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Strain control of magnetization for
magnetoresistive sensors

Short abstract:

Magnetoresistive (MR) sensors consist of magnetic thin films and micro- to
nanostructures. It is important to understand the behavior of magnetic domain
walls in these structures, to be able to optimize the performance of the sensors.
Strain or mechanical stress is, up to now, always seen as a negative impact on
MR sensors. In this project, the influence of strain on MR sensor is studied
with two aspects. On the one hand, the conventional approach of minimizing
the sensitivity of the sensor to strain by means of design and choice of materials
will be pursued. On the other hand, the utilization of strain to realize new or
improved functionalities allowed the realization and demonstration of a new
sensor for discrete magnetic field detection.
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ABSTRACT

This thesis focuses on the magneto-elastic interactions in thin films and their

significance in technological applications with particular focus on sensors. The
magnetostriction, constant which determines the strength of these interactions,
plays a crucial role in various applications. For instance, strain immunity is
essential for magnetic sensors to reduce strain cross-sensitivity, particularly
in the case of flexible substrates. On the other hand, to sense strain mate-
rials require giant strain effects. The optimization of the magnetic sensing
layer, including strain anisotropy, is crucial for magnetic sensors performance,
depending on their specific application requirements. The first part of this
thesis discusses the characterization and the engineering of the strain-dependent
material properties for the development of the free layer of magnetic sensors.
The focus is on two material platforms: a Ni/Fe multilayer and Permalloy. The
use of He™ ion irradiation as a post-deposition technique is explored to control
magnetostriction and enhance magnetic softness. The strain dependence of
anisotropy and magnetization compensation is explored in another material
platform, Co/Gd synthetic ferrimagnets, that has the unique ability to switch
their magnetic state using a laser pulse.

In the second part of this thesis, the control of domain walls using strain is
extensively studied for their applications in memory devices and magnetic
sensors. Domain walls offer non-volatile positioning and energy efficiency in
various applications. However, the influence of mechanical strain or stress on
these sensing components has been overlooked. In our studies, we highlight the
importance of considering mechanical strain in actual devices, exploring the
effects of different types of strain on a sensor-type device. Uniform strain and
its compensation through material preparation are discussed, along with the
conceptualization and realization of a new magnetic sensor based on spatially
variant strain. Furthermore, the impact of time-dependent strain on domain
wall devices in the presence of surface acoustic waves is investigated. By
considering these factors, a comprehensive understanding of the behavior and
optimization of free layer of magnetic sensors under different strain conditions
is achieved.






ZUSAMMENFASSUNG

Diese Arbeit befasst sich mit den magnetoelastischen Wechselwirkungen in
Materialien und ihrer Bedeutung fiir technologische Anwendungen mit beson-

derem Schwerpunkt auf Sensoren. Die Magnetostriktionskonstante, welche die
Starke dieser Wechselwirkungen bestimmt, spielt bei verschiedenen Anwen-
dungen eine entscheidende Rolle. So ist beispielsweise die Unempfindlichkeit
gegeniiber Dehnungen fiir magnetische Sensoren wichtig, um die Querempfind-
lichkeit gegeniiber mechanischem Stress zu verringern, insbesondere bei flexiblen
Substraten. Andererseits sind fiir die Erfassung von Dehnungen Materialien
mit groflen Dehnungseffekten erforderlich. Die Optimierung der magnetis-
chen Sensorschicht, einschliellich der Dehnungsanisotropie, ist entscheidend
fir die Leistung der magnetischen Sensoren, je nach ihren spezifischen An-
wendungsanforderungen. Der erste Teil dieser Arbeit befasst sich mit der
Materialvorbereitung fiir die Entwicklung magnetischer Sensoren, wobei der
Schwerpunkt auf zwei Materialplattformen liegt: einem Ni/Fe-Multischicht-
System und reinem Permalloy. Der Einsatz von He' -Ionenbestrahlung als
Post-Depositions-Technik wird erforscht, um die Magnetostriktion zu kontrol-
lieren und die magnetische Weichheit zu verbessern. Die Fleckenabhéngigkeit
der Anisotropie und der Magnetisierungskompensation wurde in einer anderen
Materialplattform, den synthetischen Co/Gd-Ferrimagneten, erforscht, welche
die einzigartige Féhigkeit haben, ihren magnetischen Zustand mittels Laserpuls
zu wechseln.

Im zweiten Teil dieser Arbeit wurde die Kontrolle von Domédnenwénden durch
mechanische Deformation speziell fiir ihre Anwendung in Speichergeréten und
magnetischen Sensoren eingehend untersucht. Domé&nenwénde ermdglichen
eine nichtfliichtige Positionierung und Energieeffizienz in verschiedenen An-
wendungen. Der Einfluss mechanischer Dehnungen oder Spannungen auf diese
Sensorkomponenten wurde jedoch bisher {ibersehen. In unseren Studien be-
tonen wir die Bedeutung der Beriicksichtigung mechanischer Dehnungen in
tatsichlichen Geréten und untersuchen die Auswirkungen verschiedener Arten
von Dehnungen auf ein sensorartiges Gerét. Gleichméfiige Dehnungen und ihre
Kompensation durch Materialpriaparation werden ebenso diskutiert wie die
Konzeption und Realisierung eines neuen magnetischen Sensors, der auf rdum-
lich variierenden Dehnungen basiert. Dariiber hinaus werden die Auswirkungen
zeitabhéngiger Dehnungen auf diesen Bauteile in Gegenwart akustischer Ober-
flichenwellen untersucht. Durch die Beriicksichtigung dieser Faktoren kann
ein umfassendes Verstindnis des Verhaltens und der Optimierung der freien
Schicht von magnetischen Sensoren unter verschiedenen Dehnungsbedingungen
erreicht werden.






LIST OF ACRONYMS

AOS - all-optical switching

AMR - anisotropic magneto resis-
tance

CMOS - complementary metal-oxide
semiconductor

CVD - chemical vapor deposition
DW - domain wall

DOS - density of states

EA - easy axis

EBL - electron-beam lithography

EDX - energy dispersive X-ray spec-
troscopy

ESD - electrostatic discharge

EELS - electron energy-loss spec-
troscopy

FEM - finite element method
FM - ferromagnetic
FFT - fast Fourier transform

FWHM -

maximum

full-width at half-

GMR - giant magneto resistance
IDT - interdigitated transducer
LLG - Landau-Lifshitz-Gilbert
ME - magnetoelastic

MO - magneto-optical

MOKE - magneto-optical Kerr ef-
fect

MOSFET - metal oxide semiconduc-
tor field effect transistor

MR - magneto resistance
OOP - out-of-plane
PDE - partial differential equations

PECVD - plasma-enhanced chemical
vapor deposition

PEM - photo-elastic modulator

PMA -
anisotropy

perpendicular magnetic

PVD - physical vapor deposition
RE-TM -

metal

rare earth transition

RF - radio-frequency

RIE - reactive ion etching

SAW - surface acoustic wave
SOC - spin-orbit coupling

SRT - spin reorientation transition

SSAW - standing surface acoustic
wave

STEM - scanning transmission elec-
tron microscope

TMR - tunnel magneto resistance

TOF-SIMS - time-of-flight secondary

ion mass spectrometer
UV - ultra-violet
VNA - vector network analyzer

VSM - vibrating sample magnetome-
ter

XRD - X-ray diffraction
XRR - X-ray reflectivity






DECLARATION OF
AUTHORSHIP

I, Giovanni Masciocchi, declare that this thesis titled, “Strain control of mag-
netization for magnetoresistive sensors” and the work presented in it are my
own. I confirm that:

o This work was done wholly while in candidature for a research degree at this
University.

e Where any part of this thesis has previously been submitted for a degree
or any other qualification at this University or any other institution, this has
been clearly stated.

e Where I have consulted the published work of others, this is always clearly
attributed.

e Where I have quoted from the work of others, the source is always given.
With the exception of such quotations, this thesis is entirely my own work.

¢ I have acknowledged all main sources of help. Where the thesis is based on
work done by myself jointly with others, I have made clear exactly what was
done by others and what I have contributed myself.

I hereby declare that I wrote the dissertation submitted without any unau-
thorized external assistance and used only sources acknowledged in the work.
All textual passages which are appropriated verbatim or paraphrased from
published and unpublished texts as well as all information obtained from oral
sources are duly indicated and listed in accordance with bibliographical rules.
In carrying out this research, I complied with the rules of standard scientific
practice as formulated in the statutes of Johannes Gutenberg University Mainz
to insure standard scientific practice.

Signature:

Giovanni Masciocchi
Mainz, August 2023






Alla mia famiglia:

Loretta, Giorgio, Fvelina ed Eleonora.






BACKGROUND AND
MOTIVATION

The first chapter introduces magnetoresistive sensors and highlights the motiva-
tion of the research conducted in the thesis.
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2 1. Background and motivation

Spintronics for magnetoresistive sensors

A variety of sensors - able to measure pressure, proximity, position, fluid flow,
and more - have become nowadays an essential component of the internet
of things, consumer electronics, healthcare, wearable technology, navigation
in automotive and beyond. Many of these sensors can be realized using the
measurement of magnetic field and belong accordingly to the group of magnetic
sensors. Only one part of magnetic sensors relies on the direct measurement of
magnetic fields (magnetometers for compass applications), while for probing
other quantities e.g. position or rotation, the movement of a permanent magnet
can be translated to magnetic field changes (indirect measurement). The
magnetic sensor market, and therefore the interest in research and development,
is expected to generate over 6.2 billion dollars in revenue worldwide by 2025,
driven by growth in the automotive, industrial, and biomedical sectors. In this
thesis, an interdisciplinary approach to the development of magnetic sensors
involving material science, electrical engineering and modeling is used with
the focus on the effects of stress on the sensor device. In this chapter, a brief
overview of magnetic sensors that motivates our research efforts is presented.

1.1.1| Applications of MR sensors

Various physical phenomena such as Electromagnetic Induction, Hall Ef-
fect, Tunnel Magnetoresistance (TMR), Giant Magnetoresistance (GMR),
and Anisotropic Magnetoresistance (AMR) are utilized to develop magnetic
sensors.? Depending on the application and use, each of these technologies
can be advantageous. As magnetoresistance is the focus of this thesis, we will
present here a brief description of the AMR, GMR and TMR effect. For a
review we refer the reader as an example to the work of Lenz et al.3

Anisotropic magnetoresistance

In some materials (e.g. Fe and Ni) the resistance is dependent on the angle
between the magnetization and the current flow. Magnetization direction
dependent scattering of conducting electrons with uncompensated spins leads
to the presence of a high resistance state if magnetization and current are
parallel while a low resistance state is be measured if they are perpendicular to
each other.*
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Typically, the current is passed in the plane of a magnetic strip, whose easy
axis of magnetization is set by the strip geometry and defines the sensitivity
direction. The magnetization will follow the applied field direction, therefore
the magnetic layer is also called "free-layer" and is typically made by an alloy
of NigiFeig. A schematic representation of an AMR strip is shown in Fig.
1.1 (a) where the contacts define the current direction. The great advantage
of the AMR technology is the easy fabrication process (therefore low cost)
and flexibility in device shape and base resistance. One of the key differences
between the three MR technologies discussed here, is the sensitivity S [V/T]
defined in a sensor as the slope of the output characteristic curve (see Fig. 1.1
(d)) which is ideally linear between the two saturation resistance values (linear
range).® The low fabrication cost of AMR technology comes at the expenses of
the sensitivity as the AMR effect (relative changes to the stripe resistance) is
in the order of 2-5%.

(a) AMR Strip (b) GMR Stack (C) TMR Stack

CoFe S

Free Layer
Barrier Layer

Free Layer
. Pinned Layer = Pinned Layer
— PtMn Antiferromagnet
(d) Resistance

[K] Low resistance
(parallel)

= \ =

High resistance
(anti-parallel)

Maghnetic field

Figure 1.1: Schematic of the three magnetoresistive effects used in magnetoresistive
(MR) sensors: (a) anisotropic magnetoresistance (AMR), (b) giant magnetoresistance
(GMR) and (c) tunnel magnetoresistance (TMR). (d) resistance changes in a spin
valve, at the base of magnetic field detection using resistance changes. (e) One
example of rotation counter based on domain walls. Source: novotechnik.de.

Giant magnetoresistance

The resistance of a thin film structure, which consists of a non-magnetic
metal layer sandwiched between two magnetic layers (Fig. 1.1 (b)), varies
depending on the alignment of the magnetization of the two magnetic layers.
This phenomenon arises from the spin-dependent scattering of electrons.®7 As
shown in Fig. 1.1 (d), when the magnetization of the two layers is parallel,
only electrons with a particular spin polarization are significantly scattered,
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leading to a lower resistance of this composite structure. Conversely, when the
magnetization of the layers is anti-parallel, both up and down spin polarized
electrons experience strong scattering, resulting in a higher resistance. This
discovery (which yielded the Nobel prize in 2007 to A. Fert and P. Grunberg)
was heavily used in the reading heads of hard disks memories starting form the
1990s and is still used now.

The device in Fig. 1.1 (b) is called "spin-valve" and is composed by a free layer
(soft magnetic) whose magnetization follows the applied field and a pinned
layer that has a constant magnetization - set by an antiferromagnetic layer (e.g.
IrMn). Sensor realized with GMR technology will have significant sensitivity
(GMR effect in the order of 20-50%) and are capable of sensing the Earth’s
magnetic field,® which makes them attractive for orientation and navigation
applications. However, this comes at the expenses of a increase complexity in
the fabrication of the multilayer design. Moreover, the realization of a pinned
layer direction, requires additional production step (e.g. annealing).

H - AMR GMR spin-valve TMR H
MR effect < 4% < 50% < 500%
Current direction in plane in plane out of the plane

Geometry meander meander circular/dot

Table 1.1: Summary of the main characteristics of the three magnetoresistive effects
discussed in the present section.

Tunnel magnetoresistance

If at a first glance the layer structure of GMR and TMR technology might look
similar in Figs. 1.1 (b) and (c), a closer look shows that the spacing layer (in red)
is an insulator (AlO or MgO) in the case of TMR technology. This insulating
layer is called tunneling barrier throughout electrons can "tunnel". If two
ferromagnets are magnetized in the same direction, the likelihood of electrons
tunneling through the insulating layer is greater than if the magnetizations
were in opposite directions. This results in a lower resistance for the parallel
configuration and a higher resistance for the anti-parallel configuration.’ To
obtain a linear sensor transfer curve (typically [V /T]), perpendicular orientation
between the easy axis of free layer and pinned layer are imperative. This gives
some freedom in the design of the device geometry and on the layers preferential
direction of magnetization. As shown in Fig. 1.2, multiple strategies for
linearization of TMR sensors are possible (also applicable to GMR). For more
details we refer the reader to the work of Silva et al.® where Fig. 1.2 is taken
from.

In comparison to GMR sensors, TMR sensors exhibit extremely high sensitivity
(TMR effect can be several hundreds of %,? see Table 1.1) but have typically
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Weakly pinned
sensing layer

Superparamagnetic
sensing layer

External Field Biasing

AFM

Linear

e.g. Permanent magnets: Linear t2 << t1: Linear

'
1
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1
|
'
|
'
1
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1
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]
1
|
1
1
1
1
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. |
Hexx . |
1 1
t1 :
Sens (FM) 1
Spacer :
Ref (FM)
Pinning (AFM)

Non linear Linear ' h2 <c<w: Linear

Figure 1.2: Summary of the most common linearization strategies for MR sensors.
The non-linear case, in the bottom left corner, serves as a comparison for the other
linearized designs. The proposed strategies can be used both for GMR and for TMR
sensors. Source: Silva et al.’

larger noise.!! This comes from the smaller required area and usually higher
resistance, that conversely, as a benefit, allows them to consume less power
than GMR sensors operating under identical voltage conditions. The major
noise sources in TMR sensors are the electrical thermal noise - a white noise
source proportional to the sensor resistance - and the magnetic noise. The
latter has typically a thermal-magnetic noise contribution and magnetic 1/f
noise. These noises are associated with the sensing layer volume and they can
be reduced up to some extent by increasing the sensing area or the thickness
of the sensing layer. Another drawback for TMR sensors is the realization.
TMR elements are more expensive and challenging to manufacture due to
the necessity of a high-quality, defect-free ultra-thin tunnel barrier. The layer
thickness required can be lower than 1 nm and needs to be homogeneous over
a whole wafer below fraction of an atom. In addition to that, a TMR stack
requires a vertical flow of the current, that makes the sensors more fragile due
to electrostatic discharge (ESD). They are therefore used for applications where
the high sensitivity justifies the elevated cost.

Magnetic DW-based sensors

The possibility of driving magnetic domain walls (DWs) - magnetic quasi-
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particles discussed in Chap. 2 - in nanowires has been exploited for diverse
sensor concepts.'>1* The idea at the base of these sensors, is that magnetic
domains grow or shrink propagating the domain walls between them with a
quasi-particle nature when external magnetic fields are applied. These magnetic
domains can therefore be used as nonvolatile information carrier. Fig. 1.3
shows a micromagnetic simulation of a DW device comprising of a round
nucleation pad and a spiral channel for DW propagation. Magnetic domains
in Fig. 1.3 (b) are separated by DWs, that are created in the nucleation pad
each 180° rotation of the external magnetic field. The first of this type of
device to be commercialized was a rotation counter designed by Novotechnick
(novotechnik.de) and produced by Sensitec GmbH (sensitec.com) and more
recently by Analog Devices (analog.com).

Domain Wall
Generator

External Magnetic
Field Direction

Narrow Spiral Legs
(Nanowires)

Figure 1.3: Micromagnetic simulation of a rotation counter based on magnetic DWs
able to count up to three full rotations. (a) shows the initial sensor state, without any
DWs inside while (b) shows the magnetic state after several rotations of the external
magnetic field. DWs are located at the corners of the spiral structure. Source: Analog
Devices.

An image of this "Multiturn sensor" can be seen in Fig. 1.1 (e) and it relies
on the GMR effect. The number and the position of DWs (sketched in the
inset of Fig. 1.1 (e)) can be read out electrically by multiple contacts and it
encodes the absolute angular position of an object. This type of sensors enables
nonvolatile measurements, that allow for non stop sensing even when electrical
power is lost. This can be an advantage in some applications e.g. position
sensing in embedded systems or harsh environments.

Novel frontiers in magnetoresistive sensors

The three MR technologies discussed in Sec. 1.1.1 enabled reliable sensing
in the most diverse application. Starting from industrial applications!® to


https://www.novotechnik.de/produkte/weg-winkelsensoren
http://www.sensitec.com
https://www.analog.com/en/analog-dialogue/articles/multiturn-position-sensor-provides-true-power-on-capabilities-with-zero-power.html
https://www.analog.com/en/analog-dialogue/articles/multiturn-position-sensor-provides-true-power-on-capabilities-with-zero-power.html
https://www.analog.com/en/analog-dialogue/articles/multiturn-position-sensor-provides-true-power-on-capabilities-with-zero-power.html
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magnetic biosensors'® MR, devices can reach noise level of few nT/v/Hz and
sensitivity larger than 100 mV/Oe.2 A fundamental aspect in the development
of MR sensors, which can be a limitation to the device sensitivity or working
window, is the dependence of the magnetic response of the active layer to
mechanical stress, which can result in measurement errors or failure of the
sensor. As is discussed in more detail in Chap. 2 and Chap. 3, the stress acting
on the sensor is induced during fabrication mainly during packaging!” (Fig.
1.4 (a)) and layer deposition'® (Fig. 1.4 (b)). Both these production steps can
involve large temperature changes.

@ - © : /‘

GMR multilayer

-

Protection n+ n+
trench p+ - dift

Figure 1.4: (a) The stress acting on a sensor dice after packaging is shown with a
simulation. Source:'” Fischer, PhD Thesis Univ. Freiburg (2006). (b) stress induced
in the channel of a MOSFET transistor with layer deposition. Source (adapted): Yao
et al.,(2021)."® (c) and (d) GMR sensor on a flexible substrate for on-skin applications.
Source:'? Melzer et. al., (2015).

Stress and magnetization are coupled by a bidirectional energy exchange
between magnetic and elastic states, which is called magnetostriction (discussed
in more details in Chap. 2). In most sensing applications, the material choice
and the device design want to minimize the stress response of the free layer
(zero magnetostriction), to reach a pure magnetic sensing. Part of the work of
presented in this thesis is devoted to the minimization of magnetostriction of
magnetic materials for sensing.

If on the one hand stress effects minimization is desirable to maintain the
sensitivity direction, on the other hand strain effects on magnetization can
be exploited for the realization of innovative sensor concepts.?’ Some results
where strain was intentionally used in MR to realize a new sensor concept are
presented in Chap. 5 of this thesis.
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1.2.1 Sensors on flexible substrates

If intrinsic stress in the active layer of a MR sensor can arise during the
fabrication process, substrate bending and mechanical force applied to the
package (extrinsic stress) can also influence the device. Stress originating by
substrate bending is particularly significant in applications that involve flexible
substrates that attracted attentions in the last years.

Deformable magnetic materials offer a distinct benefit as they can be utilized
in applications requiring flexibility or stretchability, a characteristic that con-
ventional rigid sensors lack.?!2? This advantage is particularly useful in the
realm of flexible electronics, where the aim is to develop electronic circuits
and devices that can be bent or folded during usage. The close relationship
between the underlying principles and practical applications of curved magnetic
thin films arises from the fact that magnetic domain walls can be pinned at
bends. This fundamental discovery has significant implications for magnetic
field sensors that utilize geometrically curved magnetic thin films.' In fact,
the curvature of the structure can cause an additional source of magnetoelastic
anisotropy, which can increase the coercive field and consequently increase error
in magnetic field sensors for angle measurements. Furthermore, the sensitive
elements typically posses a high degree of shape anisotropy to ensure a steady
state of magnetic domains and defined the sensitivity direction. Thin films
applied onto rather rough and flexible substrates can have significant impact of
the magnetoelastic anisotropy which would hinder the sensitivity direction.'?
For this reason, magnetostriction needs to be minimized.

With this technology as a foundation, numerous potential applications in e-
Mobility, healthcare,?® and interactive electronics®* can be envisioned. Some
examples of flexible MR sensors are presented in Figs. 1.4 (c¢) and (d). The
GMR sensor can be placed on skin and is able to detect magnetic fields for
touch-less control. A complete review about this topic can be found in the

recent book from Makarov et al.2!

If the prototypes of these devices are promising regarding stability of output
signal, MR ration and mechanical integrity upon stretching,?® still some efforts
need to be made in the development of flexible sensors that should work upon
thousand of bending cycles.









THEORY NOTIONS

This chapter contains fundamental notions of spintronics and magnetism, useful
for understanding the content of this thesis. Furthermore, the chapter introduces
the tmportant principles of strain and mechanical deformation in solids.
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In this Chapter, we start from the atomic level and work our way up to the
phenomenological description of magnetism in the micromagnetic description
in condensed matter. The different phenomenological thermodynamic contribu-
tions to the magnetic free energy are considered, which determine the magnetic
state at the system’s equilibrium. Particular emphasis is put in the description
of the interactions between the elastic state and the magnetic state of a solid.
The derivation is done in the framework of magnetic domain wall theory, which
is the focus of this thesis. Furthermore, the dynamical behavior of the magne-
tization and its theoretical description by the classical Landau-Lifshitz-Gilbert
(LLG) equation is introduced. Finally, several means for application of strain
are proposed as a promising approach to control magnetism.

Magnetism at the nanoscale

The magnetism of solids arises from the magnetism of their electrons, as elec-
trons themselves possess intrinsic magnetism. However, the Bohr—Van Leeuwen
theorem asserts that if statistical mechanics and classical mechanics are em-
ployed, the average magnetization will invariably be zero.?® Consequently, the
presence of magnetism in solids is attributed to quantum mechanics, rendering
classical physics inadequate to explain paramagnetism, diamagnetism, and
ferromagnetism. A quantum mechanical explanation is needed to comprehend
the source of magnetism. In order to do so, we refer to the derivation outlined
in the books of Blundell?” and Skomski.?®

2.1.1| Atomic origin of magnetism

A very simple model ascribes the magnetic moment to a circular motion of
electrons around atomic nuclei. An electron’s angular momentum arises from
two distinct sources as shown in Fig. 2.1. The first is its intrinsic angular
momentum, also known as spin, while the second is its orbital momentum,
which results from the electron’s current generated by motion around the
nucleus.

The amount of orbital angular momentum that an electron possesses in an
actual atom varies depending on the electronic state it occupies. Both the
orbital angular momentum L and the spin angular momentum S result in a
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(®) ©

Figure 2.1: (a) The orbital moment of an atom is created by the circular motion
of electrons, similar to the magnetic field created by a solenoidal coil. Magnetic
moments associated with (b) spin angular momentum, ™" of an electron and (c)
the electron’s orbital motion, pu°™.

magnetic moment, so that the expression for the total magnetic moment is
given by the sum of the orbital and the spin contributions:

utotal _ usl)i” + Norb = —M?B(L + 28), (2'1>

where pp is the Bohr magneton. The interaction between spin and orbital
angular momenta is known as spin-orbit coupling (SOC), which has significant
implications in magnetism. It gives rise to a variety of fascinating effects,
including magnetocrystalline anisotropy and the magnetoelastic (ME) effect,
which we explore in more details later. One way to conceptually understand
the SOC is by considering the interaction between the spin magnetic moment
of an electron and the magnetic field in its rest frame, which is generated by
the electron’s orbital motion within the electric field of the atomic nucleus. The
SOC energy can be computed using the formula for the energy of an electron
with magnetic moment in a magnetic field B. Accordingly, the SOC energy has
a the expression

Eso = —p" - Bso = —As0S - L, (2.2)

where Ago is the SOC constant, that reflects the strength of the SOC.

Let us now consider an atom with many electrons, where the atomic minimum
energy state is obtained filling the energy levels. According to Eq. 2.1, those
occupying unfilled shells can combine to give rise to a non-zero net angular
momentum, while the electrons in filled shells do not contribute at all. As a
consequence, there are elements, such as Fe, Co and Ni (known as itinerant
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ferromagnets), with not completely filled 3d sub-shells. This results in a non-
zero atomic magnetic moment, which is one of the requirements for obtaining
conventional ferromagnetism in condensed matter.

2.1.2 | From single atom to solid matter

Magnetic ordering is present in condensed matter. This suggests that there is a
means of long-distance communication (interaction) between magnetic moments,
enabling them to align themselves in a particular manner. The magnetic dipolar
interaction is the initial interaction to consider, but it is insufficient (about 1K
in terms of energy) to explain the ordering of the majority of magnetic materials.
Hence, there must be an alternative mechanism for coupling individual magnetic
moments in a solid. This interaction is called Heisenberg exchange interaction
and is derived from the innate nature of electrons as Fermi-particles.

Let us consider, for simplicity, a system of two electrons. The total wave
function ¥(ry,re) can be written as the overlap of the tow single electron wave
functions W (r1) and ¥y(ry). Obeying quantum mechanical rules stating that
the elections are indistinguishable fermions, the following forms for the total
wave function are possible:

\I’(I‘l, 1'2) = % [@1(1‘1)‘1’2([‘2) -+ ‘I’l(I'Q)‘I’Q(I‘l)] Xss (23)

T(r1,rs) — % [0 (r1) @5 (1) — B (£2)@a(x1)] X1, (2.4)

where the y;, being antisymmetric relative to the exchange of the electrons
for a singlet state, and x:, symmetric for a triplet state, are the spin parts of
the wave function. Knowing the energies of the singlet and triplet states we
can re-write the Hamiltonian in the form of an effective Hamiltonian. The spin
dependent part is in the form of

HoP'" = _2]S, - S, (2.5)

where J is the exchange integral or exchange constant, associated to the energy
difference between the triplet and the singlet states. This representation of the
effective Hamiltonian is particularly convenient since it allows to see which is
the favorable energy state, according to the sign of the exchange constant. If
J > 0, the triplet state is more energetically favorable, so that the spins couple
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ferromagnetically, like in Ni, Co and Fe. In the case, when J < 0, the singlet
state is more favorable, and the spins are aligned antiferromagnetically.

A simple way to extend this to a many-body system, is to write the Hamiltonian
considering exchange interactions of the nearest neighbors ¢ and j only, resulting
in

H—-3 1,8 8, (2.6
,J

which is the Heisenberg model. Phenomenologically, ferromagnetic materials
maintain this ordering below a threshold temperature, called Curie temperature
Tc. The strength of the exchange interaction defines the temperature To KLB,
above which a material is no longer ferromagnetic, but is in a paramagnetic
phase. For Co and Fe T¢ is above 1000 K, while for Ni is around 600 K.

In different systems like some oxide and environments with low symmetry, so-

30,31 interaction

called indirect exchange interaction?® or asymmetric exchange
come into play. As these materials are not used in the current work, they are

not described in the current chapter.

(b)

Figure 2.2: (a) The band structure of a non-magnetic metal is shown, where both
spin sub-bands are equally filled. (b) The band structure of a ferromagnetic metal is
displayed, which displays split spin sub-bands with different electronic populations
for each spin sub-band, resulting in a net magnetic moment. The spin-up (1) and
spin-down ({) sub-bands are presented on separate panels for clarity.

The exchange interaction in metallic systems occurs through itinerant electrons,
making the use of the Heisenberg Hamiltonian unsuitable. The electrons in the
broad s-bands, which are responsible for most of the current, interact with the
more localized electrons in the d-orbitals to mediate the exchange interaction.
The itinerant electrons also acquire polarization through hybridization with the
spin-split d-states induced by the exchange field. In non-magnetic materials,
the spin sub-bands are equally populated (Fig. 2.2 (a)), but an imbalance
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of spin-up and spin-down electrons (Fig. 2.2 (b)) results in spin polarization.
Stoner proposed a simple model to explain ferromagnetism in metals, known
as itinerant magnetism. According to Stoner’s model,? the two spin-polarized

bands spontaneously split when the Stoner criterion is met?”

I Ny (EF) > 1, (2.7)

where I is the Stoner exchange parameter and Ny | (Er) is the density of states
(DOS) per atom for spin-up and spin-down states, defined as Ny | (Er) = %ﬁ”.
Here D(EF) is the total DOS at the Fermi level and n is the number of atoms
per unit volume. Materials such as Fe, Ni and Co fulfill the Stoner criterion
and, thus, exhibit a ferromagnetic ground state. For the materials that fulfill
the Stoner criterion, the number of spin-up N4+ and spin-down N| electrons
in two d sub-bands determines the magnetic moment m = pg(Ny — N} ) at a

temperature below T¢.
Spin-dependent transport in Ferromagnetic metals

The presence of spin splitting in ferromagnetic materials also accounts for
spin-dependent electronic transport,® which gives rise to the magnetoresistive
effects discussed in Chap. 1. Electrical conductivity can be described in the
simplest formula by the Drude model*

o= , (2.8)

where e, n, 7 and m are the electrical charge, carrier density, lifetime and
effective mass, respectively. The lifetime is related to the mean free path of
electron, A = vp7, which is dependent on the density of states at the Fermi
level 1/7 o« Dy4(Er). In the case of good conductors like gold or copper,
the Fermi level resides within the sp band (s and d bands hybridized to
form complicated electronic states), with the d band fully occupied (refer
to Fig. 2.2 (a)). In ferromagnets, the scattering of electrons by atoms is
influenced by the alignment of their magnetic moments, which is connected to
the filling of the band responsible for the metal’s magnetic properties, such as
the 3d band in iron, nickel, or cobalt. The d band of ferromagnets undergoes
splitting due to the presence of differing numbers of electrons with up and down
spins. Consequently, the density of electronic states at the Fermi level differs
depending on the direction of spin. Majority-spin electrons have their Fermi
level situated within the sp band, resulting in similar transport characteristics
in ferromagnets and non-magnetic metals. Conversely, minority-spin electrons
experience hybridization of the sp and d bands, with their Fermi level residing
within the d band (see Figure 2.2 (b)). The hybridized spd band possesses
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a higher density of states, leading to stronger scattering and consequently a
shorter mean free path (A) for minority-spin electrons compared to majority-
spin electrons. According to Eq. 2.8, that links A to the conductivity, spin
dependence of the electrical resistivity can be understood.

Micromagnetic approximation

In order to describe macroscopic magnetic systems it is convenient to substitute
the atomistic description based on the Heisenberg Hamiltonian by a continuum
description based on the micromagnetic approximation.3>>3% According to this
principle, the vector field of magnetization directions m(r) = M (r)/M; is
chosen so that the total (free) energy reaches an absolute or relative minimum
under the constraint m? = 1. Micromagnetics allows one to simulate the
macroscopic properties of a material including the best approximations to the
fundamental atomic behavior. This approach is required to model spintronic
phenomena happening at the micrometer scale and to capture functionalities
of spintronic devices, such as magnetic domain motion. Micromagnetics, if
compared to its alternative method covers larger length scales than atomistic
spin dynamics simulations, limited to only several tens of nanometers of lateral
size. Another possible approach, the Stoner—Wohlfarth macrospin model (see
Sec. 2.23), in spite of its simplicity fails at describing magnetic textures, such
as domain walls.

In the following sections, the different energy terms that contribute to the
expression of the total free energy are reported as they describe the differ-
ent magnetic interactions. All terms besides the stray field energy are local
magnetic terms. The stray field energy depends on all other vector moments
in the systems and it is the most onerous to be computed with numerical
methods. A convenient way to describe the interaction with magnetization in
the micromagnetic approximation is the use of an effective field acting on the
magnetization. This is derived from the functional variation of the energy of
the system with respect to the magnetization:
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2.2.1| Zeeman energy

When an external magnetic field H ., is applied, typically by a coil or magnet in
a lab setting, the energy is minimized in a ferromagnet when the magnetization
(m) is aligned parallel to H.;:. This is referred to as the Zeeman energy
density given by

EZ = —qusm . Hext~ (210)

It is evident that the effective field associated with this phenomenon is H ;.
The description of this basic energy term, resulting from an external interaction
with the material, can be advantageous in explaining the complex dipolar
interaction. The dipolar interaction is the energy term that arises from the
reciprocal interaction between the magnetic moments of a magnetic system.

2.2.2 | Exchange energy

A ferromagnet prefers a constant equilibrium magnetization direction . Devia-
tions from this ideal case (constant magnetization, corresponding (Vm)2 =0)
invoke an energy cost, which can be described by the exchange energy expres-
sion

By = Aeyw | (VM) dV, (2.11)

where A., is a material constant, the so-called exchange stiffness constant
(dimension J/m or erg/cm), which is in general temperature dependent and V'
is the total volume. The origin of parallel alignment of spins in a ferromagnet
is the exchange interaction, a quantum mechanical effect whose description
and complete treatment can be found in Ref.?” Here we limit to say that
the quantum mechanical exchange forces arise from the overlapping orbital
wave functions of the two nearest neighbor electron magnetic moments. The
Pauli exclusion principle allows anti-parallel spins to occupy the same orbital,
however Coulomb repulsion takes place if magnetic moments are too close.
Exchange of such indistinguishable identical spins is subject to the exchange
symmetry, given by the exchange integral. The exchange constant is linked to
the exchange stiffness via A., = 2J5%z/a Jm~!, where we assume a uniform
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exchange integral J, a is the first neighbor distance and z is a lattice constant
that depends on the crystalline structure. J is negative for the anti-parallel,
or - antiferromagnetic, arrangement of the spins in while it is positive for the
ferromagnetic, or parallel spin arrangement.

Using Eq. 2.9 the effective field associated to the exchange is:

2Ae:c

Hem = T a5
NOMS

Vim. (2.12)

2.2.3 | Magnetostatic energy

The magnetostatic energy, also called demagnetizing or stray field interaction,
has its origin in the dipolar interaction. This potential energy of two magnetic
moments m; and ms separated by a distance r is expressed as?®

1 3(my - r)(ma2 - 1) —my - ma|r|?

Edipole = (213)

Ao |r|® ’
and shows a long-range interaction. The dipolar interaction is connected to
the energy of the shape anisotropy. The stray field of a structure refers to the

magnetic field lines that emerge from the sample and re-enter it. The stray
field can be defined using Maxwell’s equation when no currents j are present

OFE __ .
(%7 =0):
V x Hyprgy =0 (2.14)

V B=uV * (Hgpay + M) =0. (2.15)

As the field H is conservative H 4.4y = —VU which can be substitute into Eq.
2.15 to obtain

ViU =VM (2.16)

that by analogy with the Poisson’s equation in electrostatics, Eq. 2.16 leads
the definition of magnetic charge density

pm = VM. (2.17)
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Figure 2.3: (a) Energetically favorable and (b) unfavorable magnetic configurations
in terms of the magnetostatic energy given by Eq. 2.18. The magnetic moments in
(a) aligned with the stray field created by the neighboring moments produce fewer
effective magnetic surface charges than in (b).

Thus, the stray field can be thought of as generated by these magnetic charges.
When interacting with other magnetic dipoles in the system, the stray field
gives rise to the following contribution to the total energy

Estray = % / ‘Hst'ray‘2dv~ (218)

The result of the magnetostatic interactions between magnetic dipoles is the
shape anisotropy. When the magnetization in a material is uniformly aligned
on a macroscopic level, magnetic charges manifest at the surfaces as shown
in Fig. 2.3. These surface charges, known as magnetostatic charges, create a
demagnetizing field, Hjemeg = —INM, that acts in the opposite direction of
the magnetization. The value of N, is a shape-dependent parameter that is
usually difficult to be computed for complex geometries. The magnetostatic
energy resulting from the demagnetizing field can be calculated using a similar
equation to Eq. 2.18, as Egrey = %uo S M(r) + Hgemag(r)dV.

In the case of an ellipse (as described, for example in Ref.?®), this magnetostatic
energy term has the form of a uniaxial anisotropy along the major axis of the
sample. For this reason it is called shape anisotropy.

2.2.4 [ Magnetic anisotropy

The exchange energy term is often isotropic, this means that the energy of
a ferromagnet is independent on the orientation of the magnetization M.
However, in a real system this is not true. For example, the magnetic response
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of a ferromagnet to an external magnetic field is found to be dependent on
the direction of the applied field in experiment. Some directions are found to
require less energy to saturate the magnetization, and are therefore called easy
axis direction, while the directions that require more energy i.e. larger external
fields to be saturated, are called magnetic hard axis of magnetization.

This phenomenological observation, which adds to the "shape" anisotropy,
arises form the crystalline structure, as typically the atoms and their magnetic
moments are located at the vertices of the lattice. The symmetry of the isotropic
exchange interaction is broken due to spin-orbital interactions, resulting in
certain crystallographic axes being preferred over others for magnetization
orientations®” which reflects the symmetry of the crystal. This phenomenon is
known as magnetocrystalline anisotropy.

Energy

o8
O

Figure 2.4: Isometric surfaces of the energy density of magnetic anisotropy for cubic
(a) - (b) (case of K.1>0) and uniaxial (c) - (d) types of magnetic anisotropy where
"energy surfaces' are plotted. A minimum of energy represent the "easy" direction of
magnetization. Adapted from Ref.3®

The expression for the anisotropy energy density of a cubic crystal can be
written to the lowest order in polar coordinates as

JO— (Kcl + chsz'n29) cos*sin? ¢ cos® ¢ + K,y sin? 0 cos> 0, (2.19)
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where K. and Ko are material constants. The sign of K. determines the easy
direction for magnetization along the <100> or <111> directions. A visual
representation of the energy contribution of a cubic anisotropy is given in Figs.
2.4 (a) and (b) and gives an impression of the local energetic environment of
the magnetization in a ferromagnet.

In the simplest case, the anisotropy is uniaxial (valid for hexagonal and tetrag-

onal crystals, with a single easy axis®®) and for this case the energy density

term is

Eonis = K15in?0 + Kasin*0 + ..., (2.20)

where K; are the anisotropy constants (J/m~3) and 6 is the angle between
the volume magnetization and the anisotropy axis. A visual representation of
uniaxial magnetic anisotropy energy can be seen in Figs. 2.4 (¢) and (d).

Let us consider the first order term only in Eq. 2.20. When K; has a
negative value, it indicates an easy-plane anisotropy where all magnetization
orientations lying in the plane perpendicular to the easy axis are equally favored.
Conversely, a positive K7 value leads to an easy-axis anisotropy where lower
energy configurations of magnetization are parallel to the easy axis. At times, it
is necessary to take into account a generalized second-order anisotropy. This is
applicable when dealing with crystals that have symmetry lower than tetragonal
or hexagonal, or in situations where multiple uniaxial anisotropies overlap.
One example of this is the occurrence of induced anisotropy in a cubic crystal,
which can manifest as what is known as orthorhombic anisotropy. Similarly,
in polycrystalline or amorphous materials, orthorhombic anisotropy leads to
a uniaxial anisotropy with an "effective" easy axis, which may not necessarily
align with the annealing direction.

Interface anisotropy

In the case of thin films, the coupling of a few atomic layers of ferromagnetic
metals with an oxide creates a uniaxial anisotropy perpendicular to the interface
between the two materials. This effect is attributed to the reduced symmetry
of the atomic environment of surface atoms. This anisotropy’s strength scales
inversely with the ferromagnet’s thickness, as seen for example in Pt/Co
interfaces.?® This happens because, in ordinary bulk samples, the surface
magnetization is coupled to the bulk magnetization by exchange forces and
becomes therefore negligible. Here, a surface anisotropy constant, K, exists
that contributes to the bulk constant as

K
K1 = Ky + - (2.21)
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where t is the ferromagnet’s thickness. The effective field associated with the
anisotropy, obtained by Eq. 2.9 is

2K
L cosh. (2.22)
MoV s

Hcmis =

In general, the easy axis of magnetization in magnetic films is influenced by the
interplay between interface and shape anisotropies, as explained in Eq. 2.21.
The surface anisotropy term in this equation is independent of the ferromagnetic
(FM) layer’s thickness. Thus, at a particular thickness, K7 becomes positive
(negative), which favors perpendicular (in-plane) magnetic anisotropy. When
the two contributions become comparable, a spin-reorientation transition (SRT)
occurs,*® and the magnetization tilts towards an intermediate canted state.
This is investigated in Chap. 4 for a Co/Gd system.

Stoner-Wohlfarth model

The Stoner-Wohlfarth model provides a straightforward explanation of the
energy angular dependence of a magnetic particle, where the magnetization
rotates in unison as if it were a single macroscopic spin.*! Although this model
offers a limited description of hysteresis loops, it can be employed for magnetic
anisotropy analysis. The magnetic free energy density, for only Zeeman and
anisotropy energy considered, is given by

E= KeffSin2¢h - .uOMsHeftCOS((rbh - 0) (223)

where Kepp = Kq — %MOMS is the effective anisotropy constant, which is the
sum of the first-order anisotropy constant and the magnetostatic energy, the
second term describes the interaction of the magnetization with the applied
field Heyt. Here, 68 and ¢y, are the angles of the magnetization and the applied
field with the easy axis of the sample defined by the longest length, and M is
the saturation magnetization. The Stoner-Wohlfarth model®? allows for the
determination of the magnetic hysteresis loop shape, and the anisotropy field,
which can be obtained by saturating the magnetization along the easy axis and
then applying a field along the hard axis. In a film with dominating uniaxial
magnetic anisotropy, the anisotropy field Hy can be measured by utilizing the
Stoner-Wohlfarth model as long as the magnetization rotates coherently

_ 2Keff '
,UOMS

H, (2.24)

In the present configuration, the total energy exhibits 2 minima (Fig. 2.5 (b))
in both orientations of the easy axis, which are separated by an energy barrier



24 2. Theory notions

(a) Easy axis Hard axis (C)

0° 90°

(b) Hext

0° 180°

Figure 2.5: (a) Schematic representation of the configuration for the Stoner Wohl-
farth model problem. The angle 6 is defined between the easy axis and the mag-
netization vector. The angle ¢, is defined between the easy axis and the applied
field direction. (b) energy diagram for magnetic configuration of an ellipse and (c)
corresponding hysteresis loops along the easy and hard axis of magnetization.

defined by the hard axis formed by the shape anisotropy. The hysteresis loops
obtained for a system described by Eq. 2.23 with a magnetic field applied
along the easy and hard axis are shown in Fig. 2.5 (c).

| 2.2.4.1 | Magnetoelastic anisotropy

@ (b) ©
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Figure 2.6: Macroscopic description of the direct magnetostriction of a ferromagnet.
The sketch considers the change of length in a positive magnetostrictive material
with cubic symmetry. With respect to the demagnetized state (a) a strain Al/l is
induced in the sample magnetized to saturation by an external field (b) along the
[100] or (c) [010] direction. Black arrows indicate the direction of magnetization of a
single domain.

Magnetostriction describes changes in the sample dimensions with respect to
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the demagnetized state when the magnetization direction is altered (shown in
Fig. 2.6). In the same way, the effective magnetic anisotropy can be altered by
strain in a ferromagnet, which can then affect the magnetization direction. This
phenomenon is the inverse magnetostriction (Villari effect). As presented in Sec.
2.4, strain can be induced either intentionally, by mechanically bending the
material or applying strain to a piezoelectric substrate, or naturally imposed
during material growth and layer deposition. The relationship of the linear cou-
pling between stress and strain is presented in Sec. 2.4 and in a more complete
way in the book of Balluffi.*? In this section we consider strain of non magnetic
origin. We neglect moreover third order terms which means linear elasticity
is considered. This is justified by the relatively small magnetoelastic effects
in ferromagnets, if materials are not extremely stressed.?® We are thus left
with just one important mechanism in magneto-elastics: the anisotropic mag-
netostriction. This phenomenon stems from the magneto-crystalline anisotropy
and exhibits a quadratic relationship with the magnetization’s components.

At a microscopic level, the magnetoelastic (ME) anisotropy mainly arises
from the spin-orbit coupling (SOC).?®:29 The SOC, which determines the
crystal anisotropy, is modified by the sign of the lattice stress. Magnetoelastic
interactions affect therefore the magnetic behavior strongly for alloys containing
rare earth elements, which have a strong orbital moment.

Micro-magnetic description of magnetostriction

If we ignore third-order terms in the elastic strain components, we obtain
linear elasticity that obeys Hooke’s law. Ignoring higher order terms is usually
accurate for magnetostrictive effects as the typical magnetostriction constants
are in the order of 10~% and typical strains are in the order of 10~3. However,
this energy contribution can become predominant together with the energy
contributions of domain walls.

In general, the expression for the phenomenological ME energy can be obtained
by expanding the crystal’s free energy in terms of the strain tensor € com-
ponents.*® Let us consider here the case of a cubic crystal, that we use as a
starting point to derive the expression for a polycrystalline system. From this
symmetry we obtain the following expression for the magneto-elastic interaction
energy

3
1
eme = —3C2A100 fon(mf - g) — 603111 Z&'kmimk (2.25)
i=1 i>k

where C5 and C3 are abbreviations for the two shear moduli of the cubic crystal.
The spontaneous magnetostriction values A1gp and A111 are dimensionless and
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independent of each other, and they represent the strength of the magneto-
elastic interaction. The magneto-elastic energy is balanced by the elastic energy
ee1. A full derivation can be found in Ref.,?% here we limit ourselves to say
that for a uniformly magnetized body with free surfaces, the spontaneous
magnetostrictive deformation Al/l is computed by minimizing the sum of the
energy contributions e p and eg; with respect to the components of the strain.
This leads to a spontaneous magnetostrictive deformation (field-induced strain
relative to the demagnetized state when the material is brought into saturation)
and to a total energy - e - of the system in the form:

3
e = *56'2)\%00 - (03)‘%11 - C'2)‘%00) (m%mf + m%mg + mgmz) - (2:26)

| ©

Eq. 2.26 is obtained inserting the spontaneous magnetostrictive deformation
into Eq. 2.25 and has the same symmetry as the first-order cubic anisotropy.
For elastic and magnetostrictive anisotropy (amorphous or polycrystalline
materials) the equations simplify by using the isotropic shear modulus Cy = C3
and the isotropic magnetostriction constant As = Aigo = A111.%*

The magneto-elastic interaction energy in Eq. 2.25 assumes a different meaning
if the elastic strain tensor € is replaced by the corresponding stress tensor o.
In this stress formulation the magneto-elastic energy describes the interaction
of magnetization with a stress o of non-magnetic origin:

3 1
EME = —iAloozUii(mf - §) =311 Zo'ikmimk (2.27)
4 i>k
for a cubic system or
3 1
EME = —5/\3 Zaik(mimk - g5tk) (2'28)

ik
for an isotropic system, where §;; is the Kronecker delta.

The stress can be caused by non-magnetic internal stress, which can result
from dislocations, temperature, structure, or composition inhomogeneities, or
an external stress. This coupling energy is similar to the interaction between
magnetization and an external magnetic field, and it has the form of an
orthorhombic anisotropy (Eq. 2.20). In the case of isotropic material and
a uniaxial stress applied, the magneto-elastic coupling energy is the one of
a uniaxial anisotropy. If the stress vector is a, the magneto elastic coupling
simplifies to
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Figure 2.7: Schematic of the influence of mechanical stress on the magnetic
anisotropy and thus on the magnetization curves for an isotropic material. (a) refers
to a positive magnetostrictive material while (b) to a negative magnetostrictive one.

erMp = —%Asg {(m “a)? - ﬂ (2.29)

where the uniaxial anisotropy constant can be defined as K, = %)\SU. This
expression is widely used during the course of this thesis. The effect of this
stress-anisotropy on the magnetization curves of an isotropic material can be
see in Fig. 2.7 where the induced easy axis is opposite for a positive Fig. 2.7
(a) or negative Fig. 2.7 (b) magnetostrictive material.

Simple case - a polycrystalline system

For the sake of simplicity, we present here also an alternative derivation for the
expression for the uniaxial magneto-elastic energy of a polycrystalline system
(Cy = C3 and isotropic magnetostriction Ay = Ajgo = A111) - the most relevant

for the systems used in this thesis. In this case the ME energy is given as*3

A\Y Y
Eygp = —T(3c0529 — e+ 552 (2.30)

The elongation along the stress axis is represented by the strain € = Al/L, while
the ME coupling’s strength is described by the saturation magnetostriction
constant \g. Y represents Young’s modulus, and 6 represents the angle between
the magnetization and strain axis. We can compare the angular-dependent
term in Eq. 2.30 with the standard expression for the energy density of uniaxial
anisotropy, which is given by Eg,;s = K15in20, resulting in:



28 2. Theory notions

3
Kup = 5A\Ye (2.31)

Eq. 2.31 is the extra contribution to the magnetic anisotropy caused by strain.
Hence, when a material with a negative magnetostriction coefficient, such as
Ni, is subjected to tensile strain, the magnetic anisotropy decreases along the
direction of the applied strain. Conversely, for a material with a positive Ag,

such as CoFeB, the magnetic anisotropy increases.?®

H Energy term Coefficient Definition Typical value H

Exchange energy A [J/m] Material constant 10712 J/m

Anisotropy energy  K,,K, [J/m3]  Material constants ~ +(102-107) J/m?

External Hep e M External field, Depends on
field energy Saturation Magnet. field magnitude
Stray field energy Ky [J/m?] Kq= M?2/2u0 0-3 - 10 J/m3

External OeatA [J/m3) External stress, 5+ 10% J/m3

stress energy magnetostriction in this thesis

Table 2.1: Different energy terms in a Ferromagnet discussed in Sec. 2.2. The
definitions and the order of magnitude of these interactions are also reported for
common materials. Note that the stray field energy depends on the value of M,
chosen. Table adapted form Ref.3® p. 115.

Magnetic domain walls

The exchange interaction favors aligning a spin parallel to its neighbors, irre-
spective of their direction, while uniaxial anisotropy favors alignment with the
easy axis of anisotropy. Applying an external field tends to align magnetization
with the external field. These energy terms are short-range and depend on
the orientation of a single spin or its direct neighbors at most. The existence
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of domains in extended ferromagnets is mainly due to the minimization of
magnetostatic energy, which is a long-range interaction.

While it is difficult to schematically represent the minimization of magnetostatic
energy in a general way due to its complex nature, it is possible to analyze Eq.
2.17 for the magnetic charges. Doing so reveals that the two necessary conditions
for minimizing magnetostatic energy are the absence of volume magnetic
charges (V - m = 0) and surface charges (m - n = 0). This indicates that
magnetostatic energy is minimized when the magnetization configuration within
the magnetic specimen realizes a flux closure inside its volume and is tangential
to the surface of the sample. Achieving this requires the magnetization to change
direction within the sample, which results in an energy cost for anisotropy and
exchange. However, the exchange interaction depends on the angle between
neighboring spins, so the magnetization can change direction in space while
keeping a low gradient, resulting in a low exchange energy cost.

This means that the system, instead of aligning itself in a mono-domain
(uniformly magnetized state), spontaneously breaks into domains that are
separated by domain walls (DWs). Within the domains, magnetization still
follows the easy axis, while the reduced size of the domains, minimizes the
stray field energy.?’ The different energy terms, discussed in Sec. 2.2 and
summarized in Table 2.1 will in principle contribute to the final domain state.
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Figure 2.8: Different magnetic configurations obtained with micromagnetic simu-
lations in the absence of external magnetic field (relaxed state). (a) multi-domain
state with several domain walls. (b) vortex state, minimum energy configuration
for a disk-shaped geometry. Material parameters are the one of a soft ferromagnet
(Permalloy).

In this thesis, we explore different stable magnetic structures that result from
the competition of energy terms, as shown in Fig. 2.8. One such structure is
the Landau state, which is favored due to the flux closure it generates and the
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curling of magnetization at the edges to avoid magnetic charges. This state,
shown in Fig. 2.8 (a), mostly consists of 90° domain walls and a 180° domain
wall at the center and is obtained when there is no applied field and the stray
field is minimized.

Another possible structure is the magnetic vortex state, depicted in Fig. 2.8
(b), which arises in confined lateral structures where the magnetization curls
in-plane along the edges. The vortex core, located at the center of the structure
where the magnetization points out of the plane, is typically small, ranging
from tens of microns to nanometers depending on the material.*® Some of
those structures, in particular the vortex state, are used in magnetoresistive
sensors.*® This is mainly due to the linear and hysteresis-free motion of the
vortex core in the presence of in-plane field.

