reduces |Hes|. In order
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to describe the potential training effect in the present case, we averaged the EB values of
each voltage switching step and plotted them over the measurement steps (Figure 9.6 (a)),
assuming time independency of the applied gate voltage for each step [163]. The fit for a
model of exchange bias training effects (solid blue line in Figure 9.6 (a)) [36] shows good
agreement (see Appendix on page 104). This indicates that the results could be explained
in the frame of a training effect model.

Besides a voltage-induced training effect, a voltage-induced thermal after-effect may
play a role. In this case, thermal energy introduced during voltage application may lead
to thermal activation an associated spin relaxation in the antiferromagnet. To describe this
effect, the averaged |Heg| data is plotted against the measurement time in logarithmic scale
(Figure 9.6 (b)). The linear behavior in this case fits to a voltage-induced thermal after
effect [165,167,172-174]. We conclude that training effects and thermal after effect
activation could explain the evolution of the exchange bias during repeated voltage-
switching, when described within a very simplified picture of stable and unstable spin
elements within the antiferromagnet. [36,175,176]
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Figure 9.6: Model for change in exchange bias field

(a) Decrease of |Hes| with measurement steps and a fit to the data after [177] . (b) Decrease of -
Heg over the logarithmic measurement time and a fit to the data in the frame for the thermal after
effect, R?=0.98.
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9.3 Interim conclusion

In conclusion, voltage-gating, utilizing hydrogen pumping, has been demonstrated for
a perpendicular exchange bias system. During voltage-gating, the perpendicular magnetic
anisotropy and associated perpendicular Mgr, Hc and |Hes| of the ferromagnetic layer
vanish. The process can be reversed by voltage-switch off, and is repeatable for several
cycles. For the first cycle, the voltage-gating process is slower and a distinct increase in
Hc yet decrease in EB is observed for the recovered state in comparison to the initial one.
These features are explained by a hydrogen-induced crystallization process of the initially
amorphous ferromagnetic layer. The absolute exchange bias field continuously decreases
with the voltage cycling steps, indicating a voltage induced exchange bias training effect
and/or thermal after effect. A combined voltage- and magnetic field routine allowed to
overcome this effect and control the value of Hes. The mechanism for setting the
exchange bias was explained in a simple picture of unstable spin elements within the
antiferromagnet which are changed towards more stable states due to thermal relaxation
processes upon voltage gating the ferromagnet. The possibility to tune the exchange bias
by superposing an electric as well as a magnetic field could replace post annealing
treatments and adds functionality to the device. The herein presented procedure is much
faster and can also be combined with on/off switching of perpendicular anisotropy. The
additional electric field might also offer a reduced energy consumption compared to a
pure external magnetic field setting of the exchange bias [178]. The herein presented
effects locally affect the exchange bias in a reversible manner, which goes beyond
irreversible modification by laser or ion radiation. [80,179] This work may show a path
towards electrochemical control of exchange bias as well as antiferromagnetic devices
via a voltage in general [180].

9.4 Voltage control of ferrimagnetic GdCo/Pd/NiO thin film

Ferrimagnets became popular in recent years with respect to their e.g. fast dynamics
of domain walls [181,182] and the appearance of skyrmions at room temperature. [183]
A dominant sublattice switching in GdOx/ Pd(10nm)/ Gdas7Co0s43(10nm)/ Pt(6nm)/
Ta(4nm)/SiO2 films upon hydrogen loading has been recently found.[184] The
mechanism is based on hydrogen insertion into the GdCo which leads to a shift in the
compensation temperature, the temperature at which the two sublattice moments cancel
each other, of the GdCo film. The shift of the compensation temperature changes the
initial dominant sublattice from Gd dominant to Co dominant. Upon removal of hydrogen,
the process is reversed. Exploiting the effect of a dominant sublattice switching in an
exchange bias film structure, might enable an inversion of |Hes|. The author of the
presented thesis fabricated a Gd-dominant GdCo thin film on top of an antiferromagnet.
The optimized stack is shown in Figure 9.7 (a) In order to obtain a Gd-rich GdCo
structure exhibiting exchange bias, every attempt failed which brought the GdCo layer in
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direct contact with the NiO layer. This is probably due to the higher affinity of oxygen to
Gd compared to Ni. Thus, the Gd might be oxidized when GdCo is in direct contact with
the NiO. Similar to the NiO/Pd/Co/Pd films (see Figure 9.1), by placing a thin Pd
interlayer (nominal 0.1-0.2 nm in thickness) between the NiO and the GdCo layer, it was
possible to obtain a Gd-rich GdCo structure GdOx(15nm)/ Pd(5nm)/ GdCo (10nm)/
Pd(0.2nm)/ NiO(30nm)/ Pd(5nm)/ Ta(3nm)/ SiO2. The magnetization curve of a Gd
dominant GdCo thin film, measured via a red laser-MOKE, is inverted, see the orange
magnetization curve in Figure 9.7 (b). This is due to the sensitivity of the red light to the
transition metal (Co). [184,185] Upon gating such a structure, we were able to
demonstrate the principle dominant sublattice switching effect, as explained above, of an
exchange biased Gd-dominant NiO/Pd/GdCo film. Figure 9.2 (b) shows the pristine
magnetization curve with a Gd-dominant sublattice (orange) and the magnetization curve
with a Co-dominant sublattice (grey).
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Figure 9.7: GdCo exchange bias stack and dominant sublattice switching

