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1. Introduction

In an era becoming more and more information technology reliant, the computers are
of crucial importance to our society and with the ascending trend of Internet of Things
(IoT), they will be even more present in our daily life. Nonetheless, this started to draw
the attention on the power consumption, as well. It is estimated that 1% of the world
energy consumption is destinated to computers, data centers and network infrastructure
[1] and from this quantity, 30% is consumed by computer terminals alone [2]. Even more
interesting is the fact that 40% of a computer’s power consumption is attributed to the
memory solely, mainly because of its volatile character. Therefore, as our today’s world
is tormented by pollution effects and energy crises, reducing the energy consumption at
least in areas where it can be saved is of crucial importance. From the memories’
standpoint, the practical approach was to gradually replace the energy ravening volatile
memories with non-volatile alternatives. However, this was a considerable challenge from
two points of view. The first one would be that the replacement has a limitation: the non-
volatile memories cannot fully replace the volatile ones in the current von-Neumann
architectures, with the actual operating systems, but only a fraction, until the inferior levels
of cache [3]. However, this issue along with other challenges, like speed and efficiency,
led to blooming research in the optimization of non-von-Neumann architectures, such as
the in- memory computing paradigm, which although it is not a completely new idea, it
appears to more feasible than ever. The second one would be related to performances, but
in this field, it seems that the magnetoresistive memories still struggle to keep up with the
performances of the SRAM memories in terms of speed and with those of DRAM in terms
of cell density [5]. A comparison in performances is revealed in the Figure 1.1.
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Figure 1.1: MRAM performances in relation to other memories (from Everspin recent data in [4])



1.1 Aim of the thesis

The electric field control of magnetization, which is synonym with voltage controlled

magnetic anisotropy (VCMA) is the foundation of VC-MRAM (voltage-controlled MRAM)
and the object of this thesis. Its main assumption is that in a magnetic system, with two energy
minima, corresponding to two opposite magnetization orientations, the magnetization can be
switched if the anisotropy energy barrier is reduced by an electric field acting at the
ferromagnet/insulator interface. During this lowering of the barrier, any external stimulus
(thermal, magnetic field, Rashba magnetic field) can trigger the switching by lowering one of
the energy minima with respect to the other one.
Why does this method of magnetization switching deserve so much attention? It is because it
comes with a set of advantages superior to any other type of switching method and that it
could soon promote the MRAM technology in areas that are still dominated by SRAM. We
will punctually enumerate these features:

« It is the most energy efficient magnetization switching technique known so far. For
MRAM applications, it already demonstrated a write energy of two orders of magnitude
under the state-of-the art STT-MRAM [6];

« It allows super-fast switching, either by itself (simulated) [7] or by assisting the
SOT-MRAM (proved experimentally) [8];

« It is considered to be easily scalable, which is promising in terms of information
storage density.

Its future applications would not be limited whatsoever to the basic information
storage. It is a great candidate for spin-logic gates and also for the recently demonstrated in-
memory computing [9]. However, as this is not a mature technology, it still requires in-depth
knowledge to be added to it. Several open questions remained to be answered:

? What is the origin of this mechanism? (several hypotheses explain it, but they do
not universally apply, regardless the system)

? What are the critical conditions to achieve a switching with a minimum energy
consumption? (it is more energy efficient to cancel just a little from the anisotropy
energy barrier)

? Which materials would be suitable in this type of applications?

Along this work, we will attempt to provide each question with an answer.

1.2 Brief presentation of the thesis content

This work aims to answer the questions earlier exposed. To the first two, regarding the
origins of the electric field effect on the magnetization and the minimum energy conditions
required for a successful switching, we will answer punctually, dedicating them two chapters.
However, for the third, although we also have an experimental approach, we must rely our
answer on the existing literature, as well.

The structure of this thesis comprises eight chapters, out of which, the first one has the
role of an overture, by briefly introducing the reader into the field’s history and outcomes.

It presents the general applications of spintronic devices and the philosophy in which
they have been conceived, until the latest breakthroughs. The practical applications are
revealed as well, with relevance for day-to-day technology and not only.