2.3.1| In-plane domain walls and Topology

The focus of this thesis are materials magnetized in-plane. In the case of
in-plane nanowires, two types of domain walls exist: head-to-head domain
walls, where the magnetization points in the direction of the domain wall, and
tail-to-tail domain walls. For in-plane materials, the two most basic types of
domain walls are ’transverse’ and ’vortex’ domain walls. Vortex walls are found
in wider and thicker wires, while transverse walls can be found for smaller
cross-sections. Those magnetic structures can be seen in Figs. 2.9 and 2.10 .

Domain walls can be regarded as composite objects consisting of magnetic
topological charges, which arise due to magnetostatic considerations of the
magnetization vector field’s discontinuities. These discontinuities, known as
topological defects, are crucial for comprehending the latest topics such as
Domain Walls and Skyrmions.*” In a mathematical sense, topology refers
to the geometric study of an object that maintains its topological properties
under continuous transformations (continuous map). This implies that objects
can be gradually modified into one another through continuous alterations. A
classic example of this is that the surface of a doughnut can be continuously
transformed into the surface of a mug, rendering them homotopic surfaces.
More details can be found in chapter 2 of Ref.*® In this section we limit
ourselves to the practical relevance of chirality and topology when it comes to
magnetic sensors and devices.

Let us consider a magnetic strip in-plane magnetized with a transverse wall
in its center, as shown in Figs. 2.9 (a)-(d). In this case, the chirality of the
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Figure 2.9: (a) - (d) micromagnetic simulations of a Py wire showing transverse
domain walls of 180°. (a) and (d) are head to head type while (b) and (c) are
tail-to-tail type. The topological winding number c is +1 for the DW in (a) and (c)
while it is —1 for the DWs in (b) and (d). Two DWs in a nanowire without (e) and

with (f) topological protection. Source: courtesy of M. Klaui, MagnEFi tutorial spin
orbitronics, 15.12.2020.

spin structure is defined by the topological winding number, according (in the
ground state) to the expression:

1 [ om\ .
c= ;/ (m X 533) é.dxr = £1. (2.32)

— 00

The chirality ¢ defines whether the magnetization rotates counter-clockwise
(c=-1) or clockwise (¢ = 1) when passing from left to right through the DW.
A texture is termed topologically stable if it cannot be in a continuum fashion
erased, i.e. transformed into the ground state texture which is a uniform
magnetization in most of the cases.

Figs. 2.9 (a) - (d) show four possible and energetically equivalent magnetic
configurations for a transverse wall. Figs. 2.9 (a) and (b) show a DW pointing
up with ¢ = +1 (head-to-head) and ¢ = —1 (tail-to-tail), respectively. Instead
in Figs. 2.9 (c) and (d) DW pointing down with ¢ = +1 (tail-to-tail) and
¢ = —1 (head-to-head) are shown, respectively.

If we now consider the case of two domain walls in a magnetic strip, two
possible scenarios can occur. In case the sum of the total topological charge is
zero - Fig. 2.9 (e) - the structure has no topological protection. This means
no energy cost is needed to reach the uniformly magnetized state and the two

walls annihilate. If instead the total topological charge is nonzero*®°% - Fig.
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~1/2

Figure 2.10: Topological defects of a vortex domain wall. The geometry simulated
is a nanowire of Permalloy, 30 nm thick and 300 nm wide.

2.9 (f) - a finite energy barrier is present and the two transverse walls are stable
in the magnetic strip. This is extremely relevant in devices that use a DW as a
carrier of information for sensing, memory or logic applications as the energy
barrier provided by the topological charge prevents information loss.

Also vortex walls can be characterized by their topological charges,®' and
vortex walls with the same chirality exhibit topological repulsion and form
bound states in the same way as described for transverse walls. In Fig. 2.10 a
vortex DW with a center defect of winding number +1 and two edge defects of
number -1/2 is shown. As compared with a transverse DW, this configuration
is more stable in thick and wide wires (in the case of Permalloy, above 100
nm width and 10 nm thickness®?), since the center core reduces the stray field
generated by the edge defects.

The use of winding numbers to define vortex domain walls offers a straight-
forward terminology for describing the structure and chirality and can classify
the behavior of domain walls, their interactions with both other walls and
geometric constrains in nanowires. DW chirality has also been used functionally
to manipulate DW trajectory,”® and formed the foundation for applications
such as memory cells® and logic gates® based on chirality.

2.3.2 [ Dynamics of magnetization - LLG equation

In a medium exhibiting ferromagnetism, the magnetic moments precess around
the direction of the local field known as the effective field H.y;. This pre-
cessional motion is damped and aligns M to H.¢s to minimize the overall
energy of the system. H.y; acting on the magnetization comprises exter-
nal fields, anisotropy fields etc. The expression that is used to describe this

time-dependent phenomena, is®®
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Figure 2.11: Schematic illustration of the magnetization dynamics in an effective
magnetic field Heyr. The precession only leads to a continuous rotation (a), the
damping slowly aligns the magnetization with the field, resulting in a spiraling motion
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called Landau-Lifshitz-Gilbert equation (LLG), where v is the gyromagnetic
ratio and « is the Gilbert damping constant. Hcyzs is calculated from the
derivative of the system energy with changes in M, which includes any applied
external field, as well as other energy contributions, e.g. magnetostatic, magne-
tocrystalline, and exchange energy terms. Eq. 2.33 can be written explicitly
as

dM o)
—_— = —/.L()M X Heff—FE

o M x (M x Hegy) (2.34)

and is central in micromagnetic simulations as its numerical solution determines
the time-dependent state of magnetization and is most accurate when solved
at a scale up to the exchange length of a material, i.e. the length over which
magnetization remains approximately uniform.

As shown in Fig. 2.11 (a), it can be observed that the magnetic moments
precess continuously due to the term poM x H.¢r. In nanowires and in
a 1-D approximation, this means that a magnetic field applied parallel to
the long axis of the nanowire (the longitudinal field component) causes DW
magnetization, which is orthogonal to the field, to start to precess out of plane.
This, in turn, creates an out-of-plane demagnetization field that acts upon the
DW’s remaining in- plane component of magnetization and causes it to precess
towards alignment with the applied field direction, expanding the magnetic

domain in this process.?”
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However, empirical evidence indicates that when samples are subjected to
an external field, magnetization tends to align itself parallel to it. In order
to explain the dynamics of this energy minimization process, a term that
accounts for various local dissipative phenomena MiM X % is included. This
contribution takes the form of an addition to the effective field leading to a
spiral trajectory towards equilibrium as depicted in Fig. 2.11 (b).

Field induced dynamics of DWs and Walker breakdown

This section presents an introduction to domain wall dynamics, starting with
the basic scenario of a domain wall moving parallel to an external field due to
the expansion of a domain. Energy dissipation arguments derived directly from
the LLG equation are employed for this purpose. 180° domain walls can be
moved also by different means (e.g. electrical currents®®) and their dynamics
under an effective field is described by Eq. 2.33. Numerical integration can
be used to solve the equations of motion governing a 180° domain wall in an
infinitely large uniaxially anisotropic medium (i.e. a magnetic wire) subjected
to a uniform DC magnetic field. A solution for this problem, using a 1D model
for DWs can be found in Ref.?® Here we limit ourselves to a phenomenological
description.
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Figure 2.12: (a) transverse DW velocity as a function of the driving external
magnetic field in a nanowire. (b) DW position as a function of time, different traces
indicate the trajectory under different applied eternal magnetic fields. The values
are obtained with micromagnetic simulations. The parameters used are the ones of
Permalloy and the "ideal" system geometry considers a wire 10 nm thick and 100nm
wide. The DW velocity was computed using the average magnetization component
along x for a fixed computation time.

It is demonstrated that for low applied fields (yet larger than the pinning po-
tential coming from defects in the system), the wall motion gradually converges
to a steady-state solution, where the wall is only moving in the field direction
and the velocity is constant®®
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A
Vo = %Hext (235)

where 7 is the gyromagnetic ration and A is the domain wall width. In
this linear regime, velocity is proportional to the applied field H.,:. Let us
considered a Permalloy wire, 10 nm thick and 100 nm wide simulated in Fig.
2.12. This linear regime is present in Fig. 2.12 (a) for an external field up to
2 mT. However, as can be seen from Fig. 2.12 (a), Eq. 2.35 is valid only for
applied fields lower than a critical field H,, = 2mraM at which the DW velocity
drops. This field is called Walker field and the sudden velocity decrease is
called Walker breakdown. For fields above H,, ~ 2.5 mT, the magnetization
processes around the field, leading to the emergence of a periodic component
in the wall’s forward motion. This oscillatory behavior can be seen in the plot
of Fig. 2.12 (b) where the DW position is plotted as a function of time for
different values of the applied field. In the condition where H.,; >> H,,, after
the reduction of velocity, the velocity is followed, again, by a linear increase.

The vortex DW similarly possesses a velocity vs. field dependence that is
comparable with the one of the transverse domain wall. Also for vortex walls
large magnetic fields continuously transform the wall structure, causing an
annihilation of the vortex at the edge that represent the expulsion of the vortex
core from the geometric constrain.’C This constitutes the limiting factors in the
DW velocity above Walker breakdown and then the propagation at crossing of
nanowires. 1 62

In order to have fast field-driven DW motion and stabilize the wall spin
structure, different approaches have been used such as geometry modulation%3: 64
temperature® and strain gradients.%¢

2.3.3 Micromagnetic energy for domain walls - 1D model

The one dimensional model to describe a DW has proven to be a valuable
technique for explaining the micromagnetic findings and interpreting experi-
mental results. After its introduction by Walker and Slonczewski®” numerous
authors have made contributions to incorporate various factors such as pinning
of various origins and thermal effects.%: %% In this thesis, 1D model calculations
are performed to extract the domain wall energy in the strain profile created by
the etched areas in the SiN (see Sec. 5.2). The 1D strain profile, e,, and ey,
is calculated form COMSOL simulations. Considering that the magnetoelastic
energy is given by
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umE = B (Emrmi + 5yym32/) (2'36)

the DW energy (per unit area) as a function of the DW position, zg, can be
calculated by convolution with the DW profile in the nanowire

Upw (zo) = By / [&:mmi(m —xo) + syymz(x — x9)] dz, (2.37)

where B is the magnetoelastic constant, and m,, m, are the x and y component
of the magnetization, respectively. The magneto-elastic field is then trivially
the first derivative of the magneto-elastic energy according to”°

1 dus
M, dx

Bup = — (2.38)

Between two uniformly magnetized domains, the analytical profile of the wall
considered is

M (z — o) = cos [tan_l {exp (-”“"1;/;0)” (2.39)

for the x and

my(z — z0) = sin {tan_l [exp (— mu)_/g‘))” (2.40)

for the y component of magnetization, respectively. Here w is the wire width.

The analytical profile for the DW used is that of a 1D domain wall of width
d = w/2. The crude approximation is well justified by the following assumptions:
firstly, a vortex DW extends over an area ~ w? (Figs. 2.13 (a) and (b)), so the
effective width is ~ w. Secondly, the magnetoelastic energy is only sensitive to
the net m, and m, components of magnetization. Consequently, except for the
vortex core (which occupies a very small area) a vortex wall and a (triangular)
transverse wall of the same width (Fig. 2.13 (¢)) have the same net m, and
my. Eventually, following the same argument, a triangular transverse wall of
width w and a 1D transverse wall of width w/2 (Fig. 2.13 (d)) have the same
net m; and m,. In this model, it is assumed that exchange and magnetostatic
energies do not change as a function of the DW position. In other words, we
are assuming that the DW is not deformed as it moves through the strain
profile.
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Figure 2.13: Simulated profile of an in-plane vortex wall in a wire whose width is
w (a) and schematic representation of it (b). (c¢) triangular wall of width w and (d)
transverse wall of width %w This case considers material parameters of Permalloy
and a geometry of 30 nm thickness and 300 nm width for the wire.
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In this way, the profile of the DW energy (per unit area) as a function of the
DW position can be calculated. Additionally, the magnetoelastic field acting
on the DW is straightforwardly obtained by deriving the DW energy profile in
Eq. 2.37. For the calculations, the same material parameters used in Mumax
simulations are considered.

Strain and mechanical deformation

It is virtually always the case that stresses are present in thin films and those
stresses exist even though films are not externally loaded. The main area of
interest in the mechanical properties of thin films concerns the negative effects
that stress can have on films. For instance, film stresses influence band-gap
shifts in semiconductors,”! transition temperatures in superconductors,” and
magnetic anisotropy.”

This has led to extensive research on the type, source, and extent of stress in thin
films, as well as methods to reduce or manage it, while improving the mechanical
properties of hardness and wear resistance for various coating applications.
Also the packaging and attachment of semiconductor chips to circuit modules
and boards, is known to cause structural-mechanics deformations.” The topic
of stress in thin films has historically received the most attention and is the
primary focus of this section.
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2.4.1 | Mechanical properties of materials and elastic regime

A wealth of knowledge about the mechanical properties of bulk materials
exists, which can aid in understanding how thin films behave. The elastic
regime represents one end of the spectrum and is based on the theory of
elasticity, forming the foundation of structural mechanics and engineering
design. In this regime, material strains are directly proportional to applied
stresses and are reversible upon unloading. The other end of the spectrum is
characterized by irreversible plastic effects induced when stress levels exceed the
elastic limit*2(i.e. rolling, extrusion, fatigue, and fracture are manifestations of
plastic-deformation effects). Unlike elasticity, plasticity is difficult to model
mathematically due to the intrinsic non-linearity and hysteresis. In this section,
the description of the mechanical behavior is limited to the elastic regime.

Figure 2.14: Tensile force F applied to a plate producing a change in the dimension
from lp to 1o + Al.

Let us consider the situation depicted in Fig. 2.14, where a plate is stretched
by equal and opposite forces F. When external forces are applied to a body’s
surface, they act directly on the surface atoms and are transmitted indirectly to
the internal atoms through the network of bonds that are distorted by the stress
field that develops inside. This distribution of internal forces throughout the
plate results in a state of stress. In the depicted example, the tensile stress o, is
defined as the normal force F' divided by the area A. Similarly, normal stresses
in the other two coordinate directions, o, and o, can be envisioned under
more complicated loading conditions. If the force is directed into the surface, a
compressive stress arises, which is assigned a negative sign conventionally, in
contrast to the positive sign for a tensile stress.
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Applying tensile forces to the plate shown in Fig. 2.14 causes it to expand
in the x direction by an amount Al, resulting in a normal strain e,, which is
defined as

Al

=20 (2.41)
lo

Ex

where [ is the original length. Similarly, in other directions, the normal strains
are ¢, and €,. Despite there being no stress in the y and z directions, the
plate contracts laterally in those directions in conjunction with the longitudinal
extension in the x direction. As a result, there is a strain in the y direction,
denoted by €, = —ve,, and a strain in the z direction, denoted by e, = —ve,,
where v is Poisson’s ratio, a measure of the lateral contraction of the material.
Poisson’s ratio typically has a value of around 0.3 for many materials. When
subjected to shear stresses, the material experiences shear strains with mixed
terms, e.g. €;;, which are essentially defined by the tangent of the shear
distortion angle. In the elastic regime, all strains are small, and the system’s
response is dominated by Hooke’s law

0p=Ye,, (2.42)

where Y is the Young’s modulus. If a three dimensional state of stress exists
the following relation stands

1
&=y [0z —v(oy + 02)], (2.43)
and can be extended analogously for €, and €.. The case of shear stress is
similar, and reflects the case of mechanical equilibrium on internal surfaces cut
at an arbitrary angle. This generally includes forces and stresses directed in
the plane itself. For shear stresses ;;, Hooke’s law also applies in the form

Ty = Y Yay, (2'44)

where 7;; is the shear strain. This derivation is valid for isotropic materials,
where the relation for the shear modulus p = Y/2(1 + v) stands. In anisotropic
media, the elastic constants reflect the non-cubic symmetry of the crystal
structure and have a tensorial form. A full description can be found, for
example, in Ref.”™
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2.4.2 | Origin of intrinsic stresses during thin-film growth

Thin-film materials have significant applications in various technological fields,
such as microelectronics, photonics, magnetic devices, and surface coatings.
However, due to the use of different fabrication and post-processing methods
and varying intrinsic material properties, thin films often experience stress and
strain imposed by their substrates. The origin of such stresses may be associated
with several factors,”® including: different thermal expansion coefficients of film
and substrate, differences in lattice spacing, interatomic spacing or crystal size
dislocations and re-crystallization processes. When a thin film and a substrate
have different thermal expansion coefficients, temperature changes during film
deposition and post processing will produce stress and strain, which are called
thermal stress and thermal strain. The stresses resulting from the internal
structure of a material during its deposition is generally regarded as intrinsic
stresses (i.e. stresses that are present even without an external load) and are
discussed in the current paragraph.

(a) Film

Substrate

®

Acting force

/’ . (g)\A

Film under residual tensile stress Film under residual compressive stress

"

Figure 2.15: Schematic representation of the generation of built in stress during
thin film deposition. The film is deposited at high temperature and cover the whole
surface of the wafer (a). After cool down, the different thermal expansion coefficients
of the film and the substrate causes different contraction (b) - (¢). To conform to the
film adhesion, forces are acing in the films (shown with black arrows) (d) - (e). These
steps can lead to (f) residual tensile stress in the film or (g) residual compressive
stress in the film.
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In this thesis, the samples fabricated on a 5" wafers are covered with a SiN layer
using Physical Vapor Deposition (PVD). This is commonly done in sensor and
semiconductor industry to protect the chip from humidity and oxygen coming
from the environment. The deposition of SiN on substrates is performed at
high temperatures (250°C) during PVD processes and the film covers the wafer
surface entirely, as shown in Fig. 2.15 (a). As the film/substrate composite
cools down to room temperature, they undergo different amounts of contraction
due to varying thermal expansion coefficients as shown in Fig. 2.15 (b) and (c).
The film then experiences elastic strain in order to conform to the substrate
and remain attached (Fig. 2.15 (d) and (e)), resulting in the combination of
substrate and film bending (Fig. 2.15 (f) and (g)). If each layer of the thin
film is assumed to be a linear elastic material, and the film/substrate system
experiences minimal deformation during temperature changes. The thermal
stresses o that arise from this process are then described by Hooke’s law

or = Ya(T - T()), (245)

where « is the coefficient of linear thermal expansion, Y is the Young’s modulus
(both assumed constant along the temperature change), Tp and T are the initial
and final temperatures. When the film and the substrate are together, mismatch
forces arise at the interface to maintain the bonding states as schematically
shown in Fig. 2.15 by the arrows direction. Regardless of the stress distribution
that prevails, to maintain mechanical equilibrium the net force and the bending
moment on the film - substrate cross section should compensate.”® According
to Fig. 2.15, two types of behavior are expected.

Considering Fig. 2.15 (f), the initial behavior of a growing film can cause
it to shrink relative to the substrate. However, compatibility requires both
the film and substrate to have the same length, resulting in the film being
constrained and stretched while the substrate contracts. Tensile forces in the
film are counteracted by compressive forces in the substrate, but unbalanced
end moments prevent the combination from achieving mechanical equilibrium.
If the film-substrate pair is not restrained, it elastically bends to counteract
the unbalanced moments, causing films with internal tensile stresses to bend
the substrate concavely upward. Conversely as shown in Fig. 2.15 (g), films
that initially expand relative to the substrate develop compressive stresses that
bend the substrate convexly outward. These results are general, regardless
of the specific mechanisms causing film stretching or shrinking. The residual
stress after material deposition can be calculated measuring with a laser the
curvature of the substrate using a wafer bow.”” The relationship between the
radius of curvature and the internal stress o is given by the Stoney formula™
derived for our geometry (see Ref.”® pp.418-420)
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(R+d/2)0 — RO] Yd
= =+o=, (2.46)

c=Y

where R is the beam radius of curvature, 6 is the angle subtended and d is
the film thickness. In the presence of a uniform stress inducing film, the stress
distribution is also uniform, however, removing selected areas of the film (e.g.
using reactive ion etching) locally relieves some of the stress at the interfaces,
causing non-uniform stress. This phenomenon is predicted by finite element
method simulations and confirmed experimentally within the work reported in
the experimental chapter of this thesis, Sec. 5.2.

2.4.3 | Voltage controlled strain - Piezoelectric effects

Piezoelectricity is a phenomenon that occurs in certain materials, which gen-
erates an electrical charge in response to mechanical stress or strain. In the
same materials, an application of voltage alters the physical dimensions. This
property has been exploited in a variety of applications, including sensors,”
actuators,® and energy harvesting devices. With the deposition of magnetic
materials onto piezoelectric substrates, the magnetization can be manipulated

using electric field induced strain.®!

Piezoelectric materials exhibit electrical polarization when subjected to me-
chanical stress. At the microscopic level, the displacement of atoms within the
crystal’s unit cell under deformation leads to the creation of electric dipoles in
the medium. In specific crystal structures, this results in an overall macroscopic
dipole moment or electric polarization. This phenomenon, referred to as the
direct piezoelectric effect, is always accompanied by the converse piezoelectric
effect, whereby the material becomes strained when exposed to an electric
field. The coupling between the electric field and strain within a piezoelectric
is determined by the constitutive relation in the strain-charge form

e=spo+d E
e (2.47)
D =do + ¢pe,." E.
In Eq. 2.47 e is the strain, o the stress, E the electric field and D is the electric
displacement field. The material parameters sg, d, and &,., correspond to

the material compliance, the coupling properties (or piezoelectric coefficients)
and the permittivity. Those parameters have tensorial form (of rank 4, 3
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and 2 - in order) but are highly symmetric for physical reasons, and they
can be represented as matrices. For instance, the d tensor contains only 18
independent elements and can be written as a 3 by 6 matrix. According to
the symmetry of the system, several matrix elements are zero, and eventually
only few coefficients are sufficient to describe the piezoelectric properties of the
material of interest, as described in the following paragraph.

| 2.4.3.1 | Lithium niobate

In this thesis, the ferroelectric material lithium niobate (LiNbOs3) is used as a
piezoelectric substrate. Lithium niobate is a human-made dielectric material
that does not exist in nature. It is widely used in integrated and guided-wave
optics and for the application of acoustic waves, as it is characterized by large
piezoelectric coefficient. Details about the LiNbO3 trigonal crystal structure
are beyond the scope of this thesis, and can be found for example in the work
of Weis et al.®?

The piezoelectric effect in lithium niobate - with a 128° Y-cut, the one used in
this thesis - can be described by four independent coefficients di5, dao, d3; and
d33. Measured values for these quantities are presented in Table 2.2.

H dis  da2 d31  ds3 H

6.92 2.08 -0.085 0.6 Ref.5
6.8 2.1 -0.1 0.6 Ref3*
74 21 -0.087 1.6 Ref3

Table 2.2: Piezoelectric strain coefficients of LiNbO3z [x107'" C/N]. The values
reported here are the ones relevant for a 128° Y-cut of the crystal used in this thesis.

Rotated cuts of quartz LiNbOj3 are suitable for the generation of surface acoustic
waves.®6 87 A periodic electric field is produced when an RF source is connected
to the electrode, thus permitting piezoelectric coupling to a traveling surface
wave. There are therefore components of atomic displacement in the x and y
directions that vanish at few wavelengths from the surface.

Variable strain - time and space dependent

In this thesis, a piezoelectric substrate is used to generate surface acoustic waves
(SAW, see experimental chapter, Sec. 5.3). According to the scheme presented
in Fig. 2.16 (a), this method involves launching two counter-propagating surface
acoustic waves (SAWs) into a piezoelectric substrate using a set of interdigitated
transducers (IDTs). This process creates a stationary stress/strain wave (SW)
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between the transducers. In this paragraph, the strain profile of the strain
waves that can be generated using IDTs®® on a PZT substrate is presented.

(a) AC voltage

€

J

Figure 2.16: (a) Schematic representation of a pair of IDTs that can generate, upon
AC voltage excitation, surface acoustic waves in a piezoelectric material. (b) Profile
of a propagating Rayleigh wave / surface acoustic wave showing the position of node
and anti-nodes at a distance A between each other. The standing wave is the result
of two counter propagating waves. Adapted from: commons.wikimedia.org.

If we assume that the SAWs take the form of pure Rayleigh waves, one can
neglect the higher order piezoelectric corrections and solve the Rayleigh equation
for a material with the elastic proprieties of an isotropic material.87:88 If the
same AC voltage with a frequency frpr is applied to the IDTs the form of the
two counter-propagating stress (o) waves is, accordingly

Opx sin(kx F wt)

Oyy 0

S . —sin(kz F wt) (2.48)
Ozy 0

o —%sin(k‘x Fwt+73)

Oyz 0

Here Agawis the amplitude of the stress wave, as determined by the strength
of the excitation to the IDTs, k = 27“ (A resonant wavelength of the stress
wave), w = 27 frpr. Physically, Eq. 2.48 describes a rolling motion on the
surface of the substrate and this profile of time variant and space variant strain
can be visualized in Fig. 2.16 (b) by the red arrows. This rolling motion
causes each point on the surface to trace an elliptical orbit within the x-z plane.


https://commons.wikimedia.org/wiki/File:Rayleigh_wave.jpg
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Therefore, the strain profile on the sample constitutes a series of nodes and
anti-nodes, at a distance \ oscillating with a frequency w.






EXPERIMENTAL TECHNIQUES

This chapter describes and briefly introduces the experimental techniques used

in this thesis work.
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Sample fabrication

The realization of micro to nano-structures typically consists of a series of steps
that, as a whole, go under the name of Nanofabrication. These Nanofabrication
processes can follow a bottom-up (e.g. self-assembly) or a top-down (e.g.
lithography) approach.® In the present work only lithographic methods are
used, and the fabrication steps will be discussed in the following subsections.

3.1.1| PVD - Material deposition

Physical vapor deposition (PVD) methods? are processes for atomistic depo-
sition in which the material is removed by a solid source (target) in forms of
atoms. This material is subsequently moved by ballistic scattering through a
vacuum or low pressure background atmosphere to a substrate where it then
condensates. The DC magnetron sputtering technique is a type of PVD process
used for the material deposition for metal and oxides in thin layers. In Fig. 3.1
a schematic of material deposition via magnetron sputtering method is shown.

Target atom @
Arfions @

8 Substrate
—_ ® o0
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Target material

e

5 N S

Magnets

Figure 3.1: Schematic of the inside of a magnetron sputtering tool. A strong
electric field is applied across the target and the sample that accelerate the ionized
Ar™ atoms to the target, thus sputtering the target atoms. The magnets on the back
side of the target are used to confine the plasma and increase the sputtering rate.
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Sputtering deposition exploits the kinetic energy of the ions of inert gases (e.g.,
argon or helium) that are accelerated by a DC voltage between substrate and
target. The strong collision of these energetic ions with the target ejects target
metal atoms into space. To increase the mean free path and ensure defect free
deposition of the film, the process is performed at a typical base pressure of
108 mBar before injecting the inert gas into the chamber. These metal atoms
are then deposited on the substrate material forming a metallic film. If the
mean free path of the atoms is long enough, the ejected material recombines
on the sample surface and agglomerate. The process is continued until the
formation of a polycrystalline or film. Metals are easily sputtered in a DC
configuration, on the other hand, insulators need to be sputtered in the AC
settings (using RF voltage). This is due to the insulating nature of the target
materials and to charge accumulation.

The target composition can be a single element, or an alloy - e.g. NiFe - and
the sample can be rotated during deposition to improve the film uniformity.
In general, the atomic composition of the alloy on the sample will reflect
the one of the target. If the geometry of the sputtering chamber allows, the
deposition of alloy of arbitrary composition is possible. To obtain this, a DC
acceleration voltage is applied to different targets simultaneously, so that the
different species will recombine on the sample surface - with a deposition rate
proportional to the power applied to the target.

For our samples, we used the magnetron sputtering configuration. The name
is due to the magnet that is added in this configuration at the back of the
target. The generated magnetic field has the role of confining the plasma in
the close proximity of the target. The electrons, confined by the magnetic field
lines, provide a larger number of collisions with the Ar gas in the proximity of
the target, creating a denser plasma and a higher deposition rate. The most
advanced sputtering machines like the Singulus tool?! used to fabricate most of
our layers, have extraordinary precision, allowing deposition of sub-nanometers
layers even in the amorphous phase.

Some of these machines, optimized for the deposition of magnetic materials,
have the options to apply a uniform magnetic field across the substrate during
sputtering,”? that can be in the order of 10 mT. According to Fig. 3.2, two
possible configurations of magnetic field are possible. In the first one (Fig. 3.2
(a)), the substrate where the target atoms will form the film is not rotated. If
the magnetic material is soft enough, the magnetization of the clusters formed
during growth will be well defined. Accordingly, a preferential direction of
magnetization (easy axis) can be induced during growth in a static magnetic
field in material such as CoggFeygBoy and Permalloy. If instead, the sample
is rotated as indicated in the schematic of Fig. 3.2 (b), the magnetization of
the magnetic layer will continuously change orientation during sputtering. As
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(@ (b)
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Figure 3.2: Schematic of top view of the substrate holder inside a magnetron
sputtering tool, where a magnetic field is applied across the plane of the sample. (a)
the magnetic field is static in the frame of reference of the substrate, which is not
moving. (b) the sample is rotating with constant speed in the constant magnetic field
imposed by the magnets across the sputtering chamber.

a result no preferential direction of magnetization will be induced by growth.
On the contrary, the film anisotropy can be reduced. These configurations
of magnetic fields during deposition are used in the work presented in Sec.
5.1.9

3.1.2| Lithography and structuring

In this section, a description of the two methods of lithography can be found: the
photolithography and electron beam lithography. These two nanofabrication
methods make use of a patterned resist, that will be described first. The
detailed recipes used for fabrication are reported in the appendix of this thesis,
Chap.A.

Lithography involves the patterning a surface through exposure to light, laser,
or electrons followed by etching and or deposition of the material to form the
desired structure.

Fig. 3.3 schematically shows the different steps involved during a lithographic
process. Starting from the bare substrate - Fig. 3.3 (a) - structures with a
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Exposure with mask

Y

Material deposition Material removal
Coating with sacrificial layer Final result

Figure 3.3: Schematic illustration of the process on lithography for the realization
of micro to nano-structures on top of a rigid substrate. The substrate (a) is coated
with the desired material (b) and with a sacrificial layer (c). At this point, the desired
design is patterned first on the sacrificial layer (d) and then on the material (e) where
selected areas are removed to obtain the final result ().

resolution of tens of nm can be realized. A lithographic step can be repeated
to create more complex structures.

| 3.1.2.1 | Resist coating

As already presented in Fig. 3.3, the patterning of micro to nanostructures
uses a sacrificial layer made of a polymeric matrix diluted in a solvent. This is
commonly called resist and is used in the following steps like ion milling as a
covering mask.

The definition of such mask starts with the coating of a uniform layer of resist
on top of the sample. This step is called spin coating and consists in spreading
the resist using the centrifugal force. The polymer+solvent is deposited on
the sample surface in liquid form. By rotating the sample up to 5000 rpm the
resist is distributing on the surface with a constant thickness, which is mainly
defined by rotation speed and acceleration during spin-coating. At the same
time, the solvent evaporates during the spinning making the polymer solid. An
additional baking (c.a. 80-120°C) is usually performed to harden the resist.
When the resist is coated on the sample different irradiations can be used to
pattern it, step shown in Fig. 3.4 (a).
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There are mainly two types of resist for lithography: the positive resist and
the negative ones. A positive resist is made of long polymeric chains. When
irradiated, the long chain will be divided in monomers. Accordingly, the portion
of the resist that is exposed to radiation becomes more soluble to the resist
developer. The unexposed portion of the resist remains insoluble to the resist
developer. A negative resist instead, reacts to external radiation in the opposite
way. This time the portion of the resist that is exposed to radiation becomes
less soluble to the resist developer, and will stay after the development process.
Figs. 3.4 (b) and (c) show the sample after development realized with a positive
and negative resist, respectively. The same lithography mask is considered.

| 3.1.2.2 | Patterning methods

Optical lithography

Optical (Photo) lithography is used in almost every aspects of modern micro-
fabrication technology. The possibility to pattern arrays of nano-structures
over large areas (wafer scale) in short time, is one of the reasons why this
technique is widely used in industry-level production. Advances in this field
have allowed to improve the resolution of the conventional photolithographic
techniques, which is restricted by the diffraction limit.?% 3

(a) Exposure with mask

ATy

Resist

After resist development

(b) Positive resist (C) Negative resist

Figure 3.4: Schematic of the lithography step consisting in the resist exposure
through a mask (a) and development (b) and (c). The dark rectangles indicate
sections that are not transparent to Ultra-Violet light. Positive (b) and negative (c)
resist on a sample after development. The exposed area is the same.

During optical lithography, the source of radiation that changes the resist
properties locally are photons. To improve lateral resolution (diffraction limit),
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UV light is typically used. Similarly to a conventional optical microscope,
the light is guided through a path until it reaches the sample’s surface. A
mask, containing a non-transparent material (typically a metal like tungsten
or chromium) shaped in the matrix to be imprinted, is placed in this optical
path. The transfer of the pattern from the mask is then made onto the resist as
shown in Fig. 3.4 (a). After the exposure of the resist, the resist is developed
in a specific solvent, which dissolves the irradiated regions with different speed,
compared to the non irradiated ones. Currently, the semiconductor foundries
utilizes photons produced by plasma formed by extreme ultraviolet light and
liquid immersion to manufacture elements of 10 nm pitch sizes. The tool used
here is equipped with a light source of approximately 300 nm wavelength, which
leads to a lateral resolution of 200 nm at best.

Electron-beam lithography

In many applications high resolution of sub-10 nm nanostructures is beneficial
and sometimes required. For this reason, electron-beam lithography (EBL) is
often used - especially in research and development - for its flexibility (mask-less
patterning) and high resolution.?%%7 The wavelength of the electron (around
7 pm for an acceleration voltage of 30 kV) is much smaller than the one of
the UV photons (300 nm), as a consequence the lateral dimensions of the
structures that can be realized is massively reduced. Still the resolution of
EBL is limited to few nm, limit imposed by the collimation and focusing of
the electron beam.

The use of electrons for lithographic purposes is due to the fact that resists are
not only sensitive to photons, but also to an incoming beam of electrons. EBL
patterning can be described as follows. The sample coated with photo-resist is
loaded in a vacuum chamber on a moving stage, that faces the electron gun. A
beam of electrons is generated starting from a metallic filament and accelerated
with acceleration energies in the range of few to tens of kV. The beam is then
collimated with magneto-static lenses and can be focused on the sample surface.
The beam of electrons can be deflected, exposing areas of the resist, according
to the desired structures to be patterned. The great advantage of EBL is that
no expensive mask is required, and any design can be quickly implemented.
The major drawback of this technique, with respect to optical lithography, is
the much longer exposure time.

| 3.1.2.3 | Ton beam etching

Ton-beam etching is a technique in which the full surface of a sample is bom-
barded by a collimated beam of highly-accelerated ions. In a similar fashion
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to sputtering, the highly energetic ions transfer kinetic energy to the surface
atoms, that are subsequently removed. This time, as shown in Fig. 3.5 (a) the
voltage is applied to the sample instead of the target. The etching rate - the
amount of material that is removed from the surface in the unit time - is in
general material dependent. If a hard mask is introduced using resist as in
Sec. 3.1.2 with a etching rate much smaller than the material to be patterned,
structuring is possible, as the material protected by the resist will survive the
etching.

@

2
Removed atom ‘/ Voltage __~

Resist

Figure 3.5: (a) Schematic of the inside of an ion milling tool during the carving
of a wafer. The resist protects of the underlying material and allows the transfer of
the desired structures to the material. (b) schematic representation of the fencing,
created by re-deposition on the resist. (c) Scanning electron microscope image of a
nanowire after etching. The re-deposition is indicated by the arrow.

The ion beam etching that is performed to create the devices used in this thesis
is done using ArT" ions, and a rotating sample holder to promote homogeneous
material removal.

A common phenomenon in nanofabrication is the formation of "sidewalls" after
the etching step. This occurs especially for thick films and tiny structures.
As shown in Fig. 3.5 (b) some of the removed material tends to re-deposit
on the side of the resist building a vertical thin layer (mixture of your film
and the substrate mostly). Typical solvents (e.g. Acetone) will dissolve the
resist but leave the re-deposited material on top (Fig. 3.5 (¢)). The formation
of the sidewalls cannot be completely avoided, however, it can be reduced or
partially removed tuning the parameters of the ion etcher. As schematically
shown shown in Figs. 3.5 (a) and (b) the incidence angle of the incoming
ions (in this case Ar) is not necessarily normal to the sample surface. Large
angle (80°/90°) give straight and sharp profile, but also higher re-deposition
(sidewalls) intermediate angles (50°) will lead to lower re-deposition rate, but
also high etching rate and less sharp profile. The etching recipe (reported in
the appendix of this thesis, Chap. A) can be optimized to reduce fencing using
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different angles of the incident ions beam.

Mechanical removal can be also used to remove the fences created during
etching e.g. a jet of high pressure COs (cryogenic dry cleaning, more info at
bruker.com).

Post-deposition material preparation

In thin films, the deposition conditions are not the sole degree of freedom
for tailoring the material properties. Post deposition techniques like thermal
treatments (annealing) or implantation of ions in the film are commonly used
to promote crystallization,’®
and for interface engineering.!®! In this sections, thermal annealing and ion

rearrange atomic position,”® dope the material'??

irradiation are discussed as techniques for tailoring magnetic properties.

3.2.1 Het irradiation

Ion irradiation'®? is a technique for the modification of thin films properties by

bombarding a target surface with high energy ions. The process involves the
displacement of atoms in the film leading to different results, that will depend
on the type of ion used for irradiation, its fluence and acceleration energy. As
an example, formation of defects, disorder in the crystal structure but also
increase in grain size and material texturing'%® are possible. When applied to
thin magnetic films, ion irradiation can be used to alter the magnetic properties
of the film, such as the magnetic moment, magnetic anisotropy, and domain
structure.

An accelerated ion traveling within an atomic lattice can be engaged in two
types of collisions: nuclear collisions, involving the nuclei of atoms in the lattice,
and electronic collisions, involving the electrons in the solid. These collisions
lead to energy loss and deflection of the ion’s path as it travels through the
lattice. The energy from these collisions is transferred to the atomic lattice
through either direct nuclear collisions or indirect electronic collisions followed
by electron-phonon coupling. Consequently, collisions increase the kinetic
energy of the lattice atoms, enabling their displacement. Depending on the
amount and type of energy that is deposited into the crystal, we can identify two
regimes.'% As shown in Fig. 3.6 (a) if primarily nuclear energy is deposited,
mostly binary collisions take place between moving particles and stationary
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target atoms. When the nuclear energy deposition is very large instead, a lot of
ions are moving, and collisions now mostly take place between already moving
atoms (cascade collisions) as shown in Fig. 3.6 (b). Accordingly, depending on
the selected atomic species to perform irradiation, the ion acceleration energy,
and its fluence (number of ions per unit area, ions/cm?), these two different
effects can be expected. In contrast to heavy ions (such as Xe or Pb) most
of the structural effects of irradiation with light-ions (such as He™) can be
described by a simple ballistic recoil mechanism model (Fig. 3.6 (a)). During
the irradiation process with light ions extended collision cascades are absent
and the structural modifications are confined to the vicinity of the ion path
in the metal. As a consequence of such a ‘soft’ irradiation process, the initial
crystallographic structure is maintained.
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Figure 3.6: Sketches of the two different ballistic energy deposition regimes. (a)
A linear collision cascade. (b) Non-linear collision cascade. Qualitative scheme of a
sandwich structure before (c) and after (d) irradiation.

Depending on the acceleration energy, the penetration depth of the incoming
ion in the target material will vary. If the ions do not have sufficient energy
to reach the substrate, they will be implanted into the target layer. In this
case, structural modification can be induced.'®® On the other hand, for the
ions that have enough energy to penetrate through the whole film and reach
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the substrate, the structural effects will be simply ballistic. At low fluences, it
has been shown that room temperature irradiation can release strain, whereas,
at high fluences, one major structural effect of irradiation is intermixing (Fig.
3.6 (d)).

In the work presented in this thesis, the irradiations on the magnetic material
are performed using He™ ion with an acceleration energy of 20 keV. If films
with thickness ~50 nm are bombarded with helium ions (beam energy of
typically 10-30 keV), all ions stop deep in the substrate and the irradiation
process involves recoils limited to one (or rarely two) atomic distance(s) leading
exclusively to substitution of atoms. %2

A qualitative scheme of the effects of "soft" irradiation on a multilayer thin film
is shown in Figs. 3.6 (c) and (d). As can be seen, displaced atoms moving in the
ion direction travel for longer than one inter-atomic distance become isolated
and give rise to alloying. Instead, atoms moving in the opposite direction travel
for typically only one inter-atomic distance and contribute to roughness (local
thickness fluctuations) of the layers. This mechanism can be explained by
Frenkel pair creation (see Ref.!% p. 49 for more details) as is shown by Fig.
3.7. The creation of a defect upon energy transferred to the lattice (Fig. 3.7
(a)) caused the presence of a vacancy (Fig. 3.7 (b)), that can either recombine
in its original configuration, or can be taken by another atom. The latter is
called a replacement collision, or substitution (Fig. 3.7 (c)).
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Figure 3.7: Schematic representation of the processes for Frenkel pair creation: (a)
transfer of energy from incoming ion to the lattice, (b) creation of a vacancy and (c)
resulting configuration of atomic position.

Another effect that is observed after ion irradiation in thin films, is the improve-
ment in crystallization.'®® In some studies'?” the crystallite growth during
irradiation and implantation is explained by collisions impacts at the grain
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boundaries, where atomic rearrangement promotes the growth of the ordered
phase. The added atomic mobility due to ion irradiation can induce the crys-
tallization process at lower temperatures compared to annealing. It is worth
noting that the orientation of the crystallites promoted is mostly isotropic.

One of the major advantages of irradiation (with respect to thermal annealing,
discussed in Sec. 3.2.2), is the possibility to perform the treatment with a
focused ion beam or with a mask, in a similar fashion to semiconductor doping.
Due to the local nature of the interaction, magnetic patterning without affecting
the surface topography becomes feasible. The irradiation treatment for the
studies of this thesis were performed by J.W. van der Jagt from Spin Ion
Technologies (France).

3.2.2| Magnetic annealing

Magnetic annealing has the scope to tailor the magnetization curve for a
particular use or application.!?® The use of magnetic field in heat treatment of
ferromagnetic materials is commonly employed to tailor the magnetic anisotropy
(K,) of a variety of soft magnetic materials.

The mechanism for field annealing can be described as follows. The magnetic
material is heated in the presence of a magnetic field. To avoid oxidation,
the process is performed in vacuum or in an inert gas atmosphere. If the
annealing temperature 7' is sufficiently high to allow for atomic mobility, the
process can rearrange atoms on a local scale. In the case of ferromagnetic
materials, a preferred direction of magnetization can be imprinted in the sample
by annealing in such a way as to favor magnetization in a given direction. This
gives the possibility to create a magnetic anisotropy in favored / given direction.
The external magnetic field in the chamber sets the magnetization in the sample
and some atom pairs orient themselves relative to the direction of magnetization
so that their magnetic anisotropy energy is minimized.

When the temperature is lowered to a level at which atomic diffusion is no
longer taking palace, the frozen-in atomic pair directional ordering may be
sufficient to override other anisotropies and hold the magnetization in the
direction it had during annealing. It is commonly mistaken that simply the
direction of the applied field is responsible for field-induced magnetic anisotropy
while instead the direction of the magnetization in the sample during the heat
treatment promotes the short range directional ordering. For this reason, the
annealing temperature should not be above the Curie temperature T < T,
(material no longer magnetic).
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Figure 3.8: Possible results of isotropic or anisotropic pair interaction energies
in atom arrangements of an alloy in a regular lattice (2D). (a) shows the case of a
random distribution of ordered pairs and (b) a perfect order of the AB atoms. In (c)

the pair ordering has a preferential orientation in the vertical direction. K, indicates
the uniaxial magnetic anisotropy.

A way to visualize the mechanism behind field annealing induced anisotropy
is the atomic pair ordering, showed in Fig. 3.8 that considers a regular
arrangement of two atomic species.mg’110 A nonmagnetic system will arrange
its bond coordination, subject to packing constraints, to minimize the energy.
In this case the number of pairs oriented in different directions will be equally
distributed, as in Figs. 3.8 (a) and (b). In a magnetic material, e.g. Permalloy,
the strength of the bond interaction can depend on the orientation of the A-A, B-
B, and A-B bonds relative to the magnetization direction. Because the direction
of magnetization can alter the energy of the system, the final configuration after
magnetic annealing will have an orientational order similar to the illustration of

Fig. 3.8 (¢). This will impose a preferred axis of magnetization on the sample
(K, >0).

Typical parameters for field annealing of NiggFeoq and CoygFeq0Bog films used
in this thesis are: temperature of 265°C and magnetic fields in the order of 10
- 100 mT. The corresponding induced anisotropy is typically in the order of 10
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- 1000 J/m?.

RIW Measurements techniques

In the following section, the measurement techniques relevant for the content
of this thesis is presented.

3.3.1| Magneto-optical (MO) effects

Magneto optical (MO) phenomena refer to alterations of electromagnetic wave
properties upon interaction with a magnetized medium. One of the most well
known MO effects, the Faraday effect, dates back to 1845 and marks the birth
of magneto-optics. Michael Faraday observed that linearly polarized light’s
polarization axis rotates as it passes through a transparent medium placed
in a magnetic field aligned with the light’s propagation direction. John Kerr
discovered a similar polarization change when linearly polarized light reflects
from a magnetized material approximately thirty years later. As depicted in
Fig. 3.9 (a), the reflected light gains ellipticity and rotation of its polarization
axis when interacting with a magnetic thin film, known as the magneto-optical
Kerr effect or MOKE.

@ 7 ®
¢

o transverse longitudinal polar

i/” i@ ¥ 4 ]r

Figure 3.9: (a) Illustration of the magneto-optical Kerr effect (MOKE). A linearly
polarized laser beam is reflected of a magnetic thin film. Upon reflection, the
polarization of the laser beam is rotated, and gains a certain ellipticity. (b) Illustration
of the different MOKE configurations, which are defined by the alignment of the
magnetization (blue) with respect to both the sample surface and the plane of
incidence of the laser beam (red).

The Kerr effect arises from a difference in the (complex) refractive index for right
and left circularly polarized light in a magnetic material. When the incoming
linearly polarized light travels a short distance through the material, at most 10
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- 20 nm for metal, before it is reflected according to the refractive index of the
material. As a result, the two circular modes of the reflected light will have a
difference in the phase and amplitude. The phase difference results in a rotation
of the polarization axis of the reflected light with respect to the incoming light,
called the Kerr rotation 6, whereas the different amplitudes causes a change
in ellipticity, denoted by the Kerr ellipticity e. The Kerr rotation and the
ellipticity can be combined in the complex Kerr angle @ = 6 + . In the
case of MOKE, the Kerr angle is a function of the magnetization. This is due
to the magnetic splitting of the energy bands at the Fermi level that leads
to magnetic state dependent interactions with light (transitions probabilities
correlated to the occupation of the states).

The interaction of light with a magnetic material can be described in a semi-
classical approximation using the dielectric tensor.''' When interacting with
the electrons in a metal, the electric field of linearly polarized light will introduce
a difference in the potential. The electrons that will oscillates in the electric
field created by the light, will relax by producing photons with the same
polarization. This process can be described projecting the components of the

light beam on the dielectric tensor, which has the form of 1% 113

- )
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where E" is the reflected light, E? is the incident light, # is the reflectivity
tensor and p and s are the standard notations for the electric field oscillating in
the plane of incidence and perpendicular to it, respectively. For the case of a
non-magnetic and optically isotropic material, the dielectric tensor is diagonal
and with real coefficients. When interacting with a magnetic sample, the
electrons that are oscillating with the linearly polarized light are subjected to
a force that arises from the magnetization of the sample. This force is known
as the Lorentz force v x M, where v is the motion induced by the electric field.
For non-collinear configurations of the trajectory and the magnetization vector,
the Lorentz force causes a deviation in the linear trajectory of the electron. As
a result, a new current is induced that is orthogonal to the original one, leading
to photons with a different polarization. These photons, which are created
by electrons affected by the Lorentz force, are reflected with the non-modified
ones to produce the magneto-optical Kerr effect. This effect is incorporated in
the dielectric tensor as off-diagonal imaginary coefficients.

There are three main MOKE configurations differing in the relative orientation
of the magnetization direction M and the plane of incidence of the light.
These three configurations are schematically depicted in Fig. 3.9 (b). If the
magnetization of the sample is pointing in the direction perpendicular to the
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sample plane, the MOKE configuration is called polar. Longitudinal MOKE
considers instead the case of magnetization in the plane of the sample (in-
plane magnetization) and in the plane of incidence. If eventually the in-plane
magnetization is perpendicular to the plane of incidence, the configuration is
called transverse MOKE.

Polarizer1  PEM

M — Cail
“

Detector H
on [l
Sample
Polarizer 2

Figure 3.10: Sketch of a basic longitudinal MOKE setup showing the laser, the
sample, two polarizers, the lenses employed to focus the beam onto the sample. PEM
is the photo-elastic modulator. The polarization of the laser light lies in the direction
perpendicular to the page.

Fig. 3.10 illustrates the setup for longitudinal MOKE. To improve the signal-
to-noise ratio in the measurement, a signal modulation technique is utilized
in combination with a lock-in amplifier. In this technique, a photo-elastic
modulator (PEM) is placed between the first polarizer and the sample, as
depicted in Fig. 3.10. The PEM comprises a wave-plate that oscillates its
retardance over time, inducing a polarization oscillation in the light. By
detecting the signal using a lock-in amplifier synchronized with the PEM’s
frequency (50 kHz in this thesis), only polarization-dependent effects are
measured, and other effects are filtered out. It is important to note that MOKE
techniques do not provide a quantitative measurement of the magnetization of
the sample. However, by the shape of the hysteresis loops, the magnetization
reversal process can be investigated accurately.

| 3.3.1.1 | Kerr microscopy

In the MOKE setups previously discussed, the measured MO signal represents
the average response to the magnetization in the entire probed region, weighted
by the spatial intensity profile of the laser spot. However, some of the research
presented in this thesis requires a spatially resolved magnetization image, such
as investigating magnetic domains in a ferromagnetic thin film. To obtain
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such an image, a Kerr microscope can be used, which is an optical microscope
utilizing MOKE to produce an image with MO contrast.!!4 115 A schematic
representation of the Kerr microscope can be seen in Fig. 3.11.
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Figure 3.11: Sketch of a Kerr microscope. The use of a COMS camera as a detector
for the reflected light allows spatial resolution of the magnetic contrast on the sample
surface. The MOKE contrast can be optimized by setting the correct angle of the
polarizer and the analyzer.

The Kerr microscope generates MO sensitivity by incorporating two almost
crossed polarizers in the light path (see evicomagnetics.com). The angle of
incidence of the light is controlled using an aperture between the light source
and the objective (in this work, 50x magnification is used). To enhance
the MO contrast in the images, a differential imaging technique is applied,
where a background image is subtracted from the live image to eliminate
non-magnetic contributions. Typically, the background image is captured with
a saturated magnetization in the sample, ensuring that the differential image
only detects magnetization changes relative to the saturated state. With a
careful configuration of the microscope, structures down to 200 nm lateral
dimension can be imaged. The diffraction limit remains challenging due to
the reduced reflected light intensity and the thermal drift occurring at room
temperature.

3.3.2 DBH-looper

The BH (Hysteresis) looper instrument is a tool used to measure the magnetic
properties of wafers. It operates by applying a small magnetic field to the
wafer and measuring the resulting magnetic response, typically in the form of
a hysteresis loop.


https://evicomagnetics.com/
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The BH-looper instrument, shown in Fig. 3.12 (a), consists of a sample holder
that can hold the wafer in place, while the magnetic field is applied. The sample
holder is typically equipped with a mechanism for applying a small rotation
to the wafer, which allows for measurements of magnetic anisotropy. The
instrument has a pair of Helmholtz coils, which generate a uniform magnetic
field across the wafer. The magnetic response of the wafer is then measured by
a second pair of coils, called pick-up coils.

The advantage of this technique is the short measurement time. The BH-
looper can be used to measure magnetic properties such as the coercive field,
the remanence, and the saturation magnetization, the anisotropy field, the
anisotropy constant. As a limitation, this instrument is suitable only for
measuring materials with a coercive field limited to 10 mT. This limit is set
by the Helmholtz coils. Another significant drawback is the requirement of a
rather large sample area to sense a large enough signal.

Helmholtz coils

(@)

Sensing coil

Compensation coil

(b)

Pickup coil
Stramec{ sample s i
L 1
Lower knife

Figure 3.12: (a) schematic of the BH - Looper. The magnetic signal coming from
the wafer is sensed by a pair of pickup coils while the Helmholtz coils are inducing an
alternating in-plane magnetic field. (b) section of measurement head for performing
magnetostriction measurements using the BH-Looper, showing the mechanism to
apply mechanical strain to the wafer.

The operation of the BH-Loop is the following: the sample is placed in the



3.3. Measurements techniques 65

center of two Helmholtz coils.!'® An alternating current of frequency up to
100 Hz generates a oscillating magnetic field in the region o the wafer. The
stray field coming from the magnetic sample is measured by a set of pickup
coils (induced current): one sensing coil is placed in the sample proximity while
the compensation coil is placed in the magnetic field produced by the two
Helmholtz coils but at a larger distance form the sample. As only the sensing
coil is subject to the stray field of the sample, subtracting the two signal will
remove the contribution from the Helmholtz coils to the generated voltage.