(a) Layer stack of a Gd-rich GdCo film in contact with an antiferromagnet. (b) Sublattice
switching of a Gd-rich GdCo exchange biased film. The orange arrow indicates the magnetic
moments of the Gd and the grey arrow indicates the magnetic moment of the Co.

With chapter 8 and 9, we fulfilled the second objective of the presented thesis, namely:
To demonstrate novel concepts on the tuning of exchange bias at room temperature based
on electrochemical reactions. These findings provide new insights into the mechanisms
of voltage controlled magnetic properties by electrochemical reactions.



10 Evaluation with regard to perspective applications

The immense research on voltage control of magnetism is triggered almost exclusively
by the desire to reduce joule heating effects in the information and technology sector. In
the following section, the potentials and challenges of the electrochemical control of
magnetic materials for the application in different technologies is evaluated with a focus
on the systems studied in the present work. Since the technology readiness of this
emerging topic is still at the fundamental research levels 1-2 (1-basic principles observed,
2-technology concept formulated [186]). The discussion also involves more fundamental
aspects regarding the material properties. It does not include issues related to industrial
device fabrication requirements, such as integrability into fabrication processes
(temperature treatments etc.).

Application potential — data technology

Conventional magnetic memories involve high current densities either due to spin-
polarized electric currents or due to microcoils to generate magnetic fields. In these
systems, energy dissipation due to Joule heating becomes increasingly problematic,
especially in view of the rise of Big Data and the Internet of things. Electrochemical
control of magnetism would present an energy-efficient alternative approach, as electrical
voltage is the control parameter and different magnetic states can be set in a non-volatile
manner. Very low current densities (in the present work =~ 0.25 mA/cm? for the FeOx to
Fe transformation) only occur during the setting.

The limiting factors for applicability in data technology might be in the first place, the
reversibility and the switching speed. In order to compete with state of the art technology,
a stability over >10*° cycles and switching speeds between 10 ms (hard drive HD) and
10 ns (spin transfer torque random access memory STTRAM) are necessary. [187] So far,
the most promising (academic) magnetic devices which rely on electrochemical switching
can be cycled for 2000 times with a speed of 100 ms [20] This is achieved by the use of
hydrogen in the all-solid state Au/GdOy/Co/Pt architecture. [20] In addition, first attempts
for decreasing the switching speed can be achieved by further engineering the gating
oxide, such as doped YSZ in a Au/YSZ/Co/Pt structure. [188] The switching speed
decreased to 1ms but the reversibility was only shown for 1000 cycles. [188]
Nevertheless, these systems approach are promising to meet the required switching
speeds and reversibility, while at the same time they promise a much higher energy
efficiency than HD and STTRAM. [20]

The structures studied in chapter 9 (Au/GdOx/Pd/Co or GdCo/Pd/NiO/Pd/Ta/SiO>)
rely on the same gating structure and hydrogen-based mechanism. Thus, even though the
investigation of the switching speed was not the focus here, a similar range of switching
speed and reversibility are expected.

Oxygen-ion based gating mechanisms for magnetic materials, like the ones presented
in chapter 7 and 8 so far show switching speeds in the range of seconds and reversibility




84 Evaluation with regard to perspective applications

up to 10 cycles (see Figure 7.2, Figure 7.6). Nevertheless, studies on memristive devices,
which rely on oxygen ion transport, indicate switching times up to sub-ns, if the ion
transport pathways are further engineered [131-133] In addition reversible cycles up to
108 are reported. [189] In the light of future achievements with regard to the switching
speed and reversibility, the electrochemical induced changes in the magnetic
microstructure (see Figure 7.4, Figure 7.5, Figure 8.8) as shown for the FeOx/Fe based
thin films in chapter 7 and 8, might offer the possibility to reduce the power consumption
in electrical-current based magnetic domain-wall logic devices [130,183,190,191]. We
calculated a switching energy of 121 mJ for switching the magnetization in FeOx/Fe thin
films. Assuming a linear relation between the switching energy and the device diameter,
we would already achieve a switching energy of 5 fJ in FeOx/Fe thin films which is
comparable to the lowest reported switching energies, namely 6 fJ for magnetic tunnel
junctions (see also discussion in subchapter 7.6).