If the first chapter was just a story level presentation of the VCMA and spintronics, the second
chapter is bolder in terms of physical descriptions and explanations. The purpose of this
chapter is to familiarize the reader with the magnetization manipulation techniques, not only
to a declarative level, but with actual mathematical descriptions and to emphasize the
necessity and the magnitude of the impact that VCMA has in this given context. The accent
falls on the state of the art regarding the electric field manipulation of magnetization, from
the first attempts with ferromagnetic semiconductors, to metallic ferromagnets. Within this
framework, we present how our multiscale study is integrating in the overall view of this
domain and, along with the research methodology, objectives, and results.

The third chapter is dedicated to the methodology. Although this work was intended
to be purely experimental at the beginning, in the context of the pandemic and of other
challenges independent of our will, the thesis trajectory suffered some readjustments.
Therefore, along with the experimental methods, we will describe theoretical tools and
methods, ranging from analytical quantum and ab initio calculations, to atomistic and
micromagnetic simulations.

As we mentioned before, this thesis is in fact a multiscale approach of the VCMA
phenomenon. In order to use such a backbone for our study, our approach started from an
analytical model of one spin precessing under the influence of an electric field and only after
this model provided explanations regarding the phenomenology, we incremented the general
picture to superstructures, via ab initio, or to large real systems, via atomistic and
micromagnetic simulations. Therefore, the fourth chapter is a description of the analytic
model of electric field induced magnetization switching. It presents in detail a quantum
mechanics approach for perpendicular magnetic anisotropy and VCMA. We start from a
simple Stoner Hamiltonian to illustrate the static and dynamic behavior of a spin in an
external magnetic field. Then, in order to describe the effect of an electric field, we introduce
an additional corresponding Rashba term, determine the stationary eigenvalues and
eigenstates and then, describe the time evolution characteristics, mainly the spin precession
within the Stoner-Rashba mixed Hamiltonian situation. Last but not least, the analysis of the
eigenvalues solution in this case illustrates the contributions to the total energy corresponding
to the magnetic and electric field, allowing us to identify the electric field contributions to the
anisotropy and the possibility to control it by varying the electric field. Our simple analytical
quantum analysis developed in chapter four allows us to identify the Rashba mechanism
responsible on the VCMA effects, predicts the processional capability to manipulate the spin
by electric field pulses, aspects that will be developed in more detail in the chapters based on
higher level approaches: ab initio and micromagnetic modeling.

The fifth chapter illustrates the results of some ab initio calculations performed within
a fully relativistic scheme implemented in a framework based on the full-potential linearized
augmented plane-wave + local orbitals method (LAPW+lo). Beyond the spin-orbit
contribution to the Hamiltonian, allowing to describe the magnetic anisotropy, in our
calculations we included the effect of an external electric field via a zig-zag shape potential.
Based on thoroughly designed supercell models, we succeeded to calculate the magnetic
anisotropy and its variation with an external biasing electric field in various magnetic
heterostructures, e.g. M/Fe(100)MgO, M=V, Au, Ag, Pd, Pt, Cr; Pt(111)/Co/MgO. Then,
we explained the physical origin of the PMA and the VCMA effect based on the Rashba spin-
orbit splitting, and illustrate their dependence on the stacking sequence and layer
composition. Furthermore, we theoretically illustrate the possibility to control the



perpendicular magnetic anisotropy by interfacial insertion of impurities, demonstrate
quantum well related oscillations of anisotropy with the thickness of the magnetic layer.

The sixth chapter is dedicated to magnetization dynamics. This chapter comprises a
macrospin approach of the voltage-controlled magnetization switching, followed by a
micromagnetic proof, demonstrating that the findings can be extended to real-life sizes and
systems. This is a core chapter regarding our results, as it provides a clear insight to the
minimum energy conditions for a switching.

The seventh chapter covers all our experimental struggles and results, ranging from
sample preparation descriptions, lithography, magnetic and transport measurements. The
experimental and the theoretical results are discussed in parallel at a qualitative level in this
chapter, as well.

Last but not least, chapter eight is dedicated to general conclusions and perspectives.
It is a summarization of all our efforts and results and an assessment of how our initial
questions have been answered. The perspectives are also enumerated in this last chapter with
the opening of new horizons.

2. State of the art and problematic in the field

In this chapter we attempt to emphasize the subject of this thesis in the magnetic
memories’ application landscape.