The BH Looper model 10917 used in this thesis has a sample holder (with
embedded pickup coil) that is able to apply a mechanical force on the wafer
during the measurement. These specialized pickups are used to measure the
magnetostrictive effect in materials deposited on thin (200 to 600 pm) substrates.
The sample is bent using a set of four equally-spaced non magnetic knife edges
as illustrated in Fig. 3.12 (b), and the change in anisotropy field is then
measured. The typical strain that can be induced on the wafer is 0.15%.

3.3.3 | X-ray characterization techniques

X-ray diffraction

X-ray diffraction (XRD) is a technique that utilizes the interaction of X-rays
with a sample to determine its crystal structure and composition.''® When
applied to thin films, XRD can provide information on the film’s crystal
structure, thickness, and crystalline perfection.

In X-ray diffraction, a beam of X-rays is directed at a sample, and the diffracted
X-rays are then detected and analyzed to determine the sample’s crystal
structure. The diffraction pattern is a result of the constructive and destructive
interference of the X-rays as they pass through the sample’s crystal lattice.

The positions and intensities of the diffraction peaks in the XRD pattern are
related to the crystal structure, and the spacing between the peaks is a direct
measure of the inter-atomic distances within the crystal according to Bragg’s
law

2dsing = nA. (3.2)

Here 0 is the angle of incidence as schematically shown in Fig. 3.13, d indicates
the distance between diffracting planes, A is the wavelength of the beam
and n is simply an integer. In general, the simplified picture of Bragg’s law,
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Figure 3.13: Schematic of an X-ray beam (black lines) interacting with the atoms
of a crystal (blue circles). The angle between the plane of atoms and the angle of the
X-ray beam is defined as 6. The distance between scattering planes (defined by the
horizontal lines) is named d.

describes perfectly ordered lattice to extract information. In practice with
X-ray diffraction in polycrystalline samples, the degree of crystalline perfection
can be determined by analyzing the width of the diffraction peaks (broadening).
The crystallite size (or size of a coherently diffracting domain in the material),

is also a fundamental property that can be obtained from an XRD profile.!'?
According to the Scherrer equation,'?°
KA\
= 3.3
Bcost (3.3)

the size of coherently diffracting domains is inversely proportional to the
FWHM of a diffraction peak. In the measurements conducted within this
thesis, K = 0.9 is a dimensionless shape factor, D the crystallite size, A the
wavelength of the Cu-Ka radiation, 6 the diffraction angle and f is the line
broadening at FWHM of the XRD peak in radians, after subtracting the
instrumental line broadening.

If the detector is set at a specific Bragg angle, and the sample is tilted, the
measurement is called Rocking curve. This type of measurement results in a
scan of intensity along the © angle. A sharp peak is only observed when the
crystallographic direction is parallel to the diffraction vector, therefore a broad
intensity profile is recorded if the sample contains multiple diffraction planes,
making this a useful technique for evaluating crystal perfection.'?! To obtain
more accurate measurements, the use of monochromator is suggested.
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X-ray reflectometry

A last configuration of the X-rays that is used in this thesis is X-ray reflectometry
(XRR) analysis. When X-rays are shined onto a material flat surface at grazing
angles of incidence, total reflection will occur at or below a critical angle. With
a material whose surface is ideally flat, the reflectivity suddenly decreases at
angles above the critical angle. The measurement of the intensity pattern, as a
function of the detector angle © can be used to obtain information about the
vertical properties (layer thicknesses), as well as the lateral properties (roughness
and correlation properties of interfaces or lateral layer structure). Specifically,
film thickness can be determined from the periodicity of the oscillation and
information on the surface and interface can be obtained from the angular
dependency of the oscillation pattern’s amplitude.'??> This technique is used in
this thesis, in Sec. 4.1, to characterize multilayers of Ni and Fe.

3.3.4| ToF-SIMS

TOF-SIMS (Time-of-Flight Secondary Ton Mass Spectrometry) is a surface
analysis technique that utilizes a primary ion beam to sputter material from
the surface of a sample, creating secondary ions that are then analyzed using
mass spectrometry.'?? The technique is able to provide chemical information
at the atomic and molecular level for studying the composition and properties
of surfaces. The high sensitivity (mass resolution m/Am of the secondary
ion peaks typically between 5000 and 9000) of the technique allows for the
detection of trace amounts of impurities or contaminants on a surface down to
few ppm. Additionally, the high spatial resolution of TOF-SIMS enables the
identification of the location of specific chemical compounds within a sample.

In the work presented here, TOF-SIMS are employed to determine the depth
dependent composition profile of a thin film multilayer (2 nm repetitions).
These measurements were performed by A. Lamperti at the CNR-IMM Unit of
Agrate Brianza, (Italy).

3.3.5 Application of strain by substrate bending

Most of the work of this thesis is dedicated to the study the magnetostriction
or magnetoelastic coupling. To obtain information about the magnetoelastic
properties of the material, the magnetic response of the material needs to be
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Figure 3.14: Schematic (a) and picture (b) of the sample holder used to apply
uniform in-plane strain.

characterized in the presence of controlled strain. One possibility is the use
of substrate bending. Deliberate strain can be transferred to the sample if
the substrate (typically Si/SiOx) is bent mechanically with a 3 point bending
sample holder, as shown schematically in Fig. 3.14 (a). A square sample of 1 by
1 c¢m is vertically constrained on two sides and pushed uniformly from below by
a cylinder that has an off-centered rotation axis. The device generates a tensile
strain in the plane of the sample up to 0.1 %, when the cylinder is rotated by
90°. The strain is mostly uniaxial and can be measured with a strain gauge
on the substrate surface. The sample holder is suitable for pMOKE and Kerr
microscope measurements.

Magnetostriction measurements using the substrate bending device

Magnetic hysteresis loops - recorded before and after the application of the
tensile strain - can be used used to estimate the saturation magnetostriction
of the material. As previously mentioned in the theory chapter, Sec. 2.2.4,
the magnetic in-plane anisotropy K, is linked to the energy stored in the
magnetization curves. For example the (uniaxial) magnetic anisotropy energy
is given by the area enclosed between the magnetic loops measured along two
in-plane directions perpendicular to each other. If then the strain in the film is
non-zero, the magneto-elastic coupling contributes in principle to the effective
anisotropy. Indeed, if the directions of the crystalline and magnetoelastic
uniaxial anisotropy are perpendicular to each other (K, L Kj/g), we can write

the strain dependent effective in-plane anisotropy K.y measured in the system
105
as

Keff:Ku+KME~ (34)



3.3. Measurements techniques 69

In this case, two hysteresis loops measurements, before and after the application
of strain, are sufficient to estimate \g. Accordingly, the total anisotropy of the
system is K.rr = K, and K.5; = K, + Ky g before and after the application of
strain, respectively. Different anisotropy contributions (crystalline, interfacial...)
cancel out when the magnetic curves are subtracted. The magnetoelastic
anisotropy Ky p = %)\SYe is linked to reversible part of the hysteresis loops
(close to the saturation) according to

1 3
Kup = ;MAE = 2\Ye (3.5)

where AF is the anisotropy energy measured by the difference in area below
the strained and unstrained curves. This corresponds to the reversible part, i.e.
the red marked area in Fig. 3.15. If the Young’s modulus Y of the magnetic
material and the strain magnitude ¢ are known, Eq. 3.5 can be made explicit
with respect to \s to obtain its value.
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Figure 3.15: Hysteresis loops measured with Kerr microscopy that are used to
estimate A;. The magnetic field is applied along the same direction of the in-plane
strain, along x. The strained and unstrained hysteresis loops are plotted with an
area AFE marked in orange that represents the magnetoelastic anisotropy constant
X Mlq as evaluated using the area-integration method.

3.3.6 Room temperature transport measurements

To measure the AMR, of our sample, the 4-point probe method is used, in which
the direction of the current path is defined by the external contacts. As shown
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in Fig. 3.16, the four gold contacts are evaporated 1 mm apart. The resistance
is measured while the sample is rotated in a magnetic field of 10 mT, sufficient
to saturate the magnetization along the field direction. A constant current
of 1 mA is applied with a Keithley 2400 while the DC voltage is measured at
the other two terminals with a Nanovoltmeter model 2182A. The magnetic
material was not structured in our studies and a full film is considered.

Yy B
B— L4
I_®_| Current

B
1mm :
v vl
Sample =

rotation

Magnet

Figure 3.16: Schematic of the contacts during the AMR measurement. The sample
(in gray) is a full film where gold contacts (in yellow) are used for electrical contacts.
The sample is on a rotating stage and placed in a uniform magnetic field created by
the coils.

As a result, the resistivity of the sample as a function of the angle ® between
the magnetization direction and the current flow can be recorded and fitted

with the expression'®

R(®) =R, + (R, + RH)0032<I> =R, + ARcos*®. (3.6)

The magnitude of the AMR effect can be quantified by the magnetoresistive
coefficient

AR

- (3.7)

3.3.7| Application of Surface acoustic waves

Surface acoustic waves (SAWs) are elastic waves that propagate along the
surface of solids and they found applications in sensing, communication, and
signal processing. Piezoelectric substrates (introduced in the theory chapter of
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this thesis, Sec. 2.4.3) are particularly interesting for SAW applications due to
their ability to convert electrical signals into mechanical waves and vice versa.
This property enables the generation and detection of SAWs on the surface of
the substrate using interdigitated transducers (IDTs) that are fabricated on
the surface. In the context of this thesis, SAWs can introduce time-varying
(dynamic) strain waves in the magnetic thin films and, consequently leading to
SAW-assisted magnetization switching!?* 2 via the magnetoelastic coupling,
discussed in Chap. 2. The piezoelectric material used is a 128 Y-cut lithium
niobate (LiNbOg) substrate. On top of it, a pair of interdigits is patterned
using optical lithography as shown in Fig. 3.17 (b). The fringe pattern of the
IDT will define the frequency of the emitted SAW. Typical frequencies that can
be reached are 50-350 MHz, but higher frequencies (i.e. smaller transducers)
can be reached using electron beam lithography.

(a) PCB sample holder Magnetic thin film
SMA connector

@j Waveguide @

IDTs

Lithium niobate

Power splitter

gAmpliﬁer

Attenuator I
Signal @
generator Y~
0

©

(®)

=20

—40

S-parameters (dB)

300 320 340
Frequency (MHz)

Figure 3.17: (a) Schematic of RF circuit used to generate standing SAW. The copper
surface of the PCB board (in orange) is used as a ground plane. The the different
components of the circuit are connected to the sample via a co-planar wave-guide and
standard SMA connectors. (b) optical microscope image of the patterned IDTs. The
signal generator, attenuator, amplifier and power splitter are removed and a VNA is
attached to the SMA connectors for S-parameter measurements shown in (¢). The
different coefficients S;; indicate the reflected (i = j) or transmitted (i # j) power
between the two IDTs.
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The RF circuit used to generate standing SAW is shown in Fig. 3.17 (a). An
Agilent E5062A vector network analyzer (VNA) is utilized to determine the
transmission loss and to excite standing SAWs by applying RF signals to both
IDTs simultaneously.®® 127 To calculate the transmission loss, the VNA’s two
ports are connected to each IDT at both ends of the device through bond wires
and SMA connectors. The four transmission parameters, including S21, are
measured, allowing the determination of the peak value of transmission with
respect to frequency. This point typically displayed 19 dB transmission loss at
319 MHz, as shown in Fig. 3.17 (c). The VNA is connected to the device using
an attenuator and an amplifier (Fig. 3.17 (a)). This configurations ensures
that the linear range of the amplifier is fully utilized. To excite standing SAWs,
a power-splitter is used to divide the signals into two, which are then sent
to each IDT. The RF power applied to the device is amplified to a range of
approximately 23 to 28 dBm before being split, and the expected total RF
power transduced into the standing SAW mode is estimated to be in the range
of approximately 17.5 to 22.5 dBm, taking into account the measured losses at
peak transmission. To generate instead propagating SAW, the power-splitter
is removed and only one IDT is connected to the SMA connector, while the
second IDT is floating.

The part of this thesis involving the use of SAWs was done with the help of J.
Shuai - responsible for the IDTs patterning - during a collaboration with the
University of Leeds (UK).

Simulation softwares

In the following section, the two software packages used in this thesis for
simulations are briefly described. The software Mumax3 is used to simulate
the static or time dependent magnetization in the domain-wall-based devices.
Finite element method calculations have instead been used to estimate the
stress and strain profiles induced by layer deposition on a silicon substrate.

3.4.1| Micromagnetic simulations

The micromagnetic approximation of a magnetic system - describing the mag-
netization by a continuous vector field and discussed in the theory Chap.2 -
has equations that cannot be solved analytically except for a few very idealized
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cases. Therefore, for most problems of interest, a solution has to be found
numerically. Numerical solutions are based on the discretization of the system
so that the magnetization is not continuous function of the position but is
only defined in a discrete set of points. Commonly, most of the available
software solve the Landau-Lifshitz-Gilbert (LLG) equation - Eq. 2.34 - with
effective fields arising from the conventional micromagnetic energy terms. A
so called static solution can be found by minimizing the energy functional,
while a dynamic (time variant) one can be found solving the time variant LLG
equation. While the problem is identically described in the available software
solutions, the method to solve it differs. Finite element methods are used
by MagPar (magpar.net), while software like OOMMF, Micromagnum and
Mumax3 use the finite difference method.

700

800

500

300

throughput (M cells/s)
s
(=]
(=]
T

200 |

100 |

(=1

© g = H00 HANHATAgA<HT
2088909952088 808085 0808008805 00880805 85 5202518
ng—ANXE&‘TXWXXXXXXXEXXXXXXEXNEXXXXXXEXExbx)thX
zoZuae 92 s rg0atal waadga 022 A v PP vZnZPuw
.,.‘OXDUWG:ZNG:»Dmoaoo-qooooﬁoomo:‘:.ogmo'D_.:.DQO:"EID'UO<O noo
D= ZONE O 0OO0cOoONCOIFTTREO EXZTO2RIZT IO ® oM ED
[« —E228 Z° © o o0o0zzeo J°lzC00z898° oxXzee
& Elr NS = =) = woH o8
= 2 53 3= @ S 2x = x Zo o
= ] So = c S o% = 32 (o
~ =) = o o7 ;U,\g, O o
S B B 2 =2 &
= s =

Figure 3.18: Mumax3 GPU perfomance for 2D simulations containing 4 million
cells. CPU based simulations are reported for comparison. Source: mumax.github.io.

Due to its high computational speed and graphic user interface, the package
128,129 _ developed by Arne Vansteenkiste

at Ghent University’s DyNaMat group in Belgium- uses Go language at a higher

used in this thesis is Mumax3. Mumax

level, which allows to use simple readable scripts to run simulations, while
its core is written in CUDA/C, a low level language that is harnessed to get
high computational performance. The program utilizes Graphic Process Units
(GPU) to perform simulations that are finite-difference based, resulting in
remarkable speed advantages over CPUs. For GPU benchmark, see Fig. 3.18.
Moreover, the program allows a script-based as well as a graphical user interface
input and has gain high popularity in the scientific community over the past
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years.

Most of the simulations carried out in this thesis are aimed to model the
dynamics of magnetic domain walls. In this case, the Landau-Lifshitz-Gilbert
equation takes into account various material properties, such as anisotropy,
exchange interaction, applied magnetic fields, and is able to simulate the effects
of thermal fluctuations and non-uniform magnetic fields. One additional aspect
that Mumax3 is able to capture, is the effect of strain. In version 3.10 of
mumax this is done by including a magnetoelastic field in the LLG equation.'3°
An arbitrary value of the strain tensor can be considered in the system and
strain can also be space and time dependent.

This allows to simulate strain induced by piezoelectric substrates and enables to
simulate more complex behavior for magnetic domain walls and their pinning,
in non-uniform strain profiles and strain gradients (see the experimental chapter
Sec. 5.2).

To obtain physically consistent results, the discretization has to be chosen
carefully. The cell size Az has to be smaller than the exchange length in the
magnetic material'®!

2A
loy = cr_ 3.8
M0M82at ( )

where A, is the exchange constant defined in the theory part, Sec. 2.2.2. The
exchange length is a characteristic parameter of the ferromagnetic material and
indicates the distance over which the parallel alignment of the spin magnetic
moments is energetically favorable.!>> However, one has take into account
that increasing system size and reducing cell size excessively will exponentially
increase the computation time, particularly because reducing cell size also
requires reducing the time step for the numerical integration scheme to be
stable.

After the system geometry and the strain in the system is initialized, a possible
simulation with domain wall in a nanowire is as follows. To initialize the
magnetization -we place the domain wall close to the left edge of the sample as
shown in Fig. 3.19 (b). The magnetic surface charges at the left and right edges
of the computational region are removed to avoid the domain wall interacting
with them. Once the system is prepared, the simulation commences, with the
solver computing the time evolution of the magnetization according to the
LLG equation for a time step, that can be either fixed or allowed to adapt
dynamically depending on the stability conditions.
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Figure 3.19: Example of a typical micromagnetic simulation for the work described
in this thesis. The nonuniform strain profile (a) considers a compressive strain in the
center of the nanowire, where a vortex wall is propagated (b). (c) vortex domain wall
pinned at the center of the strained area, where the energy is minimum for A;o < 0.
The simulated system has a width of 800 nm and a thickness of 30 nm. Material
parameters are the one of CosoFes0B2o.

An example of a micromagnetic simulation to study the dynamics of a domain
wall in a nanowire in the presence of strain can be seen in Fig. 3.19. In Fig.
3.19 (a) the strain profile, created with a "mask', indicates a compressive strain
in the central area of the nanowire. The initial magnetization configuration,
with an in-plane vortex wall on the left side of the wire, is shown in Fig.
3.19 (b). After the application of an external field, the time evolution of the
magnetization is monitored until the DW reaches the pinning point (Fig. 3.19

(©))-

The micromagnetic simulations presented in the experimental chapter of this
thesis, Chap. 5, have been performed with the help of M. Fattouhi, E. Martinez
and L. Lopez-Diaz from the Department of Applied Physics of the Universidad
de Salamanca (Spain).

3.4.2 FEM simulations

Finite element method (FEM) calculations are performed using COMSOL
Multiphysics, a simulation software that enables the study of various physical
phenomena, including mechanical and structural behavior and provides a wide
range of pre-built physics interfaces that can be easily configured to simulate
different types of problems. Additionally, the software offers a variety of post-
processing tools that allow for the visualization and analysis of the simulation
results.
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Figure 3.20: Stress tensor on a Si/SiOx wafer simulated using COMSOL Multi
physics after deposition of SiN over-layer. (a) stress tensor on the surface of the wafer
which is uniform. (b) surface displacement of a 5" wafer. (c) discretization and (d) z
component of the strain tensor simulated in the proximity of a removed SiN layer.
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One specific application of COMSOL is the simulation of strain and stress in
materials and structures. The software uses the finite element method (FEM)
to solve partial differential equations (PDEs) that describe the behavior of
materials under various loading conditions. In the present study, the states
of stress and strain on a Si wafer induced by SiN CVD deposition (source of
intrinsic stress, discussed in Sec. 2.4.2) are simulated using the Structural
Mechanics Module.

The system considered in this thesis is a Si(625 pm)/SiOx(1.5 pm) wafer covered
by a SiN(1 pum) layer. The simulation computes the relaxed state of the system
after the initial stress at the SiOx/SiN interface (-500 MPa, extracted form
wafer-bow measurements) is imposed and assumed isotropic. This assumption
does not consider anisotropic residual strain on the sample. To justify this
assumption, the latter has been gauged and found to be 10 times smaller than
the strain induced by the SiN openings. It is reasonable therefore to assume
the residual strain as isotropic in our FEM simulations. An example of the
output of our COMSOL simulation is shown in Fig. 3.20. Fig. 3.20 (a) presents
an example of the uniform stress induced on a 5" wafer due to the SiN layer
deposition, whereas Fig. 3.20 (b) shows the displacement magnitude.

When calculating the variation in the surface strain caused by the etched
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areas in the SiN, the size of the system is reduced to 1x1 mm? to reduce
computational time. Fig. 3.20 (c¢) shows a closer look to the holes created
in the SiN layer, indicating the finer grid close to complex structures. The
simulation in the presence of etched areas in the SiN shows a local strain relief
in the close proximity of the openings (Fig. 3.20 (d)).

The FEM simulations presented in the experimental chapter of this thesis, Sec.
5.2, have been performed with the help of E. Spetzler, from the Institute for
Materials Science of Kiel University (Germany).






MATERIAL PREPARATION FOR
MAGNETIC FIELD SENSORS

In this chapter, the first part of the experimental results of this thesis are
contained. As the coupling between strain and magnetism is described by the
magnetostriction, we present various studies that focus on characterizing and
engineering strain-dependent material properties. Different magnetic systems
are considered, ranging from standard free layers for MR to optically switchable

ferrimagnetic layers.
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As it is discussed in the theory chapter - Sec. 2.2.4.1 - the magnetic properties
are coupled to the elastic state of a material. The strength of this magneto-
elastic interactions is determined by the magnetostriction A4, a constant whose
value (in the order of 1075) can be positive or negative - if the tensile strain
defines an easy or hard axis of the magnetization, respectively. The magnetoe-
lastic properties of thin films are of major interest for technological use as well
as for scientific investigations. As one could expect, the requirements for the
magnetoelastic coefficient (\s) strongly depend on the application. Magnetic
sensors often need, for example, strain immunity,'?? i.e. zero magnetostriction,
to reduce strain cross-sensitivity. This is particularly important in the case of
sensors on flexible substrates (see Chap. 1), where the strain-induced anisotropy
can alter the sensitivity direction. On the other hand, actuators require giant
strain effects, achieved in materials such as ThFey (terfenol)!** with large A,.

Considering the case of magnetic sensors, the strain anisotropy is nothing
but one aspect of the optimization of the magnetic sensing layer. To give an
example, AMR sensors have different requirements depending on their sensing
application. Current sensors need a strong induced anisotropy, in order to
well define the sensitivity direction with respect to the current flow. On the
other hand, angle sensing in Wheatstone-bridge configuration needs a very
low anisotropy and low hysteresis (magnetic softness maximized) in order to
minimize the angle error.

In this chapter the attention is focused on the material preparation, one aspect
in magnetic sensor development. In Sec. 4.1 and Sec. 4.2 two typical material
platforms for in-plane magnetized sensors are considered. Respectively, a Ni(2
nm)/Fe(2 nm) multilayer and 30 nm Permalloy (NigiFejg alloy). In both of
these studies, He™ ion irradiation - post deposition technique described in the
experimental section, Sec. 3.2.1 - is employed to control the magnetostriction
and to improve the magnetic softness of magnetic materials. These two studies
were performed in collaboration with the startup company Spinion Technologies:
the irradiations and the TRIM simulations were performed by J.W. van der
Jagt.

In Sec. 4.3 the strain effects on a different material platform, Co/Gd synthetic
ferrimagnets, are presented. This material, that recently gained attention, has
the peculiarity that its magnetic state can be switched using a laser pulse.
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Control of magnetostriction using He™ irradiation

To achieve the optimal value of magnetostriction for a specific application, it is
possible to use a combination of two or more materials that have different mag-
netic and magnetoelastic properties. Multilayer systems have been extensively
studied to achieve a target value by exploiting the combination of different
parameters such as )y, as presented in several studies. 37138
identified that atomic intermixing at the interfaces of multilayer systems can

These studies have

greatly affect the total magnetostriction, and this interface magnetostriction
has been utilized to engineer the total magnetoelastic coupling of the multi-
layer.'3% 136 In the case of ion-sputtered films, where interface mixing naturally
occurs, Nagai et al.'3> were able to modify the sign of the magnetostriction of
a multilayer magnetic stack by adjusting the relative thickness of the layers.
However, a limitation of this method is the lack of control over inter-layer
roughness and intermixing degree, which are determined by the deposition
conditions. This limitation restricts the ability to change the magnetostriction
arbitrarily or locally.

As already discussed in Sec. 3.2.1, ion irradiation is a well-established tech-

1397141 and inducing intermixing. As

nique for modifying magnetic properties
discussed in Sec. 3.2.1, by using light ions such as Het at energies between
10-30 keV, atomic displacements can be induced over short distances without
causing surface defects in the material, which is a common issue when using
heavy ions such as Art or Gat.'¥2 Unlike annealing, which is a uniform
process, ion irradiation confines intermixing to the magnetic layer boundaries
and prevents mixing with the non-magnetic seed layers. This allows for lo-
cal magnetic patterning of multilayer film systems. For these reasons, ion
irradiation is a promising approach for achieving a desired magnetostriction
value in a multilayer by controlling the vertical extension of the intermixed
region. Previous work'#® has demonstrated that magnetostriction changes
induced by intermixing can be achieved using heavy ions and high energies
(700 MeV). However, the use of highly energetic heavy ions can easily degrade
PMA of thin layers and damage spacing layers in GMR spin valves or TMR
junctions.'** Furthermore, the presence of cascade collisions in the material
and long-range atomic displacements”® make precise control of the magnetic
properties a challenging task.

The presented study investigates the impact of light-ion irradiation at different
fluences on the interfaces of a Ni/Fe multilayer, particularly the effect of pro-
gressive intermixing. Our results indicate that by utilizing He™ ion irradiation,
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the magnetoelastic properties of the Ni/Fe multilayer can be adjusted locally.
Additionally, this method improves the magnetic softness of the material,
leading to a reduction of up to 70% in the coercive field and anisotropy.

The major part of the results of the present section are published in Applied
Physics Letters? .

4.1.1 Sample structure and characterization

The samples are prepared by DC magnetron sputtering using a Singulus Rotaris
system on a SiOx/Si substrate. A multilayer of [Ni(2 nm)/Fe(2 nm)|x8 is
sputtered in the presence of a rotating magnetic field of 5 mT on a NiFeCr (5
nm) seed layer and capped with 4 nm of Ta. After that, optical lithography
and ion etching are used to pattern arrays of circles (80 pm of diameter and 3
nm of spacing) on the samples in order to probe the local film properties.

Multiple copies of the samples are irradiated at an energy of 20 keV with
different fluences of He™ ions from 5 x 10'3 to 1 x 10'6 cm—2.

A different method to promote atom diffusion in magnetic materials is the use
of thermal energy provided by annealing.!?> We compare the effects of He™
ion irradiation with the annealing in vacuum at 300°C for 4.5 hours of our
magnetic multilayer.

In order to quantitatively estimate the formation of the alloy for increasing
ion fluences and temperature during annealing, a series of experiments are
conducted to investigate the changes in structure and chemistry occurring at
the layer interfaces due to ion irradiation and annealing. Various techniques
including X-ray diffraction, High-angle annular darkfield scanning transmis-
sion electron microscopy (HAADF-STEM, 80-200 mrad), nanoscale chemical
analysis via energy dispersive X-ray spectroscopy (EDX) in STEM mode, and
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) are utilized.
The characterization of the intermixing is reported in Sec. 4.1.2.1

The thin film magnetic properties are measured with Kerr microscopy and
Vibrating Sample Magnetometry (VSM). The Kerr microscope has a 20x
objective and a white light source. Coils for in-plane magnetic field are used.
We measure the hysteresis loops detecting differential contrast changes in the
magneto-optical Kerr effect (MOKE) in a longitudinal configuration of the
polarized light. Both longitudinal and transversal configuration are instead
used to image the magnetization state (domains) in a gray scale sum image.
The Kerr measurements are performed under uniaxial tensile strain using the
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three pointing bending technique described in the experimental section, Sec.
3.3.5. The magnetic characterization and the estimation of magnetostriction
are reported in Sec. 4.1.2.2.

4.1.2 Results and discussion

| 4.1.2.1 | Intermixing - Structural modifications after irradiation

Montecarlo TRIM simulations

We used Montecarlo (TRIM!46) simulations to investigate kinetic phenomena
associated with ion energy loss, specifically target atom displacement (normal-
ized by the incoming ion fluence) as a function of the vertical depth of the
sample.
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Figure 4.1: Montecarlo simulation obtained using the software TRIM."*® The atomic
recoil distribution of different elements after the collision with incoming ions is shown
along the vertical depth of the multilayer. The results are normalized by the incoming
fluence of ions.

The system is initialized with perfect interfaces and the kinetic energy of the
incoming ions is set to 20 keV. Fig. 4.1 shows the results of TRIM simulations,
with solid lines representing the recoil atomic distribution after collision with
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He™ ions. The overlapping region of two curves indicates coexistence of different
atomic species, which corresponds to intermixing/alloying. The simulations
suggest that the displacement is uniform through the magnetic stack for the
selected ion energy, so we can expect similar amount of intermixing at each
Ni/Fe interface.

According to our TRIM simulations, 95% of the ions reach the substrate,
resulting in a uniform intermixing in the vertical direction of the sample.
Additionally, the effect of ion implantation in the multilayer is negligible.
Furthermore, we do not observe significant intermixing of the non-magnetic
capping and seed layers with the magnetic stack. This is most likely due to

the directional nature of collisions with Het ions.?92
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Figure 4.2: (a) - (b) Sketch of the intermixing due to light ion irradiation on
a multilayer stack. STEM HAADF micrograph and EDX elemental maps of the
Fe/Ni multilayer system before (c) and after (d) 1 x 10*® cm™ He™ ion irradiation
measured across the first four repetitions on top of the NiFeCr seed layer. The
HAADF micrograph is superimposed with a plot of the atomic composition quantified
from the EDX measurements.

1

As reported elsewhere for similar irradiation conditions,'?? collision cascades

are absent and the structural modifications are confined to the vicinity of
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1.,'47 when exposed to

the ion path in the metal. According to Devolder et a
radiation at low fluences, strain is released at room temperature. Conversely,
at high fluences, intermixing becomes the primary structural effect of radiation,

as illustrated in Figs. 4.2 (a) and (b).

To assess the degree of intermixing caused by our radiation, we utilized scanning
transmission electron microscopy (STEM). To create cross sections (lamella)
of Fe/Ni/NiFeCr on SiO2/Si, we employed the focused-ion-beam technique
(FIB). Our colleagues at the University of Kiel and the Leibniz Institute in
Leipzig conducted these measurements using a probe CS-corrected Titan® G2
60-300 microscope with an accelerating voltage of 300 kV. The HAADF mode
is used to acquire STEM images, with a probe-forming aperture of 25 mrad
and annular ranges of 80-200 mrad on the detector. These parameters were
chosen to optimize resolution and contrast.!4®

Figures 4.2 (c) and (d) display a vertical EDX profile of the lower layers of
the multilayer stack, along with corresponding EDX maps of the elemental
distribution before and after Het irradiation with 1 x 10'6 cm™?2 fluence. After
sputtering (Fig. 4.2 (c)), well-defined interfaces are observed between the
magnetic layers. The EDX profile shows that the relative atomic composition
contains 21(2)% of Fe in a Ni layer before irradiation, whereas after irradiation
(Fig. 4.2 (d)), the ratio of Fe atoms in a Ni layer increases to 33(4)%. This
stoichiometric change in layer composition is reflected in the EDX elemental
maps, which show an increased scattering of signal intensity across the layer
interfaces following irradiation. This indicates that an alloy of Ni,Fej_, is
formed at the Ni/Fe interfaces due to the displacement of different atoms by
incoming He™ ions.

The inelastic scattering of the electron beam within a finite sample thickness
results in the delocalization of X-ray signal intensity in EDX experiments at
and near the atomic scale. Therefore, for meaningful results, a qualitative
comparison of the X-ray signal distribution recorded for EDX maps on as-
deposited and irradiated Ni/Fe multilayers can only be made for similar sample
thicknesses (t). The sample thickness measurements determined by electron
energy-loss spectroscopy (EELS) yields a much smaller finite thickness for the
irradiated multilayer sample. Thus, the qualitative comparison of the measured
EDX signal distribution and the interpretation of subtle chemical intermixing
are justified.!49 150

The structure of our multilayer before He'-ion irradiation is polycrystalline
with (110)-textured layers of Fe and (111)-textured layers of Ni as can be seen
in Figs. 4.3 (a) and (c). The structural motif of [100] Fe with (110) out-of-plane
orientation is evidenced by Fast Fourier Transforms (FFT) on a crystalline
region within a Fe-layer. Within the Ni-layers, the dominant structural motif
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Before irradiation After irradiation
(a)
Ta

10,4111,
%

[100] Fe

Figure 4.3: High-Resolution STEM micrographs of the Fe/Ni multilayer system
before and after He™-ion irradiation. (a) repetitions of (110)-textured layers of Fe
and (111)-textured layers of Ni are evidenced by specific Z-contrast and individual
Fast Fourier Transforms (FFT) of regions (b) and (c). (d) repetitions of Fe and
Ni layers showing the identical crystalline texture after irradiation by comparison
of FFT images.(e) Noise-filtered micrograph displaying the atomic structure of the
multilayers. The structural motifs of [100] Fe and [111] Fe are shown for crystalline
regions within the Fe-layers.

of [101] Ni is observed with (111) out-of-plane orientation as shown in Figs. 4.3
(a) and (c). We performed the same measurements after ion irradiation with
a fluence of 1 x 10'% cm™2. We found that the polycrystalline multilayers of
Fe and Ni after irradiation (FFT images in Figs. 4.3 (d) -(e)) have the same
crystalline texture as the as-deposited state (Figs. 4.3 (b) - (¢)). Therefore, we
conclude that the crystalline structure does not undergo significant changes
after the irradiation treatment.

X-ray diffraction measurements

Figs. 4.4 (a) and (b) show the results of X-ray Diffraction (XRD) measurements
performed to investigate the crystalline structure of the multilayer stack.
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Figure 4.4: (a) XRD 20/O angular scan of the Ni/Fe multilayer sample after
sputtering. In the inset: Fe (110)/Ni (111) peak of the multilayer as-deposited,
annealed and after irradiation. (b) X-Ray reflectometry (XRR) measurement for a
multilayer of [Ni(2 nm)/Fe(2 nm)]x 8 irradiated with different He' fluences. The
changes in the curves indicate increasing intermixing at the interfaces of our multilayer
with increasing ion fluences.

In Fig. 4.4 (a), an XRD 20/0 angular scan of the Ni/Fe multilayer confirms,
due to the presence of a diffraction peak at 44.3°, that the sputtered layers
are textured. In the inset of Fig. 4.4 (a) the (110)/(111) reflection peak is
compared for multilayer as-deposited, after annealing and after irradiation
with fluence of 1 x 10 cm~2. As already shown by our STEM studies X-ray
diffraction measurements indicate in our sample a polycrystalline structure
of (110)-textured layers of Fe and (111)-textured layers of Ni which is not
significantly altered by the process of irradiation nor by annealing.

Figure 4.4 (b) displays an X-ray reflectivity (XRR) angular scan for the as-
deposited state and samples with varying irradiation fluences. More details
about XRR measurements can be found in the experimental chapter, Sec.
3.3.3. The best fit of the data involves a relative roughness of the layers of
approximately 1 nm for the as-deposited case. All curves exhibit two types
of periodic oscillations. The short-period oscillations with a period of 0.2°
correspond to the total thickness of the stack (which is 41 nm). The long-period
oscillations around 2, 4, and 6° correspond to the repetitions of the multilayer
with a thickness of ¢, = 4 nm (black arrows in Fig. 4.4 (b)). The amplitude
of these oscillations decreases progressively as the fluence of He™ increases
during irradiation. This effect is most noticeable in Figure 4.4 (b) for the
peak at 6.2°. The data suggest that the Ni/Fe interfaces is degraded with
increasing irradiation fluence, indicating an increased level of intermixing. This
is qualitatively supported by a fitting model in which the layer roughness of Ni
and Fe is increased, consistent with our other structural measurements.
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ToF-SIMS measurements

Fig. 4.5 displays the atomic depth distribution measured by Time-of-Flight
Secondary Ton Mass Spectrometry (ToF-SIMS).123: 1517154 This experiment was
performed by A. Lamperti from CNR-IMM, unit of Agrate Brianza (Italy).
The presence of Fe, Ni and Cr atoms in the multilayer is reported for samples
as-deposited, irradiated with 1 x 1016 cm™=2 fluence and after 300°C annealing,
respectively. Observing Fig. 4.5 (a), it can be seen that the periodic oscillations
of Ni and Fe are well-defined and have the same periodicity. The layer separation
is reflected by the peak position and minima of Ni at the maxima of Fe. Fig.
4.5 (b) displays the atomic distribution after irradiation. In this case, the
amplitude of Ni and Fe oscillations is significantly reduced compared to the
as-deposited case. This is attributed to the intermixing of the neighboring
magnetic layers, leading to the formation of Ni,Fe;_, alloy.

a C .
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Figure 4.5: ToF-SIMS measurements for multilayer as-deposited (a), after irradiation
(b) and thermal annealing (c).

The atomic diffusion, caused by the irradiation (Fig. 4.5 (b)), can be similarly
observed in the ToF - SIMS measurements after the annealing treatment in Fig.
4.5(c). However, a clear difference between Fig. 4.5 (b) and Fig. 4.5 (c¢) can
be seen in the signal of Cr (from the seed layer). After irradiation, the atomic
diffusion is more directional and confined at the layer interface, instead after
annealing the intermixing is long range and involves the non-magnetic NiFeCr
seed layer. A more extensive comparison between the two mechanisms can be
found in the experimental section, Sec. 3.2 and in our work on Permalloy layer
described in the next section, Sec. 4.2.

| 4.1.2.2 | Magnetic measurements - anisotropy and magnetostriction

In the previous section we have shown that He™ irradiation of our Ni/Fe
multilayer leads to proportional intermixing, most prominent at the interfaces.
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In this section we present how such structural modification affects the magnetic
properties of the system. Figs. 4.6 (a) and (b) show the in-plane hysteresis loops
before and after ion irradiation. In Fig. 4.6 (a), it can be observed that the
as-deposited sample exhibits distinct magnetization curves for different angular
orientations of the in-plane magnetic field, indicating the presence of uniaxial
crystalline anisotropy (K, ~ 100 J/m?). The remanent magnetization plot in
Fig. 4.6 (d) emphasizes this behavior. The coercivity measured along the easy
axis of magnetization is 0.95(5) mT. Fig. 4.6 (b) shows the same magnetic
measurements for the sample after Het irradiation at a fluence of 1 x 1016 cm=2.
We observe that the magnetic in-plane anisotropy is now negligible, as the
hysteresis loops overlap. The reduction in anisotropy after irradiation can be
seen in Fig. 4.6 (d) comparing the as-deposited state (orange diamonds) with
the irradiated film (blue hexagrams). Furthermore, the coercivity is reduced to
0.25(5) mT.

The decrease in both coercivity and anisotropy in our multilayer after irradiation
can be explained by an increased number of nucleation sites. This increase
facilitates domain formation and magnetization switching at lower magnetic
fields and is promoted by isotropic atomic mobility during irradiation. The
coercive field and magnetic anisotropy remain unchanged after annealing. This
difference between the two material treatment can be attributed to the different
activation mechanism for atomic displacement: kinetic energy for irradiation
and thermal energy for annealing. Similar effects are observed in a single
Permalloy layer subjected to He™ ion irradiation, as reported in Sec. 4.2 of
this chapter.

Systematic measurements of the magnetic properties of our [Ni(2 nm)/Fe(2
nm)| x8 multilayer are shown in Fig. 4.6 (c) as a function of He™ fluence during
irradiation. The magnetic moment of the sample increases by approximately
15%, from 2.8(1) to 3.1(2)x10~2 emu, as the He' fluence increases. This
increase is an indication of a higher level of intermixing between our Ni and Fe
layers, as reported elsewhere.'®® If perfect interfaces existed between our Ni and
Fe layers, the saturation magnetization M, would be the average of the values
for the two materials, namely M (Fe) = 2.15 T and M (Ni) = 0.55 T (see
Table 4.1). In our case MZV¢"*9¢ is equal to 1.35 T. Since M(NisoFeso) = 1.5
T, the increasing magnetic moment of our sample with ion fluence, as reported
in Fig. 4.6 (c), indicates the creation of an alloy at the interfaces due to
progressive intermixing.

In order to evaluate the potential of ion irradiation to finely tune the magne-
toelastic properties of a magnetic multilayer, the effective magnetic anisotropy
in our sample is measured under the application of mechanical strain by three-
point bending method as described in the experimental chapter, Sec. 3.3.5.
Here the substrate is bent to exert a uniaxial strain on the sample. Since
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Figure 4.6: (a) - (b) Hysteresis loops as a function of the in-plane magnetic field
direction measured by Kerr microscopy, respectively, before and after ion irradiation
with a fluence of 1 x 10'® ¢m™2. (c) Saturation magnetic moment (light blue) and
coercive field (orange) as a function of the fluence of He™ ions during irradiation
measured with VSM. (d) Angular plot of the remanent magnetization M, /M, as a
function of the magnetic field angle ®.

H Material M, (T) M, x107% Y (GPa) H

Fe 2.15 -9 211
Ni 0.55 -30 180
N’i50F€50 1.5 19 200

Table 4.1: Parameters from literature'®® %6159 of the magnetic materials after
deposition (no irradiation). Here, M, is the saturation magnetization, A\s is the
saturation magnetostriction and Y is the Young’s modulus. The same Y is considered
for as-deposited and irradiated samples.

the magnetization is coupled to the external strain via the expression of the
anisotropy energy'5” (see Sec. 2.2.4.1) one way to probe the effect of the strain
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is to observe changes in the hysteretic behavior before and after mechanical
deformation. The expression of the magnetoelastic anisotropy depends on the

saturation magnetostriction \s of the material according to™

where Y is the Young’s modulus

Kyg = ;ASY€7

(b)

(4.1)

and ¢ is the uniaxial tensile strain.
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Figure 4.7: (a) Hysteresis loops measured along the direction of the applied strain
(€2 = 0.06%) for different fluences of He™ ions (solid lines) are compared with the
unstrained magnetic loop (dashed line). (b) Measured saturation magnetostriction
As (black dots) as a function of the ion fluence and calculated values using Eq. 4.2
(dashed line) as a function of the intermixed alloy thickness tni,Fe, ,. A central
value of /\iVizFel’” =19 x 107% with £20% variation is considered.

The sign of Kj;g can be negative or positive, depending on the value of Ag.
Accordingly, the total magnetic anisotropy can increase (As < 0) or decrease
(As > 0) in the presence of tensile strain. Since our magnetic system is
considerably thick and primarily influenced by shape anisotropy (in-plane
easy axis), we can ignore at a first order approximation any modifications in
interface anisotropy that might result from ion irradiation for the purpose of
our discussion and calculations.

Hysteresis loops are measured along the direction (& = 0°) of the applied strain
€z = 0.06% and are reported for our samples in Fig. 4.7 (a) for different
fluences of ions during irradiation. It can be observed that the magnetic
anisotropy field in response to the applied strain is different for each irradiated
sample. Two potential scenarios are identified by comparing the magnetization
curve in the absence of strain (dashed line). When the tensile strain increases
the anisotropy field in the direction parallel to €,,, Ky g and A are negative.
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The sample therefore displayed a negative magnetoelastic coupling in its as-
deposited state. In the second scenario, when the strain direction becomes an
easy-axis of magnetization (reduced anisotropy field), Ky and A are positive,
as reported for larger fluences in the same magnetic stack.

The values of saturation magnetostriction of our magnetic multilayer - calculated
using Eq. 4.1 - are shown in Fig. 4.7 (b) as a function of the fluence of He™
ions. The value of magnetostriction of the as-deposited Ni/Fe multilayer is
—2.6(5)x 1075 . Larger fluences of He™ ions, exceeding 5 x 10** cm~2, gradually
reduce the absolute value of magnetostriction, which then increases after
changing its sign to positive values. The change of sign of the magnetoelastic
coupling occurs for fluences between 1 x 10'® and 2 x 10'® cm~2. For details
about the estimation of the magnetostriction with anisotropy methods, see the
experimental chapter, Sec. 3.3.5.

An additional confirmation of the magnetic behavior of the magnetic stack
under strain is obtained by imaging domain formation using the magneto-
optical Kerr effect (MOKE).16% A vector image of the in-plane magnetization
is obtained by the sum of horizontal and vertical components of the magnetic
contrast. The MOKE images in Figs. 4.8 (a)-(c) show the change in the
preferred direction of magnetization before and after the application of a 0.06%
uniaxial strain in 80 pm disk patterned samples. This particular shape is chosen
to minimize the in-plane shape anisotropy.

Fig. 4.8 (a) shows the remanent magnetic domain pattern of the as-deposited
multilayer, where the magnetization aligns to the crystalline anisotropy (left).
After applying the strain (right), magnetic domains orient perpendicular to the
uniaxial strain €,,, providing experimental proof of the development of stress-
induced magnetic anisotropy Ky g ~ —450 J/ m3 that overcomes the initial
anisotropy direction. Kj;g is perpendicular to the tensile strain direction due
to the negative sign of the magnetostriction. Fig. 4.8 (b) displays the domain
structure of the sample irradiated with a Het dose of 2 x 10'® cm™2, where
almost zero magnetostriction is measured. In this case, the orientation of the
magnetization is almost unchanged by the presence of strain. Accordingly, Ky g
is negligible compared to the crystalline anisotropy of the material K, ~ 100
J/m3. For higher fluences, the clearly different domain pattern in Fig. 4.8
(¢) demonstrates that the effects of strain on the remanent magnetization
state become significant again. This time, the dominant magnetic anisotropy
contribution in the system is again the magnetoelastic term. Ky p ~ 280
J/m?3 is positive as the domains orient along the x direction, parallel to the
applied strain €,,. Thus using ion irradiation, the magnetoelastic coupling of
the stack is altered, obtaining values of magnetostriction ranging from negative
to positive.
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Figure 4.8: Kerr microscope images of the remanent magnetic domain state
respectively before (left) and after (right) the application of strain are compared for
(a) as deposited case, (b) intermediate value of irradiation and (c) strong value of
irradiation. White arrows represent the direction of the in-plane magnetization in
the domains according to the color wheel.

136 it was found that the low magnetostriction observed in

In a previous study,
our periodic system can be explained by balance of the pristine and intermixed
layers. Ni (AY? = —30 x 1076) and Fe (Al'® = —9 x 107°) with a negative mag-
netostriction value are compensated by their 50% alloy with strongly positive
magnetostriction!®6: 198 (ANiFeso = 19x 1076) (see Table 4.1). Our STEM-EDX
measurements - reported in Fig. 4.2 - shows that He™ ion irradiation leads
to the formation of a more intermixed interface region of Ni,Fej_,, resulting
in an increase in the thickness of the positive magnetostrictive alloy. The
thickness of the alloy increases proportionally to the fluence of Het ions during
irradiation, as also confirmed by our ToF-SIMS measurements. This gradual
shift in magnetostriction of the entire stack towards positive values can be

described using the often adopted expression!3°-138,161-163

tNi,Fei_,
tp

AV 4N

As 5

+ (AN Fere _ \Ni_ \Fe) ; (4.2)

where t, = ty; + tpe = 4 nm is the period thickness, tn;, re, , describes
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the thickness of the alloy originated by the intermixing and )\iv“ Fei-s i5 the

saturation magnetostriction of the intermixed alloy. With the appropriate
magnetostriction values, Eq. 4.2 can be used to describe different material
systems. The solution of Eq. 4.2 as a function of ¢y;, pe, , is shown in Fig. 4.7
(b) for the system investigated in this study. Fig. 4.7 (b) shows the solution of
Eq. 4.2 as a function of ¢y, re, , for the investigated system. A central value
of ANt Fe1=2 — 19 % 10~ with +£20% variation is considered. These error-bars
are added to take into consideration a more realistic intermixing profile of
our multilayer. The predicted values reported in this thesis by Eq. 4.2 are
obtained by considering a relative alloy composition z = 50% according to
Table 4.1. In realistic conditions, the amount of intermixing changes gradually

jwFer Ni,Fe;_. .
e = 2\ T (1) is not constant. The

at the interface. Consequently A
approximation used is justified by the fact that the value of magnetostriction
of Permalloy - with relative Ni composition between x = 40 — 70% -does
not deviate significantly from the value in Table 4.1. This happens because
the magnetostriction of Permalloy has a local maximum around 50% relative

164 Therefore, a constant value of )\éVi’Fel’m is expected to yield

135

composition.
consistent results, as has been the case for previous works.

After deposition in Ni/Fe multilayers prepared similarly to Nagai and co-
workers, '3 the estimated ty;, re,_, is around 0.85 nm, under the assump-
tion tpe/t, = 0.5. Using this tn;, re, , value, Eq. 4.2 returns a value of
As = —2.8(2) x 107, which is close to the measured value after deposition.
Additionally, Eq. 4.2 can be used to estimate the amount of induced inter-
mixing caused by He™ ions. The calculated ty;, pe,_, is 0.98(2) nm at the
magnetostriction compensation value (As = 0) and 1.05(2) nm for the highest
fluence, where the magnetostriction is positive due to the dominant effect of the
alloy. This increase in the alloy thickness induced by He™ between 0.2 x 10'°
and 5x 10'® cm~2 is consistent with the information obtained from STEM-EDX
and ToF-SIMS measurements.

Conclusions

In this section, an experimental investigation of the magnetoelastic properties
of sputtered Ni/Fe multilayers after He™ ion irradiation is presented. High
resolution TEM, ToF-SIMS and X-ray diffraction techniques for structural
analysis are used, revealing low roughness and alloying at the Ni/Fe interface
in the as-deposited state, which can account for the small negative magne-
tostriction value observed. The polycrystalline structure of the layers is found
to be unaffected by the irradiation conditions within the resolution of our
measurements. Additionally, it is observed that intermixing of the sputtered
layers at the interfaces is promoted by light ion irradiation in proportion to
the ion fluence. Changes in the saturation magnetostriction of the magnetic
stack with increasing the ion fluence during irradiation are observed, and a sign
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change in the magnetoelastic coupling of the material from negative to positive
for high fluences is achieved. Notably, strain insensitivity on the magnetic
properties of the material can be achieved with ion fluences between 1 x 103
and 2 x 10'® cm™2. This behavior is due to the layers intermixing caused by
the irradiation, in combination with the different sign of magnetostriction of
the pristine layers and their alloy.

(@

GND

Figure 4.9: Outlook idea of a possible use of local tuning of magnetostriction using
irradiation, realized irradiating a single film with different fluences (a). This could
allow the straightforward realization of a Wheatstone bridge configuration for a strain
magnetic sensor (b).

As a result, post-growth He™ ion irradiation is demonstrated to be a useful tool
for fine-tuning the magneto-elastic properties of multilayer magnetic samples.
This technology allows for ion-induced "magnetic patterning", with focused
ions or performing the irradiation through a mask in a similar fashion to

102,165

semiconductor doping. This method is well-suited for creating channels

that facilitate the motion of magnetic domain walls'%% 167 and skyrmions.! %8 169
This is due to the ability of the local irradiation to generate gradients of

magnetoelastic coupling.

This technique has the potential to be applied to multiple material combinations,
and could be the next generation of material treatment offering precise and
local patterning of magnetostriction, enabling the realization of novel and
highly demanding applications. One example could be the realization of a
magnetic strain sensor. By irradiating different areas of the magnetic layer
with different fluences, as schematically shown in Fig. 4.9 (a), elements with
opposite sensitivity to strain can be realized with a single irradiation step,
starting from a single material. This paves a straightforward way to, e.g. realize
a Wheatstone bridge configuration (as e.g., in Fig. 4.9 (b)).
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Optimization of Permalloy for magnetic sensors

After considering a multilayer system as the one in Sec. 4.1 of the present
chapter, we now focus our attention on the optimization of a ferromagnetic
alloy, possible material for the free layer of magnetic sensors. Permalloy, a
Ni-Fe alloy, is frequently used as an active sense layer in magnetoresistive (MR)
sensor applications, due to its soft magnetic properties and low coercivity.?
The composition of NigiFe;g9 has been found to be ideal for these devices,
as it also possesses significant anisotropic magnetoresistance (AMR) and low
magnetostriction. Previous studies have looked into optimizing Permalloy for
AMR sensors, 77172 with a focus on improving magnetic softness and reducing
magnetostriction. To reach that, negligible induced anisotropy is firstly required.
The sensor layer elements typically feature a stripe-shaped geometry to induce
a strong shape anisotropy, providing the sensor with a well-defined orientation
of sensitivity. Furthermore, this design ensures a fixed configuration of the
magnetic domains, thus enabling a very high signal-to-noise ratio. Additional
anisotropies of other sources, if not oriented in the same direction as the
shape anisotropy, would hinder this sensitivity direction.!® Low hysteresis and

high AMR are also necessary for maximizing sensitivity,'™

along with low
magnetostriction to avoid parasitic anisotropies. Low magnetoelastic anisotropy
is particularly important for sensors on flexible substrates,? 2% 174176 which
have attracted much attention in recent years and are discussed in Chap. 1.
Techniques such as growth optimization'””
achieve low magnetostriction, but they do not allow for localized treatment of

the film.

and annealing'™® have been used to

We have already discussed in Sec. 4.1 how ion irradiation can be used as a local
technique for adjusting the magnetic and structural properties of thin films
through interface intermixing. Studies on Permalloy films have demonstrated

179-181

that ion irradiation can modify the magnetic anisotropy and magneto-

resistive response in the presence of exchange bias.!”? 182 However, most of

183-185 o1 heavy ions,'®® which

these investigations employ ion implantation
can cause considerable damage to the sample for delicate structures as TMR.
A preferable alternative is to use lighter ions, such as He®™ with energies
ranging from 10-30 keV,%? 192 to avoid such damage. Additionally, no research
has yet been reported comparing the effects of irradiation on the magneto-
elastic properties of single Permalloy films with field-free ion irradiation and

annealing.'®”

In the present section, we propose and explore the use of He™ ion irradiation
on sputtered layer of Nig;Fej9(30 nm) as material preparation for magnetic
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field sensors. We compare this method to the standard field-free annealing
approach, showing that irradiation with 20 keV He™ ions leads to a significant
reduction in coercivity and magnetic anisotropy.