The stack architecture and concepts for electrochemical voltage control of magnetic
devices are in some aspects comparable to those of neuromorphic computing
devices [192]. lon-based concepts to control magnetism might also be interesting for
bioinspired ionic systems for neuromorphic computing, in which multiple ions in artificial
(neuromorphic) systems are utilized to mimic biological signal transport processes via
the application of a voltage (e.g. synapses). [193] Liquid electrolytes might be a good
candidate for using multiple ions (and thus brain inspired computing), while this might
be more challenging for solid state electrolytes.

In summary, the application potential arises mainly due to the energy efficiency. However,
before industrial application in data storage and computing comes within reach, an
increase of switching speed and reversibility must be accomplished.

Application potential — actuation technology

For magnetic actuation devices the use of electromagnetic coils leads to an associated
energy loss. This becomes problematic particularly when downscaling to the microscale,
as here, high current densities are required to achieve sufficient magnetic field
strength. [135] Here, electrochemically induced magnetic changes could present an
energy-efficient alternative, especially as the demand for switching speeds is less crucial
than for data storage devices.
For instance, in some magnetophoretic devices magnetic particles are immersed in a
liquid above a 10-15 nm magnetic thin film with in-plane magnetization. [16,17] In these
cases, an external magnetic field, so far realized by electromagnets, is used to manipulate
the magnetic domain patterns and thereby enable the transport of the magnetic particles
in solution by magnetic actuation. The magnetic control occurs on a time scale of seconds,
similar to the speed of the magnetization switching observed for the FeOx to Fe
transformation in chapter 7 (see Figure 7.6). Electrochemically induced magnetic changes
could thus potentially be used in such devices to switch on and off the magnetic field
or/and assist the magnetic field control of the magnetic film.
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Application potential — material design and patterning

So far, ion bombardement of magnetic thin films is a common approach and partly
applied in start-ups, like Spin-ION Technologies [194], to irreversibly change the
magnetic properties and magnetic domain structure of materials. The electrochemical
patterning of the magnetic microstructure, as demonstrated in chapter 8 (see Figure 8.8),
shows that electrochemical controlled approaches may present a new concept here. In
comparison to common patterning concepts such as ion-beam induced
patterning [34,81,194], electrochemical patterning would offer the advantages of
operation in ambient conditions without the need of vacuum equipment. Further, in the
case of reversible modification, a reprogramming of domain patterns and material
properties may be within reach.
Further application potential can be expected in the future by investigating a possible
electrochemical tuning of the frequency performance of magnetic films for, e.g.
transformers [195]. In such transformers, also films with uniaxial in-plane anisotropy, as
studied in the present work (chapter 6) are applied. For instance, the frequency tuning
in [195] is achieved by sputtering films under different angles to achieve different values
for the in-plane uniaxial anisotropy. Thus, the frequency performance of a film, deposited
under an given angle, is fixed. The electrochemical post-fabrication control of the in-
plane uniaxial magnetic anisotropy might also offer the possibility to tune the frequency
of the same film.
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In this thesis, we studied the voltage control of magnetic thin films with uniaxial and
unidirectional anisotropy by electrochemical reactions. We studied solid/liquid and all-
solid systems. For the solid/liquid system, we developed an electrochemical cell which is
compatible with a Kerr microscope (chapter 5).

Voltage-induced de-blocking by electrochemical reactions in FeOx/Fe films results in a
reversible collapse of coercivity an remanence. The analysis of the inverse changes of
coercivity and anisotropy, and the magnetic domains reveals modulations of the Néel-
wall-interactions, and of the microstructural domain-wall pinning sites as the origin. The
estimated switching energy for 180° magnetization reversal is promising for ultralow
power devices (chapter 6 and 7). [1]

Non-volatile, continuous and reversible voltage-tuning of exchange bias (EB) is achieved
via electrolytic gating at low voltage (1 V) and at room temperature. The mechanism is
based on a buried redox reaction and associated thickness change in the ferromagnetic
layer. A lateral voltage-induced patterning of EB and magnetic domain state is
demonstrated as unprecedented route for the future design and electrical control of EB
systems. [2]

Films with perpendicular exchange bias in a GdOx/Pd/Co-or-GdCo/Pd/NiO based
structure are for the first time successfully fabricated. The subsequent voltage-induced
changes of the exchange bias properties of the Pd/Co/Pd films are explained by a training
effect. A sign change of the exchange bias in the Pd/GdCo/Pd film upon voltage-gating
is demonstrated for the first time in chapter 9.