2.1 NV-MRAM: limitations of current magnetization manipulation techniques

The aim of the microelectronic industry is to continuously downscale the memories
physical size, while increasing their density and improving efficiency. The transition from the
hard disk storage technology to the MTJ based memories meant a significant technologic leap
in data storage, since the access to the stored data does not imply a mechanical component
anymore and thus the access can be faster. The broadening road to miniaturization and
embedded applications almost made forgotten the era of hard disk drives. The next leap is
already in progress, since the advances in computer science are both memory and power
hungry. We now have on the market magnetic memories based on MTJs, with promising
performances in terms of endurance and energy consumption for read/write cycles, such as
toggle and STT-MRAM, but for the MRAM to reach the status of universal memory, the
range of needed improvements spans from the MTJ intrinsic characteristics, to magnetization
manipulation techniques and memory architecture. Such an improved memory requires a
balanced solution that simultaneously satisfies two requirements: the PMA should be large
enough, so that the thermal stability would be retained, but small enough so that the
magnetization switching would not require a significant energy consumption [10]. The most
recent family of non-volatile magnetic random-access memories (NV-MRAM) is represented
by the Spin Transfer-Torque (STT) MRAMs. Despite the optimism that met the STT-
MRAM, the non-volatile magnetoresistive memories are a technology that needs to mature
even more. The challenges faced by the STT-MRAM include: writing efficiency, read margin,
and even reliability issues, along with some process control deficiencies (due to narrow
pitches, with variable distribution uniformity) [11]. Aside from this set of issues, it remains
the energy efficiency problem. The STT-MRAM typically requires several hundreds of fJ per
bit write event, although recently the energy consumption descended to 45 fJ/bit [12]. Other



magnetization manipulation techniques could tremendously reduce this energy waste, to only
a few fJ/bit like the VCMA does [6][13].

2.2 VCMA framework

The philosophy of electric field switching of magnetization relies on a series of
intricated phenomena that occur at the interfaces. We could say that it might be attributed to
a set of collective mechanisms and not just to a single one, since the evidences do not exclude
each other in the majority of cases. Beyond the origins of VCMA, an important objective is
to maximize the yield of this phenomenon in applications. It is of great interest to find ways
of manipulating the magnetic anisotropy energy, so that we could decrease the energy barrier
between two magnetization orientations and trigger a switching event. To do so, we should
maximize the parameter known as the VCMA coefficient, known as [ in the first theoretical
studies, or §, as it is currently widely known. This parameter reflects nothing else, but the
modulation rate of the magnetic anisotropy by an electric field, and it is measured in fJ/Vm.
The typical values for this parameter range between tens of fJ/Vm and hundreds of fJ/Vm,
with the notable observation that the experimental values are typically larger than the
theoretical ones, which theory has failed until now to explain. It is believed that since the
VCMA effect is the result of collective mechanisms, a good agreement between theory and
experiment cannot be obtained. From a strictly dynamic viewpoint, switching the
magnetization with a voltage pulse is conditioned by two elements: an electric field must
produce notable effects on the surface anisotropy, 1.e., a significant decrease, and a secondary
stimulus generating a torque, must topple the magnetization in the opposite direction. To
fulfill these conditions, several experimental setups have been tested, such as associations
between the VCMA effect and STT or SOT (spin-orbit torque).

We described in general the state of the art and attempted a chronological description
of the progress in the field of the voltage controlled magnetic anisotropy. We provided the
details related to this field, a justification for the strive of achieving a precise control of electric
field switching, but we did not provide information related to our pursuit. To provide more
context about our quest, we will describe which question we tried to answer. Since the origin
of the voltage controlled magnetic anisotropy is not attributed to a single phenomenon and it
is often under discussion, our first objective was to understand the underlying phenomena.
Starting from simple systems, several key elements cannot be explained simply by interfacial
charge doping effects. Let us take for instance a HM/Fe/MgO heterostructure, which is
subjected to an electric field. Depending on the
heavy metal layer (HM), the sign of the VCMA coefficient and the PMA vary dramatically.
Such findings do not have an explanation based on the surface charge doping approach. We
coupled analytical and ab initio calculations in order to understand ourselves what is the
origin of these experimental discrepancies.