We support our anisotropy measurements with a detailed comparison of the
remanent domain pattern. Additionally, we demonstrate that the polycrys-
talline magnetostriction can be reduced by a factor of ten for irradiation doses
of 5 x 10'6 cm~2. We attribute this reduction in magnetoelastic coupling to
crystallization and changes to the interface magnetostriction resulting from
intermixing at the boundaries of the magnetic layers. X-ray diffraction (XRD)
analysis confirms an overall improvement in crystallization following irradiation
and annealing. We suggest that the reduction in magnetic anisotropy is due
to the absence of a preferential direction of atomic ordering and to stress
relaxation during irradiation.

Considering that post growth He™ ion irradiation enhances magnetic softness
and minimizes strain sensitivity of Permalloy, we envisage high-sensitivity AMR
magnetic sensors with low hysteresis even for integrated devices.

Most of the content of this section, Sec. 4.2 has been published in Physical

Review Applied.!88

4.2.1 Sample structure and characterization

The samples are prepared by DC magnetron sputtering at room temperature
using a Singulus Rotaris system on a 1.5 pm thick, thermally oxidized SiOx on
top of a 625 nm thick Si substrate. A NiFeCr (5 nm) seed layer is deposited
first, followed by a layer of Nig;Fejg (30 nm) with a base pressure of 5 x 1078
mbar, a sputtering power of 1200 W and an Ar* flow of 90 sccm. A rotating
magnetic field of 5 mT is used during sputtering, and a Ta layer of 4 nm is
added as a cap layer, as shown in Fig. 4.11 (b). The seed layer helps promote
a NiFe (111) texture and enhances magnetoresistance.!®3 After deposition, the
samples are patterned using optical lithography and ion etching to form arrays
of disks with a diameter of 80 pm and a spacing of 3 pm in order to probe the
local film properties. Several copies of the samples are exposed to He™ ions at
an energy of 20 keV with different fluences ranging from 5 x 10'3 to 5 x 106
cm™2.

To determine the optimal irradiation parameters - in particular the ions energy
- for our material system, we utilized Monte Carlo simulations (TRIM). These
simulations allow us to calculate the ion’s energy loss-related kinetic phenomena,
such as target atom displacement (normalized by the incoming ion fluence) as
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a function of the sample’s vertical depth. The system is initialized with ideal
interfaces, and the incoming ion’s kinetic energy is varied between 15 and 60
keV. For these simulation we consider irradiation with 1 x 10> He™ ions.

Figure 4.10 (a) shows the He™ distribution as a function of sample depth,
normalized by the dose and the total number of ions. The sample in question
consists of NiFeCr (5 nm)/Nig;Fejg (30 nm)/Ta (4 nm) on a SiOx substrate.
Figure 4.10 (b) illustrates the percentage of He™ ions that do not reach the
substrate after irradiation as a function of the beam’s acceleration energy. For
our irradiation, the beam energy is 20 keV. Under these irradiation conditions,
the majority of the ions reach the substrate (roughly 94% according to Figure
4.10 (b)), resulting in uniform irradiation of the whole layer stack. To process
thicker Permalloy layers (100 nm) higher acceleration energy of the ions would
be required.

The effect of back-scattering on the fluence can be neglected,'®® and the Permal-
loy film utilized is subjected to an irradiation fluence that is almost identical to
the nominal fluence as reported. However, if the proposed irradiation technique
is to be employed on different substrates or materials, it is recommended to
conduct new simulations to confirm any possible variations. Nevertheless, the
low mass of Het and the low cross-section for large-angle scattering events
make it unlikely for there to be any significant changes in the results due to
substrate variations, such as substituting SiOx with Si (111) or Kapton tape.
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Figure 4.10: TRIM simulations for different energy of the incoming ions. 1 x 10°
He" ions are considered. Normalized He™ ions distribution along the vertical depth
of the sample (a) and fraction of irradiating ions that do not reach the substrate
(b) in a Permalloy sample 30 nm thick. The results are normalized by the incoming
fluence of ions. The sample/substrate interface is marked with a black dashed line.

To compare the effect of ion irradiation to thermal annealing, the same magnetic
material is consecutively annealed for three hours at 200, 265 and 300°C at a
pressure of 10~7 mbar. To prevent preferential direction of ordering induced
by magnetization,'8* 190 external magnetic fields are minimized (i.e. shielded)
during the irradiation and annealing processes. Kerr microscopy and VSM
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are used to measure the thin film magnetic properties, which are summarized
in Table 4.2. The Young’s modulus value is assumed to be unaffected by
the irradiation and annealing steps due to negligible implantation.'®> The
anisotropic magnetoresistance (AMR) is measured electrically as explained in
the experimental chapter, Sec. 3.3.6.

To apply strain to our devices, the substrate is bent mechanically with a three-
point bending method. Structural modifications caused by ion irradiation and
annealing are probed by X-ray Diffraction (XRD) using a Bruker D8 Discover
system. Angular 20/ scans and rocking curve measurements are performed
on 1 by 1 cm samples.

4.2.2 Results and discussion

| 4.2.2.1 | Structural modifications after irradiation
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Figure 4.11: (a) 20/0 XRD angular scan of the NiFe samples for the sample in
the as-deposited state, after annealing and after irradiation. (b) schematic of the
NiFeCr(5 nm)/Nig; Fei9(30 nm)/Ta(4 nm) stack. (¢c) FWHM of the NiFe (111) peak
as a function of He™ fluence and (d) as function of annealing temperature.
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To compare the structural modifications induced by different material treatment
on a Ni-Fe alloy, XRD measurements are conducted on the Nig;Fejg (30 nm)
film in its as-deposited state, as well as after irradiation and annealing. The
results of these measurements are shown in Fig. 4.11. Fig. 4.11 (a) displays the
20/0 angular scan of the Permalloy film. The material exhibits a well-defined
crystalline texture of NiFe (111) (and its second-order peak) in its as-deposited
state, this texture persists after irradiation and annealing in all the fluence
and temperature ranges studied. The full width at half maximum (FWHM)
of the (111) peak is presented in Fig. 4.11 (c) as a function of the irradiation
fluence (blue diamonds) and in Fig. 4.11 (d) as a function of the temperature
during annealing (orange pentagrams). In both cases, the FWHM of the (111)
peak decreases by approximately 15% with increasing ion fluence and annealing
temperature relative to the as-deposited state.

The FWHM of the (111) peak can be used to determine the the size of
crystallites in our film. According to the Scherrer formula (Eq. 3.3, presented
in the experimental chapter, Sec. 3.3.3), the size of the crystalline domains in
our films increased after either annealing at 265°C or ion irradiation with a
fluence of 5 x 1016 cm~2. The estimated size of the diffracting domains is 22(1)
nm for the as-deposited case and increased to 24(1) nm after the two material
treatments, as calculated using Eq. 3.3. In both the irradiated and annealed
samples, we observed a decrease in the FWHM of the rocking curve, indicating
an improvement in the film’s crystalline phase.'”!

Additionally, rocking curve measurements on our sample are reported in Fig.
4.12. In Fig. 4.12 (a) rocking curve measurements are presented in the as-
deposited state, after annealing at 265°C, and after irradiation with a fluence
of 1 x 1016 cm—2.

After irradiation and annealing, the intensity of the rocking curve increases,
while the full width at half maximum (FWHM) reduces in comparison to
the as-deposited state. The dependence of the rocking curve FWHM on ion
fluence during irradiation and on temperature during annealing is presented
in Figs. 4.12 (b) and (c), respectively. Both treatments lead to a decrease in
the FWHM of the rocking curve, which can be attributed to the reduction of
defects by both material treatment methods. This indicates an improvement in
the crystalline phase of the film.!”! The initial defects can result from mosaicity,
dislocations, and curvature that disturb the ideal parallelism of atomic planes
in our polycrystalline NiFe layer with (111) texture.

Previous studies have demonstrated that room temperature irradiation mainly

improves material uniformity'? and induces interface intermixing.”® Similarly,

193

thermal annealing is a common technique to promote atomic diffusion'”> and

crystallization.'® In the literature, similar effects have been reported for
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Figure 4.12: Details of the rocking curve measurements obtained with X-ray
diffraction. (a) rocking curve of the NiFe (111) peak for the as deposited, irradiated
and annealed samples. The fitted values of the FWHM of the rocking curves are
reported as a function of ion fluence during irradiation (b) and as a function of
temperature during annealing (c).
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amorphous alloys where annealing'® and Het irradiation can enhance
short range atomic mobility, enabling the growth of the ordered phase at the

expense of its disordered or less ordered counterpart.

| 4.2.2.2 | Magnetic measurements - anisotropy and coercivity

The thin film magnetic properties are measured with Kerr microscopy and are
reported in Fig. 4.13. Figs. 4.13 (a) - (c) show the hysteresis curves for the
NiFeCr(5 nm)/Nig; Fe19(30 nm)/Ta(4 nm) where the magnetic field is applied
along two perpendicular in-plane directions: (a) for the as-deposited state,
(b) after annealing and (c) after irradiation. The measurements refer to the
magnetic contrast of the film structured into 80 pm disks.

Fig. 4.13 (a) shows the magnetic response of the Permalloy film in the as-
deposited state. A weak uniaxial magnetic anisotropy K, is present in the
film, which can be associated with internal stresses during the material growth
or asymmetries in the deposition system.!®” The value of K, = 80(7) # is
determined by subtracting the area between the easy and hard axis loop of the
as-deposited state as described in the experimental chapter, Sec. 3.3.5. The
magnetic easy axis anisotropy direction can be inferred from the orientation
of the magnetic domains at the remanent state (inset of Fig. 4.13 (a)). The
in-plane magnetization direction is obtained by summing the horizontal and

vertical components of the magnetic contrast. After annealing, the magnetic
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Figure 4.13: (a) - (c¢) in-plane hysteresis loops of NiFeCr(5 nm)/Nig;Fei9(30
nm)/Ta(4 nm) after sputtering, after thermal annealing and after He™ ion irradiation,
respectively. In the inset, the corresponding remanent magnetic state (Best = 0 mT)
for 80 pm disks is shown. The field is applied along ® = 0°.

response of the film is measured again and is shown in Fig. 4.13 (b). The
in-plane hysteresis loops still show the presence of uniaxial magnetic anisotropy,
as confirmed by the remanent magnetic state (inset of Fig. 4.13 (b)) as the
magnetic domains again orient along the easy axis direction ® ~ 90°. The
magnetic response of the irradiated Permalloy is shown in Fig. 4.13 (c¢) and is
significantly different from the as-deposited and annealed cases. The low-field
slope change observed in the hysteresis of Fig. 4.13 (c) is attributed to the
creation of a magnetic vortex, as illustrated in the inset of Fig. 4.13 (c),
accompanied by a sudden drop in magnetization upon decreasing the field from
198 Furthermore, the hysteresis loops now exhibit negligible angular
dependence on @ as can be seen from the overlapping curves in Fig. 4.13 (c).
As a result of the reduced anisotropy after irradiation, the Permalloy exhibits
a magnetization distribution in the form of a vortex at remanence, which is

saturation.

energetically preferred for disks with low induced anisotropy (inset of Fig.
4.13 (c¢)). Irradiation also lowers the hard-axis coercivity H, since the linear

movement of the vortex core in vortex structures minimizes hysteresis.'%

Figure 4.14 (a) shows the angular dependence of the normalized remanent
magnetization for the three samples. The as-deposited and annealed samples
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Figure 4.14: (a) angular plot of the normalized remanent magnetization M, /M, as
function of the in-plane magnetic field direction ® for as-deposited, irradiated and
annealed samples. (b) coercive field (blue) and uniaxial magnetic anisotropy (orange)
measured along the field direction ® = 0° on a Permalloy sample irradiated with
different fluences of ions during He™ irradiation. For comparison, the values after
annealing and in the as-deposited state are reported with dashed lines.

(shown in blue and green, respectively) exhibit uniaxial magnetic anisotropy
with a sizable remanent magnetization at ® ~ 90°. In contrast, the irradiated
sample has a reduced remanent magnetization for all angles, which is typical
for the vortex state seen that can be seen in the inset of Fig. 4.13 (c¢). To
gain a better understanding of the enhancement of the magnetic softness of
our Permalloy after irradiation, we gradually increased the He™ fluence (cm~2)
while keeping the ion energy constant. The measurements of H, and K, as
a function of He™t ion fluence during irradiation are shown in Fig. 4.14 (b).
The values for the as-deposited and annealed films are shown for comparison
by dashed lines. No significant effects are observed for low fluences. However,
at fluences larger than 5 x 10'® em~2, both the coercivity and anisotropy are
progressively reduced as the He™ fluence is increased. At the maximum fluence
of 5x 10" ecm™2, H, is reduced by a factor of five compared to the as-deposited
state, while the induced anisotropy is decreased by a factor of ten. We do
not observe a similar substantial reduction of these magnetic parameters after
annealing.

One possible reason for the observed difference may be attributed to the
distinct ordering mechanisms that occur during irradiation and annealing
processes without magnetic field. Previous literature has reported improvements
in atomic ordering in Permalloy films after annealing and irradiation with
various ions.'8%:200 Some studies on polycrystalline films?°:292 have shown
that for temperatures ranging from 200 to 300° C, crystalline grain growth is
more uniform for irradiation than for thermal annealing due to the differing
mechanisms involved in altering the chemical ordering of the alloy.?°3 These
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H Nigi Feig M, (T) K, (J/m®) H.(mT) X;x10-%® Y (GPa) H
as-deposited 0.95(1) 78(5) 0.20(5) -0.7(1) 200159
Ann. 265°C 0.95(1) 70(5) 0.15(5)  +0.04(9)  200%°
Het 5 x 1016 0.91(1) 8(7) 0.05(5)  +0.01(9) 2007

-2
cm

Table 4.2: Parameters of the magnetic materials (thickness 30 nm) after deposition,
annealing and He™ ion irradiation. The values without reference are quantified exper-
imentally. Here, M; is the saturation magnetization, K, is the uniaxial anisotropy
constant, H,. is the coercive field, A\s is the saturation magnetostriction and Y is the
Young’s modulus. The same value for Y is considered in all cases.

investigations suggest that radiation-induced mobility is more isotropic in the
absence of a magnetic field compared to thermally-induced mobility. 80203
The reader can refer to the experimental method chapter, Sec. 3.2.1. for more
details. Accordingly, a stronger reduction in the magnetic anisotropy for the
irradiated samples can be expected.

A first indication for the observed reduction in coercivity in our irradiated
samples is the formation of a magnetic vortex in disk-patterned Permalloy (inset
of Fig. 4.13 (¢)). A recent study'? compared ion irradiation with thermal
annealing and analyzed the microscopic pinning parameters for domain wall
(DW) motion. The annealed sample exhibited strong but widely distributed
pinning sites, while the irradiated sample exhibited weaker defects with a
higher density. As a result, the DW energy landscape is smoother after
irradiation, allowing for domain formation and magnetization switching at
lower magnetic fields. Additionally, the release of internal stresses in the film
during irradiation?°*2%° may also contribute to the improved soft magnetic
properties of our Permalloy.

| 4.2.2.3 | Strain dependent measurements - magnetostriction

In order to investigate the impact of ion irradiation and annealing on the
magnetoelastic coupling of a thin magnetic Ni-Fe alloy, we have examined the
strain-dependent magnetic properties of the material. Specifically, we applied
uniaxial in-plane strain to a full film composed of NiFeCr (5 nm)/Nig;Feig
(30 nm)/Ta (4 nm). The external strain is coupled to the magnetization via
the anisotropy energy expression, so we used Kerr microscopy to measure the
magnetic anisotropy before and after the strain application. The in-plane strain
of e, = 0.06% (tensile) is applied along the ® = 0° direction. To determine
the magnetostriction A of the material we use Eq. 3.5 (see details in the
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experimental chapter, Sec. 3.3.5) and the values of the Young’s modulus in
Table 4.2. The effective magnetostriction of the film for different He™ fluences
are reported in Fig. 4.15. In the as-deposited state and for He™ fluences up to
101 em™2, A\, = —7(2) x 1077 is negative, and an externally applied tensile
strain increases the anisotropy field in the direction ® = 0°. As the fluence of
ions during irradiation increases, the magnetostriction decreases and reaches
values close to zero for a fluence of 5x10'6 cm~2. In this case, the magnetoelastic
anisotropy is negligible, and the material is insensitive to the applied strain.
Accordingly the magnetization curves before and after the application of
€ze = 0.06% are almost unchanged. The saturation magnetostriction of the
magnetic layer after annealing is also measured and is reported in Fig. 4.15
for comparison. After annealing we also measure a value of magnetostriction
As ~ 0 close to zero.
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Figure 4.15: Saturation magnetostriction As as a function of Het ions fluence
during irradiation. The values as-deposited and after annealing are reported for
comparison with dashed lines.

An additional confirmation of the magnetic behavior of the stack under applied
strain is obtained by imaging domain formation using the magneto-optical
Kerr effect (MOKE). The MOKE images in Figs. 4.16 (a) — (¢) show how the
magnetoelastic anisotropy affects the preferred direction of magnetic domains
before and after the application of strain. In the as-deposited state (Fig.
4.16 (a)), the magnetization is aligned to the anisotropy easy axis induced
during deposition. However, after the application of strain, the negative
magnetostriction of the as-deposited sample causes the magnetic domains to
orient themselves along the y direction, perpendicular to the uniaxial strain €,,,.
The domain pattern for a sample annealed at 265°C is shown in Fig. 4.16 (b).
In this case, the remanent magnetic state is hardly affected by the applied strain
due to the extremely low magnetostriction measured, resulting in negligible
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magnetoelastic anisotropy Kjyg << K,. The sample irradiated with He™
fluence 5 x 1016 em=2 (Fig. 4.16 (c)) exhibits at remanence a magnetic vortex
state that remains unchanged after the application of €., = 0.06%. The initial
vortex state, which is unaffected by the application of strain, demonstrates
that induced and magnetoelastic anisotropy are reduced to the point where
only the shape anisotropy determines the remaining domain pattern.

In order to compare more quantitatively the MOKE images and the vortex
state of the irradiated sample, the average radial magnetization is calculated for
different in-plane ® directions from the longitudinal component of the vector
image, as described in the work of Gilbert et al.?’® The average contrast is
determined for a single 80 pm disk from the images in Fig. 4.16 (c), and
the results are shown in Fig. 4.16 (d). In the unstrained state, as shown in
Fig. 4.16 (c) (left), the magnetization of the disk forms a circularly-symmetric
vortex, and the average contrast varies periodically with the angular position
on the disk, following the expression a sin(¢b), which is shown as a black line
in Fig. 4.16 (d). After the application of strain, due to the extremely small
magnetostriction, the average contrast (red line in Fig. 4.16 (d)) still follows
the same periodic behavior a sin(¢b).
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Figure 4.16: Remanent magnetic state for 80pm diameter disks before (left) and
during (right) uniaxial strain 0.06% application for as-deposited (a), annealed (b)
and irradiated Permalloy (c). (d) average contrast for 80 pm disks as a function of
the in plane angle ® for the irradiated sample in the remanent state (magnetic vortex
state) before and after the application of strain.

One possible reason for the decrease in saturation magnetostriction observed
after ion irradiation and annealing could be the increase in crystallite size in
the NiFeCr(5 nm)/Nig;Fej9(30 nm)/Ta(4 nm) sample, which is highlighted in
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Figs. 4.11 (c) and (d). The magnetostriction of isotropic cubic crystallites can
be expressed as a combination of the saturation magnetostriction constants
A100 and Ap1p in the (100) and (111) directions, respectively!®®

_ 2A100 + 3A111

As
5

(4.3)

In Permalloy, the two component of the magnetostriction change significantly
over the relative Ni-Fe composition range altering the effective magnetostriction,
As. In our sample, which contains Nig;Fejg, the predicted A; value is close
164 Our XRD measurements show a 15% reduction in the (111) peak
FWHM after ion irradiation and annealing, indicating crystallization along the
thickness direction and therefore a possible change in the relative contribution
of A1go and Aq11 in the magnetic layer. Following Eq. 4.3 the effective magne-
tostriction of the film can be affected by this change, as shown in Fig. 4.15,

to zero.

where the magnetostriction is progressively reduced with increasing fluence and
annealing temperature as the size of crystallites increases due to irradiation
and annealing. Additionally, increased intermixing at the boundaries of the
magnetic layer could also alter the interface magnetostriction,20”
inversely proportional to the film thickness.2%%2%9 This could also play a role

which is

in the effective magnetostriction of the film as described in the multilayers
system, Sec. 4.1.

| 4.2.2.4 | Transport measurements - AMR

To assess the suitability of our Permalloy layer for sensing applications, we
conducted transport measurements. The anisotropic magnetoresistance (AMR)
effect occurs in 3d transition metals and can be observed macroscopically as
a change in conductivity when a magnetic field is applied to a sample while
current is flowing. The resistivity of the sample depends on the angle ® between
the magnetization direction and the current flow according to'’

R(®) = Ry + (R1 + R|)cos’® = R, + ARcos®. (4.4)

The magnitude of this effect can be quantified by the magnetoresistive coeffi-
cient

AR
Ry
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The AMR measurement of the film resistance as a function of the ® angle are
shown in Figs. 4.17 (a) and (b) for the as-deposited and irradiated sample,
respectively. The results of the electrical characterization indicate that the
NiFeCr(5 nm)/Nig; Fe19(30 nm)/Ta(4 nm) sample possesses a significant AMR
of AR/R = 1.1(1)% in the as-deposited state. Since the AMR does not change
after irradiation, the proposed material treatment is appropriate for enhancing
the magnetic properties of magnetic materials for sensing applications. For
more information about the setup used for the AMR measurement, the reader
can refer to Sec. 3.3.6 of this thesis.
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Figure 4.17: AMR measurements performed on a full film of NigiFe19 30 nm before
(a) and after (b) He™ irradiation. A dose of 5 x 10'® cm™? is considered.

Conclusions

In the study presented in Sec. 4.2, we examined and compared the impact of
He™ irradiation and thermal annealing on the magnetic properties of NiFeCr(5
nm)/Nig; Fe19(30 nm)/Ta(4 nm). According to our structural modification
analysis using XRD, both treatments led to increased crystallization of the
textured NigyiFeqg alloy along the thickness direction. The irradiation resulted
in a drastic reduction of the hard axis coercivity down to 0.05 mT and of the
deposition-induced anisotropy by a factor of ten. This magnetic improvements
can not be observed for the field-free annealing, that does not significantly
enhance magnetic softness. We possibly attribute this to stress relaxation in
the film after irradiation and to the completely isotropic mechanism for atomic
ordering in the case of irradiation only. Additionally, we observed a significant
decrease in the effective magnetostriction of the film by a factor of ten after
irradiation and annealing, as confirmed by anisotropy measurement under in-
plane strain. Importantly, we demonstrated that the sizable magnetoresistance
is maintained after irradiation. Our results indicate that post-growth He™
irradiation is a useful tool for enhancing magnetic softness and minimizing
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strain cross-sensitivity of Permalloy. Unlike thermal annealing, ion irradiation
enables local material treatment,' 195210 making it possible to adjust the
anisotropy and directly write magnetic domain patterns into thin-film structured
devices. This allows for the local tuning of magnetic material properties, making
it suitable for applications such as high-sensitivity and low-hysteresis integrated
AMR sensors that are insensitive to strain.
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Strain effects of Co/Gd synthetic ferrimagnets

In the present section, we continue to investigate the strain dependent magnetic
properties of magnetic materials. However, this time we focus on a different
class of materials compared to those discussed in Sec. 4.1 and Sec. 4.2.
Specifically, we investigate a ferrimagnetic system instead of a conventional
ferromagnet. For a comprehensive review of ferrimagnets, interested readers
are encouraged to consult the work of Kim et al.?'! We provide also a brief
introduction to synthetic ferrimagnets in this section. The samples and the
measurements for the work presented here were realized at TU/Eindhoven (NL)
with the help of P. Li, T. J. Kools and A.A.D. Petrillo and the supervision of
Prof. R. Lavrijsen.

Ferrimagnets are a class of magnets with unbalanced antiparallel-aligned sublat-
tice moments. This unique combination of antiferromagnetic and ferromagnetic
properties offers advantages such as finite Zeeman coupling, spin polarization,
and non-adiabatic dynamics that could allow for all-optical switching (AOS)
using femtosecond laser pulses.?!1"213 AOS has been observed in rare earth-
transition metal (RE-TM) ferrimagnetic alloys like GdFeCo and multilayer
synthetic ferrimagnets such as Co/Gd and [Co/Tb],,.21% 214215 Gynthetic ferri-
magnets based on Co/Gd multilayers have particularly shown high potential
for the use in integrated opto-spintronics devices, as they exhibit AOS with-
out composition constraints imposed by alloy systems, as well as magnetic
and angular momentum compensation that allows for ultrafast domain wall
motion.?'7219 Current research has also reported the integration of Co/Gd
synthetic ferrimagnets into optically switchable magnetic tunnel junctions.??°

Recent advancements in spintronics have presented new possibilities for elec-
tronic applications beyond the standard CMOS, where ferrimagnets could be
implemented. New concepts for high-density and ultrafast non-volatile data
storage have been proposed in magnetic memories.??"222 Over the years, ferri-
magnets have been utilized in magnetic memories to enhance storage density,?2?
as well as reading and writing speed,??* and energy efficiency?2°226 227,228
Additionally, single-pulse all optical-switching (AOS) of magnetization has en-
abled switching speeds below the ps timescale,?'?229-231 providing a promising
foundation for a new generation of ultrafast data buffering in a single chip that

integrates photonics with spintronics.?!! 2327235

When it comes to technological implementation, it is important to consider
the effects of strain that may arise from processing steps like layer deposition
and packaging.?? The magnetic anisotropy of ferrimagnets can be affected by
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intrinsic stresses and strain, which can alter the spin-orbit coupling (SOC) or
the magnetization compensation, particularly in RE-TM alloys?37: 238
compensation temperature has been reported to be affected by strain.
Strain is omnipresent in applications,?4! 243

where
239,240
it is therefore of interest to explore
strain-dependent effects also in synthetic ferrimagnets.

The present section reports a systematic study of the effects of strain on Co/Gd
synthetic ferrimagnets. By applying external strain through substrate bending,
we investigate the impact on the perpendicular magnetic anisotropy (PMA) and
magnetization compensation of [Co/Gd] and [Co/Gd]s multilayers. Using wedge
samples and polar magneto-optic Kerr effect (pMOKE) measurements, we find
that in-plane tensile strain increases the PMA, while a negative magnetostriction
is observed. We also show that the effects of strain on the magnetization are
mainly due to the modification of spin-orbit coupling within the magnetic
layer and at the Pt/Co interface, which increases the magnetic anisotropy
through magnetoelastic coupling. Furthermore, we find that the magnetization
compensation point is not significantly affected by strain, as the magnetoelastic
coupling influences the anisotropy rather than the magnetization of the two
sublattices. These findings improve our understanding of magnetoelastic effects
in ferrimagnetic multilayers and can aid in optimizing and developing spintronics
devices, as well as in potential applications like magnetic memory and sensing.

The most part of the work reported in Sec. 4.3 has been published in the
Journal of Applied Physics.?*4

4.3.1 Sample structure and characterization

The samples are grown on a 1.5 pm thick, thermally oxidized SiOx on top
of a 625 pm thick Si substrate by DC magnetron sputtering in a chamber
with a typical base pressure of 5 x 1072 mBar. To obtain a wedge shaped
thickness gradient, a shutter located near the sample is gradually closed during
deposition. This enables the investigation of both compensation and spin
reorientation transition (SRT) within a single sample. Two kinds of samples
are produced. Firstly, a bilayer of Ta(4 nm)/Pt(4)/ Co(0-2)/Gd(tcq)/TaN(4)
with a constant Gd layer on top of a Co wedge is considered to study the
SRT (Fig. 4.18 (a)). Secondly, a quadlayer of Ta(4)/Pt(4)/Co(0.6)/Gd(0-
2)/Co(0.6)/Gd(1.5)/TaN(4) is grown, this time with a Gd wedge, to study the
magnetization compensation (shown in Fig. 4.18 (b)).
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Figure 4.18: Sample sketch, red arrow indicates the direction of the applied strain.
The bi-layer configuration (a) is used to investigate the SRT, while the configuration
(b) is considered for studying the magnetization compensation.

The magnetic properties of these wedge samples are investigated by pMOKE,
which is mostly sensitive to the out-of-plane (OOP) component of the Co
magnetization at a wavelength of 658 nm. Fore more details about the pMOKE
setup, the reader can refer to the experimental chapter, Sec. 3.3.1. According
to Fig. 4.18 (a), the surface of the sample is scanned along the y-direction using
a focused laser size with a spot-size of ~250 pm diameter. Accordingly, the
local magnetic properties and hysteresis loops can be measured as a function
of layer thickness, with a negligible thickness gradient < 0.025 nm within the
used laser spot. All the measurements are performed at room temperature. To
apply in-plane tensile strain to our multilayer, the substrate is mechanically
bent using a three-point method used also for the studies in Sec. 4.1 and Sec.
4.2.

The in-plane strain with magnitude of 0.1% is measured with a strain gauge
(RS PRO). The tensile strain is uniaxial along = and uniform in the measured
area of the sample. More details about the strain generating device can be
found in Sec. 3.3.5 of the experimental chapter.

4.3.2 Results and discussion

| 4.3.2.1 | Spin reorientation transition in Co/Gd bilayers

The use of magnetic materials for high density data storage requires magnetic
systems that are OOP magnetized.?*> 246 In thin films, an OOP magnetic
easy axis can be obtained by the anisotropy induced at the heavy metal
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interface?4” 24 (see also the theory chapter of this thesis, Sec. 2.2.4). Addi-
tionally, strain can influence the direction of the magnetic easy axis in systems
with PMA.2?4° To investigate the impact of external strain on Co/Gd systems
with PMA, we examine bilayer samples consisting of Ta(4 nm)/Pt(4)/Co(0-
2)/Gd(tgq)/TaN(4). Specifically, we vary the Co thickness between 0 and 2
nm over a few mm along the y direction, while tg4 remains constant (as shown
in Fig. 4.18 (a)). In this system, the interfacial anisotropy energy (magne-
tocrystalline anisotropy energy at the Pt/Co interface) and demagnetization
energy determine the effective magnetic anisotropy. The demagnetization en-
ergy increases with the thickness of the Co magnetic layer, and therefore, the
magnetization shifts from OOP to IP. To measure the magnetization of our
wedge sample, we record hysteresis loops from the pMOKE signal. We repeat
the measurement by moving the laser spot along the wedge in the y direction.
Initially, we examine a sample with t;4=0, and those measurements are shown
in Figs. 4.19 (a) and (b). Fig. 4.19 (a) depicts the magnetic response of the
Ta(4 nm)/Pt(4)/Co(0-2)/TaN(4) sample to an OOP magnetic film for different
tco. The effective anisotropy Keg; is estimated?!” by recording hysteresis
loops with a magnetic field applied OOP and IP, allowing us to determine
the corresponding anisotropy energy per unit area K, = 1.7 mJ/m?. For
tco = 1.35 nm, the square-shaped loop indicates PMA, with K.¢r= 1.5(2)x 10°
J/m3. A value of M¢c, = 1.3 MA/m is used for the calculation. As the Co
thickness is increased (moving the laser spot along the wedge direction - y),
the remanence and squareness of the hysteresis loop decrease, along with the
PMA of the system. For tc, = 2.00 nm, the sample is IP magnetized, and
Kpp=-0.8(2)x10° J/m? is negative. The OOP to IP transition occurs at
tco = 1.85(2) nm in this system.
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Figure 4.19: (a) Out of plane hysteresis loops of a Pt/Co/TaN stack for different
Co thicknesses. (b) OOP hysteresis loops of Pt/Co(1.85 nm)/TaN before (blue) and
after (red) application of 0.1% in-plane strain. The magnetic field was applied in the
OOP direction, so along z.



4.3. Strain effects of Co/Gd synthetic ferrimagnets 115

To investigate the effects of externally applied in-plane strain, we perform the
measurement again while bending the sample mechanically, as described in the
experimental chapter, Sec. 3.3.5. The expression for the anisotropy energy
can be used to describe the coupling between the magnetization and external
strain.”? When the strain in the film is non-zero, the magneto-elastic coupling
of Co theoretically contributes to the effective anisotropy. Consequently, the
total anisotropy K.¢s of the magnetic stack is expected to change in the
presence of external strain. In Fig. 4.19 (b), we present the OOP hysteresis
loops of the Ta(4 nm)/Pt(4)/Co(1.85)/TaN(4) sample before (blue) and after
(red) the application of a strain e,, = 0.1%, where we observe a decrease in the
anisotropy field following the application of in-plane strain. This occurs because
of the positive strain-induced magnetoelastic anisotropy Kjp;g in this system,
which we expect from a material with negative magnetostriction like Co.249-250
Accordingly, the PMA is increased by the applied strain, allowing even a thicker
Co system to reach OOP magnetization in contrast to the unstrained sample.

After this preliminary study on Pt/Co systems, we shift our focus to the
magnetostriction of Co/Gd multilayers. The magnetostriction in Co-Gd alloys
is reported to be heavily dependent on the composition?'2%2 due to the
structural changes caused by different atomic content. In contrast to this
scenario, the effects of magnetostriction of a multilayer, are expected to be
dependent on the magnetoelastic coupling of the individual layers.?”
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Figure 4.20: MOKE intensity scan at remanence (no applied field) of Pt/Co/Gd/TaN
films along the Co wedge for different thicknesses of the top Gd layer. Solid (dashed)
lines consider measurements before (during) the application of strain.

To investigate the magnetostriction of a Co/Gd multilayer, we add a constant
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layer of Gd on top of the Co wedge with two different thicknesses, 1 nm and
3 nm, to perform thickness-dependent studies. The magnetization in the Gd
layers is mainly induced at the interface with the Co layer, and couples anti-
parallel to the Co magnetization.?'* Accordingly, the Co thickness ¢, required
to reach SRT is expected to change with increasing tgq.2°> To compare the
SRT of Ta(4 nm)/Pt(4)/Co(0-2)/Gd(tgq)/TaN(4) samples with different tgq,
we conducted remanent intensity scans along the Co wedge and hysteresis
loop measurements. After saturating the sample with an out-of-plane (OOP)
magnetic field of 1T, we determined the thickness-dependent remanence from
the pMOKE signal without external magnetic field. These measurements are
reported in Fig. 4.20. The normalized remanent intensity, which is sensitive to
the OOP component of Co magnetization, drops to zero at the SRT, where
the magnetization rotates in-plane (IP). We observed the SRT in samples with
different Gd thicknesses before and after applying strain. The critical thickness
tco = t. at which SRT occurs changes significantly in the presence of a Gd
layer (previously reported by Kools et al.???), and the in-plane strain shifts the
OOP to IP transition towards larger Co thickness (see Fig. 4.20), consistent
for all investigated samples. This suggests that the effective magnetostriction
of the Co/Gd bilayer is negative, and its value Ay = —10(5) x 1076 is not
significantly altered by the thickness of the Gd layer.

To obtain a quantitative understanding of the shape of the spin reorientation
boundary, we use an analytical model®®3 to describe the magnetostatic free
energy of the anisotropy, which is zero at the SRT boundary. The first energy
terms of the model are the demagnetization energies of the Co layer

1 Y 1
Eyco = 5#0/ Mg, dq = §N0Méoy (4.6)
0

and of the Gd layer

1 T
Eyca = 5#0/ M exp(—2q/Aga) dg =
0

1 —2z
~poMggAa (1 —exp | ——

where A4 is the characteristic decay length of the Gd magnetization, which
is induced at the Co/Gd interface, M¢, is the magnetization of the Co layer,
Mgy is the effective Gd magnetization at the interface between Co and Gd
and x and y are, respectively, the Gd and Co thicknesses in the diagram of Fig.
4.21 (a). The magnetocrystalline anisotropy is included with the term

(4.7)



4.3. Strain effects of Co/Gd synthetic ferrimagnets 117

Ex = Ky — AK (1 —exp < Af)) (4.8)

and it is also considered to decay with a characteristic decay length Ax and
magnitude AK. The second term in Eq. 4.8 represents the experimentally
observed decay in effective anisotropy, which can result from the sputter-induced
disordering of the Co.2°* In addition to this anisotropy term, the model also
includes an energy term, E,,;,, which accounts for mixing at the interfaces of
the magnetic layers where the local net magnetization is zero. The expression
is

Emi:c = QIU/O anw Mg‘o + (MGdexp(_q/AGd))Z dq =
72(101)) . (4.9)

3H0a0 M2 @ + FroAGaMEy (1 —exp ( v
In this model, the expression of the total free energy density per unit area is,
considering all the terms mentioned so far:

Etot = _EK - Emia: + Ed,Co + Ed,Gd- (410)

Therefore, the total energy FEy.¢, can be explicitly written as

Eyor = —K; + AK (1 — exp ( )) 3 poag M2 x
—2poAGaMg, (1 —exp 2“‘””)) + Lo ME,y (4.11)

—2z

"‘%NOMédAGd 1 —exp E))

The parameters Ag, Agqg and AK for our Co/Gd bilayer are determined using
a numerical fit. All the other parameters are either experimentally measured
or taken from literature and are reported in Table 4.3. The magnetocrystalline
anisotropy energy per unit area K, due to the Pt/Co interface is assumed to
be constant. To fit this equation to the phase diagram obtained experimentally,
it is convenient to find the Co-thickness (y) where the anisotropy energy (Eyor)
is equal to zero (spin reorientation transition, SRT). Solving Eq. 4.11 for y
yields:

yo(z) = 372 1o (_ (KS - AK (1 P (ﬁ)))) — gHoao Mg,
—3HoAGaME, (1 —exp (M)) + ar0Méarca (1 TP <%>) '

AGd

(4.12)
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H Parameter Value Description H
K 1.7 mJ/m? Interfacial anisotropy (from exp.)
Kug 0.02 mJ/m? Magnetoelastic anisotropy (from exp.)
Me, 1.3 MA/m Cobalt magnetization (from exp.)
Meca 1.4 MA/m Gadolinium magnetization at Co/Gd
interface (from Ref.?%%)
ag 0.13 (-) Growth parameter of intermixing re-
gion (from exp.)
Ax 0.51(15) nm Change of PMA energy characteristic
decay length (Fit parameter)
AGd 0.59(22) nm Gd magnetization decay characteris-
tic decay length (Fit parameter)
Ay 3.96(41)x10~* J/m?  Change of PMA energy (Fit parame-
ter)

Table 4.3: Parameters used in the model for the magnetostatics of uncompensated
Co/Gd synthetic ferrimagnets used for the calculations of the SRT. The term Kz
is considered zero for when external strain is not applied to the sample.

Once the parameters are estimated, Eq. 4.11, describing the total energy of a
Ta(4nm)/Pt(4)/Co(tco)/ Gd(tga)/TaN(4) sample, can be solved for y (tco)
by imposing E.; = 0 (spin reorientation transition). The solution for the SRT
obtained with the model described above is reported in Fig. 4.21 (a) using
a blue solid line in a phase diagram where tgq (x) and tc, (y) range from
0 to 3 nm and from 0 to 2 nm, respectively. The experimentally measured
SRT without externally applied strain is also shown in Fig. 4.21 (a) with
blue diamonds, and is in good agreement with the general trend of the model
calculations. However, some discrepancies between the experimental and model
values are observed for tg4 = 0, which may be attributed to additional mixing
between the layers.

To include the effects of strain, a magnetoelastic anisotropy Ky p = f%)\sYe
is added to Eq. 4.10 that becomes

Eiot = —Ex — Enizc — Kmp + Ea,co + Ea,Ga- (4.13)

In our experiments, the value of Kyg = 0.02 mJ/m? corresponds to the
magnetoelastic anisotropy induced by applying an in-plane strain of 0.1%.
As shown in Fig. 4.20, we do not observe significant changes to Kj;g with
increasing tgq. To incorporate the magnetoelastic term, Eq. 4.13 is solved
again for the SRT-boundary at Ey,; = 0, and the solution is shown in Fig. 4.21
(a) with an orange solid line. Since the material has negative magnetostriction,
Ky g adds to K, resulting in an enhancement of the PMA under in-plane
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Figure 4.21: (a) 2D phase diagram of the SRT of the a
Ta(4nm)/Pt(4)/Co(tco)/Gd(taa)/TaN(4) stack as a function of tgq (x) and
tco (y). Blue diamonds and red squares correspond to the experimental data,
reported without and with strain applied, respectively. The solid lines indicate
the calculated values using the model for the magnetostatics and Eq. 4.13. A
magnetoelastic anisotropy Kyr = 0 and 0.02 mJ/m? is considered, respec-
tively, for the blue and orange curve. (b) Spin Reorientation Transition of a
Ta(dnm)/Pt(4)/Co(tco)/Gd(tca)/TaN (4) sample calculated for values of tcqa = 0,
1 and 3 nm and plotted as a function of tco. The SRT is represented here by a step
function. Solid and dashed lines consider Kyg = 0 and 0.02 mJ/ mQ7 respectively.

strain. Therefore, the calculated SRT is shifted to larger values of t¢,. This
trend is consistent with the experimentally determined SRT when an external
strain of e, = 0.1% is applied (shown as orange squares in Fig. 4.21 (a)).

To visualize the spin reorientation transition (SRT), Eq. 4.13 can be solved
for fixed values of tgq to obtain the critical thickness of t¢, at which E;,; = 0.
This approach generates a step function in the SRT diagram shown in Fig.
4.21 (b), which is equivalent to the MOKE remanence scan depicted in Fig.
4.20. The values of Gd thicknesses considered are tgq = 0, 1 and 3 nm and
are plotted in Fig. 4.21 (b) with solid lines in black (0 nm), blue (1 nm) and
orange (3 nm). Solid lines consider Kp;r = 0 mJ/m?. To include the effect of
magnetoelastic anisotropy, dashed lines are used to represent the SRT models
calculated with Ky g = 0.02 mJ/m?, as shown in Fig. 4.21 (b). The SRT
models can be correlated with the experimental remanent intensity scan in
Fig. 4.20. The behavior predicted by the model is similar to the experimental
results, showing that the SRT point shifts as the Gd layer thickness increases.
The SRT point is also shifted due to the effect of magnetoelastic anisotropy
and external strain, as seen in Fig. 4.21 (b) and Fig. 4.20, respectively. As we
expect from a negative magnetostrictive material, K adds to K/ g, therefore
the PMA is increased and the Co/Gd bilayer stays OOP magnetized for thicker
Co (corresponding to larger E4 c,). We confirm that the major effect of strain
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on the Ta(4 nm)/Pt(4)/ Co(0-2)/Gd(tcq)/TaN(4) sample is the change of the
PMA.

In this section, we examined the impact of in-plane strain on the effective
PMA of a Co/Gd ferrimagnetic bilayer. Our results indicate that the stack
exhibits negative magnetostriction for the thickness values studied. To model
the magnetostatics of this system, we base on a recent study that accounts for
the influence of strain purely as magnetoelastic anisotropy. The outcomes of
our experiments are consistent with the predictions obtained from this model,
leading to a better comprehension of the response of this material to external
strain.

| 4.3.2.2 | Magnetization compensation in quadlayer systems

In ferrimagnetic materials, magnetization compensation is possible when the
total magnetization Myor = Magq + Moo becomes zero due to the equal and
opposite magnetization contributions from the two sub-lattices.

Previous studies have reported changes in saturation magnetization due to

strain in epitaxial ferrimagnetic films?3® 237

and rare earth-free ferrimagnets.
To investigate the effects of strain on magnetization compensation in syn-
thetic ferrimagnets, we studied a quad-layer sample®*® consisting of Ta(4
nm)/Pt(4)/Co(0.6)/Gd(0-2)/Co(0.6)/Gd(1.5)/TaN(4), as shown in Fig. 4.18
(b). The thickness of the bottom Gd layer is varied between 0 and 2 nm over
a few mm, while all other layers has a constant thickness. This choice of a
quadlayer makes magnetization compensation easier to achieve. Compared
to a Co/Gd bilayer, the quadlayer has two times the magnetic volume of the
Co and three times the number of Co/Gd interfaces, where magnetization is
induced in the Gd through direct exchange with the Co.

The growing thickness of Gd, increases the contribution of Mggq to Myet. For
this reason, some areas of the wedge sample are Co-dominated (for tgq <
tcomp) and others are Gd-dominated (for tgq > tcomp) With Mioe = 0 at
tgd = tecomp- Here, teomyp is the thickness where magnetization compensation is
achieved. When a magnetization compensation occurs, two effects are expected:
a divergence of the coercivity and a sign change in the remanent pMOKE signal
(Kerr rotation, normalized to its value in the absence of Gd). The coercivity
data are extracted from hysteresis loops measured across the wedge direction
(along y) and are reported in Fig. 4.22 (a). The sign change in the pMOKE
signal is due to the alignment of the Gd magnetization along the field direction
in the Gd-dominated regime. We observed magnetization compensation in this
quad-layer for tgqg = 1.25 nm.
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Figure 4.22: (a) remanent pMOKE intensity scan and coercivity as a function of
taq. Measurements before (blue) and after (orange) application of in-plane strain
are reported. (b) hysteresis loops in the Co dominated and (c) Gd dominated state.
Both curves with (orange) and without (blue) in-plane strain applied are shown. The
magnetic field was applied in the OOP direction, so along z.

In a similar manner to what we have done investigating the PMA in the bilayer
system, we repeated the measurement in the presence of €., =0.1% in-plane
strain. The results are shown in orange in Figure 4.22 (a). Notably, the Co/Gd
quadlayer compensation point remains unaltered despite the application of
external strain.

Figs. 422 (b) and (c¢) show OOP hysteresis loops of Ta(4
nm)/Pt(4)/Co(0.6)/Gd(tcq)/Co(0.6)/Gd(1.5)/TaN(4) samples for tgq = 1.15
nm and tgg = 1.35 nm, respectively, and highlight the effect of magnetization
compensation. The sample is in this case OOP magnetized. As the thickness of
Gd is increased, the magnetization of the sample goes from being Co-dominated
(Fig. 4.22(b)) to Gd-dominated (Fig. 4.22(c)). The hysteresis loops invert
because for tq > 1.25 nm, the Co-magnetization aligns antiparallel to the field,
resulting in a change in the sign of the pMOKE signal. When the measurement
is conducted again in the presence of 0.1% strain (orange line), there are no
significant changes to the remanent intensity or coercivity compared to the
unstrained case (blue line). These findings suggest that multilayer systems
can achieve magnetization compensation under external strain, and impor-
tantly, the magnetization compensation point remains unaffected. This is in
contrast to recent observations in ferrimagnetic alloys, where the compensation

temperature changes with strain.23?,240
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1.,240 strain was observed to induce alterations

in the compensation temperature of GdFeCo ferrimagnetic alloys, which were
attributed to variations in lattice constant caused by strain. First principle
calculations indicated that this lattice strain affects the exchange coupling
strength in GdFeCo and the moment of Gd. However, in the case of synthetic
ferrimagnets, the ferromagnetic coupling within each layer is not strongly

In the recent study by Wang et a

influenced by in-plane strain.

Synthetic ferrimagnets consist of two sublattices confined to separate layers, and
Gd magnetization is induced at the Co/Gd interface, where the exchange energy
is highest.?14:216 In other words, the composition gradient (where magnetiza-
tion is primarily induced) occurs in the z-direction. Therefore, magnetization
compensation in synthetic ferrimagnets arises from the balance between Co
magnetization and Gd magnetization within the individual layers.?18:2°3 The
total magnetic moment per unit area, denoted as My, is obtained by inte-
grating the magnetization of the Co and Gd sublattices over their respective
layer thicknesses.

In multilayer samples with perpendicular magnetic anisotropy (PMA), the
main effect of in-plane strain, typically on the order of 0.1%, is the modification
of spin-orbit coupling within a single layer.2°®> This alteration affects the
magnetocrystalline anisotropy energy of the system,?°® rather than the magnetic
moment of Co and Gd within a single layer. Consequently, in a ferrimagnetic
multilayer, in-plane strain is not expected to impact the induced magnetic
moment from Co to Gd, thereby preserving magnetization compensation.
This observation aligns with our experimental results, demonstrating strain-
independent magnetization compensation in a synthetic ferrimagnet within the
range of strain magnitudes investigated.

Conclusions

To summarize, the content of section Sec. 4.3 contains our strain dependent
studies on synthetic ferrimagnets. Our study focuses on the effect of external
strain on PMA and magnetization compensation of Co/Gd systems at room
temperature. We have grown wedge samples with varied magnetic layer thick-
ness to determine thickness-dependent transitions in the magnetostatics of this
multilayer system, and applied deliberate in-plane strain to the samples.

In a bilayer Pt/Co/Gd system, we experimentally measure a significant magne-
toelastic coupling that changes the SRT in the presence of strain. We included
the contribution of the strain-anisotropy in a model for the magnetostatics,
which describes the experimental observations well if an effective negative
magnetostriction is considered.
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In a Pt/Co/Gd/Co/Gd quadlayer, we achieved magnetization compensation
of the two sub-lattices by varying the thickness of the bottom Gd layer. We
found that the application of in-plane strain does not affect the magnetization
compensation, as the induced magnetic moment from the Co onto the Gd is
an interface effect in a multilayer system that is not altered by mechanical
deformation. Overall, Sec. 4.3 provides a comprehensive understanding of the
magnetoelastic properties of these multilayer systems. As PMA and magnetic
compensation are maintained in the presence of externally applied strain, these
materials are promising for technological implementation of ferrimagnets, where
strain can be induced by layer deposition and packaging.






STRAIN EFFECTS IN
DOMAIN-WALL-BASED SENSORS

In the present chapter, the second part of the results of this thesis are presented.
The findings highlight the manipulation and positioning of magnetic domain

walls using different types of strain for sensors and other applications. It is
shown how controlled strain can improve and even realize new functionalities
of these devices.
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As described in Chap. 1, domain walls have long been valued for their static
and dynamic properties in the context of spintronics for data storage and logic
devices.257"259 With the ability to create and study magnetic nanostructures
over the past 15 years, researchers have been able to explore diverse spin
textures, their formation, and stability. This extensive investigation has resulted

=4 . .
54,222 and a variety of magnetic

in the incorporation of DWs in memory devices
sensors. 92607262 For instance, a DW - delimiting two magnetic domains - has
the potential to store information about the angular position of an object and
to count the number of rotations performed in a non-volatile manner.6!: 263,264
The benefit of magnetic sensors that employ DWs is their robustness, allowing
for their non-volatile positioning in a variety of applications. Additionally,
no external electrical power is required to alter the magnetic state in the
sensor, rendering it ideal for energy-efficient systems, including those that may
experience power outages. Although the functioning of the sensor is understood
under ideal conditions, other factors come into play in actual devices that were
previously overlooked. As explained in this study, mechanical strain or stress
on these sensing components is recognized as a crucial concern among the
external factors.

In contrast to Chap. 4, where the focus is the improvement and manipulation
of magnetoelastic material properties, in this chapter the effects of different
types of strain on a DW sensor device are discussed. In Sec. 5.1, uniform
strain - equivalent to the one induced by dice packaging - is considered, and its
effects on the magnetization are found to be strongly compensated with careful
material preparation. A spatially varying strain (space dependent, constant in
time) is used in Sec. 5.2. This leads to the conceptualization and realization of
a new type of magnetic sensor. The possibility to have time dependent strain
is exploited in Sec. 5.3 where DW devices are tested in the presence of surface
acoustic waves.



5.1. Strain-controlled domain wall injection 127

Strain-controlled domain wall injection

The magnetic field conditions that allow a DW based sensor to function
reliably is known as the field operating window.?%® This requires the successful
creation and propagation of a DW into the nanowire, setting the minimum
operation field value. However, the uncontrolled nucleation of domain walls at
higher fields needs to be avoided, setting the maximum operation field value.
Previous studies have examined the propagation and nucleation fields and their
dependence on material parameters and device geometry.%1»69,70,265-267 ngtead
of describing this sensor system as idealized, we consider in this study the
presence of uniform strain. Such strain occurs during packaging as well as sensor

operation, with potentially strong impact on the device performance.26®

Strain in magnetic materials induces a preferential direction of magnetization,
known as anisotropy (see Sec. 2.2.4.1), due to magnetoelastic coupling, and
can even pin a DW in a nanowire.?% In DW based devices, a common
approach to generate a DW is to use a larger magnetic pad attached to the
nanowire (as shown in as shown in Fig. 5.1 (¢) - (d)), exploiting the reduced

267,270,271 Recent simulations have shown that strain-induced

shape anisotropy.
anisotropy can overcome the shape anisotropy in the nucleation pad, which
governs the switching of the magnetic state.?”> However, previous studies did

not report experiments on strain effects in a sensor relevant system.

In this section, we investigate experimentally the impact of externally applied
strain on the injection of a 180° domain wall from a nucleation pad in a
magnetic nanowire. We use MOKE microscopy to image the DW creation,
pinning, and injection from the pad for different external strain configurations.
The injection field strongly depends on the effective anisotropy of the magnetic
material, which is modified by strain. Simulations are used to identify the
switching mechanism and the spin structure of a pinned DW just before its
injection into the wire.

The content of Sec. 5.1 has been published in the Journal of Applied
Physics.”?

5.1.1 Sample structure and characterization

Three different samples consisting of the following layers are considered, and
are deposited using DC magnetron sputtering: CogoFesoB2o (30 nm)/Ta(4),
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Figure 5.1: (a) Schematic of the mechanism to apply mechanical strain by three-
point substrate bending. (b) Layer cross-section used for the investigated devices.
FM indicates the magnetic material, the numbers correspond to the thickness in nm.
The SiOx and Si thicknesses are 1.5 pm and 625 pm respectively. Device shown in an
optical microscope (¢) and scanning electron microscope image(d).

NiFey;Cryo(4)/NigaFe15(30)/Ta(4), and Ni(30)/Pt(2). The substrate is made of
thermally oxidized SiOx that is 1.5 pm thick, on top of 625 pm Si. To improve
magnetic softness and deposition uniformity, we use a rotating magnetic field
of 50 Oe during the sputtering of the magnetic material. As result, we obtain
a soft magnetic material with low intrinsic anisotropy and coercive fields.
The magnetic characteristics of our films, as deposited, are provided in Table
5.1. Our X-ray diffraction measurements suggest that the values for Young’s
modulus and saturation magnetostriction are unaffected by the annealing
step. We utilize a BH-Looper to characterize our material and for measuring
magnetostriction as described in Sec. 3.3.2.