The aforementioned results are reported for the first time within the framework of this
thesis. These findings provide new insights into the mechanisms of voltage controlled
magnetic properties by electrochemical reactions.

In situ Kerr cell (Chapter 5)

In Chapter 5, we develop an electrochemical cell which is compatible with a Kerr
microscope. This home built electrochemical cell demonstrated their electrochemical
functionality and is used for experiments on liquid/solid systems, such as LiOH/FeOx/Fe
in chapter 7 and LiOH/FeOx/Fe/IrMn in chapter 8.

Blocked state in FeOx/Fe thin films (Chapter 6)
The sputter deposited polycrystalline FeOy/Fe thin films show an in-plane uniaxial
anisotropy, owed to the oblique deposition technique. Using a Kerr microscope, we
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performed anhysteretic measurements to quantitatively access the magnetic anisotropy.
Further, angle-dependent magnetization curves were measured. They revealed that the
magnetization curve along the hard axis exhibits an increased coercivity and remanence,
and thus deviates from an “ideal” hard axis magnetization reversal by uniform rotation of
magnetization. This behavior is ascribed to a blocked state arising from interacting Néel
walls. The use of anhysteretic measurements for assessing the anisotropy energy in such
films, as performed in this work, has not been reported yet. The method of measuring
angle dependent in-plane magnetization curves with a Kerr microscope and a rotating
field, instead of a rotating sample, has also not been reported yet.

Voltage control of FeOx/Fe thin films with uniaxial anisotropy (Chapter 7)

Chapter 7 builds the core chapter of the presented thesis and answers the first objective
of the presented thesis. In Chapter 7, we demonstrate voltage controlled magnetic de-
blocking by electrochemical reactions in the FeOy/Fe thin films with in-plane uniaxial
magnetic anisotropy. A visual summay is shown in Figure 11.1.We conclude by restating
the interim conclusion from subchapter 7.7. We demonstrate a fully reversible low-
voltage-induced collapse of coercivity and remanence in FeOx/Fe thin films at room
temperature, accompanied by large anisoptropy and domain structure changes. The
magnetic changes are induced by the reversible reduction and re-oxidation of the FeOx
layer. Detailed analysis of the impact of this phase change on the magnetic hysteresis and
domains indicates a voltage controlled de-blocking mechanism, connected to changes in
the microstructure and the structure of magnetic domains.

In the initial (oxidized) state, a blocked state that exhibits a large hysteresis for the hard
axis direction is stabilized by Néel wall interactions. Upon reduction of the FeOy, the
increase in anisotropy and Fe-layer thickness can lead to a larger domain wall energy, and
thereby cause the observed increase in domain size. As a result of the coarsening of the
magnetic microstructure, the domain-wall interactions are weakened, and the
magnetically blocked state is suppressed. This is followed directly by the voltage-induced
switching from a large hysteresis along the hard axis to ‘close to ideal‘ hard-axis behavior.
The decreased pinning strength of the grain boundaries upon FeOx reduction can cause
the collapse of the coercivity along all other directions.

The apparent contradiction that a decreased coercivity is obtained at increased anisotropy
can be resolved by accounting for the role of the microstructure and the magnetic domains.
Coercivity and anisotropy thus do not need to necessarily scale with each other, an
important consideration for voltage control of materials involving changes in phase and
microstructure. This consideration opens a route beyond the state-of-the-art of
electrochemical control of thin-films, in which extrinsic properties such as coercivity are
usually changed by controlling the intrinsic perpendicular magnetic anisotropy. The
voltage-induced modification of local defects presents a paradigm change in ionic control
of magnetism, which so far commonly affect the interface or the bulk of the material as a
whole. For the local control of defects only a small portion of the material needs to be
affected. This promises a higher energy efficiency and faster speed than conventional
magneto-electric approaches. The voltage induced mechanism presented in this paper
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Figure 11.1: Visual summary of the findings in chapter 7

fulfills the important requirements of room temperature and ultralow power operation of
future magnetic devices, especially in the fields of magnetic memory, domain wall logic,
neuromorphic computing, and magnetic actuation devices. The mechanism of voltage-
controlled defects may be transferrable to many other defect-controlled materials, such
as type Il superconductors or materials with specific mechanical properties.