Moving upwards, to a “bigger universe” of spins, the collective reaction of the spin magnetic
moments as a response to an electric field, materializes itself into magnetization switching.
Achieving control over this dynamic process, means to harness the parameters to which the
magnetization is susceptible: length of stimuli action and effective fields. We did not find in
the whole literature a study on magnetization dynamics, that portrays the switching
probability in the least energy consumption paradigm. Therefore, our contribution to the field
materialized itself into a description of the critical conditions (with the minimum energy
consumption) in which the voltage-controlled magnetization switching takes place. Not only



we focused on the critical voltage, but we were interested about the minimum required in-
plane field with which the switching can be achieved, and along the way we discovered the
importance of a large damping constant, which is a change of

paradigm, compared to the STT switching.

3. Thesis results in relation to the advances in the field
3.1 Analytic approach

Since the most fundamental phenomena occur at spin magnetic moment level, we
decided that this should be our starting point. Just like Barnes et al. [14], in Chapter 4 we
started from the simplest building blocks. We analyzed Hamiltonians and deduced the
eigenvalues and the eigenvectors for different situations: when a spin is subjected to a
molecular field (Stoner Hamiltonian), then we briefly talked about the spin precession due to
an electric field (Rashba Hamiltonian). However, the emphasis was put on the combined
conditions, as we described the situation in which a spin subjected to a molecular field is
simultaneously affected by an electric field (mixed Stoner-Rashba Hamiltonian).

. h%k?
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All these steps aimed to describe analytically the phenomenology at the most basic level and
the consequences reflected in the dynamics. We show in detail how the Rashba mechanism
contributes both the PMA and to the electric field modulation of anisotropy through a term
dependent on E2.

3.2 Ab initio investigation

In the fifth chapter, we explored the effects of the electric field on the magnetic
anisotropy through ab initio methods, within a scale of tens of atoms. We studied how the
PMA, generated in some systems, responds in completely opposite manners to the electric
field, based on the stack componence.

These observations are reflected in the sign of the VCMA coefficient 3, describing the
anisotropy reaction to the electric field. This coefficient is defined as the ratio between the
anisotropy energy variation and the electric field:

_ AMAE
AE

and its typical values range from a few fJ/Vm to tens, or even hundreds of fJ/Vm. To
accomplish these investigations, we used the Wien2k software package, in which an electric
field is applied across a supercell as a zig-zag potential gradient. We studied HM/FM/MgO
stacks, where HM is a heavy metal or a 3d metal, FM is substituted either by Fe or Co, covered
by an insulating layer of MgO. Chapter 5 from the thesis discusses in a broad manner how
the heavy metal underlayer influences the sign of the 8 coefficient. We saw that although all
the investigated systems share similar FM/MgO top interfaces, the HM/FM interface dictates



the VCMA behavior and the PMA values. The table below (Table 3.1) provides a brief
description of our results.

Table 3.1 Different HM/FM/MgO systems, investigated by ab initio methods

System Eani (meV) | Ep; {crg,’c:nlz:ln.];’ln?) I a=~nh crystal
V3FebMgO 0.54 0.94 68.44 | 3.02996 | cubic(100)
AudFebMgO 0.71 1.37 -32.26 | 2.883162 | cubic(100)

Au3FebPt1MgO 5.86 11.28 -56.65 | 2.883162 | cubic(100)
Pd3FebMgO 0.43 0.83 17.3 | 2.883162 | cubic(100)
Pd3FehPt1MgO 5.13 0.87 87.46 | 2.883162 | cubic(100)
Ag3FebMgO 1.35 2.59 - 2.888263 | cubic(100)
MgO-Fe3-MgO 1.91 3.71 - 2.8689 | cubic(100)
Pt3Co5MgO-ot-aPt 0.23 0.58 -43.43 | 2.7709 | hexa(111)

More than that, we observed that the insertion of a fine HM layer at the FM/MgO interface
enhances the PMA by almost one order of magnitude.