H Material M, (T) By (mT) B.(mT) X,x107% Y (GPa) H
CoyoFeq0Bag 1.40(5)  0.20(5)  0.10(5) 27(1) 187273
NigaFerg 0.95(5)  0.10(5)  0.10(5) -0.5(1) 20019
Ni 0.60(5)  2.00(5)  2.00(5) -321°6:2T 18017

Table 5.1: Parameters of the magnetic materials (thickness 30 nm) after deposition
(no annealing). The values without reference are quantified experimentally by mea-
suring the magnetic film on 5” wafers. Here, M is the saturation magnetization, By
is the anisotropy field, B, is the coercive field, s is the saturation magnetostriction
and Y is the Young’s modulus. The same Y and As are considered for as deposited
and annealed samples.

In order to create a preferred direction of magnetization in CogoFeyqoBog, a
static magnetic field of 120 mT is applied while annealing the sample in No
at a temperature of 265°C for 2 hours. This treatment induces a uniaxial
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anisotropy, resulting in an easy axis of magnetization in the direction of the
applied field?™ 277 (see Sec. 3.2.2). The anisotropy field and constant after
annealing are Bp=2.7 mT and K ;,,=1.54(2) kJ/m?3, respectively. The as-
deposited CoggFeqBog material already has a weak uniaxial anisotropy of
Ktim < 50(5) J/m3, likely due to internal stresses during material growth
or asymmetries in the deposition system.?”® This value is 30 times smaller
compared to the anisotropy field induced by thermal annealing with a magnetic
field, allowing to ignore its contribution in this study. A comparison of the
angular dependence of the remanent magnetization and hysteresis loops before
and after annealing are shown for CogoFes0Bag, respectively in Figs. 5.2 (a)

and (b) - ().
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0.5
@ 90 <
120 60 @ deg. E 0

— 3=30°|

05" $=60°)
|— @=90°|
L 3 .
g o After field annealing
= ‘
0.5/
L
=
Al — ®=30°
$=60°
—— $=90°
3 2 1 0 1 2 3

Applied field (mT)

Figure 5.2: Characterization of the full film 5” wafers of CosoFespoB2o using a BH
Looper before structuring. (a) The angular dependence of the remanent magnetization
M, /M, shows the effects of thermal annealing in presence of magnetic field (orange
triangles), that induces a uniaxial anisotropy with easy axis in the direction ® = 0°.
Error bars are within the data points. The magnetic curves of the sample as deposited
(b) and after annealing (c) show a easy axis and a hard axis of magnetization in
blue and green, respectively. Orange and yellow are intermediate direction of applied
magnetic field.

To create the devices used in this study, photolithography and Ar ion milling
are used to pattern the structures. The devices consist of a nucleation pad (20
nm x 10 pm) attached to a nanowire that varied in width from 350 nm to 800
nm with an overall length of 200 pm. The geometry of the pad is designed to
narrow the field distribution and allow for a domain wall (DW) nucleation at
low fields.

To switch the magnetization in the devices, an external in-plane magnetic
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field in the z-direction is applied. As the magnitude of the field increased, the
nucleated DW is depinned from the pad and is injected into the nanowire. The
injection field, B;,; is measured by imaging differential contrast changes in
the magneto-optical Kerr effect (MOKE) in a longitudinal configuration of the
polarized white light using a 50x magnification objective. The injection field
is measured at fields lower than the spontaneous domain nucleation field in
the wire (around 40 mT?%%) to ensure that the DW is injected from the pad
into the wire and not from structure defects or nucleated at the edge of the
wire. To apply strain to the devices, the substrate is mechanically bent using a
three-point method that applied an out of plane force, resulting in a tensile
strain in the plane of the sample up to 0.12%. This device is schematically
shown in Fig. 5.1(a) and is described in Sec. 3.3.5. The strain is mostly
127 and uniform in the central area of the sample, and the intensity
of the strain is measured using a strain gauge. The stack is thin enough to

assume that the strain is entirely transferred to the device, and shear strain is
280

uniaxia

negligible.

5.1.2 Results and discussion

| 5.1.2.1 | Injection field in nanowires

The minimum field required to generate and propagate a domain wall (DW) in
a magnetic sensor device is known as the injection field. However, to ensure a
dependable and repeatable injection, a comprehensive understanding of the
entire DW injection process is required. By using MOKE imaging (as shown
in Fig 5.3), we can observe the gradual switching of magnetization in the
nucleation pad, which leads to the creation of a DW at its end, as well as the
moment when the DW starts to propagate into the wire.

In the absence of strain, the shape anisotropy mainly governs the domain
configuration in the pad and does not vary significantly for the materials
studied, resulting in similar images for all measured devices. Figs. 5.3 (a) - (¢)
illustrate the injection process. When the substrate is not under any strain,
a pattern with multiple magnetic domains is formed (Fig. 5.3 (b) and Fig.
5.5 (b)), with a DW at the entrance of the nanowire for fields as low as 1 mT.
However, the DW is unable to propagate into the nanowire at such low fields
and is pinned at its entrance due to the difference in geometry between the
pad and wire, which creates a local pinning site for the DW. It is this wall that
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can then be injected to propagate along the wire.?®! To achieve injection into
the wire, the external field must be increased.

If the substrate of our device is mechanically deformed (strained), an additional
anisotropy is induced in the magnetic system. This strain-induced anisotropy
competes with the shape anisotropy to determine the domain configuration
and the switching mechanism in the injection pad. The expression of the free
energy?3? reveals how the magnetization is coupled to the uniform macroscopic
strain. In the theory section, Sec. 2.2.4.1, we have described how the magne-
toelastic energy simplifies to a uniaxial magnetic anisotropy constant according

to

3
KME = 5)\5}/‘6361 — Eyy|, (51)

reported here for convenience. In Eq. 5.1 A, is the saturation magnetostriction,
Y is the Young’s modulus of the ferromagnetic layer and e,,, €4y are the
components of the uniaxial in-plane strain along, respectively,  and y. In our
experiments, we apply a strain magnitude of ¢;; = 0.06%, where i indicates
the direction of uniaxial strain. This particular strain magnitude is chosen
because it avoids sample breaking and is sufficient to probe strain effects on
the injection field. Assuming that the strain is uniaxial and tensile, we can
neglect the other direction (g,, << €, and vice versa). This implies that the
strength and direction of the uniaxial anisotropy contribution is determined by
the magnitude and sign of the saturation magnetostriction, respectively. In a
positive magnetostrictive material such as CoggFeqoB2g, the easy axis follows
the direction of the tensile strain, while a negative magnetostrictive material
like Ni has an hard axis in this direction.

Our experimental observations show that strain modifies the conditions for
nucleation and injection of domain walls (DWs). When the wire’s easy axis of
magnetization is aligned with the wire’s length (i.e., in the a-direction), the
coercive field of the pad increases, causing a sudden rotation of the magnetiza-
tion from left to right, as depicted in Figs. 5.3 (d)-(f). In this case, there is no
intermediate multi-domain state present in the pad, and the DW is not pinned
at the wire’s entrance because the coercive field coincides with the injection
field. The second case is represented in Figs. 5.3 (g)-(i), where the easy axis of
magnetization is induced perpendicular to the field direction (i.e., along the
y-direction). In this case, the multi-domain state (Fig. 5.3 (h)) that minimizes
the energy in the pad prefers a spin aligned along the y-axis, and a DW is
nucleated at the entrance of the pad. The nucleated DW remains pinned at
the entrance even for higher fields than in the unstrained case.
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No strain {

Figure 5.3: Kerr microscope images of the device made of CosoFesoB2o as deposited
(no annealing). The white arrows indicate the local direction of the magnetization.
The width of the nanowire is 350 nm. The field is applied along the = direction
and progressively increased (from left to right) until the DW nucleated in the pad is
injected into the nanowire. In (a) - (c) the sample is not strained, (d) - (f) tensile
strain is applied along the wire €4, = 0.06%, and (g) - (i) tensile strain is applied
perpendicular to the wire ey, = 0.06%.

By using the values in Table 5.1 and Eq. 5.1, we can calculate the uniaxial
anisotropy constant due to the magnetoelastic term, denoted by Ky;p. For
CogoFes0Bao, Ky is calculated to be 3.6(1) kJ/m3, for Ni it is Kprp = —4.3(1)
kJ/m3, and for NigoFeyg it is Kyrp = —7(1) x 1072 kJ/m3. The sign of Ky g
is determined by the magnetostrictive constant. Therefore, the energetically
favorable state for the magnetization direction is along the z-direction for
CoyoFeq 9By or perpendicular to the direction of tensile strain for Ni. The
effects of strain are expected to be more than 50 times smaller in devices made
of NngFelg.

Fig. 5.4 presents experimental results for the injection field B;,; of three
different materials, and it is observed that materials with strong magnetoelastic
coupling - in Figs. 5.4 (a) and (c) - display the largest strain effects. As a
result, for NigoFeqg, which has low magnetoelastic coupling, the three curves
overlap within the error bars, confirming that the observed changes in the
injection field are caused by strain.

One observation is that in magnetostrictive materials, strain always increases
the injection field, setting a lower limit for sensor operation. When an easy
axis along the x direction is created, the pad coercivity increases, leading to a
higher injection field, such as in the case of €,, for CosoFeq9Bao and ey, for
Ni. Conversely, when the easy axis is oriented along the y direction (g, for
CoyoFey 0Bog and ., for Ni), the DW created at the mouth of the pad finds
this position more energetically favorable than the wire, thus requiring a larger
injection field.

Another observation relates to the wire width dependence of the injection field.
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Figure 5.4: Experimental results of the injection field B;n;. Three different

ferromagnetic materials (thickness 30 nm) are measured: (a) CosoFesoBao, (b) Ni
and (c) NigaFeis. The experimental values are plotted as a function of the nominal
width of the nanowire. For the blue data points no strain is applied. Uniaxial strain
€i; is applied in the = or in the y direction for the red and green curve, respectively
as schematically shown in the inset. (d) - (e) Bin; for CosoFesoBag is plotted as
a function of the intensity of the strain applied along the x and the y direction
respectively, for selected wire widths.

When no strain is applied (45 = €y, = 0), the injection field decreases as the
wire width increases, regardless of the material. This is because the injection
field in soft magnetic wires is mainly determined by the cross section (width
and thickness?®3728%). However, when magnetoelastic anisotropy energy is
introduced, deviations from this dependence are observed. When K ;g favors
a spin orientation along the z direction, the injection field is determined by
the coercivity of the pad, and the dependence of the injection field on the wire
width is negligible for thin wires (Fig. 5.4 (a), red circles and Fig. 5.4 (b),
green diamonds). In all other cases, the DW stays pinned at the edge of the
pad, and a dependence of B;,; on the wire width is observed. Interestingly,
when the strain-induced easy axis of magnetization is perpendicular to the
wire, the dependence of Bj;,; on the wire width is maintained (Fig. 5.4 (a),
green diamonds).
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We can explain this behavior considering the different contributions to the
free energy of the system Fj, which measures the angular dependence of the
magnetic hardness. In a system with no net crystalline anisotropy, the free

energy is given by?74 286

Ftot = ereman + Fdemag + Fmagel~ (52)

F.ceman describes the influence of the external magnetic field, and Fyepmqg de-
pends on the shape of the device (shape anisotropy). The last term describes the
influence of the lattice strain to the magnetic anisotropy Fpeget = K psin? (0)
according to Eq. 5.1, where ¢ is the angle between the magnetization and
the easy axis. As described in the theory chapter, Sec. 2.3, the easy axis of
magnetization corresponds with minima in the expression of Fj,;.

Let us compare the case where there is no strain (Fiuager = 0) to the case
where there is strain (K3}, # 0) with the easy axis aligned with the y-axis.
The strain-induced uniaxial anisotropy favors a spin configuration with wider
domain walls in the nucleation pad, where a large part of the magnetization is
pointing along the y-axis. Both MOKE images and simulated spin structures
confirm this observation. The injection field, which is determined by the energy
difference between a domain wall at the edge of the pad and inside the wire?®*
(AEPYW = EPWywire — EPWpad), depends on the energy barrier AEPW
which is larger when K7, # 0 due to the preference for a narrow domain wall
inside the wire.?8” This explains why a larger external applied field is needed
to inject the domain wall, as seen in the experiments. The experimental data
in Figs. 5.4 (d) - (e) provide additional information about the different energy
terms in Eq. 5.2. When B;,; for CosoFes0Bog is plotted against the intensity
of the applied strain (shown in Fig. 5.4 (d) - (e)), the behavior is consistent
with the magnetoelastic energy term Fp,,4e; calculated using Eq. 5.1, where a
linear dependence of B;,; against the applied strain is expected. These data
also demonstrate that the impact of the device shape (energy term Fyemag)
becomes insignificant in the presence of large strain along the wire (e, ), while
it remains significant if the strain is perpendicular to the device (gyy).

| 5.1.2.2 | Micromagnetic simulation of domain wall injection

Micromagnetic simulations using Mumax are conducted to better comprehend
the impact of strain on the injection field. More details about the micromagnetic
simulations can be found in Sec. 3.4.1 of this thesis. The material parameter
used (experimentally measured) are Ay = 2.7 x 107° and M, = 1.0 x 10° A/m
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Figure 5.5: Snapshots of the simulations performed with the Mumaxz® framework.
We used material parameters of amorphous CosoFes0B2o. The field is applied along
the x direction and progressively increased (from left to right) until the DW nucleated
in the pad is injected into the nanowire (300 nm wide). (a) - (c) strain is not included,
(d) - (f) uniform tensile strain along the wire is applied, ., = 0.06%, and (g) - (i)
uniform tensile strain is applied perpendicular to the wire, 4y = 0.06%. The order of
the images follows Fig. 5.3, and a comparison confirms the same switching mechanism
observed in the experiments.

for saturation magnetostriction and magnetization, respectively, whereas for
the exchange and elastic constants typical values for CoygFe gBog reported in
the literature are used:>™® A., = 1.5 x 1071 J/m, ¢;; = 2.8 x 10'* N/m?,
c12 = 1.4 x 10" N/m? and c4q = 0.7 x 10** N/m?2. Since the anisotropy for
the as-deposited samples is below 50 J/m?, the first-order uniaxial anisotropy
constant is disregarded in the simulations as its energy effect is negligible.

The simulations are performed on a pad with the same dimensions as the
physical system (Fig. 5.1 (c)), except for the nanowire that is shortened to
2.5 pm. The computational region is divided into 5 x 5 x 15 nm? cells, and
mechanical stress is modeled by adding a magnetoelastic field contribution to
the effective field.?¢>2%8 The magnetization is initialized uniformly oriented
along the —z direction, and the equilibrium state is calculated for a series
of increasing applied fields. The results of the simulations are shown in Fig.
5.5 and can be compared with the Kerr microscope images in Fig. 5.3. The
double vortex pattern in the absence of strain (Fig. 5.3 (b) and Fig. 5.5 (b)) is
reproduced by the simulations, as well as the almost uniform configuration for
eze = 0.06% (Figs. 5.3 (e) and 5.5 (e)) and the multi-domain state favoring the
magnetization pointing along y for €,, = 0.06% (Figs. 5.3 (h) and 5.5 (h)).

In addition to the equilibrium magnetic state, also B;,; is calculated using
simulations for different strain directions. The computed injection fields as a
function of the wire width are plotted in the lower part of Fig. 5.6 together with
the experimental ones. Simulations and experiments show good quantitative
agreement except for the cases where the tensile strain is applied along x,
in which the computed values are significantly below the experimental ones.
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Figure 5.6: (a) - (c) comparison between the calculated and measured B;,; for the
indicated strain configurations.

Both the decrease in the injection field for increasing the wire width - cases
of no strain (Fig. 5.6 (a)) and €y, = 0.06% (Fig. 5.6 (c)) - as well as the
negligible dependence for €., = 0.06% in Fig. 5.6 (b) are well captured by the
simulations, supporting our interpretation of the experimental results.

In summary, we report that the injection field is proportional to the uniaxial
strain €., or ey, for a positive magnetostrictive material such as CosoFes0B2g
(e4s Fig. 5.4 (d) or gy, Fig. 5.4 (e)), and only when the easy axis of mag-
netization is aligned along the wire, the injection field coincides with B, of
the pad, and the wire width dependence is low. The overview of the effects of
strain on the injection field is presented in Fig. 5.4 (a) and our interpretation
is supported by micromagnetic simulations.

| 5.1.2.3 | Effects of field induced anisotropy

So far, our study has focused on isotropic and magnetically soft ferromag-
netic materials, where the main contribution to the anisotropy energy is a
strain-induced uniaxial anisotropy constant of Ky g ~ 3 — 5 kJ/m? in the
film. To further investigate into the DW nucleation and injection mechanism,
we fabricated our devices using CoyoFe oBop that is thermally annealed in
the presence of a uniform magnetic field, as described in Sec. 3.2.2 of the
experimental chapter. The numerical value for the Young’s modulus listed in
Table 5.1 is used for this case as well. This preparation method resulted in a
preferential orientation or easy axis (EA) for the magnetization, aligned with
the applied magnetic field direction during annealing. The uniaxial anisotropy
K tim is experimentally determined to be 1.54(2) kJ/m? from the full film
hysteresis loops reported in Figs. 5.2 (b) and (c). To include this contribution,
an additional term is added to the free energy Eq. 5.2 that becomes
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Ftot = ereman + Fdemag + Fmagel + Ffilma (53)

where Flyjm = K filmsinQ(ng) is the free energy term of the induced anisotropy,
which may compete with strain-induced anisotropy and alter the magnetization
orientation effects.
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Figure 5.7: Experimentally determined injection field for CosoFesoB2o. Here
samples with and without annealing are compared. (a) £z = 0.06% in-plane strain is
applied and (b) gy, = 0.06%. Kng and Ky are the uniaxial magnetic anisotropy
constants due to strain and annealing, respectively. The apexes indicate the in-plane
direction of the uniaxial anisotropy. Grey triangles are, for comparison, the reference
case where no strain is applied. The scheme on the right shows the direction of the
magnetic field applied during annealing (white arrows) relative to the tensile strain
(black arrows).

Based on this information, the experiment described in Sec. 5.1.2.1 is repeated
using annealed CogoFey9Bog samples. Notably, significant effects are observed
when both the magnetoelastic anisotropy Karg and K¢y, are superimposed.
The results of this experiment are presented in Fig. 5.7, which compares
the annealed films with the as-deposited samples. When the directions of
Kng and Ky, are parallel, the effective uniaxial anisotropy is increased (as
indicated by a larger injection field for the red points in Fig. 5.7). When two
different uniaxial anisotropy contributions point in the same direction, the
resulting film anisotropy is still uniaxial but now has an equivalent anisotropy
constant K.q < Ky + Ktiim, as experimentally confirmed by an increase in
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Figure 5.8: The calculated values for B;,; (using Mumax simulations) are reported
for induced easy axis along the = and y directions in (a) and (b), respectively. The
simulations considered the strain effects on a as deposited sample (green diamonds)
or a sample annealed with magnetic field in the strain direction (blue stars).

the anisotropy field By measured along the hard axis of magnetization. Two
distinct scenarios can be observed for parallel anisotropies: when K7, and
K%, are oriented along z, the resulting easy axis is along the wire (red circles
in Fig. 5.7(a)), which increases the coercive field of the pad and, consequently,
also grows the injection field. When KY,, and K;ﬁ are oriented with the
easy axis along y, the resulting anisotropy energetically favors the positioning
of the DW at the extremity of the pad. As a result, AEPW and B;yj are larger
(red circles in Fig. 5.7(b)).

ilm

The effects of magnetoelastic and annealing induced anisotropy on the injection
field have also been corroborated using micromagnetic simulations. In Fig. 5.8
the simulated B;,; is reported for a device where the easy axis directions of
Kng and Ky, are parallel and along « (Fig. 5.8 (a)) or y (Fig. 5.8 (b)). In
both cases it is evident how the increased effective anisotropy (blue hexagram,
where the deposition induced anisotropy is non-zero) makes B;,; larger which
is in agreement the experimental data shown in Fig. 5.7. In addition to that,
the dependence of B;,; as function of the device width is well captured by
those simulations. The negative slope in Fig. 5.8 (b) agrees with Fig. 5.7 (b)
while the negligible dependence in Fig. 5.8 (a) agrees with Fig. 5.7 (a). The
negligible slope is attributed to the direction of the nanowire, patterned along
the easy axis of magnetization.

The scenario for two anisotropy contributions, Kj;g and Ky, having per-
pendicular easy axis directions to each other is the nontrivial case. In this
situation, the injection field values are experimentally reduced (green points
in Fig. 5.7) and are close to those of the non-strained sample (gray triangles
in Fig. 5.7). This is a significant result as it indicates that the impact of
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effective anisotropy on the device (increased by the strain) can be mitigated
through material preparation. This outcome may seem surprising, considering
the difference in strength between the two contributions, Ky g = 3.6 kJ/m?
and Ky = 1.54 kJ/m3. However, it should be noted that the concept of
an "effective” uniaxial magnetic anisotropy K., is not applicable unless the
anisotropies are oriented in identical directions.

In order to understand these findings, a comprehensive characterization of
the entire film material is conducted using MOKE hysteresis loops in the
presence of strain and annealing-induced anisotropy. The most general case
considers a magnetic energy represented by two perpendicular uniaxial magnetic
anisotropy axes. We measured the angular dependence of the normalized
remanent magnetization M,./M; as a function of the angle ® between the
external magnetic field and the magnetization’s easy axis. Fig. 5.9 compares
the cases of Ky,p, Kfium and K§p, K}’ilm. In both cases, the strain is
determining the dominant easy axis, as Kyg > Kyim. However, differences
are observed in the angular plots of M, in the vicinity of the hard axis (® = 90°)
in Fig. 5.9. The precise identification of the magnetic easy axis is achieved
by fitting the normalized magnetic hysteresis M, /M, curves as a function of
®. Since the projection of the in-plane magnetization vector to the plane of
incidence of light during our MOKE measurements is a cosine-like function (as

evident from the inset in Fig. 5.9), the following fitting function is chosen:?%?
Mr M maz Moff
== ) —— A4
3= A leos@l+ T (5.4

maz of f

where M]\*L is the maximum normalized magnetic remanence, and M]\'jls is
the offset in magnetic remanence M,.. The strength of the uniaxial magnetic
anisotropy is the amplitude of the fitting parameter, and the offset originates
from the isotropic contribution of the film.

The fit confirms that the easy axis aligns with the strain direction & =
0°. Nonetheless, when K/ is perpendicular to K¢, the strength of the
predominant magnetic easy axis substantially diminishes. To be more precise, a
comparison between the two scenarios of K being parallel and perpendicular
to K fim reveals that the ratio of the offset % increases from 0.02 to 0.21,
whereas the maximum remanence reduces from 1.00 to 0.75. This implies
that the annealing-induced anisotropy, counteracts the strain-induced easy axis
anisotropy, when the relative orientation of these two contribution is 90°. The
pure uniaxial anisotropy is therefore modified and its strength reduced.

The observed results and consideration on the full film material properties
can explain the experimentally determined injection field. As shown by green
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Figure 5.9: Angular dependence of the normalized remanent magnetization of full
film Co4pFes0B20. The material is strained along ® =0° and measured with MOKE
contrast. In orange (circles) and blue (stars) the magnetic field during annealing
is applied along ® =0° and 90° respectively. The experimental values are fitted
using Eq. 5.4 of M,, and are here showed with lines. The offset of M, along the
hard axis (® =90°) shows the overlap of two perpendicular uniaxial anisotropy
directions (biaxial anisotropy), where the magnetoelastic contribution is dominant
Kyitm < Kme. On the left, the data are displayed in a 2D plot.

diamonds in Fig. 5.7, the effects of strain on Bj;,; can be strongly reduced
by annealing CoyoFes 9Bog with a magnetic field perpendicular to the strain

direction. In a material with a larger Ml\flif ratio, the coherent rotation of the
magnetization requires less energy, which results in a decrease of the anisotropy
field and coercive field. Consequently, the film becomes magnetically softer,
and the magnetic properties of the blue points in Fig. 5.9 are closer to the ones
of the unstrained as-deposited state depicted in Fig. 5.2 (a). These findings
support the results displayed in Fig. 5.7, where the green (Knrg L Kyim) and
gray (no anisotropy) data points overlap.

The softness of the material has therefore a direct impact on the creation
and nucleation of the domain wall in the nucleation pad, as well as on the
injection field, because the energy difference between the DW at the mouth
of the pad and in the nanowire is affected by the film properties. It is worth
noting that the DW energy in the thin long wire remains unaffected by the
presence of an annealing-induced anisotropy, as the strong shape anisotropy2°°
is approximately 10* J/m®. However, in the nucleation pad (with lower shape

anisotropy), if the strength of the uniaxial magnetic anisotropy decreases, the
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magnetization can rotate freely in the field direction, similar to the unstrained
as-deposited state.

Conclusions

To summarize, the study presented in Sec. 5.1 explores how mechanical strain
impacts the injection of a domain wall into a nanowire using MOKE microscopy
and Mumax micromagnetic simulations. By considering CoygFeq0B2g, Ni, and
NigyFeqg films we find that the effects of strain are proportional to the material’s
magnetoelastic coupling, which is represented by the saturation magnetostric-
tion \s. Uniaxial strain leads to a uniaxial magnetic anisotropy and increases
the injection field up to 30%, particularly in materials with high magnetostric-
tion. Our experimental results indicate that the DW injection mechanism
depends primarily on DW creation in the pad. Additional experiments involved
thermal annealing with a magnetic field for CosgFeq0Bog, which introduces
another uniaxial magnetic anisotropy that contributes to the injection field.
The strain-induced uniaxial anisotropy Kj;g can be strengthened or weakened
using annealing-induced uniaxial anisotropy K iim, respectively parallel or
perpendicular to the strain contribution. If the magnetization’s easy axis is
along the wire direction, the coercive field of the nucleation pad increases
considerably. Conversely, low anisotropy facilitates magnetization switching

and leads to DW creation at low fields at the pad’s extremity. The DW stays
EDW _ EDW . EDW

- Hwire pad
EDW

pinned at the wire entrance until the energy difference A
is comparable with the Zeeman energy (higher external fields).
bination of different anisotropies that can be tailored through the device design
and material preparation. Micromagnetic simulations validate our results and

is a com-

can identify the lower limit for reliable DW injection. Thus, during optimization
and development of magnetic sensors and devices based on domain walls, the
impact of strain and material preparation has to be considered. Our findings
demonstrate that a magnetostrictive-free behavior of DW-based devices can
be achieved even in systems with finite magnetostriction. Careful material
preparation, can counteract the magnetoelastic effects and increase the device
robustness against strain. This can be best understood and using the model of
an effective anisotropy.
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WA [mprinted strain gradients for spintronics

Nanomagnetic and spintronic devices are considered as promising "Beyond
CMOS" technology due to their non-volatile nature, high operating speed, low
power consumption, and established methods for data reading and writing.2?!
An example of this technology is nanomagnetic networks, which use soft
ferromagnetic nanowires to propagate and manipulate information stored in
domain walls (DWs) through dipolar interaction.??:2%% Manipulating DWs has
been a focus of research for a long time, with a current-controlled magnetic DW
shift register (racetrack memory)??* being a significant milestone in this area. As
discussed in Sec. 5.1, DW-based memories,?® logic devices,??% sensors,? 12297
and neuromorphic computing?”® 2?9 have been suggested using domain walls.
Although magnetic domain walls are a relatively mature technology compared

300) " there are still many obstacles

to other spin structures (e.g., skyrmions
to overcome before full technological realization is achieved. Ensuring the
feasibility of the fabrication processes and compatibility with existing CMOS
devices are major challenges that need to be addressed for these technologies

to be established.

Manipulating DWs is a major challenge in these devices and has been researched
for many years. One commonly used method for pinning DWs involves using
geometric constraints like notches301-303
anisotropy through magnetoelastic coupling and strain.’%:9% Magnetostric-

or the local manipulation of magnetic

tive/piezoelectric systems are commonly used to generate controllable strain,
but their high production cost and complexity make them unattractive for
most sensor manufacturers. For example, achieving high-resolution notches or
depositing multiferroic stacks would require expensive investments in tools for
high-resolution lithography and layer deposition. Furthermore, piezoelectric
actuation via metallic contacts increases design complexity and area usage,
making the system even more expensive to manufacture. Additionally, it is chal-
lenging to confine electric fields to realize an arbitrary shape of strain and strain
gradients down to the micrometer range with piezoelectric substrates.?** An
alternative method for transferring strain to a thin film is to use an additional
layer at the interface.'% Capping layers are widely used in the semiconductor
and photovoltaic industries to provide protection from hostile environments,
but some of these layers are known to induce severe stresses when deposited
on Si/SiOx wafers.30%:306

In Sec. 5.2, we make one step forward with respect to Sec. 5.1 as we do
not consider a uniform strain anymore, but the strain is made a spatially
variable quantity along the domain-wall device. To create such local strain, we
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demonstrate an inexpensive and CMOS-compatible method that is based on
removing certain areas of the passivation layer. The magnitude and profile of
the strain are determined through anisotropy and stress measurements and
finite element simulations. We also take advantage of the magnetoelastic effect
to alter the energy of a magnetic domain wall in a nanowire by removing
portions of the passivation layer near a magnetic strip. Using Kerr microscopy,
we show that this approach allows for precise control of domain wall pinning in a
racetrack-type element for different materials, as verified through micromagnetic
simulations and 1D model calculations for vortex domain walls. This method
offers several advantages, including ease of fabrication, flexibility in creating
strain magnitudes and gradients, and the ability to avoid high-resolution
lithography or piezoelectric substrates. Additionally, we propose and validate
the use of this technology in a nonvolatile magnetic peak field sensor to
demonstrate its technological relevance.

Magnetic device fabrication
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Figure 5.10: Schematic of the proposed method for imprinting strain on a Silicon
wafer. After the magnetic racetrack are structured (a), a SiN layer deposited on top
of a Si/SiOx wafer generates a uniform strain at the interface (b). The local strain is
relieved (c) if areas of the SiN are removed using RIE. (d) section of the layers used
in this work. (e) SEM image of a pair of openings in the SiN in the proximity of a
magnetic nanowire (racetrack).

The work presented in Sec. 5.2 has been published in Applied Physics Letters3”
and filed as a German patent application.
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5.2.1 Sample structure and characterization

Samples of CozgFesp(30 nm) and CogoFesoBag(30 nm) were prepared by
DC magnetron sputtering using a Singulus Rotaris system on a SiOx(1.5
nm)/Si(625 pm) substrate. The ferromagnetic layers were capped with Al0x(10
nm)/HfOx(10) layers to preserve their functionalities during the fabrication
process. Using optical lithography and ion etching, nanowires are fabricated
with a variable width - between 800 and 500 nm - and a length of 70 pm using a
negative resist. The nanowires in our experiment also have a reservoir at the left
end to create DWs at lower fields and avoid the formation of reversed domains
in the middle of the nanowires (method also used in Sec. 5.1). After that,
the entire wafer is covered with a 1 pm thick SiN layer by plasma-enhanced
chemical vapor deposition (PECVD) at a temperature of 250°C. The residual
stress on the wafer is quantified using a standard wafer bow measurement. A
second optical lithography step is used in combination with positive resist and
reactive ion etching (RIE) to remove selected areas of the SiN layer (openings)
without damaging the magnetic layer, as is shown in Figs. 5.10 (a) - (d). After
this process, only small areas (up to 20 x 20 pm?) of the SiN are removed,
while the surface is still largely covered. The hysteresis loops of the thin films
are measured using a BH-looper with a setup to measure magnetostriction and
the magneto-optic Kerr effect (MOKE) is used to image the magnetization
state in the devices.

5.2.2 Results and discussion

| 5.2.2.1 | Strain characterization

When a thin film is deposited onto a substrate with a different coefficient of
thermal expansion, the temperature changes during growth produce intrinsic
stresses and strains called thermal stresses and thermal strain.”® The SiN
layer deposited on the substrate shrinks at a different rate due to the varying
coefficients of thermal expansion, resulting in elastic deformation of the film to
conform to the substrate and remain attached (Figs. 5.10 (a)-(b)). This causes
substrate and film bending, which can be measured through wafer curvature
to determine the residual stress.”” This source of stress is explained in more
details in the theory chapter, Sec. 2.4.2. The measured in-plane stress is
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uniform and in our case has a magnitude of —495(5) MPa (compressive stress).
To create a non-uniform stress on the substrate surface, selected areas of the
SiN are removed to create openings in the passivation layer (Fig. 5.10 (c)). It is
worth noting that the etching is monitored to stop the process at the AlOx/SiN
interface, as shown in Fig. 5.10 (d), to preserve the integrity of the magnetic
layer. The resulting device is shown in a scanning electron microscopy image
(SEM) in Fig. 5.10 (e) for a pair of square apertures with a size of 10 x 10 pm?
in size. Sub-micrometer resolution can be achieved in the creation of apertures
of arbitrary shapes, sizes, and spacing by using an appropriate lithography
mask. In the work presented in this section - as shown in Fig. 5.10 (e) - we are
able to create the openings 1 pm apart and etch the SiN layer without causing
any damage to the 800 nm wide magnetic track underneath.
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Figure 5.11: (a) surface strain (e;. — €yy) for a single square-shaped opening
obtained from COMSOL multiphysics simulations. (b) - (d) angular plot of the
normalized remanent magnetization M, /M, as a function of the in-plane angle ®
of the magnetic field measured with Kerr microscopy on a full film of CosoFes0Bao
(30 nm) for a single opening in the SiN. The measurements are taken in different
locations around the etched area in the passivation layer as indicated by the markers.
Namely, an area far from the opening (b), on the left side where €42 — 4y > 0 (c)
and on the lower side where €, — €,y < 0 (d) are considered.

In order to determine the magnitude of stress relief achieved by removing
selected regions of the SiN layer, FEM calculations are carried out.3%® Further
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details on the FEM simulations can be found in Sec. 3.4.2 of the experimental
section of this thesis. The calculated values of surface strain €., — ey, at
the SiN/SiOx interface are presented in Fig. 5.11 (a), for the simplest case
of a single square aperture of size 10 x 10 pm?. The surface strain remains
constant at distances greater than 20 pm from the etched regions, with e, —€yy
approaching zero, consistent with residual stress measurements. However, near
the openings (shown as black lines), the strain profile changes and reaches
values of €5, —€yy > 0.2%. The €,, —€,, strain is positive (tensile) to the right
and left of the opening, while it is negative (compressive) above and below the
opening, according to the symmetry of the system.

In order to validate the local strain magnitude and direction, we measured
the magnetization curves of a full film of AlOx/HfOx/CospFes0B20(30 nm)
underneath the patterned SiN. Using a Kerr microscope, we measured the
hysteresis loops at several spots on the sample, selecting a region of interest
of 5 x 5 pm? in size within the microscope’s field of view. Due to significant
CogoFeq0Bag magnetostriction (As =~ 30 x 107%), the film’s strain is linked
to its magnetization through the magnetoelastic effect, which is expressed in
the anisotropy energy in Eq. 2.31 (see the theory chapter of this thesis, Sec.
2.2.4.1).

As described in the experimental chapter, Sec. 3.3.5, the in-plane magnetoelastic
anisotropy Kjsr and the local strain can be estimated using Kerr microscopy.
The angular dependence of the normalized remanent magnetization (M, /Mj)
is plotted as a function of the in-plane angle of the applied magnetic field (),
as shown in Figs. 5.11 (b) - (d) for three different positions with respect to
a square-shaped opening in the SiN. This allows us to identify the direction
of the effective in-plane magnetic anisotropy (K.s¢) in the material.*® In
Fig. 5.11 (b), the measurement of M, /M, at a location 20 pm to the left
of the opening (triangle in Fig. 5.11 (a)) is presented. By measuring the
anisotropy in a point far from the opening, we get a reference point for the
strain measurement. A uniaxial magnetic anisotropy with an easy axis along
® = 90° is found, and M,./M4(® = 0°) ~ 0.2 along the hard axis. According to
COMSOL simulations, the effective uniaxial strain along x in this area is close
to zero, indicating that the observed anisotropy is likely deposition-induced
rather than strain-induced.?!® Interestingly, in regions of the sample close
to the opening where €., — €y 7 0, the measured film magnetic anisotropy
is altered compared to the case in Fig. 5.11 (b). Figs. 5.11 (c) and (d)
consider areas where the local uniaxial strain along x is tensile (diamond) or
compressive (star), respectively. In Fig. 5.11 (¢), the angular plot of M, /M
indicated the presence of two uniaxial magnetic anisotropies with the easy
axes oriented along 0° (dominant) and 90°. The first easy axis along 90° is
deposition-induced, while the strain-induced easy axis is along the direction
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of the tensile uniaxial strain, which is along = (® = 0°) in this case. This is
consistent with our COMSOL simulations, which gave ;4 — €,y = +0.15% in
the area marked by a diamond in Fig. 5.11 (a), since CoggFe49B2g has a positive
magnetostriction. The same measurement for M, /M; is performed in an area
where the effective strain along x is compressive and is reported in Fig. 5.11
(d). In this region (marked by a star in Fig. 5.11 (a)), the strain-induced easy
axis is expected to be along y (® = 90°) i.e. along the same direction of the
deposition-induced anisotropy. Accordingly, the measured effective anisotropy
is larger with M, /M,(® = 0°) ~ 0 along the hard axis of magnetization (Fig.
5.11 (d)). Our calculations report ez, — €,y = —0.15% (compressive) in this
area, marked by a star in Fig. 5.11 (a).
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Figure 5.12: (a) - (b) effective strain (€,5 —€yy) and strain gradient for, respectively,
a triangular and a square pair of opening obtained from simulations. The z axis
refers to the red dashed line. (c) - (d) surface strain e, — &,y obtained with
COMSOL multipysics. The geometry is highlighted with black lines. (e) - (f) in-plane
hysteresis loops obtained with Kerr microscopy on a full film of CozoFeso (30 nm)
for, respectively, a triangular and a square pair of opening. The contrast is measured
before the opening (diamond) and between them (star) according to the symbol
position. To record hysteresis loops, the external magnetic field is applied along x.

In order to utilize the strain gradient produced by SiN structures in a magnetic
racetrack, it is convenient to consider a pair of openings on the side of a



5.2. Imprinted strain gradients for spintronics 149

magnetic nanowire, creating a well-defined strained region. Computed values
of surface strain e, — &, at the interface between SiN/SiOx for two different
opening geometries are shown in Figs. 5.12 (a) - (d). Similar to the case of a
single opening, the effective surface strain is nearly zero far from the etched
areas and becomes non-uniform in their proximity as demonstrated in Figs.
5.12 (¢) and (d). The geometry of the opening determines the strain profile,
which is illustrated in Figs. 5.12 (a) and (b) where a line plot of the surface
strain is taken along a dashed line between two openings. For a square pair of
openings (Fig. 5.12 (b)), the effective uniaxial strain profile e;, — €y, is mostly
flat and contained between the openings, with strain gradient maxima (minima)
at the exit (entrance) of the strained area. In the case of a diamond-shaped
pair of openings, the strain is once again contained between the openings but
its magnitude increases nearly linearly towards the center (Fig. 5.12 (a)), while
the strain gradient remains constant. Additionally, the magnitude of the strain
can be increased by reducing the spacing between the etched areas.

In Figs. 5.12 (e) - (f) hysteresis loops of a full film, this time of
SiN/AlOx/HfOx/CoroFesp(30 nm) are reported. The magnetic contrast is
measured again on an area of 5 x 5 pm? as indicated by the markers and to
record hysteresis loops, the external magnetic field is applied along x. The
opening geometry matched that of Figs. 5.12 (c) - (d), respectively. By com-
paring the magnetization curves next to (diamond) and in between (star) the
square openings in Fig. 5.12 (f), it is found that the anisotropy field is in-
creased. This increase is indicative of (uniaxial) magnetoelastic anisotropy. As
CorgFesq exhibits positive magnetostriction, the increase of the anisotropy field
(Kame ~ 8.9(2) kJ/m?) is attributed to negative (compressive) e, — &y, strain,
in agreement with the COMSOL simulation. Using Eq. 2.31 and the difference
of magnetoelastic anisotropy, the estimated strain for a square opening of this
size iS €4 — €yy =~ —0.05(1)%. The same measurement can be performed for
a diamond-shaped pair of openings and is reported in Fig. 5.12 (e). The
calculated maximum strain difference for this case is €5 — £,y ~ —0.02(1)%.

To summarize Sec. 5.2.2.1, the proposed method allows for the creation and
design of local strain gradients on a SiOx/Si wafer. The profile of the strain,
which is entirely transferred at the SiN/SiOx interface, can be simulated with
FEM simulations. The strain magnitude can be probed experimentally using
Kerr microscopy, if a magnetostrictive magnetic material is deposited under-
neath the SiN layer. As of now, we have considered the effect of magnetoelastic
coupling on a full film. In the next section , Sec. 5.2.2.2, we consider the
effects of the strain gradients described above on domain walls propagating in
a magnetic nanowire.
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| 5.2.2.2 | Domain Wall pinning

The reliable control of DWs presents a significant challenge for applications that
utilize racetrack technology. To drive magnetic domains in sensors, external
magnetic fields are commonly employed.'?%3 In addition to that, implementing
a mechanism to change direction, or stop a DW is necessary. Various methods
have been proposed and all of them act on the DW energy making it a spatially
variable quantity. In analogy with the conventional field-driven case, the
magnetoelastic field can be considered as a force that - in a quasi-particle
model - pushes the DW along the direction of decreasing energy, i.e., increasing
compressive strain if Ay > 0 for the in-plane strain-gradient case. As already
discussed in the theory chapter, Sec. 2.3.3, this force is often dependent on the
gradient of the spatially variable quantity,5¢:3!1:312 which acts as an effective
(magnetoelastic) field

1 duME
M, dx ’

where uysp is the magnetoelastic DW energy per unit area.

Bug = — (5.5)

For this study, a 500 nm wide magnetic nanowire made by CozoFeso(30 nm) is
considered together with a pair of square openings. The openings in the SiN
layer are 10x10 pm? in size, which creates a channel with nonuniform strain
in the center. We utilize Kerr microscopy in transverse mode to observe the
magnetic state of the device while applying an in-plane magnetic field parallel
to the wire along the z-axis. Figs. 5.13 (a)-(c) depict the position of a DW
along the magnetic racetrack as a function of the applied magnetic field. When
the field is strong enough, the DW is injected from the reservoir (Fig. 5.13 (a))
into the magnetic wire. As shown in Fig. 5.13 (b), the wall remains pinned in
the region between the SiN openings, which corresponds to the strained area,
and does not propagate to the end of the magnetic channel. The corresponding
surface strain is shown with a simulation in Fig. 5.12 (d). Only with larger
magnetic fields, the wall can continue to propagate to the other end of the
magnetic channel, as seen in Fig. 5.13 (c).

The pinning strength observed in the device is assumed to be caused by the
magnetoelastic energy landscape, which creates a favorable energy state for
the DW. To verify this, we conduct the same experiment on devices with
varying distances between the racetrack and openings. According to COMSOL
simulations, the absolute value of the compressive strain increases as the
opening distance d is reduced. As a result a larger depinning field should be
required, if the magnetoelastic energy is the dominant cause of pinning. Our
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Figure 5.13: MOKE images showing a DW (a) injected, (b) pinned in the strained
area and (c) continuing to move for larger magnetic fields. (d) experimental values of
depinning field (black squares) and maximum strain €4, — €y, (blue diamonds) for
different distances between a pair of square openings. The values consider a 500 nm
wire of CoroFeso with 30 nm thickness. (e) 1D model calculations of energy profile
and effective magnetoelastic field for a vortex wall in a nonuniform strain profile. (f)
micromagnetic simulations of m, (proportional to the DW position) as a function of
the applied field together compared with the experimental case, the strained area
created by the openings is highlighted. A 800 nm wide nanowire is considered.

results show an increase in the depinning field from 11.0(2) mT to 14.5(2) mT
for a distance between the opening and the magnetic racetrack decreasing from
2.5 to 1 pm, as depicted by black circles in Fig. 5.13 (d). The magnetoelastic
origin of this pinning force, is additionally confirmed by the patterning of
low magnetostrictive magnetic racetrack. The same geometry of opening is
considered, and the DW position is again monitored as a function of the external
magnetic field in a Permalloy wire (NigiFejg). For this case, no DW pinning
in between the opening is reported above the injection field (1 mT for this
case).

To corroborate our findings, we conduct micromagnetic simulations and 1D
model calculations using the realistic strain profile obtained from COMSOL
(see also Sec. 2.3.3 of theory chapter). The results, shown in Figs. 5.13 (e)
and (f), consider nanowires made of 30 nm thick CogoFes0Bop and summarize
the discussion about magnetoelastic fields. The 1D analytical model is used to
calculate the DW energy per unit area and the corresponding magnetoelastic
field, as shown in Fig. 5.13 (e) for a vortex wall in a 500 nm wide nanowire.
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Comparing Fig. 5.13 (e) with Fig. 5.13 (b), the point where the DW is pinned
coincides with the minimum of DW energy, in agreement with the Kerr images.
At the sides of the pinning site, the effective magnetoelastic field is non-zero,
and opposite to the applied external field. This equivalent force prevents the
DW to move forward unless the external applied field is increased.

Material M, (T) MXsx107% Y (GPa)
H |

CO40F€40B20 1.40 30 187
CO70F€30 2.0 80 180

Table 5.2: Parameters from literature'®® 158273 of the magnetic materials after

deposition and used for the estimation of the magnetoelastic anisotropy. Here, M,
is the saturation magnetization, A5 is the saturation magnetostriction and Y is the
Young’s modulus.

For the Mumax!2°

micromagnetic simulations, a wire of 800 nm width is
instead considered. The simulated system is a nanowire 30 nm thick. System
size are 40x0.8 pm? and the cell size of 5 nm is below the exchange lenght
of CoFeB. The material parameters (see also Table 5.2) used3!?3 are the
one for CoggFesoBog: the elastic constants are C17,=280 GPa, C15,=140 GPa,
C44=T75.5 GPa, the magnetostriction is A;=2.9x107°, saturation magnetization
M,=1x10° A/m, the exchange constant A.,=15x1071? and the damping is
set to a=0.015. Disorder in the system is introduced by varying the material
parameters A, and M; of 5% over the grain distribution (grain size 20 nm).
A realistic edge roughness of 30 nm is considered and the temperature of the
simulations is 300 K. The applied strain is extracted from COMSOL simulations
for the corresponding SiN opening geometry. The system magnetization is
initialized with a DW on the left side of the strained area and a magnetic field
is subsequently applied. Several simulations are conducted at varying external
magnetic field strengths, and the outcomes are summarized in Fig. 5.13 (f).
It can be observed from Fig. 5.13 (f) that in case of the external field lower
than Bgep, the average magnetization in the x direction (which is proportional
to the DW position) matches that of the strained area (state I). When the
applied magnetic field is increased beyond Byep,, the DW is free to move and
reaches the right end of the wire (state II). Fig. 5.13 (f) also contains the
experimental DW position values as a function of B.,; for an 800 nm wide
CogoFeq0Bgg wire, for comparison. The pinning position (y-axis value in Fig.
5.13 (f)) coincides with the simulations while the field strength value (z-axis in
Fig. 5.13 (f)) differs. Discrepancies between the simulations and experiments
for the value of By, can be due to roughness and defects that are not fully
captured by micromagnetic simulations.

To summarize, we have experimentally shown how the magnetoelastic energy
landscape created by the openings in the device allows the creation of pinning
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points for in-plane vortex walls. We report sizable pinning fields up to 15 mT
for different ferromagnetic materials with positive magnetostriction. The strain
magnitude and profile (and therefore Bge,) is set by the opening distance and
geometry. This allows for the control of DWs in magnetic racetrack using a
simple lithography step. Using FEM and micromagnetic tools, this method for
DW control can be also simulated.

| 5.2.2.3 | Opening on top of a racetrack and bi-stable device

The creation of a local strain using openings in the SiN layer can be used in
DW-based devices not only if the removed area is in the device proximity, but
also directly on top of it. This is the case of a device like the one presented
in Fig. 5.14 (a). Such a structure can be realized without damaging the
magnetic wire as the RIE process used to create the openings does not affect
the racetrack. As the magnetic layer is capped by AlOx(10 nm)/HfOx(10 nm),
protection from oxidation is still ensured.

(@)
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x (m) x10 x position (pixels)

Figure 5.14: (a) optical microscope image of an opening on top of the magnetic wire
made by CosoFesoB2o. (b) and (c¢) Kerr microscope image showing the two pinning
points at which a DW is pinned, corresponding to the side of the opening where
the strain magnitude is the maximum. (d) effective strain e,; — €,y calculated with
FEM along the wire for a single squared opening geometry. (e) and (f) consider the
magnetic contrast (proportional to the DW position) averaged over 10 measurements
for two values of magnetic field, respectively.

This opening geometry creates a particular strain profile - shown in Fig. 5.14
(d) - characterized by the presence of two minima of strain. Accordingly,
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the corresponding magnetoelastic energy in the racetrack presents two energy
minima for a DW traveling in the magnetic channel. Figs. 5.14 (b) and (c)
show a field driven DW pinned at the two sides of the opening. The measured
Byep is larger at the second side (9 mT) than at the left side of the opening
(6 mT). This is attributed to the magnetoelastic energy difference (and the
corresponding effective strain difference) which is larger when a DW exits the
area uncovered by the SiN with respect to the point where it enters it. To give
an accurate estimation of the depinning field and the pinning position, the
magnetic contrast along the magnetic wire (corresponding to the DW position)
is averaged over ten measurements. This is reported in Figs. 5.14 (e) and (f)
and again confirms that the DW is located in one of the two areas where the
strain is maximum.

A possible use for this type of strain (which is much more localized than the
example of the opening pair Fig. 5.12 ) is the realization of a bi-stable device.

Solid state magnetic memory devices typically assign a 1 or 0 by orienting
the remanent magnetization of ferromagnetic elements in one of two opposite
directions. As a result, there is ongoing research into the magnetic properties of
small particles to reliably and reversibly switch between two nonvolatile states.

In previous works Koo and co-workers!'®

used current pulses for storing and
reading binary information in magnetic systems. Their idea involved the use
of a bi-stable remanent domain configuration of a ferromagnetic island, which
can be chosen by passing a current pulse through the material. Similarly for
our case, the patterning of an opening on top of a racetrack could be a viable
option for magnetic random access memory and unconventional computing
applications.?'6 This could be realized, if the energy barrier between the two

states is reduced to ~ k; T, for example by changing the opening geometry.

| 5.2.2.4 | A nonvolatile peak field sensor concept

As is commonly known, external magnetic fields can drive the motion of
magnetic DWs, and the Sec. 5.2.2.2 demonstrated the creation of trapping
points using local strain. By altering the aperture design, the maximum strain
value and thus the depinning field can be adjusted, as illustrated in Fig. 5.13 (d).
This allows for the creation of a novel magnetic sensor that can detect discrete
magnetic field values. Previous research3? has proposed similar concepts, but
our approach presented in Sec. 5.2 involves fabrication techniques that are
compatible with most sensor manufacturers production lines, as sub-100 nm
lithography resolution is not required. We propose a non-volatile magnetic
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field peak detection method. In addition, current peaks can also be detected
using Oersted fields, if the sensor is place in close proximity of wires or coils.

The diagram in Fig. 5.15 illustrates the design of the peak field sensor, which
consists of a magnetic nanowire with several pinning sites. By reducing the
edge-to-edge distance between the pinning sites, as depicted in Figs. 5.15 (a)
and (b), the strain magnitude increases gradually. The depinning field Bygep
required to propagate a DW also increases from left to right, as indicated
in Figure 5.15 (d). The device considered in this study has four pairs of
openings, which allow it to detect four distinct levels of external magnetic
fields, corresponding to the four energy minima along the wire where the DW
can be found.
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Figure 5.15: Different aspects for the conceptualization and realization of a peak
field sensor based on DWs. (a) COMSOL simulations of the surface strain and (b) plot
of the strain value and strain gradient along the racetrack path, that is highlighted
with a dashed line in (a). (c) magnetic contrast obtained with Kerr microscopy of
the racetrack indicating the well defined position of the DW as a function of applied
magnetic field. The sample is made of CozgFesp and the width of the wire is 500 nm.
(d) sketch of the magnetic stricture (orange) and of the etched areas in the SiN (blue).
(e) MOKE images of the DW position in the device for different magnetic field steps.
The position of the DW is indicated with a white arrow.

Figs. 5.15 (c)-(e) depict the operating principle of the device implemented
in this study. The magnetic wire used in this case has a CozgFezp (30 nm
thickness) magnetic layer and a wire 500 nm in width. The openings have a
size of 5x5 pm?, and the edge-to-edge distances between the pairs are 5, 3, 2,
and 1 pm, as illustrated in Fig. 5.15 (d).
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The device is initialized with large, negative magnetic field in the x direction
and a uniform magnetic state is realized. Subsequently, the magnetic field is
gradually increased to positive values while Kerr microscopy is used to monitor
the magnetic state of the wire. As shown in the magnetic contrast image in
Fig. 5.15 (c), discrete levels of magnetization are obtained as the magnetic field
is increased. This occurs because the DW that propagates into the nanowire
stops at specific positions along the x axis. The pinning point for the DWs
can be observed in the sequence of Kerr microscope images shown in Fig. 5.15
(e). The DW, created in the nucleation pad, gradually moves as the external
magnetic field is increased until it reaches the following strained area between
the openings and becomes pinned.
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Figure 5.16: (a) sketch of the nonvolatile sensor concept proposed, where the
readout con be realized with electrical contacts in combination with a GMR stack.
(b) if placed next to a coil, the proposed prototype could detect discrete Oersted
fields. The output signal of the sensor (if realized with GMR stack) is a step function
as shown in (c). The arrows indicate the magnetization of the free layer (top) and of
the pinned layer (bottom). Adapted from stock.adobe.com.