With chapter 5, 6 and 7, we fulfilled the first objective of the presented thesis, namely:
To directly observe, for the first time, magnetic microstructure changes of magnetic thin
films with in-plane magnetization in a liquid electrolyte during simultaneous voltage-
triggered electrochemical reactions.

Voltage control of FeOy/Fe/lrMn thin films with in-plane unidirectional anisotropy
(Chapter 8)

In chapter 8, we exploit the FeOx to Fe transformation in an exchange biased thin film.
A visual summary is shown in Figure 11.2. We achieve non-volatile, continuous and
reversible changes of the exchange bias at a low voltage and at room temperature. The
proposed mechanism is based on a thickness change in the ferromagnetic layer. The
thickness change was confirmed by XPS measurements and is consistent with a simple
model for exchange bias. A proof of principle of electrochemical patterning of the domain
structure has successfully been demonstrated. Based on these results, a voltage-
reconfigurable domain pattern and stray field landscape, due to head-to-head domains,
might be within reach.




90 Summary

Voltage control of exchange bias

Electochemical
reaction in FM | c
layer or 20993090838098:
21 7Y
N[/ g
F 9
51 /1Y
)
= P#Z«mszes@w
antiferromagnet -20 -10 0

External field (kA/m)

Voltage control of domain state at H =0

Figure 11.2: Visual summary of the findings in chapter 8

Voltage control of magnetic thin films with perpendicular unidirectional anisotropy
(Chapter 9)

Chapter 9 continues with the investigation of voltage control of exchange bias
phenomena in films with perpendicular anisotropy. We reported, for the first time, the
successful fabrication of thin films with perpendicular exchange bias in a
Au/GdOy/Pd/Co/Pd/NiO/Pd/Ta/SiO2 and in a Au/GdOy/Pd/GdCo/Pd/NiO/Pd/Ta/SiO-
structure. Such exchange bias structures are achieved with the help of a thin Pd interlayer,
which stabilizes the metallic character of the Co or GdCo. The first gating step in the
Pd/Co/Pd/NiO leads to a crystallization of the initially amorphous Pd/Co/Pd layer. The
electrochemically induced magnetic changes lead to an on/off switching of the
perpendicular exchange bias. The decrease of the exchange bias field with several gating
steps is similar to the training or/and thermal aftereffect which is discussed as the possible
origin of the observed changes in the Pd/Co/Pd/NiO structure. Upon gating a
Pd/GdCo/Pd/NiO film, a sublattice switching of the ferrimagnetic GdCo is exploited to
achieve a change of the exchange bias sign. The presented effects locally affect the
exchange bias in a reversible manner. These results may show a path towards
electrochemical control of exchange bias for spintronic devices in general.
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With chapter 8 and 9, we fulfilled the second objective of the presented thesis, namely:
To demonstrate novel concepts on the tuning of exchange bias at room temperature based
on electrochemical reactions. These findings provide new insights into the mechanisms
of voltage controlled magnetic properties by electrochemical reactions.
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Atomic force microscopy
Atomic force microscopy was conducted with a Bruker Dimension ScanAsyst with sub-

nanometer resolution to characterize the sample morphology. The surface morphology is
imaged with an atomic force microscope by moving a cantilever with an attached (ideally)
atomic sharp tip across the sample. In the used tapping mode, the cantilever oscillates
close to its resonance frequency. Due to attractive and repulsive van-der Waals forces
between the sample surface and the tip, the resonant frequency changes, which results in
a shift in oscillating amplitude and -phase of the cantilever. A laser beam is directed to-
and reflected from the backside of the cantilever onto a quadrupole photo detector, in
order to indirectly measure the force. [196] The software WSxM 5.0 was used for image
editing and analyzing. [197]

Characterization of the surface morphology and grain size of the FeOx/Fe layers

The surface morphology of the FeOx/Fe layers was characterized by atomic force
microscopy (AFM). The AFM images in Figure 12.1 reveal the polycrystalline nature of
the films and an average lateral grain size of about 30 nm.