3.3 Magnetization dynamics

The sixth chapter of the thesis 1s dedicated to thorough study of the magnetization
dynamics in the VCMA framework. We used the macrospin framework to show what the
VCMA dynamics looks like, for synchronized voltage and magnetic field pulses, at a
nanosecond time scale. We learned that the dynamics has periodic features, but we identified
a condition where the pulse length is no longer important, as the switching appears to be pulse
length independent. When this condition is fulfilled, it leads to the generation of horizontal
"critical" bands in the switching diagram, and the Gilbert damping constant improves the
switching time is these bands. On this occasion, we emphasize the importance of the damping
in the VCMA dynamics. If in STT switching large damping values are avoided in order to
limit the critical current densities, here the damping ensures brings a beneficial effect. We
show that it 1s not necessary to completely cancel the anisotropy barrier to achieve a successful
switching event, but only a fraction of it. In this context, the conditions for the critical
anisotropy modulation were determined. Within the same chapter, we also determined the
conditions for the minimum energy consumption that should be targeted and optimized at
device specific level in applications.



Normalized

98% @ Energy
1

0.2 20 £0
1 —1 T,

0.0

; 2 3 "0 5 10 15 20 25 30
Ty (ns) Time (ns)

Figure 3.1 (a) Sketch illustrating the simulated system, with the anisotropy field oriented along the uk direction.
The electric field is applied simultaneously with the in-plane magnetic field, for a Tp pulse duration. (b)
Magnetization reversal diagram, for Hip = 0.0324 T and a = 0.01. The switching probability is correlated with
the switching time, Tsw. Additionally, in orange is represented the xOy plane crossing for a minimum pulse
length (t1 + 12) from the analytical estimation. (c) The Oz projection variation with time for several zones of
the switching diagram. (c) The Oz magnetization projection variation with time for several zones of the
switching diagram. (d) Magnetization dynamics on the normalized energy sphere, for various switching
attempts, representative for some areas in the switching diagram. Reproduced from [7].

3.4 Experimental investigations

Since the chapter dedicated to ab-initio investigations revealed that some systems
exhibit PMA and how the PMA can be enhanced by a fine heavy metal insertion at the
FM/MgO interface, we decided to explore experimentally a system that could probe all these
observations. We chose the Pt/Co/MgO system, with different variations, as presented in
Table 3.2.

Table 3.2 Sample composition

Sample type Composition and remarks
Si/8102// Ta(3nm)/Pt{4nm)/Co(1lnm)/Pt(4nm)
Reference sample (R) Symmetric top and bottom Co/Pt interfaces

Sample with PMA, but no VCMA effect expected.
Si/Si02// Ta(3nm) /Pt(4nm)/Co(lnm)/MgO(1lnm)/Ta(2nm)
Sample with PMA, but the Co/MgO interface is expected
to be strongly influenced by an applied electric field, due
to its inherent dipole.
Si/Si02// Ta(3nm) /Pt(4nm)/Co(1lnm) /Pt(1nm),/ MgO(1lnm)/Ta(2nm)

Sample expected to manifest a PMA enhancement and an

improved response to the electrie-field application.

Standard sample (S)

Sample with
tailored top interface (T




These stacks were then subjected to several optical lithography steps, so that they would be
prepared for Anomalous Hall Effect magnetometry. The Hall devices are represented Figure
3.2.

(a)

(C) Vgate

Current line

Figure 3.2 AHE setup for measurements. Reproduced from [15] ©2021 IEEE.

For the reference sample (R) no notable effect was observed for an electric field application,
since no electric field penetrates across the structure.

However, for the test sample (T), two major observations have been made: a coercive field
variation occurs as a response to the applied electric field, and the

Hall voltage decreases with the increase of the applied electric field. We discuss the potential
reasons of these observations in depth in Chapter 7 of the thesis, and provide the proof of
these observation in Figure 3.3.

To briefly summarize our results, first, we confirmed experimentally the existence of PMA in
the samples, as predicted by the ab initio calculations. Second, we observed an asymmetric
variation of the anisotropy with the electric field, which also validates the theoretical
prediction. However, the main discrepancy is related to the VCMA parameter, 3, which in
the theoretical estimations is much larger than the obtained experimental values. Then, the
variation of Ks in relation to the electric field does not respect the theoretically predicted
curve.

234

(a) Horszs (b)
232+ T 50 | i
— i ! H0.7827
. a << o 40+ ]
o) E =
8 2281 { {0.7826 3 2
RS L)
[8] e - T Pt
T b
czil . Jo7azs ¥ 30+ Me® .1
_ % 0. &
224}
Co®
B =-1.8fJVm p+=-56fvm |78 20 | ;
222 - - . . . . : .
004 -002 000 002 004 004 002 000 002 004
Applied Electric Field (V/nm) Applied Electric Field (V/nm)

Figure 3.3 (a) The coercive field variation with the electric field; (b) The top interface of sample (T). Reproduced
from [15] ©2021 IEEE.