The position of the DW in the magnetic channel (output) indicates the maxi-
mum field (input) experienced by the device after initialization. In the presented
case, optical methods are used to measure the magnetic state in Fig. 5.15 (c).
Alternatively, the position of the DW can be electrically detected using two
electrical contacts in combination with a full Giant Magnetoresistive (GMR
- spin valve configuration) stack'? as shown in Figs. 5.16 (a) - (b). In this
configuration, the DW moves in the free-layer of the stack, while the pinned
layer would either be oriented parallel or anti-parallel to the wire. This sens-
ing solution is particularly suitable for energy-efficient devices or inaccessible
measurement conditions due to the non-volatile nature of the magnetic state.
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The device only requires electrical power for initialization and readout and the
read value of resistance of the proposed device, if realized with GMR stack, is
shown in Fig. 5.16 (c).

Conclusions

In Sec. 5.2, a technique is proposed and validated for producing a local strain on
a rigid substrate that is compatible with standard CMOS technologies. This is
achieved by selectively removing regions of the passivation layer through etching,
which modifies the intrinsic stress occurring at the substrate/layer interface
during SiN deposition. FEM simulations demonstrated that the strain is only
affected in the vicinity of the removed material. The magnitude and gradient
of the in-plane strain can be adjusted by varying the geometry and location
of the openings in the stress-generating layer. Using in-situ measurements of
magnetoelastic anisotropy, the uniaxial strain is experimentally determined to
be up to 0.05(1)%.

The potential of using these strain gradients for manipulating magnetic domain
walls in spintronic devices through magnetoelastic coupling in magnetostrictive
materials is also validated. The magnetoelastic energy landscape in the device
is shown to create pinning points for in-plane vortex walls. The DW position is
determined using Kerr microscopy. Pinning fields of up to 15 mT are reported
for various ferromagnetic materials with positive magnetostriction. Our findings
are supported by micromagnetic simulations and 1D model calculations using
a realistic strain profile. All of these observations are attributed to the magne-
toelastic energy contribution in the system, which creates local energy minima
for the DW at the desired location. This approach offers an alternative for
generating DW-based devices that are compatible with wafer-level production.
An example of a discrete magnetic field or current sensor using imprinted strain
gradients is also demonstrated.

The work presented in Sec. 5.2 offers a valid alternative for the generation of
local strain, whose usability is not limited to spintronics and to the realization
of new magnetic sensor concepts as discussed in our manuscript. Instead, such
strain can also be used in manipulation of quantum dots,3'” band structure in

2D materials®!'® and mobility in semiconductors.?!?
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Control of domain walls using SAWs

After starting with simple uniaxial and static strain in Sec. 5.1, we realized
static but spatially varying (i.e. non-local) strain in Sec. 5.2. In the present
section, the dynamic behavior of strain is considered, as the strain does not
only change with the position along the sample surface (space variant), but
also in time (time variant). To do this, the experimental setup and the sample
structure increases in complexity since an AC voltage source in combination
with a piezoelectric substrate are utilized. The strain is realized using surface
acoustic waves (SAWSs), as discussed in the theory chapter, Sec. 2.4.3 and in
the experimental method section, Sec. 3.3.7.

This method involves launching two counter-propagating surface acoustic waves
(SAWSs) into a piezoelectric substrate using a set of interdigitated transducers
(IDTs) and creates a stationary stress/strain wave (SW) between the transducers.
SAWs have a wide range of application. For instance the control of particles in
overlaid microfluidic systems3?% 32! has been demonstrated, while in spintronics,
the coupling of magnetostrictive/ ferromagnetic material (multiferroic) can be
employed to reduce coercivity of thin films,'?” to control and move skyrmions32?
and to pin DWs.®® SAW-based control of magnetism offers several potential
advantages compared to other techniques. Firstly, SAWs can be generated by
voltage, which is more energy-efficient than using current. Secondly, SAWs can
propagate over long distances, with minimal power loss, allowing for a single
pair of electrodes to control multiple devices. Additionally, pinning sites can
be created remotely using electrodes, potentially enabling precise control of
domain walls without intricate designs. Within the scope of this thesis, our
focus is on utilizing SAWs to regulate the injection of a domain wall into a
magnetic racetrack, commonly employed in sensing or logic applications (see
Sec. 5.1).

In this section, a frequency dependent study of SAWs effects is reported. To start
with, the magnetic switching of different ferromagnetic materials with different
magnetoelastic coupling is compared in the presence of standing SAWs. Strong
reduction of the coercive field in the presence of sanding SAWs is observed,
with proportionality to the applied power and to the material magnetostriction.
This is compatible with the interpretation of a strain activated magnetization
reversal. When investigating the effects of strain in magnetic domain walls
injectors, we observe a strong reduction in the magnetic field required to inject
a DW into the device up to 50%. This time, the reduction is strongly dependent
on the frequency of the AC voltage applied to generate the SAW. We attribute
this dependency to the resonant match of the RF signal and the dynamics of
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the spin structure of the DWs in the nanowires, that are likely to be in a vortex
state due to the device shape anisotropy. Moreover, we observe stronger effects
both in magnetization reversal and in DWs injection if the central frequency of
the AC voltage is changed in time (frequency modulation). By doing so, we
realize standing SAWs with moving node/anti-node position. This might be
an additional energy transfer channel from the strain to the magnetoelastic
energy of the wall as a previous report suggests.’23

The work contained in the present section was done in strong collaboration with
the University of Leeds (UK), where the IDTs have been fabricated and the
samples have been measured with the help of J. Shuai under the co-supervision
of Prof. T. Moore.

5.3.1 Sample structure and characterization

Figs. 5.17 (a) - (b) show a schematic of the SAW device used in this study.
Films of CoggFeq0Bap (30 nm), CozgFeso (30 nm) and NigiFeqg (30 nm) with
in-plane anisotropy are deposited using DC magnetron sputtering on a 128°
Y-cut lithium niobate (LiNbO3) substrate with dimensions 10x10x0.5 mm?.
A seed layer of 5 nm of Ta is used to reduce roughness related effects and the
ferromagnetic layers are capped with 4 nm Ta to reduce aging effects. The
magnetic films are structured using electron beam lithograhy (EBL) and ion
etching into disks of 80 pm diameter and into nanowires with 800 nm width
and 100 pm long. To facilitate DW injection, a nucleation pad (20x10 pm?) is
realized at the one end of the magnetic racetrack. All the devices are realized
within the SAW beam path of one IDTs pair.

At the terminations of the devices, a set of IDTs made of Ti (10 nm) and Au
(90 nm) are fabricated using optical lithography. Metal evaporation and liftoff
techniques are employed during the fabrication process. Each IDT consisted
of 20 electrode pairs. The length of the electrodes, referred to as the IDT
aperture, is 500 nm, while the distance between the two IDTs, known as the
SAW propagation distance, measured 3 mm. The electrode width and pitch are
varied between 10 and 7.5 um, resulting in an approximate SAW wavelength
(A) between 40 pm and 15 pm. This corresponds to a resonant frequency of
the IDTs between 100 and 320 MHz.

The determination of scattering parameters (S-parameters) is carried out using
an Agilent E5062A vector network analyzer. Figure 5.17 (c) illustrates the
reflection (S11 and S22) and transmission (S21 and S12) characteristics of
the surface acoustic wave (SAW) transducers and substrate, with a central
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frequency of 173 MHz. To generate standing SAWs (SW), RF signals are
simultaneously applied to both IDT1 and IDT2 as shown in Fig. 5.17 (a). For
launching standing SAWs with moving node position, the frequency of the RF
signal applied to the two IDTs simultaneously is swiped around the resonant
frequency of £25 MHz in 111 ms (milliseconds) (0.45 MHz/ms). To ensure
equal power delivered to the IDTs for standing SAWs, the power loss along
the circuit is carefully examined and compensated. Further details regarding
the RF circuit used for determining S-parameters and launching SAWs can be
found in the experimental section, Sec. 3.3.7.
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Figure 5.17: Experimental setup used to apply SAW. (a) scheme (not to scale) of
the sample used to investigate SAW effects on in-plane magnetostrictive materials.
The devices (in black) are patterned between the two IDTs well within the beampath
of the SAW. The contacts in yellow are used to apply the RF voltage. (b) layerstack
used in this study. (c¢) S-parameters, both in reflection and in transmission, for the
IDTs used to launch SAWs. The delay line comprising both IDTs and the substrate
shows a center frequency of 173 MHz.

The magnetic properties and hysteresis loops of the films (structured in disks)
are measured using a Kerr microscope with a 20x objective and an in-plane
magnetic field applied. For the domain wall injection measurements, a 50x
objective is used instead.
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5.3.2 Results and discussion

| 5.3.2.1 | SAW assisted magnetic switching

Hysteresis loops are measured with Kerr microscopy from an array of disk
structures to probe the local magnetic properties of the film. The magnetic field
is applied in-plane, along x according to the scheme of Fig. 5.17 (a). During
the measurement a RF voltage is applied to the IDTs to launch a standing SAW
parallel to the applied magnetic field (along x). To compare the magnetization
reversal process in the presence of SAW, the coercive field H. is measured as a
function of the RF power applied to the IDTs and is reported in Fig. 5.18 for
different magnetic materials. IDTs with a resonant frequency of 238 MHz are
considered for our coercivity measurements reported in Fig. 5.18.

A significant coercivity reduction is observed in the presence of standing SAWs
for CozgFeso and CogpFeqoBag films. For CorgFesg (Fig. 5.18 (a)), H. decreases
from 17.0(1) mT in the absence of SAW to 14.5(1) mT with 3 mW RF power,
while for CogoFeq0Bao films (Fig. 5.18 (b)) H. decreases from 0.4(1) mT to 0.1
mT with 3 mW RF power applied. The coercivity decreases with increasing
applied power and similar reductions to H. are observed for IDTs with resonant
frequency between 100 and 300 MHz, without significant dependence on the
applied SAW frequency. The measured reduction in coercivity is compatible
with previous studies.!?*

In thin films with perpendicular magnetic anisotropy (PMA) standing SAWs
are reported to facilitate the quasi-static magnetization reversal process.'?4 127
The decrease in coercivity can be attributed to alterations in anisotropy induced
by strain, as reported in previous studies®® 127 and discussed in Sec. 5.1 for the
uniform strain case. Surface acoustic waves (SAWs) function as dynamic strain
waves, capable of locally modifying the energy landscape of thin films. This
periodic modulation raises and lowers the anisotropy of the thin film, eventually
leading to magnetization reversal when the anisotropy reaches low values. These
changes in anisotropy are associated with magnetoelastic anisotropy, which
depends on the applied strain tensor component ¢;; and the material saturation
magnetostriction ;. In piezoelectric materials, the magnitude of strain is
directly related to the applied voltage. Consequently, larger reductions in
coercivity (H.) are expected with higher applied power, consistent with the
observed trends in Figs. 5.18 (a) - (b). In addition, the large magnetostriction of
CoroFesp, ~80x1078, explains the more significant changes to H, with respect
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Figure 5.18: Measurements of coercivity (H.) in the presence of standing SAW
as a function of the applied RF power. The frequency of the strain wave is
238 MHz, resonant frequency of the patterned IDTs. The measurements for (a)
Ta(5 nm)/CoroFes0(30)/Ta(4), (b) Ta(b nm)/CosoFesoB20(30)/Ta(4) and (c) Ta(b
nm)/Nigi Fe19(30)/Ta(4) films are reported with the same y-axis scale for compari-
son. The field is applied in-plane along the same direction of the SAW. The film is
patterned into 80 pm diameter disks.

to CoggFeqoBao films, where the magnetostriction is ~ 30 x 1076, According
to Eq. 2.31, the value of this strain anisotropy can be obtained by the value
of magnetostriction and the applied strain. In LiNbO the calculated strain is
expected®?? to be in the order of 0.8 x 10~ for the largest voltage amplitude
used. Using this value of strain the changes to the anisotropy are expected to
be 1.9(1) kJ/m? for CorgFeso, 1.0(1) kJ/m? for CospFesoBag and only 50 J/m?
for Permalloy.

It is important to consider that the introduction of RF power to generate surface
acoustic waves (SAWs) may lead to an increase in temperature, potentially
resulting in a decrease in coercivity. For the studied devices and power range
used, the heat-induced temperature changes are expected to be in the order of
5 to 10K.??> Off resonant dependent studies'?” suggested that the reduction in
coercivity is directly attributed to the standing SAW rather than RF power-
induced heating. In addition to this previous report, we measured RF power
dependent coercivity of a Permalloy (NigiFejg) film as reported in Fig. 5.18
(c). The saturation magnetostriction of Nig;Fejg is below —1 x 1076, As its
value of magnetostriction in nearly zero, the film magnetic anisotropy is not
expected to be modified by the SAW. No changes to the coercivity of Permalloy
are measured even for the largest RF power of 3 mW, thus confirming that
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magnetoelastic effects are dominating over thermal activated magnetization
reversal.
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Figure 5.19: Remanent state of magnetization (no applied magnetic filed) imaged
before (left) and after (right) applying a standing SAW with 3 mW power and a
frequency of 238 MHz. The SAW is applied for 1 second along the = direction. (a)
and (b) refer to magnetic disks made of Ta(5 nm)/CosoFes0B20(30)/Ta(4) while (c)
and (d) refer to Ta(5 nm)/Nig; Fe19(30)/Ta(4) disks. The Kerr microscope is operated
in longitudinal mode to probe the x direction of magnetization.

In addition to hysteresis loops, the remanent magnetic state (i.e. in the absence
of magnetic field) in the disks is imaged using Kerr microscopy in longitudinal
configuration''* and is reported in Fig. 5.19. For this measurement, the
magnetization of the sample is saturated in one direction. After background
subtraction the magnetic field is gradually reduced to zero and the images in
Figs. 5.19 (a) and (c) are recorded. After that, RF power of 3 mW (strain
amplitude ~ 0.8 x 10~%) at 238 MHz (resonant IDTs frequency) is applied
for 1 second and switched off. At this point a second image is recorded
(Figs. 5.19 (b) and (d)). Figs. 5.19 (a) and (b) consider the remanent state
of a Ta(5 nm)/CosoFesoB2o(30)/Ta(4) disk. Before the application of RF
power (Fig. 5.19 (a)) the magnetic state is for its most part in the previously
saturating direction. After the application of the SAW, large parts of the
magnetization have reversed the in-plane direction. This can be explained
by the reduction of H. that is almost reduced to zero during the application
of a standing SAW, therefore allowing for magnetic domain nucleation and
propagation in magnetostrictive CogoFeqoBog. If instead a material with
negligible magnetostriction such as Permalloy is considered, the application of
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RF power leaves the remanent magnetic domain pattern unaffected, as shown
in Figs. 5.19 (c) and (d). Again, this suggests that the dominant effect of the
SAW on the magnetization is the magnetoelastic anisotropy contribution.

Off-resonant RF signal

So far, the RF power applied to the IDTs during the experiment is at a constant
frequency, foy, the resonant frequency of the patterned IDT defined as the point
of the maximum in S12 and 521 parameters. This configuration, called single
standing surface acoustic wave (SSAW), creates a standing SAW with fixed
node and anti-node position. We will now expand this technique by using
frequency-modulated SSAWs.?22 By changing the frequency of the two coherent
counter propagating SAWs, which interfere coherently to form the standing
wave, the nodal position is shifted. To realize frequency modulation of SSAWs
the RF signal at the IDTs is swiped around the resonant frequency fy of the
transducers between fo — Af and fo + Af. Af is set to be 25 MHz and the
sweep time is set to 111 ms.

Fig. 5.20 shows hysteresis loops measurements with in-plane magnetic field
along the x direction. For each material the respective measurements are
reported with different colors: without RF power applied to the IDTs, with
a SSAWs f;=238 MHz and in the presence of frequency modulated SSAWs
fo £ Af=238+25 MHz. By comparing the case with no SAW (blue) and the
standing SAW (orange) in Fig. 5.20 (a) and (b) a reduction in the coercive field
is observed. As the two materials considered have sizable magnetostriction,
the magnetization reversal is assisted (facilitated) in the presence of SAWS, as
discussed in Fig. 5.19.

Remarkably, the frequency modulation of SSAWs additionally reduces H, for
the same RF power applied (3 mW) compared to a non modulated SAW. For
CorgFeso (Fig. 5.20 (a)) the coercivity is reduced to 14.5(1) mT in the presence
of SSAWs and to 12.0(1) mT with frequency modulation. For CogoFes9Bag
instead the additional frequency modulation of SSAWs reduces the coercivity
to a value below the resolution of our measurement (0.1 mT), as can be seen
in the inset of Fig. 5.20 (b).

To explain this result, we consider the effect of frequency modulation as an
additional mechanism to promote domain walls propagation and magnetization
switching in our film. A change in frequency of the RF signal applied to the
two IDTs creates a standing SAW (with respect to magnetization dynamics)
with a slightly difference wavelength according to

VsAw

f

Agaw = (5.6)
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Figure 5.20: Hysteresis loops measured with Kerr microscopy of (a) Ta(b
nm)/CozoFes0(30)/Ta(4) and (b) Ta(5 nm)/CosoFesoB20(30)/Ta(4) films patterned
into disks. Three independent measurements are reported as a comparison: in the
absence of RF power (no SAW, in blue), in the presence of fy=238 MHz standing
SAW (resonant IDTs frequency, in red) and in the presence of an off resonance SAW
swiped between fo — Af=213 MHz and fy + Af=263 MHz. The magnetic field
is applied along the direction of SAW (z direction), SAW power is 3 mW and the
frequency is swiped within 111 ms.

where vgaw is the acoustic velocity (3997 m/s326) and f is the applied high-
frequency signal. Major effects of the frequency modulation are expected
within the 3 dB pass-band of the IDTs which is in the order of 10 MHz. As
the distance between the interdigits is fixed, this also leads to a change in the
anti-node position,*2? where the anistotropy (i.e. the energy landscape of the
film) is locally reduced by the time varying strain. The change of the anti-node
position, can be seen as an additional mechanism that facilitates magnetization
switching and can explain the reduction in H. observed in Fig. 5.20. Further
investigation with systematic speed of frequency sweep variation should be
performed in future studies to improve our understanding on this effect.

To summarize this section, standing surface acoustic waves, are found to reduce
coercive field of magnetostrictive materials due to local anisotropy variations of
the time variant strain, in agreement with previous studies. The magnetoelastic
effect is dominant over thermal effects of the RF power heating, as SAWs do
not alter the magnetic state of low magnetostrictive Nig; Fejg. In addition to
the static case, we performed frequency modulation of SSAWs, and found that
for the same RF power, the frequency modulation additionally reduces the
coercive field of our films improving the efficiency of the strain coupling with
the system.
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| 5.3.2.2 | SAW assisted domain wall injection

After studying the effects of SSAWs on the magnetization reversal mechanism
of films, we employ SSAWs to improve a figure of merit of domain wall based
sensors and devices, which is the injection field, B;,;. This quantity, already
defined in Sec. 5.1, is the magnetic field required to inject a DW into the
magnetic racetrack, as shown in the sketch of Figs. 5.21 (a) - (b). Ideally, in a
device B;,; should be as low as possible?® to reduce the lower boundary of the
field operating window.

A viable option to lower this boundary is the use of SAWs, in combination
with an external applied field. It was shown that SSAWs can increase the DW
velocity in nanowires*24 and assist the depinning?” due to the modulation of the
pining barrier with magnetoelastic anisotropy modulation. If this modulation
is at the mouth of the pad, where the DW is pinned before injection (Fig.

5.21 (a)), then the energy barrier, mainly provided by the shape anisotropy, is
lowered (lower B;,;).?
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Figure 5.21: Kerr microscope images of a domain wall injection process, from a
nucleation pad (a) into a nanowire (b) where the DW propagates. (c¢) schematic of
a vortex DW in the wire geometry considered whose dimension are L = 30 nm and
R = w/2=400 nm. (d) measurements for Bj;,; in the presence of SSAWs. Two central
RF frequencies of the IDTs are considered, fo =320 MHz and fy =160 MHz, in blue and
orange, respectively. The measurements refer to a Ta(5 nm)/CosoFes0B20(30)/Ta(4)
sample on top of LiNbOj3 substrate. The RF power applied is 3 mW.

According to the sketch of Fig. 5.21 (c), we design the IDTs for a SAW
propagation along x, same direction of the applied magnetic field. The wire has
a width of w = 2R=800 nm and a thickness of L =30 nm. This approximately
defines the size of the vortex-type wall, with radius R.
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To measure the injection, a magnetic field of 20 mT along —z direction initializes
the device magnetization (pointing left). After subtraction, the magnetic field is
reduced to zero and increased to positive values. The contrast changes are mon-
itored with a Kerr microscope until the injection (as Fig. 5.21 (b)) is reached.
Measured values of B;,; are reported for a Ta(5 nm)/CosoFesoB2o(30)/Ta(4)
sample in Fig. 5.21 (d) in the presence of SSAWs with different IDTs resonant
frequency fo. Two different set of samples are realized for the two frequency
measurements.

In the absence of SSAWs (no RF power applied to the IDTs) the injection field is
Bip;=7.0(5) mT. In the presence of a SSAWs with frequency f,=320 MHz (blue
stars in Fig. 5.21 (d)) By  is reduced to 4.5(2) mT. B, is reduced further
to 2.8(2) mT in the presence of frequency modulated SSAW fy + A f=320+25
MHz. The stronger reduction in the case of frequency modulation, is justified
by decrease in H, reported in Fig. 5.20. Interestingly, the use of a lower central
frequency fo=160 MHz (orange diamonds in Fig. 5.21 (d)) has smaller influence
on By,;. For 160 MHz, in the case of unmodulated SSAW, the injection field is
unaltered. B;y; is only affected during frequency modulation (fo £ A f=160+£25
MHz), where the maximum reduction to B,; is 1 mT with respect to the
reference case (no RF power). The observed reduction in B;,; in the presence
of SSAWs can be compared with our study on DW injection using uniform
strain®® (see Sec. 5.1). As shown in Fig. 5.4 for similar device geometry, a
uniform tensile strain changes the injection field in Cog9Fe40B2o nanowires from
3mT to 9 mT. In that study, the estimated strain anisotropy is 3.6(1) kJ/m3.
A strain anisotropy of 1.0(1) kJ/m? is estimated for the SAW amplitude used.
Accordingly, a reduction up to 4 mT in the value of B;,; is in agreement with
our published studies using uniform strain.

This significant frequency dependence observed in Fig. 5.21 (d), suggests that,
in contrast to the H. measurements, the effect of SAWs on DW injection strongly
depends on the wavelength of the strain modulation. A possible explanation
for this dependence is the spin structure of the domain wall injected. For the
used wire geometry, the DW is a vortex type.??® It is known that a magnetic
vortex is subject to motion of the core under external field excitation and
these excitations have eigenfrequencies wy (i.e. resonant modes) of the vortex
translational motion.?2%:330 The value of wy is dependent on the size of the

vortex, i.e. on the geometry of the system according to32°

wo ~ 4 M, (é) (5.7)

where v is the gyromagnetic ratio, M, the saturation magnetization, R the
radius of the vortex and L the thickness of the magnetic layer. Eq. 5.7 is valid
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in the limit of aspect ration % << 1 and assumes a vortex spin structure. The
latter is valid only for applied fields below the walker breakdown. This is not
the case of our experiment, however the a qualitative comparison is possible
at a first level of approximation. Considering the parameters of CogoFe9Baog
and an aspect ratio % = 0.075, we find a value of wy ~300 MHz. wy can be
considered as the resonant frequency of a vortex type wall in a wire of width
w = 2R, equivalent to the one of a vortex in a disk with diameter d = 2R and

same thickness.

The lowest frequency transnational (or gyrotropic) mode can be excited by
an in-plane magnetic field and has an eigenfrequency that is a result of the
finite wire size and is determined not by exchange but by long range dipolar
interactions.®?? Intuitively, the use of a strain induced modulation of the
anisotropy, with a frequency closer to the vortex equivalent resonant mode
fo =~ we=300 MHz drives the vortex wall more efficiently, and therefore explains
a larger reduction of the injection field, with respect to the use of lower RF
frequency of the SAWs. However, a more complete study, including different
values of frequencies and different geometries of the nanowire would be required
to confirm our claims.

Conclusions

This section contains the final experimental part of this thesis, where we focus on
investigating the effects of time-variant strain on magnetostrictive ferromagnets.
To achieve this, we design devices on a piezoelectric substrate, enabling the
generation of standing strain waves through interdigitated transducers when an
RF voltage is applied. By utilizing Kerr microscopy to measure magnetization
switching, we obtain the following key findings.

Firstly, a reduction in the coercivity in the presence of SSAWs is observed
in materials exhibiting non-zero magnetoelastic coupling. The modulation of
the RF voltage around the IDTs central frequency leads to further reductions
in the coercive field at the same output power. We attribute this to the
modulation of the anti-node position where the largest strain anisotropy is
induced, additionally contributing to the magnetization reversal.

Secondly, in devices for domain wall injection, a significant decrease in the
injection field is reported in the presence of SSAWs and this reduction is most
pronounced in the presence of frequency modulation. Interestingly, we report
the reduction of B;,; to be dependent on the central frequency of the IDTs.
Upon comparing the frequency of the surface acoustic waves (SAWs), denoted
as fo, with the resonant frequency, wg, of a magnetic vortex having the same
aspect ratio as our nanowire, we speculate that the coupling between the SAW
and the injected domain wall is more significant when fo ~ wy.
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This section further explored the effects of frequency modulated strain on
magnetic domain walls. These promising results give motivation to continue
exploring the effects of dynamic strain - using time resolved Kerr microscopy
and considering more values of RF frequency - as it holds potential for future
developments in domain wall devices.









CONCLUSIONS AND OUTLOOK

The conclusions of this work are here presented. If strain cross sensitivity
needs to be minimized for most applications, controlled strain can be used to

realize new magnetic sensor concepts. Possible implications are illustrated in
the outlook to this thesis work.
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Conclusion

As discussed in the theory chapter, Sec. 2.2.4.1, the magnetization is coupled to
the elastic state of a material. The strength of this magneto-elastic interaction
is determined by the magnetostriction, a constant whose value can be positive
or negative if the tensile strain defines an easy or hard axis of magnetization,
respectively. The magnetoelastic properties of thin films are therefore of
major interest for technological use as well as for scientific investigations. The
optimization of the magnetic sensing layer is crucial for magnetic sensors, and
depending on the application, different requirements exist. These requirements
can be met if the magnetoelastic coefficient can be controlled.

This is the focus of the fist experimental chapter, Chap. 4 of this thesis, whose
attention is the optimization of the free layer of magnetic sensors with emphasis
on the strain effects. The chapter begins by discussing two typical material
platforms for in-plane magnetized sensors: a Ni(2 nm)/Fe(2 nm) multilayer
and a 30 nm Permalloy (NigjFejg alloy). In both cases, He™ ion irradiation,
a post-deposition technique, is employed to control the magnetostriction and
improve the magnetic softness of the materials. The irradiations and Monte
Carlo simulations are performed in collaboration with the startup company
Spinion Technologies.

In the first study presented in Sec. 4.1, the magnetoelastic properties of
sputtered Ni/Fe multilayers after Het ion irradiation are investigated. Various
techniques for structural analysis are used, revealing limited roughness and
alloying at the Ni/Fe interface in the as-deposited state. The study finds that
intermixing of the sputtered layers at the interfaces is promoted by light ion
irradiation in proportion to the ion fluence. The saturation magnetostriction of
the magnetic stack is observed to change with increasing ion fluence, leading to
a sign change in the magnetoelastic coupling from negative to positive for high
fluences. The study also demonstrates that strain insensitivity of the sensor
free layer can be achieved within a specific range of ion fluences.

The impact of He™ irradiation and thermal annealing on the magnetic properties
of Permalloy samples are explored instead in Sec. 4.2. Structural modification
analysis using XRD revealed increased crystallization of the Nigi;Feig alloy
along the thickness direction after both treatments. The irradiation has led
to a drastic reduction in the hard axis coercivity and the deposition-induced
anisotropy, while the field-free annealing did not significantly enhance magnetic
softness. The study attributes this difference to stress relaxation in the film
after irradiation and the completely isotropic mechanism for atomic ordering
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in the case of irradiation alone. The effective magnetostriction of the film
decreases significantly after both irradiation and annealing. Importantly, the
sizable magnetoresistance is maintained after irradiation, indicating that post-
growth He™ irradiation can enhance magnetic softness and minimize strain
cross-sensitivity in Permalloy. Unlike thermal annealing, ion irradiation enables
local material treatment, making it possible to adjust the anisotropy and
directly write magnetic domain patterns into thin-film structured devices. This
technique holds promise for high-sensitivity and low-hysteresis integrated AMR,
sensors designed to be insensitive to strain.

Sec. 4.3, presents a study on the strain-dependent properties of synthetic
ferrimagnets. The study focuses on the effect of external strain on perpendicu-
lar magnetic anisotropy (PMA) and magnetization compensation of Co/Gd
systems at room temperature. In order to verify they suitability when inte-
grated in standard CMOS technologies, wedge samples with varied magnetic
layer thickness are grown to determine thickness-dependent transitions in the
magnetostatics and magnetization compensation of the multilayer system. The
study experimentally measures a significant magnetoelastic coupling in a bilayer
Pt/Co/Gd system, which changes the spin-reorientation transition (SRT) in
the presence of strain. By varying the thickness of the bottom Gd layer in a
Pt/Co/Gd/Co/Gd/Pt multilayer structure, the magnetization compensation
is found to be unaffected by external strain. This research contributes to the
understanding of strain-induced effects in synthetic ferrimagnet, showing their
superior resilience to strain if compared to ferrimagnetic alloys.

The second experimental chapter, Chap. 5, delves into the effects of different
types of strain (uniform, non-local and time variant strain) on magnetic sensors
and devices based on magnetic domain walls. Sec. 5.1 investigates the injection
of domain walls into nanowires under uniform strain. The study focuses on
the effects of strain on the domain wall injection field in magnetostrictive
materials. The results show that the strain effects depend on the material
magnetoelastic coupling, and that uniaxial strain can increase the injection field.
The study emphasizes also that material preparation and careful design are
critical for optimizing the injection mechanism and improving the robustness of
devices against strain disturbances. The findings show that a deposition-induced
uniaxial anisotropy, can reduce the effective uniaxial anisotropy in the nucleation
pad, keeping the injection field low even in the presence of external strain.
These findings suggest that tailored engineering of the magnetic anisotropy can
make domain wall-based devices more robust to external strain.

A novel technique for generating local strain on a substrate to manipulate
magnetic domain walls is proposed and validated in Sec. 5.2. By selectively
removing regions of the passivation layer, strain gradients are created, enabling
the controlled manipulation of magnetic domain walls. The approach offers
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an alternative for generating domain wall-based devices that are compatible
with wafer-level production. Due to its relevance for sensing applications, it is
submitted as a patent application. The technique’s feasibility is demonstrated
through experiments on submicron magnetic nanowires, which successfully
show the pinning of domain walls using the locally-induced strain gradients.
This innovative approach has the potential to advance the field of magnetic
domain wall devices. This is shown with a new sensor concept, a device able
to detect discrete values of magnetic field in a nonvolatile way.

Finally, the effects of time-variant strain on magnetostrictive ferromagnets are
explored in Sec. 5.3. The section focuses on devices fabricated on piezoelectric
substrates, which generate standing strain waves controlled by AC voltage.
The effects of these strain waves on the coercivity and domain wall injection
are investigated. The results reveal reductions in both the coercive field
and the injection field under the influence of the strain waves. Additionally,
frequency modulation of the strain waves leads to more pronounced effects and
those effects are found to be dependent on the frequency of the RF excitation
voltage in the case of vortex type domain walls. Insights for the design and
optimization of strain-driven domain wall devices are therefore highlighted, but
a more systematic study has to be conducted to draw additional conclusions.

In conclusion, this thesis presented comprehensive insights into material prepa-
ration techniques, ion irradiation, in order to understand the effects of strain
on the free layer of conventional magnetoresistive sensors and domain wall
devices. On the one hand, the studies showed that the fine-tuning of magne-
toelastic coupling is possible using ion irradiation and this can allow for strain
insensitivity of the magnetic free layer of the sensor. This represent a crucial
advantage as an (ideally) zero magnetostriction material is desirable in most
magnetic sensing applications. On the other hand, by deliberate application of
strain we realize a new magnetic sensor concept. If the magnetoelastic coupling
of the free layer is significant, the strain can control the position of magnetic
domain walls and stabilize the magnetization through the magnetic anisotropy.
Different forms of strain can be created, with the use of substrate bending,
etched passivation layers and using a piezoelectric substrate, paving the way
for the development of novel magnetic sensors and devices with improved
performance and versatility.
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Outlook

In this section, some outlook remarks are presented, starting from the conclu-
sions on the topics that we consider more promising.

For what concerns the irradiation as a tuning mechanism for magnetostriction,
one avenue for further investigation is performing the irradiation locally. This
could offer the possibility to realize on single-deposited film, areas with opposite
sensitivity to strain, and therefore could allow strain detection in a Wheatstone
bridge configuration arrangement. Local irradiation could also be employed to
create strain activated pinning sites or racetracks for DW motion and control of
skyrmions, by patterning channels for propagation (e.g. with lower anisotropy)
using "ion-beam" lithography. The use of ion irradiation as a method to reduce
the magnetostriction in Permalloy, should be tested on flexible substrates (e.g.
kapton), where minimization of strain effects is crucial.

About the most relevant part of the thesis for technological implementation,
the generating of CMOS compatible strain gradients for spintronics, many
promising research directions appear. A first option would be realizing uniform
strain in close proximity of a magnetoresistive element of the sensor (e.g. TMR
junction or AMR stripe). The pinning of the magnetostrictive free layer,
provided by the opening in the SiN, could stabilize the magnetization and
suppress the magnetic noise - especially the 1/f component - with a limited
sensitivity reduction. The local strain that is realized using the SiN opening,
could also be used to improve the closed loop design of the multi-turn counter.
As presented in the work of Borie et al.,5%:265 the reliable propagation of a
vortex DW in a cross-shaped geometry can be improved using a curved wire
(siphon). In analogy with the siphon element, the control of the DW position
before entering the wire intersection could be controlled using local strain to
achieve reliable propagation.

For what concerns the sensor concept proposed, the next step would be to realize
the same design using a GMR material for the racetrack, thus enabling electrical
detection of the domain wall position. This would allow large scale testing,
and to obtain more statistic on the pinning event. Exploring opportunities
for commercialization and identifying specific market needs could drive the
development of cutting-edge magnetic sensors with this technology.

Eventually, the work on surface acoustic waves that has been started, should
be pursued with a more systematic frequency dependent study to explain the
frequency dependent vortex domain wall injection observed. The use of time
resolved Kerr microscopy, would undoubtedly be of use especially if extended
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to other spin structures like skyrmions or domain walls in perpendicularly
magnetized systems.
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APPENDIX - SAMPLE
FABRICATION DETAILS

This chapter contains the lithography recipes used for structuring of the different
samples used in the present thesis.
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Realization of disks using optical lithography

The structures are realized using a negative resist (type AR-N7520.073) in
combination with etching. The following steps were used starting from a
SiOx/Si substrate with the desired material already sputtered (see Sec. 3.1.1)
on top.

e Cleaning procedure:

Dip the sample in Acetone or Ethanol for 60s, then in Isopropanol 60s and
finally in high-purity water for more than 60 s. Use a hotplate >120°C for 1
min for water desorption and let the sample cool down for 1 min.

e Coating procedure:

Use a spin coater and the resist AR-N7520.073 (allresist.de) 0,1 ml using a
pipette. The following setting are used: prespin 1s at 500 rpm then Spin for
50s at 5000 rpm so that the resulting thickness is 100 nm. Soft-bake the resist
at T = 85°C for 1 min and cool down for 1 min.

e Exposure using optical lithography:

use 10s of UV exposure using hard contact between sample surface and optical
mask.

e Development:

Use the developer AR300-47 by immersion for 60 s, then use DI water for
development break by 30s immersion.

e Jon Beam etching:

The best results are obtained using variable angles of the incident ions to avoid
fencing. Sample rotation is set to 60 rpm. Use 30 seconds under 80°, close
the shutter then 30 seconds under 10° and close shutter and do the loop until
sample is completely etched etch and 20 seconds under 10° when completely
done. Resist has a etching rate of roughly 5nm/min. To avoid heating use 1
min of break with the shutter close between each of the steps.

e Resist removal:

Put the sample in acetone over night and use Ultrasound with the sample in
acetone for a few minutes the next day. Then use IPA and water and blow dry
the sample.


https://www.allresist.de/
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Realization of nanowires using EBL

Same procedure for sample cleaning and resist coating as described in Sec. A.1.
The following recipe considers a Raith lithography system (raith.com).

e Exposure:

use acceleration of 30 kV EHT and 10 pm aperture. Select the resolution of 4
nm stepsize. The suggested electron dose is 170 uC/cm? for crosses and 280
pC/em? for nanowires.

e Development:

Use the developer AR300-47 immersing for 23 s. To have development break
use 30s high-purity water rinsing.

For ion etching see Sec. A.1l.

Realization of electrical contacts using lift-off

This is a liftoff recipe for standard Cr/Au (5nm /55nm) contacts and marker.
This time a positive resist is used in combination with sputtering after the
development. A double layer of PMMA/MMA (allresist.de) is here considered
for undercut realization and facilitate liftoff.

e Coating procedure (after sample cleaning):

Use resist MMA (8.5) MAA EL6 0,1 ml and pin coat with pre-spin 2s at 500
rpm (acceleration set to 500) then spin for 60s at 3000 rpm (acceleration set to
3000).

o Soft-bake:
use hotplate at 180°C for 90s then cool down substrate for 1 min.
e Second coating:

use resist PMMA 950k A4 and pre-spin for 1s 500 rpm then Spin for 45s at
3000 rpm. Perform again a soft-bake, as described for MMA layer. Optional:
spin coat E-spacer for PMMA if your sample is insulating (use setting 2000
rpm 30 s). E-spacer is a conductive resist that avoids charging of insulating
amples during SEM imaging and EBL lithography.


https://raith.com/electron-beam-lithography-systems/
https://www.allresist.de/

188 A. Appendix - Sample fabrication details

e Exposure:

use acceleration of 10 kV EHT and 30 pm aperture. Select the resolution of
50 nm stepsize. The suggested electron dose is 160 uC/cm? and the meander
mode setting.

e Development:

Optional: if you used E-spacer remove it by dipping the sample in water. Use
the solution of MIBK:IPA in ratio of 1:1 and use dive development for 30s.
For development break dip 30s into IPA. The blow-dry using Nitrogen and the
sample is ready for contact sputtering.

o Lift off:

immerse the sample in acetone and use ultrasound for 1 min.
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ABSTRACT

We investigate experimentally the effects of strain on the injection of 180° domain walls (DWs) from a nucleation pad into magnetic nano-
wires, as typically used for DW-based sensors. In our study, the strain, generated by substrate bending, induces in the material a uniaxial
anisotropy due to magnetoelastic coupling. To compare the strain effects, CosFe40B2o, Ni, and Nig,Fe;g samples with in-plane magnetization
and different magnetoelastic coupling are deposited. In these samples, we measure the magnetic field required for the injection of a DW, by
imaging using differential contrast in a magneto-optical Kerr microscope. We find that strain increases the DW injection field and that the
switching mechanism depends strongly on the strain direction. We observe that low magnetic anisotropy facilitates the creation of a domain
wall at the junction between the pad and the wire, whereas a strain-induced magnetic easy axis significantly increases the coercive field of the
nucleation pad. Moreover, we find that these effects of strain-induced anisotropy can be counteracted by an additional magnetic uniaxial
anisotropy perpendicular to the strain-induced easy axis. We perform micromagnetic simulations to support the interpretation of our experi-
mental findings showing that the above described observations can be explained by the effective anisotropy in the device. The anisotropy
influences the switching mechanism in the nucleation pad as well as the pinning of the DW at the wire entrance. As the DW injection is a
key operation for sensor performances, the observations show that strain is imposing a lower limit for the sensor field operating window.
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1. INTRODUCTION The magnetic field conditions under which a DW-based
sensor can reliably operate are called the field operating window."”
For the sensor to work, a DW needs to be successfully created and
propagated into the nanowire, setting the minimum operation field
value. At the same time, uncontrolled nucleation of domain walls

at higher fields needs to be avoided, thus setting the maximum

Domain walls (DWs) have always been of importance for
their static and dynamic properties since the use of magnetic mate-
rials for logic devices and data storage.' ™ In the last 15 years, the
possibility to realize and characterize magnetic nanostructures has
allowed one to explore complex spin textures, their creation, and

stability. This intense research has enabled the use of DWs in
memory devices”” and diverse magnetic sensors.””” For example, a
DW can be used to carry information about the angular position of
an object and to count the number of rotations performed in a
non-volatile way.'’”'* The interest in magnetic sensors based on
DWs is in their stability, making their non-volatile positioning suit-
able to many applications. No external electrical power is required
to manipulate the magnetic state in the sensor, making it ideal for
energy efficient systems even where power failures can occur.

operation field value. Previous studies about DW sensors investi-
gated the propagation and nucleation fields and showed how they
depend on material parameters and device geometry.'””"” While
the field operation window in idealized operation conditions is
known, in real devices further factors play a role and have been pre-
viously neglected.

Among the external factors, strain or mechanical stress on
these sensing elements is known to be a key issue. Such strain
occurs during packaging as well as sensor operation, with strong
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impact on the device performance.'® Strain in magnetic materials is
known to induce a preferential direction of magnetization (anisot-
ropy) due to magnetoelastic coupling'””’ and even pin a DW in a
nanowire.”' In DW-based devices, a common approach to generate
a DW is to use a larger magnetic (nucleation) pad attached to the
nanowire exploiting the reduced shape anisotropy'**** as shown
in Figs. 1(c) and 1(d). It has been shown recently using simulations
how, in the nucleation pad, strain-induced anisotropy can over-
come the shape anisotropy governing the switching of the magnetic
state.”* However, these previous studies did not report experiments
on strain effects in a sensor relevant system as ours.

In the work presented here, we investigate experimentally the
impact of externally applied strain on the injection of a 180°
domain wall from a nucleation pad in a magnetic nanowire. We
employ magneto-optical Kerr effect (MOKE) microscopy to image
the DW creation, pinning, and injection from the pad for different
external strain configurations. The injection field is strongly
affected by the effective anisotropy of the magnetic material, which
is modified by strain. Simulations are used to identify the switching
mechanism and the spin structure of a pinned DW just before the
injection into the wire.

FM (30)

SiOx
Si

FIG. 1. (a) Schematic of the mechanism to apply mechanical strain by three-
point substrate bending. (b) Layer cross section used for the investigated
devices. FM indicates the magnetic material, the numbers correspond to the
thickness in nm. The SiO, and Si thicknesses are 1.5 and 625 um, respectively.
Device shown in an optical microscope (c) and scanning electron microscope
image (d).

ARTICLE scitation.org/journalljap

Il. EXPERIMENTAL METHODS

We investigate three different samples: CogoFesoByy (30 nm)/
Ta (4nm), NiFe;;Cry(4 nm)/Nig,Fe;s(30 nm)/Ta (4 nm), and
Ni (30 nm)/Pt (2nm), and all layers are deposited by magnetron
sputtering. The substrate is 1.5 um thick, with thermally oxidized
SiOy on top of 625um undoped Si. To improve magnetic softness
and deposition uniformity, the magnetic material was sputtered in
a rotating magnetic field of 50 Oe. The result is a soft magnetic
material with intrinsically low anisotropy field and low coercive
field. The magnetic properties of our films, as deposited, are sum-
marized in Table I. The values for Young’s modulus and the satura-
tion magnetostriction are assumed to be unaffected by our
annealing step as our x-ray diffraction measurements suggest. For
the characterization of our material, we used a BH-Looper, a hys-
teresis loop tracer, where B is the measured magnetic flux and H is
the applied magnetic field (Shb Instruments—Model 109). This
tool includes a setup for measuring magnetostriction.”” ™’

To induce a preferential direction of magnetization in the
CoyoFeqoBy, the sample was annealed in N, for 2h at T = 265°C,
while a static field of 120 mT is applied. This treatment induces a
uniaxial anisotropy, where the easy axis of the magnetization is in
the direction of the applied magnetic field. One plausible model to
explain its mechanism is the migration of atoms. The applied mag-
netic field drives an anisotropic distribution of atom pairs among
Co, Fe, and B that increases the uniaxial anisotropy constant.

K
ot = 2.7 mT and the

uniaxial anisotropy constant is Ky, = 1.54(2) k]/m3, where M; is
the saturation magnetization of the magnetic material. A compari-
son of the angular dependence of the remanent magnetization and
hysteresis loops before and after annealing are shown for
CogoFeqoByg, respectively, in Figs. 2(a)-2(c). A weak uniaxial
anisotropy, K < 50(5) J/m?, is present even in the as-deposited
CoyoFeqByo and might be associated with internal stresses during
the material growth or asymmetries in the deposition system.”
Since this value is 30 times smaller than the anisotropy field
induced by thermal annealing with magnetic field, it is neglected in
our study.

The structures are then patterned using photolithography
and Ar ion milling. The devices used in this study can be seen in
Fig. 1(c). A nucleation pad (20 x 10um?) is attached to a 200 um
long nanowire with different widths from 350 to 800 nm. The spe-
cific geometry of the pad is designed to narrow the field

The anisotropy field after annealing is By =

TABLE |. Parameters of the magnetic materials (thickness 30 nm) after deposition
(no annealing). The values without reference are quantified experimentally by mea-
suring the magnetic film on 5 in. wafers. Here, M; is the saturation magnetization, By
is the anisotropy field, B is the coercive field, A5 is the saturation magnetostriction,
and Y'is Young's modulus. The same Y and A are considered for as-deposited and
annealed samples.

Material M, (T) Bi(mT) B.(mT) A,x10™° Y (GPa)
CogoFesoByy  1.40(5)  0.20(5)  0.10(5) 27(1) 187°%
Nig,Fe;g 0.95(5) 0.10(5)  0.10(5) —0.5(1)  200”’
Ni 0.60(5) 2.00(5) 2.00(5) —32°"" 180°*
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FIG. 2. Characterization of the full film
E“ 0 180 0 5in. wafers of CogFesBy using a
BH-Looper before structuring. (a) The
Yy B angular dependence of the remanent
magnetization M;/Ms shows the
0.5 A x effects of thermal annealing in the
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distribution for injecting magnetic domains into the wire and to
allow for a DW nucleation at low fields.

To switch the magnetization in the device, we applied an
external in-plane magnetic field in the x direction (aligned with the
nanowire). As the magnitude of the field is increased, the nucleated
DW depins from the pad and is injected into the nanowire (injec-
tion field, Bj,;). We measure the injection field by imaging differen-
tial contrast changes in the magneto-optical Kerr effect (MOKE) in
a longitudinal configuration of the polarized white light. To image
and detect the switching event, a 50x magnification objective was
used. The magnetic contrast, without structural contrast, is accom-
plished by subtracting a reference image in the saturated stage, at
the beginning of the measurement. We have conducted our experi-
ment at fields lower than the spontaneous domain nucleation field
in the wire, which is reported to be around 40 mT."” This ensures
us that a DW is injected from the pad into the wire and not from
structural defects or nucleated at the edge of the wire.

To apply strain to our devices, the substrate was bent mechan-
ically with a three-point bender that applies an out of plane force
as shown schematically in Fig. 1(a). A square sample of 1 by 1 cm
is vertically constrained on two sides and pushed uniformly from
below by a cylinder that has off centered rotation axis. The device
generates a tensile strain in the plane of the sample up to 0.12%

1 2 3
Applied field (mT)

when the cylinder is rotated. The strain is mostly uniaxial”’ and
uniform in the central area of the sample and thus in the measured
area. The intensity of the strain induced on the surface of the SiOx
has been measured with a strain gauge (RS PRO). The stack is thin
enough to assume that the strain is entirely transferred to our
device and that shear strain is negligible.””

IIl. RESULTS AND DISCUSSION
A. Injection field in nanowires

The injection field is the minimum field required to create
and propagate a DW in the magnetic sensor device. However, to
obtain reliable and a repeatable injection, one needs to understand
the whole process of the DW injection. The MOKE images allow
us to observe how the magnetization is gradually switched in the
nucleation pad, creating a DW at its end, and also, captures the
moment when a DW starts propagating into the wire.

In the absence of strain, the domain configuration in the pad
is mostly dominated by the shape anisotropy and is not varying
strongly for the materials studied. We indeed obtain similar images
for all the measured devices. The process of injection can be
observed in Figs. 3(a)-3(c). When no strain is applied to the sub-
strate, a pattern with six domains is formed, with a domain wall at
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FIG. 3. Kerr microscope images of the device made of CosoFesoBz as deposited (no annealing). The white arrows indicate the local direction of the magnetization. The
width of the nanowire is 350 nm. The field is applied along the x direction and progressively increased (from left to right) until the DW nucleated in the pad is injected into
the nanowire. In (a)-(c), the sample is not strained, (d)—(f) tensile strain is applied along the wire £,x = 0.06%, and (g)~(i) tensile strain is applied perpendicular to the

wire £, = 0.06%.

the entrance of the nanowire for fields as small as 1 mT. However,
at such low fields, the DW cannot propagate into the nanowire and
is pinned at its entrance. The difference in geometry between the
pad and the wire creates a local pinning site for the DW. The pad
has a lower coercivity than the nanowire due to the shape anisot-
ropy, therefore, changes in the magnetization distribution of the
pad result in the creation of a wall in the vicinity of the pad/wire
interface. It is this wall that can then subsequently be injected to
propagate along the wire.”” To obtain the injection, the external
field is increased.

If, on the other hand, the substrate of our device is mechani-
cally deformed (strained), an additional anisotropy is induced in
the magnetic system. Strain-induced anisotropy will compete with
the shape anisotropy and exchange to determine the domain con-
figuration and the switching mechanism in the injection pad. It is
known how the magnetization is coupled to the uniform macro-
scopic strain in the expression of the free energy.”” As reported in
previous studies,””’* the magnetoelastic energy simplifies to a uni-
axial magnetic anisotropy constant defined as

3
Kug = EﬂsY\«‘-‘xx — &), 1)

where A; is the saturation magnetostriction, Y is Young’s modulus
of the ferromagnetic layer, and &, and &, are the components of
the uniaxial in-plane strain along, respectively, x and y. In our
experiments, the magnitude of the strain is equal to £; = 0.06%,
where ii indicates the direction of uniaxial strain. This particular
strain magnitude is chosen since it avoids sample breaking (at
£ > 0.12%) and is large enough to probe strain effects on the injec-
tion field. Since the strain is uniaxial, we assume that the other
direction can be neglected (g,, < &y and vice versa). This means
the strength and the direction of the uniaxial anisotropy

contribution will be determined by, respectively, the magnitude
and the sign of the saturation magnetostriction A;. In a positive
magnetostrictive material (CogoFe4By), the easy axis will follow
the direction of the tensile strain, while there will be a hard axis in
this direction for a negative magnetostrictive material (Ni).

We experimentally observe that the conditions for the DW
nucleation and injection are modified by the strain. When the easy
axis of magnetization is along the wire (x direction), the coercive
field of the pad is increased and the magnetization rotates suddenly
from left to right. This can be seen in Figs. 3(d)-3(f). No interme-
diate multi-domain state is present in the pad and the DW is not
pinned at wire entrance since the coercive field coincides with the
injection field. The second case is represented in Figs. 3(g)-3(i).
Here, the easy axis of magnetization is induced perpendicular to
the field direction (along y). In this case, the multi-domain state
that minimizes the energy in the pad prefers spin aligned along the
y axis, and a DW is nucleated at the entrance of the pad. In this
case, the nucleated DW stays pinned at the entrance even for a
higher field with respect to the unstrained case.

Using the values in Table I and Eq. (1), one can calculate the
uniaxial anisotropy constant due to the magnetoelastic term which
is Ky = 3.6(1) kJ/m?> for CoyoFesoBag, Kye = —4.3(1) kJ/m? for
Ni and only Ky = —7(1) x 1072 kJ/m? for Nig,Feys. The sign is
determined by the magnetostrictive constant. The energetically
favorable state for magnetization direction will, therefore, be along
(CogoFeqoBy) or perpendicular (Ni) to the direction of tensile
strain. The strain-induced effects are expected to be more than 50
times smaller in the devices made of Nig;Fes.

In Fig. 4, the injection field By, is experimentally reported for
three different materials. As expected, materials with strong magne-
toelastic coupling (i.e., large |A|) will show the largest strain effects
as can be seen in Figs. 4(a) and 4(c). This is why, for Nig,Fe;s, with
low magnetoelastic coupling, the three curves overlap within the
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FIG. 4. Experimental results of the injection field B;;. Three different ferromagnetic materials (thickness 30 nm) have been measured: (a) CosoFesoBzo, (b) NigoFeqs, and
(c) Ni. The experimental values are plotted as a function of the nominal width of the nanowire. For the data points in blue, no strain is applied. Uniaxial strain &; was
applied in the x or in the y direction for the red and green curves, respectively, as schematically shown in the inset. (d) and (e) Bj; for CosoFe4qBy is plotted as a function
of the intensity of the strain applied along the x and the y direction, respectively, for selected wire widths.

error bars in Fig. 4(b). This also confirms that the observed
changes in the injection field are caused by strain.

A first observation is that in magnetostrictive materials strain
is always increasing the injection field, thus imposing a lower limit
for the sensor operation field. When an easy axis along x is created,
the pad coercivity grows, thus also increasing the injection field.
This is the case of &y for CosFeyBy and &, for Ni. When
instead the easy axis is oriented along the y direction (g,, for
CoyoFeq0By and &y, for Ni), the DW created at the mouth of the
pad finds this position more energetically favorable than the wire.
Therefore, a larger injection field is required. Due to small mag-
netic contrast in Ni, some experimental points in 4(c) are missing.