4 nm

0 nm 0 nm

Figure 12.1: AFM images of the FeO./Fe/Au/Cr layers obtained in the tapping mode.
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Raman spectroscopy for the characterization of the native FeOx layer

By Raman spectroscopy, different iron oxides, such as Fe3Os (magnetite), y-Fe.O3
(maghemite), a-Fe>O3 (hematite) can be distinguished. [198] The Raman spectrum of the
FeOx/Fe layer in pristine state (Figure 12.2) shows the typical Raman signature of
magnetite, with a strong Aig phonon mode peak at 661 cm™* without peak splitting, and
without further dominant peaks at higher or lower wave numbers. [199,200] This proves
that magnetite is the predominant iron oxide phase in the present native oxide layer, in
agreement with expectations for room temperature oxidation of iron in air. [101,102]
Small amounts of other oxides and oxyhydroxides cannot be excluded, as they may yield
intensities below the resolution limit, especially if they are not well crystallized.
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Figure 12.2. Raman spectra for the FeO./Fe/Au/Cr layers after native oxidation, which identifies
Fes;0.as the dominant oxide. In Figure 3a, for the pristine state (black line), part of this curve (for
the Raman shifts 400 — 700 cm™) is displayed.
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Structure and orientation of the Fe and Au layers on Cr/SiO./Si
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Figure 12.3: X-ray diffraction on FeOx/Fe/Au/Cr thin films.

a) X-ray diffraction spectra of the FeOx/Fe/Au/Cr layers as compared with the Au/Cr
and Cr buffer layers and the SiO2/Si substrate. a) Au(111) and b) Au(200) pole figures
of the Au/Cr layers on SiO2/Si.

X-ray diffraction
X-ray diffraction (XRD) was used to collect structural information on a macroscopic scale

for FeOx/Fe/Au samples. The X-ray wavelength is similar to the lattice spacing of a
crystal. The interaction of the X-rays with the crystal leads to constructive interference
when Bragg’s law is met. In the Bragg-Brentano geometry, structural information of the
specimen with lattice planes parallel to the sample surface can be obtained. [201] XRD
scans in Bragg Brentano geometry were collected on an X-ray diffraction Bruker D8
instrument using monochromatic Co-Ka radiation with a wavelength of 0.17889 nm. The
current and voltage of the X-ray tube were set to 40 mA and 40 kV, respectively. The
usual two theta angle range was between 20° and 70°. An incremental step of 0.02°/s was
used and the sample rotated in-plane at 0.5 Hz.

In order to determine the in-plane texture of a sample, pole figures were recorded. For
this, the intensity of a given Bragg reflection is measured in dependence of the altitudinal-
and azimuthal angle with respect to the sample surface. The obtained pole distribution is
plotted on a stereographic projection. For films with randomly in-plane (azimuthal) grain
distribution, the projection will display a ring pattern of uniform intensity. [201]

Figure 12.3 (a) presents the X-ray diffraction (XRD) diagrams (Co Ka radiation, 6-26-
geometry) for the gold and iron layers in comparison to the substrate. The fcc Au(111)
reflex and the bcc Fe(110) reflex are observed for the gold layer and iron layer,
respectively. In order to resolve the in-plane orientation, pole figure measurements (Cu
Ka radiation) were performed. Au(111) and Au(200) pole figures as measured for the
Fe/Au/Cr layers deposited on SiO2/Si substrate are presented in Figure 12.3 (b) and (c),
respectively. A dominant (111) Au fiber texture is observed in accordance with the XRD
results. Intensity rings in the pole figures confirm the random orientation of the Au grains
in the film plane, which is as expected for the growth on amorphous SiO.. Pole figures of
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the iron layer have been measured but cannot be evaluated unambiguously due to the
overlap of the Au(200) and Fe(110) reflexes.

The growth of epitaxial bcc Fe(110) films on Au(111), as indicated by the FFT (Figure
6.1 (a)), has been reported previously, although the lattice mismatch is high and the exact
epitaxial relationship is controversial. [202,203]

We acknowledge Benjamin Schleicher and Stefan Schwabe (both IFW Dresden) for
technical assistance and discussion regarding the pole figure measurements.
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TEM crosssectional imaging of Au/Fe/Au structure

Figure 12.4: TEM crossection of Au/Fe/Au thin film
(@) Overview image of the Au/Fe/Au structure and (b) high resolution image of the
Au/Fe/Au structure. (c) high resolution image of the FeOx/Fe/Au structure
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Evaluation of charge transferred during the reduction of the FeOx/Fe/Au layers