To address the discrepancies, one must be aware that they stem both from theoretical and
experimental reasons, namely from methods, models, and technical limitations. For instance,
in the ab initio calculations there are different computational methods by which the electric
field can be applied across a supercell. While Wien2k employs a zig-zag potential, VASP uses
localized charges place in the vacuum region and therefore the ab initio calculations
performed on the same structure will generate different results. Another issue is represented
by the fidelity of the model, since the superstructures might not accurately replicate the real
experimental systems. This is not due to a lack of understanding of the experimental systems,
but more because of the theoretical tools limitations, which cannot take into account the
micromagnetic aspects, defects, etc. Often, we need to combine theoretical tools and
frameworks and study a system at different scales in order to be able to characterize it
properly. In consequence, it is only at a qualitative level where we can make comparisons
between theoretical and experimental results.

4. Conclusions and perspectives
4.1 General conclusions

At the beginning of this thesis, we started with a set of challenging issues, formulated
a list of initial questions and established and developed a quite complex multiscale approach
to tackle them. Arriving to the end of the dedicated time for this thesis project, we can make
a critical assessment of the results. Certainly, some major answers have been brought to our
initial questions. We successfully answered to important questions related to the complex
physical mechanisms governing the origin of the perpendicular magnetic anisotropy in
ultrathin magnetic heterostructures. Using simple analytical quantum models, more
sophisticated ab initio techniques and micromagnetic models, we successfully modelled the
effect of the electric field on the PMA in systems with modulated architecture of the stacking
sequence and interfaces. We successfully identified the critical issues governing the
precessional switch of the magnetization under a pulse of electric field. Moreover, even within
the complex context of the pandemic period, we succeeded
to get important experimental results confirming our theoretical predictions and expectations
related to the electric field control of the magnetic anisotropy. And the experimental
development is not an easy task in Spintronics. The ultimate goal concerning the magneto-
electric characterization of a spintronic device implicates many fabrication steps: elaboration
of the multilayer thin film heterostructure stacks by Physical Vapor Deposition tools (e.g.
sputtering and/or Molecular Beam Epitaxy in Ultra-High Vacuum conditions), multistep
lithography stages preceded the mask design and mask fabrication, sample characterization
from morphological, structural, magnetic and magneto-electric point of view. These activities
are often complex, time consuming and susceptible to implementation risks, and, therefore
they have been in our case significantly affected by the pandemic context. Within these
circumstances, the center of gravity of our activities has been gradually moved towards
theoretical modelling at various scales. Therefore, critically, we cannot say that we closed all
the initially opened points.
The remaining questions, and the other arisen during the research developed within the
framework of the thesis, represent interesting perspectives of the current work. Let’s
summarize few of them. Concerning the analytical and the ab initio modelling, we



successfully investigated fundamental phenomenological aspects concerning the PMA and
the capability of its control by electric field. To study the complex aspects related to the
multilayer stacks architecture, we designed special supercell models and obtain very
interesting and promising theoretical predictions. However, these theoretical expectations
require further experimental confirmation. Dedicated samples have to be elaborated, as
perspective, for instance by using the Molecular Beam Epitaxy tools available via existing
research collaboration with the formal laboratory of the PhD adviser (the Jean-Lamour
Institute, Nancy, France). Then, these multilayered thin film heterostructures must be further
lithographically patterned in dedicated devices, suitable for static and dynamic VCMA
experiments. Beyond the static experiments (e.g. the electric field dependence of the
anisotropy) it would be of great interest for us to characterize the dynamics of such systems
(e.g. magnetization reversal in patterned nanopillars) in order to validate and refine our
theoretical findings. Concerning the magnetization dynamics, based on what we have learned
about the damping broadening of the switching probability window, it

would be useful to investigate in perspective the magnetization dynamics in systems with
anisotropic damping. A first guess would be that switching in one direction would be more
probable that in the opposite one, but this depends entirely on the energy landscape. We see
it interesting from a strictly fundamental point of view.