A second observation concerns the wire width dependence of
the injection field. Regardless of the material, when strain is not
applied (exx = &, = 0), we find that the injection field decreases
with the increasing width of the wire. As reported elsewhere,""'
the injection field in soft magnetic wires is mainly determined by
the shape of the cross section (width and thickness) and the mono-
tonic behavior of By, is the consequence of different sizes of DWs
governed by different wire widths. Therefore, we expect that in the

absence of strain, the de-pinning field from the extremity of the
pad is mainly due to shape anisotropy.'” However, when magnetoe-
lastic anisotropy energy is introduced in the system, we observe
deviation from this dependence. When Kj favors a spin orienta-
tion along the x direction, the injection field is determined by the
coercivity of the pad and the dependence of the injection field on
the wire width is negligible for thin wires [Fig. 4(a), red circles and
4(c), green diamonds]. This is because B. in the pad is large
enough to inject and propagate the DW through the nanowire. In
all the other measured cases, instead, the DW stays pinned at the
edge of the pad, and a net dependence of Bj,; on the wire width is
observable. Interestingly, when the strain-induced easy axis of mag-
netization is perpendicular to the wire, the dependence of Bj,; on
the wire width is maintained [Fig. 4(a), green diamonds].

An explanation for this can be found in the different compet-
ing contributions to the system energy. To describe the impact of
strain on the magnetization orientation and injection field, we use
the free energy of the system Fj, that is a measure for the angular
dependence of the magnetic hardness. In a system with no net crys-

talline anisotropy, the free energy is given by’ "*’
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FIG. 5. Snapshots of the simulations performed with the Mumax® framework. We used material parameters of amorphous CosoFeqoBz. The field is applied along the
x direction and progressively increased (from left to right) until the DW nucleated in the pad is injected into the nanowire (300 nm wide). (a)—(c) Strain is not included,
(d)~(f) uniform tensile strain along the wire is applied, £,x = 0.06%, and (g)—(i) uniform tensile strain is applied perpendicular to the wire, £,, = 0.06%. The order of the
images follows Fig. 3, and a comparison confirms the same switching mechanism observed in the experiments. (j)(I) Comparison between the calculated and measured

By for the indicated strain configurations.

Fiot = Freeman + Fdemag + Fmagel- (2)

Feeman describes the influence of the external magnetic field, and
the demagnetization term Fiepqe depends on the shape of the device.
The last term describes the influence of the lattice strain to the mag-
netic anisotropy Fiugger = Kue sin? (¢) according to Eq. (1), where ¢
is the angle between the magnetization and the easy axis. Minima in
the expression of Fy, correspond to magnetic easy directions.

Let us now compare the case of Fye = 0 (no strain) and
K # 0 with the easy axis along y. This strain-induced uniaxial
anisotropy tends to favor a spin configuration with wider DW in
the nucleation pad, where a large part of magnetization is pointing
along y. This is observed both in the MOKE images and in the
simulated spin structure. What determines the injection field"' is
the energy difference between a DW sitting at the extremity of the
pad and inside the wire AEPY = EDW — EDW_Since in the wire a
narrow DW is preferred,”* the energy barrier AEPW will be larger if
K}z # 0 . Therefore, a larger external applied field is required to

inject the DW wall, as we experimentally observe. Additional
experimental data reported in Figs. 4(d) and 4(e) allow the identifi-
cation of the different energy terms in Eq. (2). When Bj,; for
CogoFeqoBy is plotted as a function of the intensity of the strain
applied, the behavior is monotonic in qualitative agreement with
the magnetoelastic energy term Fyuqq calculated using Eq. (1). At
the same time, these data reaffirm how the impact of device shape
(energy term Fgepqg) becomes negligible in the presence of a large
strain along the wire (g,), while it remains significant if the strain
is perpendicular to the device (g,).

To get a better understanding of the effect of strain on the
injection field, we performed micromagnetic simulations using the
GPU-based Mumax® framework."” The material parameter values
measured for our sample were considered, namely, A; = 2.7 x 107>
and M, = 1.0 x 10° A/m for saturation magnetostriction and mag-
netization, respectively, whereas for the exchange and elastic con-
stants, typical values for CogoFey9B,g reported in the literature were
used:”® A = 1.5x 1071 J/m, ¢, = 2.8 x 101! N/m?, ¢, = 1.4
x10" N/m?, and ¢y = 0.7 x 10" N/m?. As the anisotropy for
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as-deposited samples is less than 50 J/m?, the first order uniaxial
anisotropy constant is set to zero in the simulations as its energy
contribution is negligible.

In the simulations, the dimensions of the pad are the same than
in the physical system [Fig. 1(c)], whereas the nanowire is shortened
to 2.5 um. The computational region is divided into 5 x 5 x 15 nm?
cells. The mechanical stress is modeled by adding a magnetoelastic
field contribution to the effective field."*"” The system is initialized
with uniform magnetization pointing in the —x direction and the
equilibrium state is calculated for a series of increasing applied fields
in steps of 0.2 mT. The results of the simulations are shown in Fig. 5.
Some snapshots of the magnetization are presented to be compared
with the Kerr microscope images in Fig. 3. As noticeable, the main
features observed at B = 1mT are reproduced by the simulations,
namely, the double vortex pattern in the absence of strain [Figs. 3(b)
and 5(b)], the quasi-uniform configuration for &, = 0.06%
[Figs. 3(e) and 5(e)], and the multidomain state favoring the magneti-
zation pointing along y for g,, = 0.06% [Figs. 3(h) and 5(h)]. The
computed injection fields as a function of the wire width are plotted
in the lower part of Fig. 5 together with the experimental ones,
showing good quantitative agreement except for the case where the
tensile strain is applied along x, where the computed values are signif-
icantly below the experimental ones. Both the decrease in the injec-
tion field when increasing the wire width for the cases of no strain
[Fig. 5(j)] and &, = 0.06% [Fig. 5(1)] and the negligible dependence
for £,x = 0.06% are well captured by the simulations, supporting our
interpretation of the experimental results.

To summarize, an overview of the effects of the strain on the
injection field can be observed in Fig. 4(a). We report that for a
positive magnetostrictive material such as CogoFeB;, the injec-
tion field is proportional to the uniaxial strain £, [Fig. 4(d)] or g,
[Fig. 4(e)]. Only in the case when the easy axis of magnetization is
aligned along the wire, the injection field coincides with B. of the
pad and the wire width dependence is low [Fig. 4(a), red circles].

B. Effects of growth-induced anisotropy

Up to now, we have considered isotropic and magnetically soft
ferromagnetic materials. In this case, a strain-induced uniaxial
anisotropy with constant of Ky =~ 3—5kJ/m?® was the only anisot-
ropy energy contribution in the full film material. To further inves-
tigate the mechanism and the limits for DW nucleation and
injection, we structured our devices using thermally annealed
CogoFeqoBy. In this section, again the numerical value of Young’s
modulus reported in Table I is assumed. This material preparation
induces a preferential orientation (easy axis, EA) for the magnetiza-
tion, according to the direction of the applied magnetic field
during annealing. The uniaxial anisotropy Kji, = 1.54(2) kJ/m?
has been measured experimentally from the full film hysteresis
loops. To take this contribution into account, an additional term to
the free energy is added, and Eq. (2) becomes

Fiot = Freeman + Fdemag + qugel + Ffilm) (3)
where Fipy = Ky sin? (¢b) is the free energy term of the crystalline

magnetic anisotropy, which may compete with strain-induced
anisotropy and alter the magnetization orientation effects.

ARTICLE scitation.org/journalljap

In light of this, the experiment described in Sec. II has been
repeated for annealed CogoFes By samples. Sizable effects are
found when Kpgj, and the magnetoelastic anisotropy Kyg are
superimposed. In Fig. 6, the results for this experiment are shown,
and the annealed films are compared with the as-deposited
samples. One can observe how, when the directions of Ky and
Ky are parallel, the effective uniaxial anisotropy grows (larger
injection field for red points in Fig. 6). On the other hand, the
injection field is reduced if Ky and Kgp, have perpendicular easy
axis direction (green points in Fig. 6). When two different uniaxial
anisotropy contributions point in the same direction, the resulting
anisotropy of the film is still uniaxial, but now has an equivalent
anisotropy constant K, o< Ky + K. This is experimentally con-
firmed by an increase in the anisotropy field By, measured along
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FIG. 6. Experimental injection field for CosFesBg. Here, samples with and
without annealing are compared. (a) £, = 0.06% in plane strain is applied and
(b) &yy = 0.06%. Kye and Ky are the uniaxial magnetic anisotropy constants
due to strain and annealing, respectively. The apexes indicate the in plane direc-
tion of the uniaxial anisotropy. Gray triangles are, for comparison, the reference
case where no strain is applied. The scheme on the right shows the direction of
the magnetic field applied during annealing (white arrows) relative to the tensile
strain (black arrows).
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the hard axis of magnetization. Again, we can distinguish two sit-
uations. When Kj;; and K%, are oriented along x, the resulting
EA is along the wire [Fig. 6(a), red circles]. This increases the coer-
cive field of the pad and consequently the injection field also
grows. When K}, and Ki"x'lm are oriented with EA along y, the
resulting anisotropy favors energetically the DW to be positioned
at the extremity of the pad. Consequently, AE®" and B;,; are larger
[Fig. 6(b), red circles].

The nontrivial case is the situation when the two contribu-
tions of anisotropy, Kyg and Kjy,, are perpendicular to each other.
Experimentally, the values of the injection field are reduced and are
close to the non-strained sample (gray triangles in Fig. 6). This
result is important since it shows that the impact of the effective
anisotropy on the device can be attenuated by material preparation.
This outcome might seem unexpected, due to the difference in the
strength of the two contributions Ky =3.6kJ/ m® and
Kjim = 1.54k]/m®. However, one should keep in mind that the
idea of an “effective” uniaxial magnetic anisotropy K, is not appli-
cable, unless the anisotropy are oriented along identical directions.

To understand these results, a characterization of the full film
material has been done in the presence of strain and
annealing-induced anisotropy with MOKE hysteresis loops. The
most general case considers a magnetic energy described by two
perpendicular uniaxial magnetic anisotropies axes. We have mea-
sured the angular dependence of the normalized remanent magne-
tization M,/M; as a function of the angle ® between the external
magnetic field and the easy axis of magnetization. In Fig. 7, the
cases Ky, K, and Ky, K;'ﬂm are compared. In both cases, the
strain is defining the dominant easy axis, since Ky > Kgim.
However, in Fig. 7, we observe differences in the angular plots of
M, in the vicinity of the hard axis (® = 90°). The precise determi-
nation of the magnetic easy axis is carried out by fitting the nor-
malized magnetic hysteresis M,/M; curves as a function of ®. The
projection of the in-plane magnetization vector to the plane of inci-
dence of light during our MOKE measurements is a cosine-like

ARTICLE scitation.org/journalljap

FIG. 7. Angular dependence of the
normalized remanent magnetization of
full film CogoFe4oByo. The material was
strained along ® = 0° and measured
with MOKE contrast. In orange (circles)
and blue (stars), the magnetic field
during annealing was applied along
@ =0° and 90°, respectively. The
experimental values were fitted using
Eq. (4) of M, and are here showed
with lines. The offset of M, along the
hard axis (® =90°) shows the
overlap of two perpendicular uniaxial

-9 45 0 45 90

® (deg) anisotropy directions (biaxial anisot-
ropy), where the magnetoelastic contri-
* Koo LKy bution is dominant Kgm < Kie. In the
o K. IIK inset, the data are displayed in a 2D
film ME
! plot.
—FitKg, 1 Ky
——Fit Ky, 11Ky

function (as is evident from the inset in Fig. 7); therefore, the fol-
lowing fitting function is chosen:"’

off

Mr
> 4
W @

M, M™

ax
()
MM |cos(®)| +

max

where MA} is the maximum normalized magnetic remanence, and
1\;{,} is the offset in magnetic remanence M,. The strength of the
uniaxial magnetic anisotropy is the amplitude of the fitting param-
eter, and the offset originates from the isotropic contribution of the
film.

The fitting confirms that the easy axis is along ® = 0° (strain
direction). However, the strength of the dominant magnetic easy
axis is strongly reduced when Ky L K. More quantitatively, if
we compare the two cases Kyg || K and Ky L K, the offset
A& increases from 0.02 to 0.21 while the maximum remanence
decreases from 1.00 to 0.75, respectively. This means the
annealing-induced anisotropy can contribute to the effective mag-
netic anisotropy of the system. The pure uniaxial anisotropy is
modified by the presence of an isotropic part.

The observed results and consideration on the full film mate-
rial properties can explain the experimentally determined injection
field. In Fig. 6, we showed how the effects of strain can be compen-
sated by annealing CoyoFe4B2o with a magnetic field perpendicular
M
7]
rotation of the magnetization requires less energy: the anisotropy
field decreases and the coercive field is reduced at the same time.
Therefore, the film becomes magnetically softer, and the magnetic
properties of the blue points in Fig. 7 are closer to the ones of the
unstrained as-deposited state, shown in Fig. 2(a). This supports the
findings displayed in Fig. 6, where the green (Kyg L Kfin) and
gray (no anisotropy) data points overlap.

The material softness directly influences not only the creation
and nucleation of the DW in the nucleation pad but also the

the coherent

to the strain direction. In a material with larger
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injection field, due to the fact that the energy difference between
the DW at the mouth of the pad and in the nanowire is affected by
the film properties. We can indeed say that the DW energy in the
thin long wire is unchanged by the presence of an
annealing-induced anisotropy, because here the strong shape
anisotropy”” is of the order of ~10*]J/m>. On the other hand, in
the nucleation pad, if the strength of the uniaxial magnetic anisot-
ropy is reduced, the magnetization is free to rotate in the field
direction similarly to the unstrained as-deposited state.

IV. CONCLUSIONS

In conclusion, we have investigated the effects of mechanical
strain on the injection of a DW into a nanowire using MOKE
microscopy and Mumax® micromagnetic simulations. We have
measured in-plane magnetized CosoFesBz, Ni, and Nig,Fe;s films
structured by optical lithography. We find that the effects of the
strain are proportional to the magnetoelastic coupling of the mate-
rial, quantified by the saturation magnetostriction A,. We report
that uniaxial strain, regardless of the direction, induces a uniaxial
magnetic anisotropy in the material and increases the injection
field. The changes are up to 30% in materials with |, >~ 30 ppm,
while they are negligible in low magnetostrictive Nig,Fejs. The
experimental results show how the mechanism of DW injection
depends primarily on the creation of the DW in the pad. Further
measurements involved different material preparation introducing
a thermal annealing step with a magnetic field for CogFesBo.
With this, another uniaxial magnetic anisotropy is introduced and
contributes together with strain effects to the B;,. We find that the
strain-induced uniaxial anisotropy, Ky, can be enhanced or weak-
ened using annealing-induced uniaxial anisotropy, Kpiy, respec-
tively, parallel or perpendicular to the strain contribution. If the
easy axis of magnetization is along the wire direction, the coercive
field of the nucleation pad increases significantly. In the same way,
low anisotropy will facilitate the magnetization to switch and create
a DW at low fields (~1mT) at the extremity of the pad. The DW
stays pinned at the wire entrance until the energy difference
AEPW = EPW — EDW' is comparable with the Zeeman energy
(higher external fields). This energy barrier is the combination of
different anisotropies and can be tailored by device design and
material preparation. The validity of these results is verified by
micromagnetic simulations, which can help us to identify the lower
limit for reliable DW injection. The optimization and development
of magnetic sensors and devices based on domain walls needs to
consider, therefore, the effects of strain and material preparation.
Our results of the DW injection mechanism show that a magneto-
strictive free behavior of the DW-based device can even be reached
in systems with finite magnetostriction. A careful material prepara-
tion can reduce the effective anisotropy caused by strain in the
magnetic layer, thus keeping the DW injection field low in these
devices. This provides, therefore, a way to improve the robustness
of these types of magnetic sensors against strain disturbances.
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ABSTRACT

This study reports the effects of post-growth He " irradiation on the magneto-elastic properties of a Ni/Fe multi-layered stack. The progressive
intermixing caused by He " irradiation at the interfaces of the multilayer allows us to tune the saturation magnetostriction value with increasing
He" fluences and even to induce a reversal of the sign of the magnetostrictive effect. Additionally, the critical fluence at which the absolute
value of the magnetostriction is dramatically reduced is identified. Therefore, insensitivity to strain of the magnetic stack is nearly reached, as
required for many applications. All the above-mentioned effects are attributed to the combination of the negative saturation magnetostriction
of sputtered Ni and Fe layers and the positive magnetostriction of the Ni,Fe,_, alloy at the intermixed interfaces, whose contribution is gradu-
ally increased with irradiation. Importantly, the irradiation does not alter the layer polycrystalline structure, confirming that post-growth He™
ion irradiation is an excellent tool to tune the magneto-elastic properties of multilayer samples. An alternative class of spintronic devices can be
envisioned with a material treatment able to arbitrary change the magnetostriction with ion-induced “magnetic patterning.”

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0107942

The magnetoelastic properties of thin films are of major interest
for technological use as well as for scientific investigations. The
requirements for the magnetoelastic coefficient (/) strongly depend
on the application. Magnetic sensors often need, for example, strain
immunity, ie., zero magnetostriction, to reduce strain cross-
sensitivity, while actuators require giant strain effects, achieved in
materials such as TbFe, (terfenol).” One way to obtain the optimal
value of the magnetostriction for a specific application is to use the
combination of two or more materials with different magnetic and
magnetoelastic properties. Multilayer systems have widely been
investigated exploiting the combination of different parameters Z; to
achieve a target value.” * In these studies, atomic intermixing at the

multilayer interfaces has been identified to severely influence the
total magnetostriction and this interface magnetostriction has been
exploited to engineer the total magnetoelastic coupling of the multi-
layer.”* In ion-sputtered films, where interface mixing naturally
occurs, Nagai et al.” were able to change the sign of the magneto-
striction of a multilayer magnetic stack by changing the relative
thickness of the layers. However, a clear limit to this obsolete
approach is the lack of control of the inter-layer roughness and
degree of intermixing. The latter is, indeed, fixed by the deposition
conditions. This imposes limitations to the usability of this method,
as the magnetostriction can neither be arbitrarily nor be locally
changed.
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FIG. 1. (a) and (b) Sketch of the intermixing due to light ion irradiation on a multilayer stack. STEM HAADF micrograph and EDX elemental maps of the Fe/Ni multilayer sys-
tem before (c) and after (d) 1 x 10" cm~2 He™ ion irradiation measured across the first four repetitions on top of the NiFeCr seed layer. The HAADF micrograph is superim-
posed with a plot of the atomic composition quantified from the EDX measurements. (e) and (f) Depth distribution of the elements composing the multilayer structure obtained

with ToF-SIMS in the as-deposited and irradiated samples, respectively.

A widely used technique to modify magnetic properties’ ~ and
induce mixing at interfaces' "' is ion irradiation. Specifically, the use
of light ions such as He™ at energies in the range of 10 — 30 keV
induces short range atomic displacements without generation of sur-
face defects in the material, which instead is more prevailing for
heavy atoms, ” such as Ar" or Ga™. If compared to alternative tech-
niques to promote atomic diffusion, e.g., annealing, the use of ion
irradiation confines the intermixing to the magnetic layer boundaries
and avoids mixing with the nonmagnetic seed layers (for details, see
Fig. S1 of the supplementary material). In addition, annealing is a
uniform process while the local nature of irradiation interaction can
be applied to the magnetic patterning of the multilayer film system.
For these reasons, ion irradiation is an excellent candidate to obtain a
desired value of the magnetostriction in a multilayer, by controlling
the vertical extension of the intermixed part. A previous work'~
reported intermixing induced magnetostriction changes using heavy
ions and high energies (700 MeV). However, the use of these type of
atoms can be harmful for thin magnetic layers,”" whose magnetic
properties, such as saturation magnetization or perpendicular mag-
netic anisotropy, can be easily degraded. Moreover, the presence of
cascade collisions in the material and long-range atomic displace-
ments'’ makes the precise control of magnetic properties a difficult
task.

In this work, we study the effect of progressive intermixing at the
interfaces of a Ni/Fe multilayer caused by light-ion irradiation at

different fluences. We report that He™ ion irradiation can be used to
tune locally the magnetoelastic properties of in-plane magnetized Ni/
Fe multilayers, changing the saturation magnetostriction A; of the
magnetic stack from negative to positive. Importantly, we confirm that
the above-mentioned method not only preserves the layers polycrys-
talline structure but also improves the magnetic softness of the mate-
rial, reducing the coercive field up to 70% and the anisotropy. The key
advantages of the proposed method are the high repeatability of the
process and the surface uniformity of the magnetic properties.
Moreover, this technology allows for ion-induced “magnetic
patterning,” with focused ions or performing the irradiation through a
mask in a similar fashion to semiconductor doping.'""'® Accordingly,
this technique is suitable to prepare channels for magnetic domain
wall motion'”'" and skyrmions'**" as it provides the creation of mag-
netoelastic coupling gradients.

The samples have been prepared by magnetron sputtering using
a Singulus Rotaris system on a SiOx/Si substrate. A multilayer of
[Ni(2nm)/Fe(2 nm)] x 8 is sputtered in the presence of a rotating
magnetic field of 5mT on a NiFeCr (5nm) seed layer and capped
with 4nm of Ta. After that, optical lithography and ion etching have
been used to pattern arrays of circles (80 um of diameter and 3 um of
spacing) on the samples in order to probe the local film properties.
Multiple copies of the samples have been irradiated at an energy
of 20keV with different fluences of He ions from 5 x 10" to
1x10%cm™2. As reported elsewhere for similar irradiation
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conditions, " collision cascades are absent and the structural modifica-
tions are confined to the vicinity of the ion path in the metal.

At low fluences, it has been shown”' that room temperature irra-
diation releases strain, whereas, at high fluences, one major structural
effect of irradiation is intermixing, as schematically presented in
Figs. 1(a) and 1(b) and confirmed by Monte Carlo (TRIM) simulations
(Fig. $4 of the supplementary material). X-ray diffraction and scanning
transmission electron microscopy (STEM) studies indicate a polycrys-
talline structure of (110)-textured layers of Fe and (111)-textured
layers of Ni in our sample which is not significantly altered by the pro-
cess of irradiation. In-depth investigation on the structural changes
induced by He" irradiation and annealing can be found in Sec. SI of
the supplementary material, where atomic diffusion activated by ther-
mal energy is compared with ion irradiation. According to TRIM sim-
ulations,”” the majority (95%) of the ions reaches the substrate;
therefore, a uniform intermixing in the vertical direction of the sample
is expected; moreover, the effect of ion implantation into the multi-
layer is negligible.

To have a more quantitative estimation of the formation of the
alloy for increasing ion fluences, a series of experiments to probe struc-
tural and chemical modifications occurring at the layer interfaces
caused by ion irradiation were performed and are summarized in Fig.
1. Cross sections of Fe/Ni/NiFeCr on SiO,/Si were prepared using the
focused-ion-beam method (FIB). STEM electron energy-loss spectros-
copy (EELS) was performed on a JEOL JEM-ARM200F “Neoarm”
microscope operated at 200kV to determine the thickness of the pre-
pared multilayers samples. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM, 80-200 mrad)
images were acquired and nanoscale chemical analysis via energy dis-
persive x-ray spectroscopy (EDX) was performed in the STEM mode
on a probe Cs-corrected Titan G2 60-300 microscope operating at
300 kV accelerating voltage. A vertical EDX profile across the bottom
layers of the multilayer stack is shown in Figs. 1(c) and 1(d) together
with corresponding EDX maps of the elemental distribution recorded
on multilayers before and after He" irradiation with 1 x 10'® cm™2
fluence, respectively. After sputtering [Fig. 1(c)], the interfaces between
the magnetic layers are well defined. The EDX profile of the relative

scitation.org/journal/apl

atomic composition indicates 21(2)% of Fe in a Ni layer before the
irradiation. After irradiation [Fig. 1(d)], the ratio of Fe atoms in a Ni
layer increases to 33(4)%. This measured stoichiometric change in the
layer composition is reflected in the displayed EDX elemental maps by
the increased diffuse scattering of signal intensity across the layer
interfaces after irradiation. This suggests the formation of an alloy of
Ni,Fe;_, at the Ni/Fe interfaces when the different atoms are dis-
placed under the effect of incoming He " ions.

Figures 1(e) and 1(f) display the atomic depth distribution mea-
sured by Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS).”” *’ The presence of Fe, Ni, and Cr atoms in the multilayer is
reported for samples as-deposited and irradiated with 1 x 10'® cm™—2
fluence, respectively. Looking at Fig. 1(e), the position of the periodic
oscillations of Ni and Fe appear well defined and has the same period-
icity. The peak position, minima of Ni at maxima of Fe, reflects the
layer distribution. The atomic distribution after irradiation is shown in
Fig. 1(f). In this case, the amplitude of Ni and Fe oscillations is signifi-
cantly attenuated with respect to the as-deposited case. This is again
attributed to the intermixing of the atoms in the neighboring magnetic
layers, leading to the formation of Ni,Fe,_, alloy. More details about
simulations and measurements to probe structural modifications can
be found in Sec. S1 of the supplementary material.

The thin film magnetic properties have been measured with Kerr
microscopy and Vibrating Sample Magnetometry (VSM). Figures 2(a)
and 2(b) show in-plane hysteresis loops before and after the ion irradi-
ation, respectively. In Fig. 2(a), the as-deposited sample presents differ-
ent magnetization curves for different angular directions of the
magnetic field, indicating the presence of uniaxial crystalline anisot-
ropy K, =~ 100]/m> as can be observed in the inset. The coercivity
measured along the easy axis of magnetization is 0.95(5) mT.
Analogous magnetic measurements are reported in Fig. 2(b) for the
sample after He " irradiation of 1 x 10'® cm~2. The magnetic in-plane
anisotropy is now negligible, as the different hysteresis loops overlap.
The coercivity is reduced to 0.25(5) mT. The reduction in coercivity
and anisotropy might be related to a possible increase in the concen-
tration of nucleation sites after irradiation, which allows domain for-
mation and switching of the magnetization at lower magnetic fields.

(a) Before irradiation (b) After irradiation (C) %1073 4
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FIG. 2. (a) and %b) Hysteresis loops as a function of the in-plane magnetic field direction measured by Kerr microscopy, respectively, before and after ion irradiation with a flu-
ence of 1 x 10'® cm~2. The inset shows the angular plot of the remanent magnetization M, /Ms as a function of the magnetic field angle ®. (c) Saturation magnetic moment
(light blue) and coercive field (orange) as a function of the fluence of He™ ions during irradiation measured with VSM.
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As the H, and the magnetic anisotropy are reduced, the magnetic soft-
ness of our multilayer is improved by this material treatment. Figure
2(c) reports systematic measurements of the magnetic properties of
our [Ni(2nm)/Fe(2nm)] x 8 multilayer as a function of the He ™ flu-
ence during irradiation. With increasing He" fluence, the magnetic
moment of the sample increases by about 15%, from 2.8(1) to 3.1(2)
%1073 emu. As reported elsewhere,” this is an indication of increased
level of intermixing of our magnetic layers (Ni and Fe).

In order to evaluate the potential of ion irradiation to finely tune
the magnetoelastic properties of a magnetic multilayer, the effective
magnetic anisotropy in our sample has been measured under the
application of mechanical strain by three-point bending method as
previously reported.”” Here, the substrate is bent to exert a uniaxial
strain on the sample. Since the magnetization is coupled to the exter-
nal strain via the expression of the anisotropy energy,”’ one way to
probe the effect of the strain is to observe changes in the hysteretic
behavior before and after mechanical deformation. More details can
be found in Sec. S2 of the supplementary material. The expression of
the magnetoelastic anisotropy depends on the saturation magneto-
striction Z, of the material according to”’

3
Kue :E/ISYS, (1)

where Y is the Young’s modulus and ¢ is the uniaxial tensile strain. If
the directions of the crystalline and magnetoelastic uniaxial anisotropy
are such that K,, L Ky, the strain dependent effective in-plane anisot-
ropy K.z measured in the system can be written as sum of two terms
according to””

Keﬁ’ = Ky + Kyg. )

As the sign of Ky can be negative or positive, depending on
the value of /, the total magnetic anisotropy can, respectively,
increase or decrease in the presence of strain. To quantify K,z hys-
teresis loops are measured using Kerr microscopy, where the mag-
netic field and the tensile strain are applied along the fixed direction
@ = 0°. As the considered relatively thick magnetic system is domi-
nated by shape anisotropy and, thus, in-plane magnetized, changes
to interface anisotropy caused by ion irradiation can be neglected in
our calculations.

The hysteresis loops measured along the direction of the applied
strain &y, = 0.06% are reported in Fig. 3(a) for samples irradiated
with different fluences of ions. In response to the applied strain, the
irradiated samples have a different magnetic anisotropy field. By com-
parison with the magnetization curve in the absence of strain (dashed
line), two potential scenarios are identified. When a tensile strain
increases the anisotropy field in the direction parallel to &, Ky and
/s are negative. Our sample exhibits negative magnetoelastic coupling
in the as-deposited state. On the other hand, if the strain direction
becomes an easy-axis of magnetization (reduced anisotropy field),
Ky and /; are positive. This behavior is reported for larger fluences in
the same magnetic stack.

As the difference between magnetic loops before and after the
application of strain is proportional to the magnetoelastic anisotropy,
the saturation magnetostriction (4) of our magnetic multilayer can be
estimated”’ * using Egs. (1) and (2). Figure 3(b) shows the saturation
magnetostriction as a function of the fluence of He" ions. In agree-
ment with the behavior of the magnetic hysteresis loops, the value of
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FIG. 3. (a) Hysteresis loops measured along the direction of the applied strain
(exx = 0.06%) for different fluences of He™ ions (solid lines) are compared with the
unstrained magnetic loop (dashed line). (b) Measured saturation magnetostriction
/s (black dots) as a function of the ion fluence and calculated values using Eq. (3)
(dashed line) as a function of the intermixed alloy thickness fyre, ,. A central value
of 24+ =19 5 107% with +20% variation is considered. Kerr microscope
images of the remanent magnetic domain state, respectively, before (left) and after
(right) the application of strain are compared for (c) as deposited case, (d) interme-
diate value of irradiation, and (€) strong value of irradiation. The white arrows repre-
sent the direction of the in-plane magnetization in the domains according to the
color wheel.

magnetostriction of the as deposited Ni/Fe multilayer is
—2.6(5) x 107°. He" fluences larger than 5 x 10" cm™? gradually
reduce the absolute value of magnetostriction that then increases
through positive values. The change in sign of the magnetoelastic cou-
pling occurs for fluences between 1 x 10% and 2 x 10**cm 2.

An additional confirmation of the magnetic behavior of the mag-
netic stack under strain is obtained by imaging domain formation
using the magneto-optical Kerr effect (MOKE). A vector image of the
in-plane magnetization is obtained by the sum of horizontal and verti-
cal components of the magnetic contrast. The MOKE images shown
in Figs. 3(c)-3(e) present how the preferred direction of magnetization
changes before and after the application of 0.06% uniaxial strain in
80 um disk patterned samples. This particular shape has been chosen
since it minimizes the in-plane shape anisotropy. The remanent mag-
netic domain pattern of the multilayer as-deposited is presented in Fig.
3(c). Before the application of strain (left), the magnetization aligns to
the crystalline anisotropy easy axis. After the application of strain,
magnetic domains orient along the y direction, perpendicular to the
uniaxial strain &,,. This is a clear experimental proof of the develop-
ment of stress induced magnetic anisotropy Kyg ~ —450]/m? that
overcomes the initial anisotropy direction. Ky is perpendicular to the
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tensile strain direction due to the negative sign of the magnetostriction.
The domain structure of the sample irradiated with a He" dose of
2 x 10" em ™2 is displayed in Fig. 3(d), where a value of magnetostric-
tion close to zero is measured. In this case, the orientation of the magne-
tization is almost unchanged by the presence of strain, meaning that
Ky is negligible, compared to the crystalline anisotropy of the material
K, >~ 100]/m>. For higher values of fluences as reported in Fig. 3(c),
the effects of strain on the remanent magnetization state become again
significant. This time the dominant magnetic anisotropy contribution in
the system is Ky ~ 280/ m? as the domains orient along the x direc-
tion, parallel to the applied strain ... Thus, the magnetoelastic coupling
of the stack has been altered using ion irradiation obtaining values of
magnetostriction that range from negative to positive.

As previously reported,’ the small value of magnetostriction in
our (as-deposited) periodic system is caused by the balance among the
negative magnetostriction of Ni (¥ = —30 x 107°) and Fe (1
=-9x107°) and the strongly positive magnetostriction of the
Ni,Fe;_, alloy film (2?“‘7 0 =19 x 107°) with a relative composition
close to 50%."" As shown by STEM-EDX measurements, a more
intermixed interface region of Ni.Fe,_, is formed at the boundary
between Ni and Fe layers by He™ ion irradiation. Hence, the thickness
of the positive magnetostrictive alloy increases proportionally to the
fluence of the He" ions during irradiation, as also confirmed by
ToF-SIMS measurements. This gradually shifts the magnetostriction
of the full stack to positive values. A common way to describe the

effective magnetostriction in the presence of intermixing is’ "’
ANi Fe
A+ A 2 NiFe,_ Ni Fey INi Fe,
)~s= : 2 : +(2/Lshelx_}'sl_lse) tpl ) (3)

where t, = tn; + tr. = 4 nm is the period thickness, ty;, r, _, describes
the thickness of the alloy originated by the intermixing, and 22~ is
the saturation magnetostriction of the intermixed alloy. With the
appropriate magnetostriction values, Eq. (3) can be used to describe
different material systems. The solution of Eq. (3) as a function of
INi Fe, , is shown in Fig. 3(b) for the system investigated in this study.
A central value of Zf’i‘ @ =19 x 10~® with *£20% variation is con-
sidered. More details about the calculations are reported in Sec. S1 of
the supplementary material. After deposition in similarly sputtered
Ni/Fe mult.ilayers,z tni Fe, , has been estimated to be around 0.85 nm,
under the assumption tg,/t, = 0.5. Using this value of t; r., ,, Eq. (3)
returns /; = —2.8(2) x 107°, close to the measured value after depo-
sition. Moreover, the amount of induced intermixing caused by He"
ions can be estimated using Eq. (3). The calculated ty; f, . is 0.98(2)
nm at the magnetostriction compensation value (4, = 0) and 1.05(2)
nm for the highest fluence, where the magnetostriction is positive due
to the dominant effect of the alloy. This corresponds to 20% increase
in the alloy thickness induced by He' between 0.2 x 10'° and
5x 10" cm™?, in agreement with the information extracted from
STEM-EDX and ToF-SIMS measurements.

In conclusion, this manuscript presents an experimental investi-
gation into the magnetoelastic properties of sputtered Ni/Fe multilayers
after controlled He" ion irradiation. Using different experimental
techniques for structural analysis, the presence of moderate roughness
and alloying is observed after sputtering at the Ni/Fe interface. This
can justify the small negative value of magnetostriction in the as-
deposited state. In the same way, it was found that light ion irradiation
promotes the intermixing of the sputtered layers at the interfaces

scitation.org/journal/apl

proportional to the ion fluence. This process can explain the reported
changes in the saturation magnetostriction of the magnetic stack. The
increasing fluence of the irradiating ions progressively changes the satu-
ration magnetostriction inducing a change in sign of the magnetoelastic
coupling of the material, from negative to positive for high fluences.
Remarkably, strain insensitivity on the magnetic properties of the pro-
posed material can be obtained with ion fluences between 1 x 10'* and
2 x 10" cm 2. Importantly, the polycrystalline structure of the layers is
confirmed to be unchanged after the used irradiation conditions.

As a result, post growth He" jon irradiation has been demon-
strated to be an excellent tool that allows to fine-tune the magneto-
elastic properties of multilayer magnetic samples and we expect this
method to be applicable for several material combinations.
Accordingly, this technique can be foreseen to be the next generation
of material treatment offering the possibility to have local patterning
of magnetostriction with high control and flexibility, allowing the real-
ization of highly demanding applications.

See the supplementary material for the complete characterization
of the intermixing, the alloy composition, and for details on the calcu-
lation of the magnetostriction.
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Permalloy, despite being a widely used soft magnetic material, still requires optimization in terms of
magnetic softness and magnetostriction for its use in magnetoresistive-sensor applications. Conventional
annealing methods are often insufficient to locally achieve the desired properties for a narrow parameter
range. In this study, we report a significant improvement in the magnetic softness and magnetostriction in
a 30-nm permalloy film after He™ irradiation. The irradiation treatment reduces the induced anisotropy by
a factor of 10 and the hard-axis coercivity by a factor of 5 compared with the values in the as-deposited
state. In addition, the effective magnetostriction of the film is significantly reduced by a factor ten (below
1 x 1077) after irradiation. All the above-mentioned effects can be attributed to the isotropic crystallite
growth of the Nig; Fe;9 alloy and to the intermixing at the magnetic layer interfaces under light-ion irradi-
ation. We support our findings with X-ray-diffraction analysis of the textured Nig; Fe 9 alloy. Importantly,
the sizable magnetoresistance is preserved after the irradiation. Our results show that compared with tra-
ditional annealing methods, the use of He™ irradiation leads to significant improvements in the magnetic
softness and reduces strain cross-sensitivity in permalloy films required for 3D positioning and com-
pass applications. These improvements, in combination with the local nature of the irradiation process,
make our findings valuable for the optimization of monolithic integrated sensors, where classic annealing

,15 1. Langer,’® G. Jakob®,' J. McCord®,%’

methods cannot be applied due to complex interplay within the components in the device.

DOI: 10.1103/PhysRevApplied.20.014001

L. INTRODUCTION

Permalloy, a typical soft magnetic Nig Fejo alloy, is
used as an active sensor layer in several magnetoresistive-
sensor applications [1]. To have a small magnetostriction
and low coercivity, most of these devices are designed
around the alloy composition of Nig; Fe9, which also pos-
sesses significant anisotropic magnetoresistance (AMR).
Optimization of permalloy for AMR sensors has been stud-
ied for a long time [2-4] and includes different aspects:
primarily, improvement of magnetic softness and low
magnetostriction. To achieve that, negligible crystalline
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anisotropy is firstly required. The single thin-film ele-
ments typically feature a stripe-shaped geometry to induce
a strong shape anisotropy, providing the sensor with a
well-defined orientation of sensitivity. Furthermore, this
design of the sensitive elements ensures a fixed config-
uration of the magnetic domains, thus enabling a very
high signal-to-noise ratio. Additional anisotropies of other
sources, if not oriented in the same direction as the
shape anisotropy, would hinder this directional sensitivity
[5]. Moreover, to achieve low hysteresis, the coerciv-
ity in the hard-axis magnetization direction must be very
low and the specific AMR must be as high as possi-
ble [6] to maximize sensitivity. Finally, to avoid parasitic
anisotropies, low magnetostriction (source of magnetoe-
lastic anisotropy) is required. In this case, strain in the

© 2023 American Physical Society
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material has a small or negligible impact on the magnetic
properties. The low magnetoelastic anisotropy is particu-
larly important for sensors on flexible substrates [1,7—10],
which have attracted great interest in recent years in wear-
able electronics and biomedical applications. To obtain
this particular material property, growth optimization [11]
and annealing [12] are viable options. However, none
of these techniques allows a local treatment of the film
properties.

Ion irradiation is an excellent tool to tune locally the
magnetic and structural properties of thin films through
ordering [13—16] and interface intermixing [17-20]. In
permalloy films, ion irradiation has been shown to change
the magnetic anisotropy [21-23] and the magnetoresistive
response in the presence of exchange bias [4,24]. However,
most of these studies used ion implantation [25-27], high
ion energies [28,29], or heavy ions [30], which can result
in significant damage to the sample. This can be avoided
by use of lighter ions—such as He™—with energies in the
range of 1030 keV [17,31]. In this way, collision cascades
are absent and the structural modifications are confined to
the vicinity of the ion path in a metal. Furthermore, the
effect of irradiation on the magnetoelastic properties of
single permalloy films and a direct comparison between
field-free ion irradiation and annealing have not yet been
reported [32].

In this work, we propose and explore the use of Het
irradiation on a sputtered layer of Nig;Fejo (30 nm) as
material preparation technique for magnetic field sensors
and we compare it with standard field-free annealing.
Using Kerr microscopy and vibrating-sample magnetom-
etry, we show that 20-keV He™ ions significantly reduce
the coercivity and the induced magnetic anisotropy of
our magnetic material. The result is a soft magnetic film
with in-plane magnetic anisotropy of less than 10 J/m®
and a coercive field of approximately 0.05 mT, which
is a further improvement over the values that can be
obtained by the field-free annealing process by a factor
of 5 and 10, respectively. The anisotropy measurements
are supported by a detailed comparison using the remanent
domain pattern. Additionally, we show that the polycrys-
talline magnetostriction can be progressively reduced by
a factor of 10 for irradiation doses of 5 x 10! cm~2.
This reduction in magnetoelastic coupling is attributed
to crystallization and changes to the interface magne-
tostriction caused by intermixing at the magnetic layer
boundaries. We support our findings with structural char-
acterization performed using X-ray diffraction (XRD). The
results show an overall improvement in the crystallization
after irradiation and annealing. We attribute the reduction
in magnetic anisotropy to the absence of a preferential
direction of atomic ordering and to stress relaxation dur-
ing irradiation. As postgrowth He™ irradiation improves
magnetic softness and minimizes strain cross-sensitivity
of permalloy, AMR magnetic sensors with high sensitivity

and low hysteresis can be envisioned even for integrated
devices.

II. EXPERIMENTAL METHODS

The samples are prepared by dc magnetron sputtering
using a Singulus Rotaris system on 1.5-pm-thick, ther-
mally oxidized SiOy on top of a 625-pm-thick Si substrate.
A layer of NigFej9 (30 nm)—typical thickness used for
various sensor applications—is sputtered at room temper-
ature in the presence of a rotating magnetic field of 5 mT
on a Ni-Fe-Cr (5 nm) seed layer and capped with 4 nm of
Ta as shown in Fig. 1(b). The following sputtering condi-
tions are used for the magnetic layer growth: base pressure
5 x 1078 mbar, sputtering power 1200 W, and Ar* flow 90
sccm. The seed layer is used to promote a Nig;Fejo(111)
texture during growth and it is known to improve magne-
toresistance [25,33]. After deposition, optical lithography
and ion etching are used to pattern arrays of disks (diame-
ter of 80 wm and spacing of 3 m) on the samples to probe
the local film properties. Multiple copies of the samples are
irradiated at an energy of 20 keV with different fluences
of He™" ions from 5 x 103 to 5 x 10'® cm™2. Under these
irradiation conditions, most of the ions reach the substrate
(roughly 94% from Monte Carlo TRIM [34,35] simula-
tions), resulting in homogeneous irradiation of the entire
layer stack. To process thicker permalloy layers (100 nm),
a higher acceleration energy of the ions would be required
to obtain comparable irradiation profiles. The results of the
TRIM simulations for this case can be found in Sec. S2 in
Supplemental Material [36].

To compare the effect of ion irradiation with that of
thermal annealing, the same magnetic material is consecu-
tively annealed for 3 h at 200, 265, and 300 °C at a pressure
of 1077 mbar. To avoid a magnetization-induced preferen-
tial direction of ordering [26,37], external magnetic fields
are minimized during the irradiation and annealing steps.
The magnetic properties of the thin films are measured by
Kerr microscopy and vibrating-sample magnetometry. The
magnetic properties of the films are summarized in Table I.
Because of the negligible implantation [31], the value of
Young’s modulus is assumed to be unaffected by our irradi-
ation and annealing step. Electrical measurement of AMR
is performed with four contacts in line in the presence of a
rotating magnetic field of 10 mT.

To apply strain to our devices, the substrate is bent
mechanically with a three-point bending method. As
reported in our previous work [39], a tensile and uniax-
ial strain is generated [40]. Moreover, the strain is uniform
in the central area of the sample and thus in the mea-
sured region. As the thin films are in total 40 nm thick,
we assume that the strain is entirely transferred from the
substrate and that shear strain is negligible. Structural
modifications caused by ion irradiation and annealing are
probed by XRD with use of a Bruker D8 Discover system.

014001-2
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TABLE L.

Parameter values of the magnetic materials (thickness 30 nm) after deposition, annealing, and He™ irradiation. The values

without reference are quantified experimentally. Here M; is the saturation magnetization, K, is the uniaxial anisotropy constant, H, is
the coercive field, A, is the saturation magnetostriction, and Y is Young’s modulus. The same value for Y is considered in all cases.

Nig; Feyo M, (T) K, (I/m®) H, (mT) A x 107° Y (GPa)
As deposited 0.95(1) 78(5) 0.20(5) —0.7(1) 200 [38]
Annealing at 265 °C 0.95(1) 70(5) 0.15(5) +0.04(9) 200 [38]
Het 5 x 10'° cm™2 0.91(1) 8(7) 0.05(5) +0.01(9) 200 [38]

Angular 20 /® scans and rocking-curve measurements are
performed on 1 x 1 cm? samples.

III. RESULTS AND DISCUSSION

To compare the structural modifications induced by
different material treatments on a NigFej9 alloy, XRD
measurements on the Nig;Fej9 (30 nm) film as deposited
and after irradiation and annealing are performed and are
reported in Fig. 1. Figure 1(a) shows 2@ /® angular scans
of the permalloy film. A well-defined crystalline texture
of Nig;Fej9(111) (and its second-order peak) is present for
the material in the as-deposited state and persists after irra-
diation and annealing in all the fluence and temperature
ranges explored. The full width at half maximum (FWHM)
of the (111) peak can be estimated, and the quantitative
values are reported in Sec. S1 in Supplemental Material
[36] as a function of the irradiation fluence and the tem-
perature during annealing. In both cases, the FWHM of
the (111) peak decreases by about 15% with increasing
ion fluence and annealing temperature with respect to the

as-deposited case. The crystallite size (or the size of a
coherently diffracting domain in the material along the
sample thickness) is a fundamental property that can be
extracted from the XRD profile [41]. According to the
Scherrer equation [42],

KA

" Beost’ M
the size of crystallites is inversely proportional to the
FWHM of a diffraction peak. Here K = 0.9 is a dimension-
less shape factor, D is the crystallite size, A = 1.5406 A is
the wavelength of the Cu K« radiation, 6 is the diffraction
angle, and 8 is the line broadening at the FWHM of the
XRD peak in radians, after subtraction of the instrumental
line broadening. As reported in Fig. 1(c), both annealing at
T > 265°C and ion irradiation with a fluence greater than
1 x 10'® cm™2 increase the size of crystallites in our films.
The size of the diffracting domains estimated with use of
Eq. (1) is 22(1) nm for the as-deposited case and more than
24(1) nm after the two material treatments. Additionally,

FIG. 1. (a) 20/© XRD angular scan
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of the Nig;Fej9 samples for the sample
in the as-deposited state, after annealing
and after irradiation. (b) The Ni-Fe-Cr(5
nm)/Nig; Fe19(30 nm)/Ta(4 nm) stack. (c)
Size of the (111) crystallites of the Nig; Fejo
film as a function of Het fluence and as
a function of annealing temperature. These
values are obtained with use of the FWHM
of the Nig;Fej9(111) peak and Eq. (1).
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rocking-curve measurements [43] of the Nig Fejo(111)
peak are performed, and more information can be found
in Sec. Sl in Supplemental Material [36]. For both the
irradiated samples and the annealed samples, a decrease
in the FWHM of the rocking curve is observed, indicating
improvement in the film crystalline phase [44]. As Fig. 1(c)
shows, the size of the crystallites does not increase further
for annealing temperatures above 265 °C and irradiation
fluences greater than 1 x 10'® cm™2, in agreement with
previous studies [45].

The major effect of room-temperature irradiation has
been shown to be improved material uniformity [46]
and interface intermixing [17]. In the same way, ther-
mal annealing is widely used to induce crystallization
[47] and promote atomic diffusion [48]. Similar effects
have been reported in the literature for amorphous alloys,
where annealing [45] and He™ irradiation [15,16] provid-
ing high short-range atomic mobility enable a mechanism
for growth of the ordered phase at the expense of its
disordered or less-ordered counterpart.

The magnetic properties of the thin films are mea-
sured by Kerr microscopy and are reported in Fig. 2.
Figures 2(a)-2(c) show the hysteresis curves for the Ni-
Fe-Cr(5 nm)/Nig;Fe9(30 nm)/Ta(4 nm) sample for two
perpendicular in-plane directions of the applied magnetic
field: for the as-deposited state [Fig. 2(a)], after anneal-
ing [Fig. 2(b)], and after irradiation [Fig. 2(c)]. The curves
refer to the magnetic contrast of the structured film into
80-pm-diameter disks.

The magnetic response of the permalloy film in the
as-deposited state can be seen in Fig. 2(a). As the mag-
netization curves at ® = 0° and ® = 90° are different, a
weak uniaxial magnetic anisotropy K, is present in the as-
deposited Nig;Fej9 and might be associated with internal
stresses during the material growth or asymmetries in the
deposition system [49]. K, = 80(7) J/m? is obtained from
the area enclosed by easy-axis and hard-axis loops of the
as-deposited state. The direction of the magnetic-easy-axis
anisotropy can be seen in the orientation of the magnetic
domains for the remanent state [inset in Fig. 2(a)]. The
field is applied along ® = 0° and then reduced to zero. A
vector image of the in-plane magnetization is obtained by
the sum of the horizontal and vertical components of the
magnetic contrast. In this case, the domains align along
the easy-axis direction. The measurement is repeated for
the same film after annealing and is reported in Fig. 2(b).
After the annealing, the in-plane hysteresis loops still show
the presence of a uniaxial magnetic anisotropy. This is con-
firmed by the remanent magnetic state [inset in Fig. 2(b)]
as the magnetic domains again orient themselves in the
easy-axis direction & >~ 90°. Additional measurements for
films annealed at 200 and 300 °C are reported in Sec. S4
in Supplemental Material [36]. Interestingly, the magnetic
response of the irradiated permalloy reported in Fig. 2(c) is
significantly different with respect to the as-deposited and

annealed cases. The change of slope for low fields in the
hysteresis in Fig. 2(c) is caused by the formation of a mag-
netic vortex [shown in the inset in Fig. 2(c)], accompanied
by an abrupt decrease in magnetization when the field is
decreased from saturation [50]. Additionally, the hystere-
sis loops now show a negligible angular dependence on
@. Both the magnetic anisotropy and the hard-axis coer-
civity H. are now significantly reduced. The reduction of
the anisotropy in the permalloy after irradiation allows the
formation of a vortex-type magnetization distribution at
remanence, which is energetically favorable for disks with
weak crystalline and induced anisotropy [inset in Fig. 2(c)]
and thus dominated by shape anisotropy. The hard-axis
coercivity H, is also reduced by irradiation, as the linear
motion of the vortex core for low fields in vortex structures
minimizes the hysteresis [51].

Figure 2(d) shows the angular plot of the normalized
remanent magnetization for the three samples considered.
The as-deposited case and the annealed case (in blue and
green, respectively) show a signature of uniaxial magnetic
anisotropy with easy-axis and sizable remanent magneti-
zation at @ =~ 90°. The irradiated sample, instead, shows
reduced remanent magnetization for all angles. The low
remanent magnetization is typical of the vortex state in the
inset in Fig. 2(c). To further understand the improvement
in the magnetic softness of our permalloy after irradiation,
we gradually increase the He™ fluence while keeping the
ion energy constant. The measurements of H, and K, as a
function of the fluence of He™ ions during irradiation are
reported in Fig. 2(e). The values for the film as deposited
and after annealing are given for comparison as dashed
lines. For low fluences, no sizable effects are noted. At flu-
ences greater than 5 x 103 cm™2, the coercivity and the
anisotropy are progressively reduced as the Het fluence
is increased. For the maximum fluence of 5 x 10'® cm~2,
H, is 5 times lower than for the as-deposited state, while
the induced anisotropy is decreased by a factor of 10.
We do not observe a similar substantial reduction of these
magnetic parameters after the annealing.

A possible explanation for this dissimilarity is the dif-
ferent mechanism of ordering promoted by irradiation and
field-free annealing. Improved atomic ordering in permal-
loy after annealing and irradiation with different ions [30,
52] has been reported in the literature. Some of these stud-
ies on polycrystalline films [53,54] show that crystalline
grain growth is more homogeneous for irradiation than for
thermal annealing in the temperature range from 200 to
300 °C. This difference originates from the distinct mecha-
nism with which chemical ordering of the alloy is changed
during the two processes [55]. As we see from these
studies, radiation-enhanced mobility is more isotropic in
the absence of an applied magnetic field when compared
with heat-induced mobility [22,55]. Accordingly, a greater
reduction in the magnetic anisotropy for the irradiated
samples can be expected.
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FIG. 2. (a)Hc) In-plane hysteresis
loops of Ni-Fe-Cr(5 nm)/Nig;Fe;9(30
nm)/Ta(4 nm) after sputtering, after
thermal annealing, and after He™ irra-
diation, respectively. In the insets, the
corresponding remanent magnetic state
(Bext = 0 mT) for 80-pum-diameter disks
is shown. The color code corresponds to
the in-plane magnetization orientation
as indicated by the white arrows. The
field is applied along ® = 0°. (d) Angu-
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A first indication for the observed reduction in coer-
civity in our irradiated samples is the formation of a
magnetic vortex in disk-patterned permalloy [50] [inset in
Fig. 2(c)]. A comparison between ion irradiation and ther-
mal annealing analyzing the microscopic pinning parame-
ters for domain-wall motion was conducted recently [46].
In this work, the annealed sample shows strong but widely
distributed pinning sites. In contrast to this, the irradi-
ated sample exhibits weaker defects with a higher density.
A further possible explanation for the observed reduc-
tion in coercivity in our irradiated samples, is therefore
an overall smoother domain-wall energy landscape after
irradiation, which allows domain formation and switching
of the magnetization at lower magnetic fields. In addition,
the release of internal stresses in the film, which has been
reported during irradiation [56,57], can also be responsible
for improvements in the soft magnetic properties of our
permalloy [49].