For the electrochemical reduction of iron ions to a metallic iron layer of a certain thickness,
according to the reaction Fe** + ze~ — Fe, the required charge density can be calculated
from the Faraday’s law (see details of the calculation in Ref. [2]). When starting from
Fes04, this calculation yields a charge density ¢ of 3.6 mC cm, which is needed to form
an iron layer of a thickness of 1 nm per 1 cm™. In Figure 12.5 the reduction current
density curve in dependence of the time at —1.10 V, and g derived from this curve by
integration over time are plotted. g would suffice for a full transformation of Fe3O4to 2
nm of iron after 12 s at —1.10 V, assuming 100 % current efficiency. This is only a rough
estimation though, as some of the charge is consumed for proton reduction as a side
reaction, which lowers current efficiency. A further indication, pointing at full
transformation in the time scale of tens of seconds, is that for a reduction time of 20 s, the
magnetization curves are stable over the measurement time of 60 s (e.g., presenting the
same poHc for the negative and the subsequent positive magnetic field sweep). In
comparison to previous work on FeOx/Fe/IrMn reduced in 1 mol It LiOH solution at
- 1.03 V, [2] the reduction is faster here, because of the more cathodic potential.
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Figure 12.5. Cathodic current density j and inferred charge density g in dependence of the
reduction time for the polarization of the FeO,/Fe/Au layers at E =-1.10 V.
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Angular dependency of the voltage-induced changes of Mr/Ms ratio and coercivity for
higher angular resolution along the hard axis and in normalized view

For all angle-dependent measurements, the sample position remained constant during the
measurement, while the application direction of the magnetic field was changed. This
ensured that the measurements probe the same position on the sample, and that changes
at a certain magnetic field direction are due to voltage application.

In Figure 12.6 (a) and (b), the voltage-induced changes of coercivity and Mr/Ms ratio,
respectively, are depicted for fields applied close to the hard axis with an angular
resolution of 3° for the reduced state (-1.10 V). The measurements confirm the strong
voltage-induced change of coercivity and Mr/Ms ratio near the hard axis. Coercivity and
Mr/Ms ratio drop to 5% and 10% of the initial (pristine) value, respectively.

Figure 12.6 (c) and (d) show the normalized angle-dependent coercivity and Mr/Ms ratio,
respectively, for the FeOx/Fe/Au films in the pristine state and the reduced state (—1.10 V).
For both coercivity and Mr/Ms ratio, the angle-dependent values differ more strongly in
the reduced than in the pristine state. This indicates that the magnitude of the uniaxial
anisotropy increases when reducing the films.
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Figure 12.6: Angle-dependency of a,c) Hc and b,d)

Mgr/Ms in normalized view (a,b) and close to the hard axis in absolute values (c,d) for the pristine
FeO,/Fe/Au films (black symbols) and during the application of —1.10 V (blue symbols). Lines
are guides to the eye.
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Average domain width analysis

For the quantification of the average domain width, the domain walls were counted along
ten equidistant horizontal lines in the Kerr microscopy image (Figure 12.7). The number
of domain walls per line was divided by the image width to obtain domain walls per pm.
Then, the values obtained for the ten lines were averaged.

Figure 12.7: Example for the analysis of the number of domain walls per line width in a Kerr
microscopy image to quantify the average domain width.
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Cyclic voltammetry of the FeOy/Fe/lrMn system in the electrolyte

The electrochemical behavior of the FeOx/Fe/lrMn system in the electrolyte was
characterized by cyclic voltammetry (CV) in the electrochemical cell implemented in the
Kerr microscope setup. Pt wires are used as counter and reference electrodes. Figure S1
shows the first cycle of the CV obtained for an FeOx/Fe/lrMn system. The CV started at
the open circuit potential (-0.230 V). The observed behavior is as expected for Fe in
alkaline solution. [140] Peak C2 corresponds to the reduction of native iron oxide to
metallic iron, followed by the hydrogen evolution reaction leading to the further strong
cathodic current density increase. After potential reversal, the anodic peaks Al and A2
indicate re-oxidation of metal iron to iron oxide.
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Figure 12.8. Cyclic voltammogram of an FeOx/Fe/IrMn system with deenom= 11 nm in 1 mol I
LiOH, obtained at a rate of 20 mVs™?
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Exchange bias changes prior, during and after electrochemical treatment in the same area

In Figure 12.9, exemplary magnetization curves, from which the data in Figures 8.2 and
8.6 in the manuscript have been extracted, are presented. They directly show the impact
of different kinds of electrochemical treatments on the magnetization curves in the exact
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Figure 12.9. Magnetization curves of FeOx/Fe/lrMn systems
Measured in the in situ Kerr microscope setup in pristine state (black line), during the voltage
application (blue line) and after voltage-switch off (orange line). These are exemplary curves
from which the data in (a) Figure 2 and (b) Figure 6 have been extracted. The sample position
and the measured area was not changed during the experiments.
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Possible impact of antiferromagnetic iron oxides in the native oxide on EB variation