Concerning the potential applications, for the VCMA efficient exploitation, we saw

that it is crucial to have variation rate of the anisotropy with the electric field coefficients (3
or &) as large as possible. Based on our findings and understanding, one way to achieve this
would be to thoroughly analyze the contributing factors of the VCMA effect and to enhance
the ones that lead to the increase of (3. Certainly, a major ingredient would be the control of
the spin-orbit interaction, via the choice of the heavy-metal underlayer. Moreover, the
additive contributions of the bottom and top magnetic thin film interfaces to the PMA and
VCMA, often with opposite sign, opens an interesting perspective to control the magnitude
and the sign of the PMA and . The design and the elaboration of innovative materials and
multilayered systems with enhanced spin-orbit properties is expected to boost the VCMA
coefficient. Indeed Bauer et al. [16], reports values of 960 fJ/Vm and 910 fJ/Vm for a simple
dusting of a Co/MgO interface with Tb3+ and Dy3+ ions.On the other hand, the interest for
rare-earths based compounds is not limited to the VCMA applications. Recently, the electric
field modulation of anisotropy has been

proposed as a strategy for solitonic chiral structures (e.g. skyrmion) manipulation [17]. Since
their nucleation and stabilization depend tremendously on the DMI, PMA and dipole field,
the electric field switching seems to be an elegant tool to control the skyrmion core
orientation. Concerning this topic, during the implementation period of this thesis, we
performed dedicated activities concerning the skyrmionic phase diagrams simulations and
skyrmion manipulation strategies [18]. see Appendix B for more details. Beyond the
possibility to tune the PMA, we consider that the ability to tune the Dzyaloshinskii-Moriya
interaction with a voltage will remain a major topic in the future having in view

the ascending interest of skyrmionic devices for classic, neuromorphic and quantum
applications. Moreover, due to their special spin-orbit related properties, the rare-earth-3d
alloys proved their value in application with ultrafast chiral spin textures [17]. Skyrmion
nucleation has already been found in ferrimagnetic materials such as DyCo3 thin films [19]
and in perpendicularly magnetized ferromagnetic SmCo5 multilayer stacks [20] With respect
to this topic, for comparison, we also fabricated and studied Rare-Earth materials, e.g. PrCo3



[21], DyFe, and ErFe, (for more details, see the Appendix C of this thesis). These types of
studies, currently ongoing based on our laboratory’s experience with the rare-earth transition
metal alloys for magnetocaloric effect, are also considering other candidates, mainly
ferrimagnetic materials based on Rare-Earths and transition metals (RE-TM).

4.2 Main original results

Beyond the main perspectives, listed in the previous section of this last chapter, we
would like to briefly underline the main original results that we consider that we obtained
during this thesis work.

First, from simple, intuitive and analytically solvable quantum models we pointed out

the main physical mechanisms governing the spin interaction with a magnetic and electric
field. We underlined the physical origin of the PMA and the possibility to manipulate the
PMA and the spin by precession within pulses of electric fields. Thes results, motivated us to
perform further dynamic theoretical simulation within more complex atomistic and
micromagnetic tools. On the other hand, from the ab initio perspective, we made important
observations related to the anisotropy origins, its intrinsic mechanisms (Rashba, charge
depletion/ charge doping) and its behavior with respect to an applied electric field. Before this
work, we would have thought that having a heavy metal beneath a 3d-ferromagnet with a
MgO layer on top (standard spintronic architecture for spin-orbitronic applications), would
lead to PMA for the thickness of the ferromagnet below a maximum threshold value. This
PMA would the result of the cumulative contribution of the two interfaces. However, in
agreement with quite limited preliminary indications from the existing literature,

we discovered that there is a wide variety of phenomena taking place in very similar
structures, which lead to completely opposite behaviors when the systems are subjected to an
electric field. Therefore, our predictive theoretical results indicate what type of system and
architecture would be the most interesting to be designed and fabricated for applications. An
important finding of this work, is related to the boost of anisotropy and the improvement of
the electric field modulation capability in systems where a fine platinum insertion was added
at the ferromagnet/insulator interface. Moreover, we also illustrate the fact that a nonmetallic
adjunction at the interface has an opposite negative effect on PMA and VCMA properties. A
very interesting and original theoretical result, with potential significant impact concerning
the properties of realistic experimental systems and devices, is the demonstration of the
oscillations of the PMA with the thickness of the ferromagnetic ultra-thin film, attributed to
a Bloch symmetry dependent quantum well effect.