To evaluate the effect of ion irradiation and anneal-
ing on the magnetoelastic coupling of a thin magnetic
Nig; Fejg alloy, the strain-dependent magnetic properties
are investigated. Uniaxial in-plane strain is applied to a full
film of Ni-Fe-Cr(5 nm)/Nig; Fe;9(30 nm)/Ta(4 nm) by the
three-point bending method as previously reported [39].
Since the magnetization is coupled to the external strain
via the expression of the anisotropy energy, the magnetic
anisotropy before and after the application of strain is
measured by Kerr microscopy. A strain of €,, = 0.06%

(tensile) is applied along the in-plane direction @ = 0°.
The expression for the magnetoelastic anisotropy depends
on the saturation magnetostriction A, of the material
according to [58]

3
KME = EA.SYG,

@
where Y is Young’s modulus and € is the uniaxial tensile
strain. Using Eq. (2) and the values of Young’s modulus in
Table I, we calculate the effective magnetostriction of the
film for different He™ fluences. The calculated values are
reported in Fig. 3(a). In the as-deposited state, as well as
for He't fluences on the order of 103 cm™2, A, = —7(2) x
1077 is negative. In this case, a tensile strain increases the
anisotropy field in the direction ® = 0°. For greater flu-
ences of ions during irradiation, the magnetostriction is
progressively reduced and reaches values close to zero for
a fluence of 5 x 10'® cm~2. In this case, the magnetoelas-
tic anisotropy is negligible and the material is insensitive to
the applied strain. For this reason, the magnetization curves
before and after the application of uniaxial strain €, =
0.06% are almost unchanged. The saturation magnetostric-
tion of the magnetic layer after annealing is measured and
is reported in Fig. 3(a) for comparison. After the annealing,
Ay = 0 is reported.

An additional confirmation of the magnetic behavior of
the stack under strain is obtained by our imaging domain
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FIG. 3. (a) Saturation magnetostriction A as a function of He™

fluence during irradiation. The values for the as-deposited sam-
ple and the sample after annealing are reported for comparison
with dashed lines. (b) Average contrast for 80-pm-diameter disks
as a function of the in-plane angle @ for the irradiated sample
in the remanent state (magnetic vortex state) before and after
the application of strain. (c)+(e) Remanent magnetic state for
80-wm-diameter disks before (left) and during (right) applica-
tion of uniaxial strain of 0.06% for as-deposited, annealed, and
irradiated permalloy, respectively.

formation using the magneto-optical Kerr effect (MOKE).
The MOKE images shown in Figs. 3(c)-3(e) show how
the magnetoelastic anisotropy alters the preferential direc-
tion of magnetic domains before (left) and after (right)
the application of strain. We first consider the as-deposited
state [Fig. 3(c)]. Before the application of strain, the mag-
netization aligns with the deposition-induced anisotropy
easy axis. After the application of strain, the negative
magnetostriction of the as-deposited sample orients the
magnetic domains along the y direction, perpendicular to
the uniaxial strain €,,. Figure 3(d) shows, instead, the
domain pattern for a sample annealed at 265 °C. In this
case the remanent magnetic state is almost not altered by
the applied strain. This is in agreement with the extremely
low magnetostriction measured, which results in negligi-
ble magnetoelastic anistropy Kmg << K. The remanent
state for the sample irradiated with a He™ fluence of 5 x
10' cm~2 [Fig. 3(e)] exhibits instead a magnetic vortex
state that is not altered after the application of €,, = 0.06%.
The initial vortex state, unchanged under the application
of strain, highlights that the contributions of induced and
magnetoelastic anisotropy have been reduced to a point
where only the shape anisotropy determines the remanent
domain pattern.

To compare more quantitatively the MOKE images
and the vortex state of the irradiated sample, the average
radial magnetization is calculated from the longitudinal
component of the vector image for different in-plane @

directions [59]. The average contrast is calculated for a sin-
gle 80-pm-diameter disk for the images in Fig. 3(e) and is
reported in Fig. 3(b). For the unstrained state seen on the
left in Fig. 3(e), the disk’s magnetization is a circularly
symmetric vortex, and the average contrast varies periodi-
cally with the angular position on the disk. The values well
follow the expression asin ®b [black line in Fig. 3(b)].
After the application of strain, as a consequence of the
extremely small magnetostriction, the average contrast
[red line in Fig. 3(b)] still follows the periodic behavior
asin ®b.

A possible explanation for the reported reduction in sat-
uration magnetostriction after ion irradiation and annealing
is the increase in size—probed along the vertical direc-
tion—of the crystallites in the Ni-Fe-Cr(5 nm)/Nig; Fe9(30
nm)/Ta(4 nm) sample, already highlighted in Fig. 1(c).
The magnetostriction of isotropic oriented cubic crystal-
lites can be written as the combination of the saturation-
magnetostriction constants Ajgp and Ajq; in the (100) and
(111) directions, respectively [60]:

_ 2h100 + 301

As
5

3

In permalloy, the two components of the magnetostriction
change significantly over the relative Ni and Fe composi-
tion range, altering the effective magnetostriction, A;. The
composition used in this work, Nig;Fey9, is predicted to
have A, close to zero [61]. In our XRD measurement,
a 15% reduction of the FWHM of the (111) peak is
observed after irradiation and annealing. This crystalliza-
tion measured along the film thickness can alter the relative
contribution of A9 and Ajj; in the magnetic layer. Fol-
lowing Eq. (3), the effective magnetostriction of the film
is changed. As shown in Fig. 3(a), the magnetostriction
is progressively reduced for higher fluences and anneal-
ing temperatures as the size of the crystallites caused by
irradiation and annealing increases. In addition, increased
intermixing at the magnetic layer boundaries could alter
the interface magnetostriction [62] (inversely proportional
to the film thickness [63,64]), thus playing a role in the
effective magnetostriction of the film.

Previous studies reported strong changes to the magne-
toresistance after irradiation, in particular with heavy ions
[32]. To validate the applicability of our irradiated permal-
loy layer for sensing applications, transport measurements
are conducted. The AMR measurements are shown in
Sec. S3 in Supplemental Material [36] for a full film as
deposited and after irradiation with 5 x 10'® jons/cm?. The
electrical characterization confirms that the Ni-Fe-Cr(5
nm)/Nig; Fe;9(30 nm)/Ta(4 nm) sample has sizable AMR,
AR/R = 1.1(1)%. As the AMR does not change after irra-
diation with He™ ions, the proposed material treatment
is suitable for improving magnetic properties of magnetic
material for magnetic sensing applications.
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IV. CONCLUSIONS

In conclusion, we investigate the effects of He™ irra-
diation and thermal annealing on the magnetic properties
of Ni-Fe-Cr(5 nm)/Nig;Fe;9(30 nm)/Ta(4 nm). Our XRD
analysis suggests that both irradiation and annealing pro-
mote crystalline growth of the textured Nig;Fe;y alloy.
While the irradiation treatment strongly reduces the hard-
axis coercivity to 0.05 mT and the deposition-induced
anisotropy by a factor of 10, the field-free annealing
does not significantly improve the magnetic softness. We
mainly attribute this to stress relaxation in the film after
irradiation and to the different mechanism for atomic
ordering, which is completely isotropic in the case of irra-
diation only. In addition, the effective magnetostriction
of the film is reduced by a factor of 10 after irradiation
and annealing as confirmed by anisotropy measurements
in the presence of in-plane strain. Importantly, we show
that the sizable magnetoresistance is preserved after the
irradiation. As a result, postgrowth He™ irradiation is an
excellent tool to improve magnetic softness and mini-
mize strain cross-sensitivity of permalloy. In contrast to
thermal annealing, ion irradiation offers the advantage of
performing a local material treatment [21,45,65] to adjust
the anisotropy and write magnetic domain patterns directly
into thin-film structured devices. As a consequence, we
can locally tune the properties of a magnetic material to
make it suitable, for instance, for high-sensitivity and low-
hysteresis integrated AMR sensors that are insensitive to
strain.
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ABSTRACT

Synthetic ferrimagnets are an attractive material class for spintronics as they provide access to all-optical switching of magnetization and, at
the same time, allow for ultrafast domain wall motion at angular momentum compensation. In this work, we systematically study the effects
of strain on the perpendicular magnetic anisotropy and magnetization compensation of Co/Gd and Co/Gd/Co/Gd synthetic ferrimagnets.
First, the spin reorientation transition of a bilayer system is investigated in wedge type samples, where we report an increase in the perpen-
dicular magnetic anisotropy in the presence of in-plane strain. Using a model for magnetostatics and spin reorientation transition in this
type of system, we confirm that the observed changes in anisotropy field are mainly due to the Co magnetoelastic anisotropy. Second, the
magnetization compensation of a quadlayer is studied. We find that magnetization compensation of this synthetic ferrimagnetic system is
not altered by external strain. This confirms the resilience of this material system against strain that may be induced during the integration
process, making Co/Gd ferrimagnets suitable candidates for spintronics applications.
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1. INTRODUCTION

Recent advances in spintronics have opened new possibilities
for electronic applications beyond the CMOS standard. New con-
cepts of high density and ultrafast non-volatile data storage have
been proposed in magnetic memories.”” Throughout the years,
magnetic memories have evolved™" exploiting different geometries’
and new material platforms such as ferrimagnets’ have been used
to improve storage density,” reading and writing speed” and energy
efficiency.”'’ At the same time, single-pulse optical switching
(AOS) of magnetization has reduced the switching speed of the
magnetization below ps timescale. ™ This bears promise for a
new generation of ultrafast data buffering in a single chip that inte-
grates photonics with spintronics.'”™"”

Ferrimagnets are a class of magnets with unbalanced antiparal-
lel-aligned sublattice moments. The compensation of the two inequi-
valent sublattices combines the advantages of both antiferromagnets

(antiparallel alignment of magnetic moments) and ferromagnets
(finite Zeeman coupling and spin polarization).'>*’ Moreover,
the drastic contrast between the two sublattices in non-adiabatic
dynamics could potentially accommodate AOS by a femtosecond
laser pulse.'>'® Single-pulse AOS is typically observed in rare
earth-transition metal (RE-TM) ferrimagnetic alloys like
GdFeCo™’ or in multilayer synthetic ferrimagnet, such as Co/Gd
and [Co/Tb],.”"** In particular, the one based on multilayer of
Co/Gd is a good candidate for integrated opto-spintronics devices
as it shows AOS— without the constrains on the composition as
imposed by the alloy system””*'—and at the same time exhibits
magnetic and angular momentum compensation, allowing ultra-
fast domain wall motion.”””® For instance, the integration of
Co/Gd synthetic ferrimagnets in an optically switchable magnetic
tunnel junction has been recently reported.””

When it comes to technological implementation, strain-induced
effects must be considered, which could be incurred from processing
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steps such as packaging and layer deposition.”® Intrinsic stress and @ )
strain could affect the magnetic anisotropy via changes to the spin- Tl =135 [ oop |
orbit coupling (SOC)* or to the magnetization compensation of £ _L) J‘
ferrimagnets especially in RE-TM alloys’”’' where compensation 8 to=t75em// |
temperature has been reported to be affected by strain.’*’” Strain is u—c_l /4
omnipresent in applications,”* ™ it is, therefore, of interest to z o R P
explore strain-dependent effects also in synthetic ferrimagnets. In '}N‘[/x' =
this work, we present a systematic study of the effects of strain on gy =0MM e 0% - 1, =0nm e, 201% e 00B (zmT;OO “°
Co/Gd synthetic ferrimagnets. By the application of external strain, IC)) ‘_‘Gai“‘"‘ 4 7T% == gy =101 © z
using substrate bending, we investigate the impact of strain on the leaTIMGpTR - faqT30M 60T
perpendicular magnetic anisotropy (PMA) and the magnetization ) SO0k E e <o%
compensation of [Co/Gd] and [Co/Gd], multilayers, respectively. é ‘@' 0%
Using wedge samples in a bilayer system of Co/Gd measured by the = g :xms -
polar magneto-optic Kerr effect (pMOKE), we confirm that the g W | tea=0nm
PMA is increased by in-plane tensile strain and a negative magneto- 2 S

=

striction is reported. By including the contribution of the 12 12 6 8 20 =100 " 400
strain-anisotropy for this system in a model for the magnetostatics, Co thickness (nm) B_ (mT)

we show that the effects of strain on the magnetization are mainly ‘

due to the modification of the spin-orbit coupling within the mag-

netic layer and at the Pt/Co interface that increases the magnetic FIG. 1. (a) Sample sketch of the Co/Gd synthetic ferrimagnet used for the spin

reorientation transition studies. The red arrow indicates the direction of the

anisotropy via magnetoelastic coupling. Additionally, we find that applied tensile strain. (b) Hysteresis loops of a Pt/Co/TaN stack for different Co
the magnetization compensation point is not affected significantly thicknesses, the magnetic field was in the OOP direction, along z. (c) OOP
by strain as the magnetoelastic coupling affects the anisotropy rather hysteresis loops of Pt/Co(1.85 nm)/TaN before (blue) and after (red) applica-
than the magnetization of the two sublattices. Our study explores tion of 0.1% in-plane strain. (d) MOKE intensity scan at remanence (no
the mechanisms that underlie the influence of strain on the mag- applied magnetic field) of Pt/Co/Gd/TaN fims along the Co wedge before

(solid lines) and during (dashed lines) the application of in-plane strain. Three
different thicknesses of the Gd layer fzy = 0, 1, and 3 nm have been consid-
ered and are reported, in order, in black, blue, and orange.

netic anisotropy of Co/Gd ferrimagnets and contributes to a better
understanding of the magnetoelastic effects of ferrimagnetic multi-
layers. These results could be employed for the optimization and
development of spintronics devices, as well as for potential applica-
tions in fields such as magnetic memory and sensing.

€zoz AInr 20

is mechanically bent using a three-point method.”® A square
sample of 1 x lcm is vertically constrained on two sides and 3

II. METHODS AND SAMPLE FABRICATION pushed uniformly from below by a cylinder that has off-centered 3
The samples were grown on a 1.5 um thick, thermally oxidized rotation axis. The device generates a tensile strain in the plane of S

SiOx on top of a 625 um thick Si substrate by DC magnetron sput- the sample when the cylinder is rotated. As previously reported, the

tering in a chamber with a typical base pressure of 5 x 10~° mBar. tensile strain is uniaxial along x and uniform in the measured area

To obtain a variable thickness (wedge) along the sample surface, a  of the sample. The in-plane strain magnitude is 0.1% and has been
shutter in the close proximity of the sample is gradually closed =~ measured with a strain gauge (RS PRO). More details about the
during deposition. This allows us to study the compensation and ~ strain generating device can be found in Sec. S1 in the supplemen-
spin reorientation transition (SRT) within a single sample. Two tary material.

types of samples are realized. First, a bilayer of Ta(4 nm)/Pt(4)/

Co(0-2)/Gd(tgq4)/TaN(4) with a constant Gd layer on top of a Co 11l. RESULTS AND DISCUSSION

wedge is considered to study the SRT. In addition, a quadlayer of

Ta(4)/Pt(4)/Co(0.6)/Gd(0-2)/Co(0.6)/Gd(1.5)/TaN(4), this time A. Spin reorientation transition in the Co/Gd bilayer

with a Gd wedge, is grown to study the magnetization compensation. The use of magnetic materials for high density data storage

The magnetic properties of these wedge samples were investi-  requires magnetic systems that are OOP magnetized.””*’ In thin
gated by pMOKE with a 658 nm laser. In this configuration, we films, an OOP magnetic easy axis can be obtained by magnetocrys-
mostly probe the out-of-plane (OOP) component of the Co magne- talline anisotropy induced at the interface with heavy metal.""** In
tization’” as we measure positive remanence in Co dominated addition to that, strain has been shown to affect the magnetic easy
samples and negative remanence for Gd dominated samples. axis direction in systems with PMA."” To understand the effect of
According to Fig. 1(a), the surface of the sample is scanned along external strain on Co/Gd systems with PMA, we investigate bilayer

the y-direction using a focused laser spot with a spot-size of samples consisting of Ta(4nm)/Pt(4)/ Co(0-2)/Gd(tgq4)/TaN(4).
~250 um diameter. Accordingly, the local magnetic properties and Specifically, the Co thickness is varied between 0 and 2nm over

hysteresis loops can be measured as a function of layer thickness, a few mm along the y direction, whereas t;4 is constant [as in
with a negligible thickness gradient <0.025nm within the used Fig. 1(a)]. In this system, the balance between the interfacial anisot-
laser spot. All the measurements are performed at room tempera- ropy energy (magnetocrystalline anisotropy energy at the Pt/Co
ture. To apply in-plane tensile strain to our multilayer, the substrate interface) and demagnetization energy determines the effective
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magnetic anisotropy. In such a system, the demagnetization energy
increases with the thickness of the Co magnetic layer, and conse-
quently, the magnetization will go from out-of-plane (OOP) to
in-plane (IP). To probe the magnetization of our wedge sample, we
record hysteresis loops from the pMOKE signal. We repeat the mea-
surement moving the laser spot along the wedge in the y-direction.
First, a sample where tg4=0 is considered. This measurement can be
seen in Figs. 1(b) and 1(c). Figure 1(b) reports the magnetic response
of the Ta(4 nm)/Pt(4)/Co(0-2)/TaN(4) sample to an OOP magnetic
film for different tc,. The effective anisotropy K5 was estimated”'
recording hysteresis loops with magnetic field applied OOP and IP,
and the corresponding anisotropy energy per unit area is
K, = 1.7 mJ/m?. For tc, = 1.35nm, the square-shaped loop indi-
cates PMA with Kep= 1.5(2)x10° J/m®. A value of Mg, = 1.3 MA/m
was used in the calculation. As the thickness of Co is increased
(moving the laser spot along the wedge direction—y), the remanence
and squareness of the hysteresis loop decreases together with the
PMA of the system. For t¢, = 2.00 nm, the sample is IP magnetized
and K,y = —0.8(2) x 10° J/m? is negative. The OOP to IP transition
occurs at tc, = 1.85(2) nm in this system.

To investigate the effects of externally applied in-plane strain,
we repeat the measurement while the sample is mechanically bent.
The magnetization is coupled to the external strain and can be
described by the expression for the anisotropy energy,”

3
Kye = —EﬂsY& 1)

where A, is the saturation magnetostriction, Y is Young’s modulus,
and ¢ is the strain. If the strain in the film is non-zero, the magne-
toelastic coupling of Co contributes in principle to the effective
anisotropy. Accordingly, the total anisotropy K.z of the magnetic
stack is expected to change in the presence of external strain.
Figure 1(c) shows the OOP hysteresis loops of Ta(4 nm)/Pt(4)/Co
(1.85)/TaN(4) sample before (blue) and after (red) the application of
£y = 0.1%. We observe that the magnetization curves are changed
in the presence of in-plane strain. The area enclosed between the
two curves below saturation can be calculated and is used to
determine the magnetoelastic anisotropy Kyz."' In this system,
the strain-induced magnetoelastic anisotropy Ky = 0.02 mJ/m’
is positive, as we expect from a material with negative magnetostric-
tion like Co."*"” More details about the calculations of magnetoelas-
tic anisotropy can be found in Sec. SI in the supplementary material.
Accordingly, the PMA is increased by the applied strain, ie., the
system is expected to be OOP magnetized for thicker Co if compared
to samples without strain.

After this preliminary study on Pt/Co systems, we focused our
attention on the magnetostriction of Co/Gd multilayers. In Co-Gd
alloys, the magnetostriction has been reported to be strongly depen-
dent on the composition’”*® due to the structural modification
occurring with different atomic contents. In contrast to this case, the
effects of magnetostriction of a multilayer are expected to be depen-
dent on the magnetoelastic coupling of the individual layers."”

To study the magnetostriction of a Co/Gd multilayer, a cons-
tant layer of Gd on top of the Co wedge is added. To perform
thickness-dependent studies, a thickness tg4 = 1 and 3 nm is con-
sidered. In the bilayer system, the magnetization in the Gd layers is

ARTICLE pubs.aip.org/aip/jap

mainly induced at the interface with the Co layer and couples anti-
parallel the Co magnetization.”' Accordingly, the thickness tc,
required to reach the SRT is expected to change with increasing
tea."® To compare the SRT of Ta(4nm)/Pt(4)/Co(0-2)/Gd
(tga)/TaN(4) samples with different t;4, we performed remanent
intensity scan along our Co wedge, in addition to hysteresis loop
measurements. After the sample is saturated with an OOP mag-
netic field of 1 T, we determine the thickness-dependent remanence
from the pMOKE signal without external magnetic field. The rema-
nent intensity scans are reported in Fig. 1(d). As the pMOKE
signal is mainly sensitive to the OOP component of Co magnetiza-
tion, the normalized remanent intensity will drop to zero at the
SRT when the magnetization rotates IP. The SRT can be observed
in Fig. 1(d) in samples with different thicknesses of Gd before and
after the application of strain. As previously reported,'® the critical
thickness tc, = t., at which SRT occurs, changes significantly in
the presence of a Gd layer. For all the considered samples, the
in-plane strain shifts the OOP to IP transition toward larger Co
thickness. This suggests that the effective magnetostriction of the
Co/Gd bilayer is negative and its value A; = —10(5) x 10~° is not
significantly altered by the presence of the Gd layer.

To obtain a quantitative understanding of the shape of the
spin reorientation boundary, we employ an analytical model"*
describing the magnetostatic free energy of the anisotropy, which is
zero at the SRT boundary. The first constituent energies of the
model are the demagnetization energies of the Co layer,

1 Y 1
Baco =yt || M2, da = oM. @
270, 2
and of the Gd layer,
l X
EiGi = FHo L Mg exp( — 2q/Aca) dg
1 —2x
- Z#OMéled (1 — exp <E) ) , (3)

where Agq is the characteristic decay length of the Gd magnetization,
which is induced at the Co/Gd interface, Mc, is the magnetization of
the Co layer, Mgq is the effective Gd magnetization at the interface
between Co and Gd, and x and y are, respectively, the Gd and Co
thicknesses in the diagram of Fig. 2(a). The plot axes in Fig. 2(a)
have been inverted for a better comparison with the other figures.
The magnetocrystalline anisotropy is included with the term

EK=K5—AK<1—exp<;—2x>>, (4)
K

and it is also considered to decay with a characteristic decay length
Ak and magnitude AK. The second term in Eq. (4) phenomenologi-
cally addressed the experimentally observed decay in the effective
anisotropy, which may be caused by sputter induced disorder of the
Co."” Using a numerical fit to the experimentally determined SRT,
the parameters Ax, Ags, and AK for our Co/Gd bilayer are deter-
mined. All the other parameters were either experimentally measured
or taken from the literature and are reported in Table S I, Sec. S2 in
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FIG. 2. (a) 2D phase diagram of the SRT of the a Ta(4 nm)/Pt(4)/Co(tc,)/Gd
(teg)/TaN(4) stack as a function of tgy (x) and tc, (y). The axes have been
inverted for a better comparison with other figures. Blue diamonds and red
squares correspond to the experimental data, reported without and with strain
applied, respectively. The solid lines indicate the calculated values using the
model for the magnetostatics and Eq. (6). A magnetoelastic anisotropy Kye = 0
and 0.02mJ/m? is considered, respectively, for the blue and orange curve.
(b) Spin reorientation transition of a Ta(4)/Pt(4)/Co(tc,)/Gd(tss)/TaN(4) sample cal-
culated for values of tsy = 0, 1, and 3nm and plotted as a function of fc,. The
SRT is represented here by a step function. Solid and dashed lines consider
Kye = 0 and 0.02 mJ/m?, respectively.

the supplementary material. In addition to the anisotropy term, an
additional energy term E,; is included in the model. E,,;;, takes into
account the mixing at the magnetic layer interfaces where the local
net magnetization is zero. More details about the expression for this
term and the determination of the fitting parameters can be found in
the supplementary material and in the work of Kools et al.** In this

ARTICLE pubs.aip.org/aip/jap

model, the expression of the total free energy density per unit area is,
considering all the terms mentioned so far,

Etor = —Ex — Epix + Eaco + EdGa- (5)

The magnetocrystalline anisotropy energy per unit area K due
to the Pt/Co interface is assumed constant.

Equation (5), describing the total energy of a Ta(4 nm)/Pt(4)/
Co(tc,)/Gd(tgq)/TaN(4) sample, can be solved for y (tc,) by impos-
ing Eiy = 0 (spin reorientation transition). The solution for the
SRT obtained with the model described above is reported in
Fig. 2(a) with a blue solid line in a phase diagram, where tg; (x)
and tg, (y) are continuously varied from 0 to 3 and from 0 to
2 nm, respectively. Together with the calculations, the SRT mea-
sured experimentally without externally applied strain is reported
with blue diamonds in Fig. 2(a). The experimental data follow well
the general trend of the calculations. Discrepancies between model
and experimental values for tGq = 0 might be due to additional
mixing between the layers.

To include the effects of strain, a magnetoelastic anisotropy
Ky is added to Eq. (5) that becomes

Eiot = —Ex — Enix — Kug + Edaco + EdGa- (6)

In our case, Kyy = 0.02mJ/m? corresponds to the value of
magnetoelastic anisotropy induced with 0.1% externally applied
in-plane strain in our experiments. As showed in Fig. 1(d), we do
not observe significant changes to Ky with increasing tgs. Again
considering the SRT boundary to be at Ey; = 0, the solution of
Eq. (6) (that includes the magnetoelastic term) is reported in
Fig. 2(a) with an orange solid line. As expected from a material
with negative magnetostriction, Ky sums to K; and the PMA is
enhanced by in-plane strain. The SRT calculated including Ky to
Eq. (6) is consequently shifted to larger values of tc,. This trend is
in agreement with the experimentally determined SRT when and
external strain £,, = 0.1% is applied [orange squares in Fig. 2(a)].

Another way to visualize the SRT is solving Eq. (6) for fixed
values of fgs and obtaining the critical thickness of f¢, such that
Ejor = 0. Then, the SRT can be represented as a step function in the
diagram of Fig. 2(b), analog to the MOKE remanence scan shown in
Fig. 1(d). The values of Gd thicknesses considered are tgy =0, 1,
and 3 nm and are plotted in Fig. 2(b) with solid lines in black, blue,
and orange, in order. Solid lines consider Ky = 0 mJ/m?. Dashed
lines consider instead Ky = 0.02 mJ/m? in Fig. 2(b). The informa-
tion contained here can be correlated to the experimental remanent
intensity scan in Fig. 1(d). Comparing Fig. 2(b) with Fig. 1(d), a
similar behavior can be observed. First we note that the model
predicts the SRT to shift when the thickness of the Gd layer is
tga > 0. Second, we observe a similar shift of the SRT point in
Figs. 1(d) and 2(b) due to the effect of magnetoelastic anisotropy
and of the external strain, respectively. As we expect from a material
with negative magnetostriction, K; adds to Ky; therefore, the PMA
is increased and the Co/Gd bilayer stays OOP magnetized for thicker
Co (corresponding to larger E4c,). We confirm that the major effect
of strain on the Ta(4 nm)/Pt(4)/ Co(0-2)/Gd(tg4)/TaN(4) sample is
the alteration of the PMA. Moreover, the estimated effective magne-
tostriction of the stack—A; = —10(5) x 107°—is not significantly
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altered by the presence of the Gd layer in the thickness range be Co dominated (for tgq < tomp) and other will be Gd dominated

considered. (for tGa > teomp) with M_;ot =0 at tgg = tomp- Here, toomp is the

In this section, we examined the impact of in-plane strain on  thjckness where magnetization compensation is obtained. At mag-
the effective PMA of a Co/Gd ferrimagnetic bilayer. Our results  petization compensation, two effects are expected: a divergence of
suggest negative magnetostriction of the stack for the investigated the coercivity and a sign change in the remanent pMOKE signal

thickness values. We employ a recent @odel for the magnetostati.cs (Kerr rotation, normalized to its value in absence of Gd). The mea-
of these type of systems, where we include the effects of strain  gyrements for coercivity and intensity are reported in TFigs. 3(b)

purely as magnetoelastic anisotropy. Our experimental findings are and 3(c), respectively. The coercivity data were extracted from hys-
in good agreement with the predictions made by this model, pro- teresis loops measured across the wedge direction (along y). The
viding deeper understanding of the response of this material plat- reason for the sign change in the pMOKE signal is the alignment
form to external strain. of the Gd magnetization along the field direction in the Gd domi-

nated regime. We report magnetization compensation in this qua-
dlayer for tgg = 1.25 nm.

B. Magnetization compensation in quadlayer systems
9 P 9 ver sy In a similar fashion to what we have done investigating the

In ferrimagnets, magnetization compensation can be achieved. PMA in the bilayer system, we repeat the experiment in the pres-
This occurs when the net magnetization My, = Mgq + Mc, van- ence of &, =0.1% in-plane strain. The results are reported in
ishes because the magnetization, coming from the two sublattices, orange in Figs. 3(b) and 3(c). Remarkably, the compensation point
is equal in magnitude and opposite in sign. of the Co/Gd quadlayer is unchanged by the application of this

In recent studies, changes to the saturation magnetization in externally applied strain.
the presence of strain were reported in epitaxial films’' and rare Figures 3(d) and 3(e) contain OOP hysteresis loops of
earth free ferrimagnets.”’ To study the effects of strain on magneti- Ta(4 nm)/Pt(4)/Co(0.6)/Gd(t54)/Co(0.6)/Gd(1.5)/TaN(4)  samples
zation compensation of synthetic ferrimagnets, we consider a qua- for tgg = 1.15nm and fgg = 1.35nm, respectively, and further

dlayer sample” consisting of Ta(4 nm)/Pt(4)/Co(0.6)/Gd(0-2)/  show the effects of magnetization compensation. The sample is in
Co(0.6)/Gd(1.5)/TaN(4) as schematically drawn in Fig. 3(a). In this this case OOP magnetized. As the thickness of Gd is increased, the
case, the thickness of the bottom Gd layer is varied between 0 and magnetization of the sample goes from Co dominated [Fig. 3(d)] to
2nm over a few mm, whereas all the other layers have constant Gd dominated [Fig. 3(e)]. The inversion of hysteresis loops
thickness. The reason for this choice is that compared to the Co/Gd happens because for tgg > 1.25nm the Co magnetization aligns
bilayer, the magnetic volume of the Co is doubled while the number  antiparallel to the field, leading to the change in sign of the pMOKE

o
of Co/Gd interfaces where magnetization is induced in the Gd signal. When the measurement is repeated in the presence of ;
through direct exchange with the Co is tripled. In this way, magneti- £ = 0.1% strain (orange line), no significant changes to the rema- <
zation compensation can be more readily achieved. nent intensity or coercivity are reported, if compared to the S

The growing thickness of Gd increases the contribution of  unstrained case (blue line). This suggests that magnetization com- &
M_;;d to M_;g,. For this reason, some areas of the wedge sample will pensation can be achieved in these multilayer systems in the presence g

tgq = 1.15nm
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FIG. 3. (a) Layer stack consisting of a Co/Gd quadlayer used to obtain magnetization compensation. In this case, the bottom Gd layer is varied along the sample surface
while all the other layers thickness is kept constant. (b) Coercivity and (c) remanent pMOKE intensity scan as a function of tgy. Measurements before (blue) and after
(orange) application of in-plane strain are reported. (d) Hysteresis loops in the Co dominated and (e) Gd dominated state. Both curves with (orange) and without (blue)
in-plane strain applied are shown. The magnetic field was applied in the OOP direction, along z.
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of external strain and, most importantly, that the magnetization
compensation point is unaffected, in contrast with what has been
recently observed in ferrimagnetic alloys.”"

In the related work of Wang and co-workers,” strain is
observed to induce changes to the compensation temperature of
GdFeCo ferrimagnetic alloys and those changes in compensation
are attributed to lattice constant variation with strain. As explained
by first principle calculations, this lattice strain alters the exchange
coupling strength in GdFeCo and the moment of the Gd accord-
ingly. This is expected to be different in the case of synthetic ferri-
magnets, where the ferromagnetic coupling within each layer will
not be strongly affected by the in-plane strain.

Synthetic ferrimagnets have the two sublattices confined in
separate layers and the Gd magnetization is induced at the Co/Gd
interface where the exchange energy is maximum.”>”’ In other
words, this means that the composition gradient (where the mag-
netization is mostly induced) is primarily in the z-direction.
Accordingly, in synthetic ferrimagnets, magnetization compensation is
due to the balance in Co magnetization and the Gd magnetization””**
in the individual layers and the total magnetic moment per unit area
My is obtained by integrating the magnetization of the Co and Gd
sublattices over the respective layer thicknesses.

In multilayer samples with PMA, the dominant effect of
in-plane strain in the order of 0.1% is the alteration of the spin-
orbit coupling within one layer.”’ This alters the magnetocrystalline
anisotropy energy of the system’ rather than the magnetic
moment of Co and Gd within one layer. Accordingly, in a ferri-
magnetic multilayer, in-plane strain is not expected to affect the
induced magnetic moment from the Co onto the Gd, thus not
altering magnetization compensation. This is consistent with our
observations of a strain-independent magnetization compensation
in a synthetic ferrimagnet for the magnitudes of strain considered.

IV. CONCLUSIONS

This work reveals the effect that external strain has on PMA
and magnetization compensation of Co/Gd systems at room tem-
perature. Growing wedge samples, where the thickness of one of
the magnetic layers was varied, has allowed us to determine thick-
ness dependent transition in the magnetostatics of this multilayer
system. Deliberate in-plane strain was applied to the sample. In a
bilayer Pt/Co/Gd system, we experimentally show that a sizable
magnetoelastic coupling changes the SRT in the presence of strain.
The contribution of the strain-anisotropy for this system has been
included in a model for the magnetostatics, describing the experi-
mental observations well if an effective negative magnetostriction is
considered. In a Pt/Co/Gd/Co/Gd quadlayer, we obtain magnetiza-
tion compensation of the two sublattices by varying the thickness
of the bottom Gd layer. Here, we find that the application of 0.1%
in-plane strain does not affect the magnetization compensation.
The induced magnetic moment from the Co onto the Gd, being an
interface effect in a multilayer system, is not altered by such
mechanical deformation. To conclude, this work provides a broad
understanding of the magnetoelastic properties of these multilayer
systems. As PMA and magnetic compensation are maintained in
the presence of externally applied strain, this material system is a
good candidate for technological implementation of ferrimagnets.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the magnetostatics model
for the spin reorientation transition and for more details about the
setup used for application of strain.
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ABSTRACT

In this work, we propose and evaluate an inexpensive and CMOS-compatible method to locally apply strain on a Si/SiOx substrate. Due to
high growth temperatures and different thermal expansion coefficients, a SiN passivation layer exerts a compressive stress when deposited on
a commercial silicon wafer. Removing selected areas of the passivation layer alters the strain on the micrometer range, leading to changes in
the local magnetic anisotropy of a magnetic material through magnetoelastic interactions. Using Kerr microscopy, we experimentally demon-
strate how the magnetoelastic energy landscape, created by a pair of openings, enables in a magnetic nanowire the creation of pinning sites
for in-plane vortex walls that propagate in a magnetic racetrack. We report substantial pinning fields up to 15mT for device-relevant ferro-
magnetic materials with positive magnetostriction. We support our experimental results with finite element simulations for the induced
strain, micromagnetic simulations, and 1D model calculations using the realistic strain profile to identify the depinning mechanism. All the
observations above are due to the magnetoelastic energy contribution in the system, which creates local energy minima for the domain wall
at the desired location. By controlling domain walls with strain, we realize the prototype of a true power-on magnetic sensor that can mea-
sure discrete magnetic fields or Oersted currents. This utilizes a technology that does not require piezoelectric substrates or high-resolution
lithography, thus enabling wafer-level production.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0157687

One of the key challenges with these devices is the control of
DWs,'” typically realized using geometric constraints (notches)'” ' or

One of the promising “Beyond CMOS” technologies is nanomag-

netic and spintronic devices due to their nonvolatile nature, high operat-
18,19

6€:6G:21 €20Z AInr LL

ing speed, low power consumption, and well explored routes to read
and write data.” One example is nanomagnetic tracks, where informa-
tion (stored in domain walls—DWs) is propagated and manipulated by
dipolar interaction along soft ferromagnetic nanowires.”” The manipu-
lation of DWs has quite a long history, and a turning point in this
research area was the demonstration of a current-controlled magnetic
DW shift register45 (racetrack memory). Since then, more work has
been done on the development of DW-based memories,” logic devices,”
sensors,” ' and neuromorphic computing circuits.””"” However, feasi-
bility of the fabrication process and compatibility with existing CMOS
devices must be ensured before full technological realization is achieved.

the local manipulation of the magnetic anisotropy through strain
using magnetostrictive/piezoelectric systems.”” ' However, these
approaches are not attractive for most sensor manufacturers due to
high cost and complexity, respectively, because high-resolution
notches and presence of the multiferroic stack would require signifi-
cant investments in tools for high-resolution lithography and layer
deposition. Also, the presence of voltages for piezoelectric actuation
via metallic contacts increases design complexity and area usage. It is,
moreover, difficult to realize an arbitrary shape of strain and strain
gradients down to the micrometer range with piezoelectric substrates
because it is technologically nontrivial to confine the electric fields.”*

Appl. Phys. Lett. 123, 022404 (2023); doi: 10.1063/5.0157687
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An alternative method of transferring strain to a thin film””* is

the use of capping layers” widely used in the semiconductor and
photovoltaic industries because they provide protection from harsh
environments.

In this work, we propose and experimentally demonstrate a low-
cost and CMOS-compatible method to induce local strain on a Si/
SiOx substrate by removing selected regions of the passivation layer.
Arbitrary strain magnitudes and strain gradients can be realized by
simply choosing the design of the removed part. The magnitude and
profile of the strain are determined by combining anisotropy and
stress measurements with finite elements simulations. We experimen-
tally demonstrate, using Kerr microscopy, that this local strain allows
for domain wall pinning in a racetrack element. This is verified by
micromagnetic simulations and 1D model calculations. Finally, to
show the technological relevance of this method, we propose and ver-
ify a nonvolatile magnetic peak-field sensor based on this technology.

Samples of CoyoFesp(30 nm) and CoyoFes0B10(30 nm) were pre-
pared by DC magnetron sputtering using a Singulus Rotaris system on
a SiOx(1.5 um)/Si(625 um) substrate. The ferromagnetic layers were
capped with AIOx(10 nm)/HfOx(10) layers to preserve their function-
alities during the fabrication process. Using optical lithography and
etching, nanowires were fabricated with a variable width—between
800 and 500 nm—and a length of 70 um. A reservoir at the left end
allows for DWs injection at lower fields. After the first lithography
step, the wafer was covered with a 1 um thick SiN layer using plasma-
enhanced chemical vapor deposition (PECVD) at a temperature of
250 °C. The residual stress on the wafer is quantified using a standard
wafer bow measurement. A second optical lithography step is used in
combination with reactive ion etching (RIE) to remove selected areas
(up to 20 x 20 um?) of the SiN layer (openings) without damaging the
magnetic layer, as shown in Figs. 1(a)-1(d), while the wafer surface is
still largely covered. The values of magnetostriction of the thin films

Removed
SiN area

“Opening” in the stress-film  m—

FIG. 1. Racetracks structuring (a), SiN layer deposition (uniform strain generated)
(b), and locally relieved strain after RIE (c). (d) Section of the layers used in this
work. (¢) SEM image of a pair of openings in the SiN in the proximity of a magnetic
nanowire.

pubs.aip.org/aip/apl

were measured using a BH-looper with three-point bending stage. The
magneto-optic Kerr effect (MOKE) was used to image the magnetiza-
tion state in the devices.”"*’

To understand the origin of the intrinsic stress in our system, one
should consider the coefficients of thermal expansion of a film and a
substrate, along with the high temperature during deposition. If the
thermal expansion coefficients are different, thermal stresses arise
when the whole stack cools down to room temperature after deposi-
tion.” Relaxation of this stress leads to a deformation, i.e., bending, of
the wafer [Figs. 1(a) and 1(b)] allowing for the residual stress to be
estimated.”’ The measured in-plane (compressive) stress is planar and,
in our case, has a magnitude of —495(5) MPa. To create a non-
uniform stress on the substrate surface, selected areas of the SiN are
completely removed, creating openings in the passivation layer [Fig.
1(c)]. The etching is monitored to stop the process at the AlOx/SIN
interface, as shown in Fig. 1(d), so that the integrity of the magnetic
layer is preserved. An example of the final device is shown in a scan-
ning electron microscopy image (SEM) in Fig. 1(e) for a pair of square
apertures 10 x 10 um? in size. With a suitable lithography mask, arbi-
trary shapes, sizes, and spacing of the apertures can be realized with
sub um resolution. In the example presented here, the openings are
spaced 1 um apart and the 800 nm wide magnetic track under the SIN
layer shows no signs of damage caused by the etching process.

To determine the magnitude of stress relieved, finite-element-
method (FEM) simulations were performed using the COMSOL
Multiphysics® Structural Mechanics Module.”” More details about
FEM simulations can be found in Section S1 of the supplementary
material. To have a well-defined strained region in racetrack type devi-
ces, it is convenient to consider a pair of openings—to be realized at
each side of a magnetic nanowire. Figures 2(a)-2(d) contain the com-
puted values of the surface strain &, — ¢, at the interface between
SiN/SiOx for two different opening geometries. As shown in Figs. 2(c)
and 2(d), the effective surface strain &y, — &, is close to zero at a dis-
tance greater than 20 um from the etched areas and becomes non-
uniform in their proximity. The geometry of the opening determines
the strain profile. This can be seen in Figs. 2(a) and 2(b) where the
effective strain is plotted along the dashed line running between
the two openings shown in Figs. 2(c) and 2(d), respectively. For a
square pair of openings [Fig. 2(a)], the effective uniaxial strain profile
&xx — &y is mostly flat and confined between them with strain gradient
maxima (minima) at the exit (entrance) of the strained area. The strain
reaches values of & — ¢, =~ 0.2%. For a diamond shaped pair of
openings, the strain is again confined between the openings, but its
magnitude increases almost linearly toward the center. This time the
strain gradient is mostly constant.

To experimentally confirm the magnitude and sign of this local
strain, we measured the magnetization curves of a unpatterned film of
AlOx/HfOx/Co7oFes (30 nm) underneath the patterned SiN. The hys-
teresis loops were measured with the magnetic field applied along ® =
0° at different locations on the sample, selecting a region of interest of
5x 5 um® size within the field of view of the Kerr microscope. Full
angular dependence of the anisotropy is reported in Section S3 of the
supplementary material, together with more details about the calcula-
tion of the magnetoelastic anisotropy. Since CoyFes has considerable
magnetostriction (/s ~ 80 x 107°), the strain acting on the film is
coupled to the magnetization via the magnetoelastic effect, as
expressed in the anisotropy energy,

Appl. Phys. Lett. 123, 022404 (2023); doi: 10.1063/5.0157687
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FIG. 2.(a) and (b) Effective strain
(e — &y)and strain  gradient (& (e
—e&yy)) for, respectively, a square and a
triangular pair of opening obtained from
FEM simulations. The x axis refers to the
red dashed line. (c) and (d) Surface strain
exy — &y Obtained with FEM simulations.
(e) and (f) In-plane hysteresis loops
obtained with Kerr microscopy on a full
film of CozoFeso (30 nm) for, respectively,
a square and a triangular pair of opening.
The contrast was measured before the
opening (diamond) and between them
(star) according to the marker position.
The magnetic field was applied along the
direction @ = 0°.
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where Y'is Young’s modulus and /; is the saturation magnetostriction.
Measuring hysteresis loops, where an in-plane field is applied along
two perpendicular directions, can give us a direct measurement of the
local anisotropy by subtracting the area enclosed between the two
curves below saturation.'””* Comparing the anisotropy in the proxim-
ity and far away from the openings allows for the estimation of the
changes in Ky between the two areas.”” "

In Figs. 2(e) and 2(f), hysteresis loops of an unpatterned film, this
time of SiN/AlIOx/HfOx/CoyoFes0(30 nm), are shown. The openings
geometry is the one of Figs. 2(c) and 2(d), respectively. Looking at Fig.
2(e), we can compare the magnetization curve before (diamond) and
between (star) the square openings. The anisotropy field increases, due
to (uniaxial) magnetoelastic anisotropy. As CozoFeso has a positive
magnetostriction, the increase in anisotropy [due to the magnetoelastic
contribution Ky = 8.9(2) kJ/m’] is caused by a negative (compres-
sive) £y — &, strain, in agreement with our FEM simulation. Using
Eq. (1) and the values of magnetoelastic anisotropy difference, we can
estimate the strain to be &, — &, ~ —0.05(1)% for a square opening
of this size. The same measurement can be performed for a diamond-
shaped pair of openings and is reported in Fig. 2(f). The calculated

B (mT)

20 20 0 20
B, (mT)

maximum strain difference for this case is &x — &, =~ —0.02(1)%.
Signal coming from areas outside the 5 x 5 um” spot can explain an
experimental value smaller than FEM predictions.

The strain, created by removing specific areas of the SiN layer,
could be used as a mechanism to move, change direction, or stop a
DW, a feature often needed in the device implementation.”'” Typical
ways to do so rely on the modification of the DW energy making it a
spatially variable quantity. In analogy with the conventional field-
driven case, the magnetoelastic field can be considered as a force that
pushes the DW along the direction of decreasing energy, i.e., increas-
ing compressive strain if 4; > 0 for the in-plane-strain-gradient case.
This force is proportional to the local gradient of the spatially variable

quantity, """ and its effect is essentially that of an effective (magne-
toelastic) field,
1 duye
Byg = ———— 2
ME M odx (2)

where uy; is the magnetoelastic DW energy per unit area.

For this study, a 500nm wide magnetic racetrack of
CoygFes0(30 nm) is considered together with a pair of square openings
in SiN 10 x 10 um? in size. We use Kerr microscopy in the transverse
mode to image the magnetic state of the device, while the in-plane
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magnetic field is applied parallel to the wire along x. Figures 3(a)-3(c)
show the position of a DW along the magnetic racetrack as a function
of the applied magnetic field. When the field is sufficiently large, the
DW is injected from the reservoir [Fig. 3(a)] into the magnetic wire. As
can be seen in Fig. 3(b), after injection, the wall does not propagate until
the end of the magnetic channel, but is pinned in the area between the
SiN openings corresponding to the strained area. The corresponding
surface strain was shown with a simulation in Figs. 2(a) and 2(c). Only
for larger magnetic fields, the wall can continue to propagate to the
other end of the magnetic channel, as shown in Fig. 3(c).

Kerr contrast arb. units

d (um)

FIG. 3. MOKE images showing a DW (a) injected, (b) pinned in the strained area,
and (c) continuing propagation for larger magnetic fields. (d) 1D model calculations of
energy profile and the corresponding local magnetoelastic field for a vortex wall in the
strain profile shown in Fig. 2(2) as a function of the DW position. (e) Experimental val-
ues of depinning field (black squares) and maximum strain &,, — ¢,y (blue diamonds)
for different distances between a pair of square openings. The values consider a
500 nm wire of CozoFeso with 30 nm thickness. (f) Micromagnetic simulations magne-
tization (blue) and experimentally measured Kerr contrast (orange) for a 800 nm wide
nanowire as a function of applied field. The averaged wire magnetization along x
direction ((my)) is proportional to the DW position.

ARTICLE pubs.aip.org/aip/apl

For a Nig;Fe;o sample with nearly no magnetostriction, no DW
pinning was found above the DW injection field (2mT), supporting
the idea of a strain-based pinning. We repeated the same measurement
for devices with different distance d between racetrack and openings.
According to FEM simulations, the absolute value of the (compressive)
strain increases as the opening distance d is reduced [blue diamonds
in Fig. 3(e)]. As shown in Fig. 3(e), the depinning field (black squares)
increases from 11.0(2) to 14.5(2) mT for a distance between the open-
ing and the magnetic racetrack decreasing from 2.5 to 1 um. A larger
depinning field B, for smaller opening spacing confirms that the
magnetoelastic energy is indeed the dominant pinning cause in our
system.z"'m

To support our experimental findings, we performed micromag-
netic simulations and 1D model calculations where the strain profile
from FEM simulations was used. The results are summarized in Figs.
3(d) and 3(f) and consider nanowires made of 30nm thick
CoyoFeyoB,g. For more details about the micromagnetic simulations
and the 1D analytical model, see Section S2 of the supplementary
material. Figure 3(d) shows the DW energy per unit area and the cor-
responding magnetoelastic field as a function of the DW position for a
nanowire w=500nm wide, calculated considering the strain profile
shown in Fig. 2(a) and a rigid profile for the DW. Comparing Fig. 3(d)
with Fig. 3(b), it is clear that the point where the DW sits is the mini-
mum of DW energy. At the sides of the pinning site, the effective mag-
netoelastic field—proportional to < (&, — &,,) according to Eq. (2)—
is non-zero and opposite to the applied external field. This equivalent
force prevents the DW to move forward unless the external applied
field is increased.

For the Mumax”' micromagnetic simulations, a wire of 800 nm
width has been considered. The magnetization has been initialized in
the system with a DW on the left side of the strained area, and then a
magnetic field has been applied. Multiple dynamic simulations have
been performed at different values of external magnetic field, and the
results are summarized in Fig. 3(f). As can be seen, the averaged mag-
netization along the x direction (proportional to the DW position)
coincides with the strained area (state I) for external fields By < Beep-
When the applied magnetic field is increased above By, the domain
wall is free to propagate and reaches the right end of the wire (state IT).
For comparison, the experimental values for the DW position as a
function of B, are reported in Fig. 3(f) for a 800nm width
CoyoFeB,o wire. The pinning position (where &y, — &, # 0) coin-
cides, and discrepancies between the simulations and experiments for
the value of By, can be due to thermally activated depinning events
that are not fully captured by micromagnetic simulations.

The ability to adjust the maximum value of the strain, and thus
the value of the depinning field, by changing the aperture design—as
shown in Fig. 3(¢)—allows for the realization of a nonvolatile magnetic
field sensor capable of detecting discrete values of magnetic fields or
current peaks from wires or coils in the sensor proximity. Previous
work'” suggested similar concepts; however, the one proposed here
does not require sub 100 nm lithography resolution for the notches.

The conceptualization of the peak-field sensor is presented in
Fig. 4. The device comprises of a magnetic nanowire for DW's propa-
gation with a number of pinning sites along it. As shown in Figs. 4(a)
and 4(b), if the spacing between the SiN openings—acting as pinning
sites—decreases, the strain magnitude is increased progressively.
According to Fig. 3(e), the depinning field By, will increase going
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FIG. 4. (a) surface strain and strain gradient along the racetrack path, which is
highlighted with a dashed line in (b) calculated with FEM. (c) MOKE images of the
DW position (white arrow) in the device for different magnetic field steps. (d)
Magnetic contrast along the racetrack obtained with Kerr microscopy averaging five
repeated measurements. The sample is made of CozoFes, and the width of the
wire is 500 nm. The inset shows a possible contacts configuration for resistivity
measurements of the DW position.

from left to right. The device considered here presents four pair of
openings and is therefore able to identify four discrete levels of exter-
nal magnetic fields.

The proof of concept of the realized device is presented in Figs.
4(c) and 4(d). We consider, in this case, a magnetic wire of 500 nm
width and realized with a CoFes, magnetic layer. The shape of the
openings is 5 x 5 um? and the distance between the pairs is in the
order of 5, 3, 2, and 1 ym, as shown in Fig. 4(b).

ARTICLE pubs.aip.org/aip/apl

The device is initialized with large, negative magnetic field in the
x direction creating a uniform magnetic state. After that, the positive
magnetic field is gradually increased, while the magnetic state in the
wire is monitored using Kerr microscopy. The magnetic contrast in
Fig. 4(d) shows how the magnetization has well defined discrete levels
as B, is increased. This occurs because a DW propagating into the
nanowire occupies only discrete positions along x, as shown in Fig.
4(c) in the strained area between the openings. The number of detect-
able magnetic field steps can be increased by realizing more openings
along the racetrack. The position of the DW in the magnetic channel
(output) will indicate the maximum field (input) that the device has
seen after initialization. The magnetic state is measured in Fig. 4(d)
with optical methods; however, electrical readout of the DW position
is possible using, e.g., giant magnetoresistive effect (GMR)” and two
electrical contacts at the extremity of the magnetic channel. This sens-
ing solution is particularly suitable for hardly accessible measurement
environments and energy efficient devices as electrical power is
required only for readout and initialization. As an example, the sensor
could measure the maximum magnetic field that a medical implant
has experienced.

In summary, in this work, we propose and validate a method for
generating a local strain on a rigid substrate that is compatible with
standard CMOS technologies. The intrinsic stress that occurs at the
substrate/layer interface during SiN deposition can be modified when
selected regions of the passivation layer are removed by etching. The
strain is only modified near the removed material, as shown by FEM
simulations. Using in situ measurements of the magnetoelastic anisot-
ropy, we experimentally determine the magnitude of the uniaxial
strain up to 0.05(1)%. The magnitude and the gradient of the in-plane
strain can be tuned depending on the geometry and position of the
openings in the stress-generating layer. We validate the use of the
above-mentioned strain gradients for the manipulation of magnetic
domain walls in spintronic devices by exploiting magnetoelastic cou-
pling in magnetostrictive materials. Using Kerr microscopy, we experi-
mentally show how the magnetoelastic energy landscape enables the
creation of engineered pinning sites, which represent local energy min-
ima for in-plane vortex walls. We report substantial pinning fields of
up to 15mT and support our experimental findings with micromag-
netic simulations and 1D model calculations using a realistic strain
profile. This provides the opportunity to realize an alternative
generation of DW-based devices with technology compatible with
wafer-level production, and an example of a discrete magnetic field or
current sensor using imprinted strain gradients is demonstrated.

See the supplementary material for details about the material
parameters used, the finite-element-method, micromagnetic simula-
tions, and the anisotropy measurements.
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