In natively oxidized Fe films prepared by sputtering in a magnetic field directly on the
Au buffer layer without IrMn, no EB is observed (Figure 12.10), proving that the EB
phenomena are connected to IrMn. In general, the composition of the native oxide layer
of iron is highly dependent on the atmospheric conditions and the orientation of the iron
surfaces. The exact composition is hard to resolve in many cases. Most often a structure
composed of an ultrathin FeO layer followed by FesO4and/or Fe203 as the outer layers is
described. [136] Since FeO is antiferromagnetic below its Néel temperature Tn, exchange
bias phenomena can indeed occur in the FeO-Fe system. However, the Tn of FeO is
around 200 K, and the observation of EB in FeOx-Fe systems thus usually requires field
cooling procedures below room temperature. [140,204,205]

The present experiments are performed at room temperature where FeO is paramagnetic.
Moreover, the occurrence of antiferromagnetism usually requires a critical thickness of
the oxide. In the present case, EB variations caused by electrochemical modification of
an interfacial FeO layer are thus not expected. Room temperature antiferromagnetism and
EB phenomena are reported for some other iron oxides, such as o - Fe20s, and iron
oxyhydroxides. [136] In most cases though, the exchange energies and associated loop
shifts are very small. [206] In the present experiments, the exact composition of the oxide
layer and its modification especially at the FeOx/Fe interface during the electrochemical
treatment cannot be resolved in detail. EB modification via the electrochemical change
of the iron oxide/iron interface thus cannot be fully excluded, but since the observed EB
changes are large and fit well with the proposed Fe layer thickness model it is suggested
that the modification of the native oxide is not important for the EB changes in the present
case.

| FeO,/Fe/Au
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Figure 12.10. Magnetization curve of a FeO,/Fe/Au(10nm) film with dFe,nom = 5 nm after
sputtering and removal from the vacuum chamber
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Lateral homogeneity of EB samples

To assess the lateral homogeneity of the EB systems in the pristine state, magnetization
curves have been measured at different positions prior to electrochemical treatment
(Figure 12.11a). The extracted Heg and Hc values are plotted in Figure 12.11(b).
Statistics give Heg = -8.39 (+ 0.07) kAm™ and Hc = 12.07 (£ 0.44) kAm™. The error bars
are significantly smaller than the change of Heg induced by the electrochemical treatment.
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Figure 12.11. Magnetization curves measured in the pristine state at different positions
across an FeOx/Fe/lIrMn system with dFe,nom = 13 nm. The inset depicts the measured
positions on the sample area (1x1cm2). The grey line shows the position of the perimeter
of the O-ring which defines the sample area that can be modified later on in the

electrochemical cell.
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Training effect

The decrease of the exchange bias as a function of n is fitted according to [177]:
ep = Hgp + Agexp (—n/Pf) + Ajexp (—n/P;),

where, Hreb is the exchange bias of the nn hysteresis loop, Ar and Prare parameters related
to the change of the frozen spins, Aiand Piare parameters related to the evolution of the
interfacial disorder. The obtained parameters are:

kA kA kA
HE = 6.03—+0.53 —,  A; = 55.70—(set), Py = 0.29 + 0.02,
m m m

kA kA
A;=376—1+033—, P; = 4.35 + 1.20,
m m

Note, without setting Ays, the error would be larger than the obtained value and the fit
would not converge. Nevertheless, the relative ratio of Pf/Pi is always larger 1 even when
Af is not set.

The relative ratio between Pf/Pi signifies the difference in the relaxation of both frozen
and rotatable spin components. The observed value of Pr is much greater than that of Pf,
which clearly indicates that the spin-flipping components relax faster than the frozen spin
components at the pinning surface. This behavior might be ascribed as a relaxor behavior.

Overall, this equation was developed for common training effects where no phase change
occurs which breaks the direct scaling of Heg and Hc. The uncertainty in the parameter
Asmight partly arise from the superimposed phase change.
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Symbols

Symbol Term
a Néel wall core thickness
A Exchange constant
An Area

d Film thickness

E Electric potential

F Faraday constant

Y Surface energy density

Y Euler-Mascheroni constant
H

Applied field
Hes Exchange bias field
Hc coercivity
j Current density
Kdq Stray field energy coefficient
Ku Uniaxial anisotropy constant
Wo Vacuum permeability
m Mass
M Magnetization
(M) Molar Mass
MR Remanence
Ms Saturation Magnetization
N Demagnetizing factor
Q Quality factor
Q Electrical charge
P Density
t time
Vg Gate Voltage
T Temperature
z number of exchanged electrons

Acronyms

AFM — antiferromagnet

FM - ferromagnet

EB — exchange bias

PMA — perpendicular magnetic anisotropy
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