Beyond these results, perhaps the most important achievement of this thesis is
contained in the sixth chapter. In this chapter we describe in detail the physical basis of the
magnetization dynamics within the VCMA framework. We illustrate the precessional
reversal mechanisms of the magnetization within an LLG-macrospin model. Then, we
demonstrate the fact that it is not mandatory to completely cancel the anisotropy barrier that
separates two opposite magnetization orientation to be able to have a precessional switch.
This result, pushes the VCMA framework even closer to applications, as it further
demonstrates its enhanced energetic efficiency. Moreover, our results lead to the design of an
innovative three terminal spintronic VCMA device, in which the precessional switch of the
magnetization can be triggered by an electric current density flowing in a planar stripe. This
innovative architecture could replace a commonly used one, in which the precessional
effective field is induced by an in-plane magnetic field. Beyond this phenomenological design



and analysis, our micromagnetic simulations led to a quantitative estimation of the current
density pulse characteristic (intensity, duration) necessary for the switch.

Another important finding of the micromagnetic simulations is related to the demonstration
of a critical band regime/window in which the magnetization switching takes place
disregarding the pulse length. This regime is controlled by a positive contribution from the
damping constant, that broadens the switching window where the switching probability is
100%. Our results demonstrates that for the VCMA dynamics, the damping constant has a
positive effect. This, represents a change of paradigm compared to the STT landscape, where
the damping might come with damaging effects and increase the energy consumption: the
driving force of the precessional switch by STT has to compete with the intrinsic damping of
the ferromagnetic material. Beyond the LLG-macrospin approach, we further performed
micromagnetic simulations in realistic nanopillars with variable lateral diameter, including
both PMA, DMI and demagnetizing field contributions. Within this more complex
framework, we showed that the DMI seems to contribute to the switching, by multiplying the
switch domains (bands). Compared to the macrospin LLG model, the DMI is lowering the
critical modulation necessary to achieve the switching and optimistically, the energetic
efficiency will be enhanced, correspondingly.

Although we did not achieve as much as we initially scheduled, even the experimental

side of this thesis brought some satisfying results. We successfully elaborated thin film
heterostructures demonstrating PMA, as continuous films. Then, we successfully designed
and fabricated UV lithography masks, for multistep patterning of spintronic devices suitable
for Anomalous Hall Magnetometry experiments under applied gating field.
Despite the clearly identified problems, specific to the lithographic pattering, we successfully
obtained a couple of spintronic devices on which we were able to perform the magneto-
transport VCMA experiments. On these samples, we unambiguously witnessed the electric
field modulation of the anisotropy and we are convinced about the unfolding
phenomenology. These results are in good qualitative agreement with the theoretical
expectations issued from our theoretical modelling. Moreover, during the micro-lithographic
patterning steps, we identified a complete list of problems and issues that could hinder the
device fabrication and quality of their properties, and functional VCMA performance. To
mitigate these blocking points, we designed and fabricated a second-generation UV
lithography mask that can be used in the future perspective projects. To add a personal note
to this chapter, I would say that beside the scientific observations value, to me it was a deep
learning experience and tough adaptation exercise, because the technical limitations and the
pandemic context changed the trajectory of this work several times. However, I could not be
more grateful for this entropic path, because otherwise we would have missed the multiscale
analysis of this phenomenon, and perhaps we would have only acquired knowledge limited
to the experimental analysis. I often think that it would have been very frustrating to perform
measurements with electric field pulses whose lengths would have been even multiples of the
half-precession period. Also, we would have missed all the knowledge related to the Rashba
origin of PMA and its response to electric field and perhaps we would have accepted the
surface charge doping explanation as a given in the absence of conflicting results, like those
from X/Fe/MgO system described in Chapter 5.

Last but not least, the development of this thesis clearly demonstrates the complexity
ofthe PMA and VCMA topics and the necessity of a multiscale approach to tackle the critical
issues. This point of view is in agreement with the more and more accepted idea, nowadays,



that the Spintronics requires a holistic approach, considering its current and future
development perspectives. This would be a compulsory approach for the research
methodology in Spintronics to fulfil the integration requests in rapidly emerging
neuromorphic and quantum technologies.
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