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Abstract

The Moore’s law has led the pace of innovation predicting an exponential growth in
computing unit performances. However, as the dimensional and functional scaling
of CMOS technologies approaches fundamental limits, the search for alternatives
solutions has intensified. Spintronics emerges as a promising field among the so
called beyond-CMOS technologies, manipulating the spins of electrons for different
applications such as logic. Anyway, to best integrate this technology, spintronics
needs the development of scalable and energy-efficient devices and an in-depth study
of the magnetic materials used. In this context, this thesis studies some magneto-
electric devices made by composite form by thin piezoelectric and magnetostrictive
layers aiming to quantify the magnetoelectric effect, which could be relevant for
future spintronics applications. These devices are investigated using anisotropic
magnetoresistance measurements, with a primary focus in the understanding of the
magnetoelectric coupling in these novel structures with various configurations and
to examine the magnetic properties of the magnetostrictive layer. They are char-
acterized by the ability to modulate the electrical resistance in response to changes
in the angle between the direction of the electric current and the orientation of the
magnetization within the material. The magnetoelectric effect, which involves the
coupling of electric fields to intrinsic magnetization, presents a viable pathway for
this low-power and controlled magnetization switching. This coupling is facilitated
by the bilayer structure of piezoelectric and magnetostrictive thin films of these
structures, where strain induced in the piezoelectric layer by an applied electric
field is transferred to the magnetostrictive layer, thereby switching its magnetiza-
tion. The study emphasizes the use of nickel as the main material, while also briefly
incorporating Cobalt-Iron-Boron research as a comparison. Once the parameters
are known, it is important to study how the device reacts under the effect of a
magnetic and electric field. Hence the experimental data obtained in cleanroom
has been compared with the results gotten by performing some simulations. Hav-
ing several physical phenomena involved, COMSOL has been used for the study
of the distribution of the strain in the nanostrip. On the other hand Mumax3,
a GPU-accelerated micromagnetic simulation program, has been used to perform
micromagnetic simulations and OOMMF to visualize the magnetic moments and
domains. Simulations show how the device design is appropriate to achieve uniform
strain at the centre of the strip while the coercivity, thus the ease of manipulating
the magnetic domains, depends strongly on the size. Furthermore the response of
the magnetization versus voltage has been measured showing that the magnetoelec-



tric effect exists in such devices. The devices respond very well by applying small
voltages, but the smaller the size of the nanostrip, the lower the maximum voltage
that can be withstood. Indeed experimental data are coherent with the simulations
showing that magnetization can be rotated using magnetoelectric effect although
further measurements need to be made in order to get a more accurate value of
coupling. In conclusion further research and enhancement are briefly discussed for
improving device efficiency and magnetoelectric coupling coefficient.
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Chapter 1

Introduction

In the area of semiconductor technology, Moore’s Law has long guided the relent-
less pace of innovation, predicting a doubling in transistor density roughly every
two years. This scaling has led to an era of smaller, faster, and more cost-effective
integrated circuits |1], enabling profound advancements across diverse applications.
However as CMOS technology’s dimensional and functional scalability gets closer
to its basic constraints [2], the semiconductor industry faces escalating challenges
in maintaining this trajectory. These challenges include improving performance,
managing heat and reducing power dissipation. These limitations have prompted
extensive research into novel information processing and memory devices, microar-
chitectures, and system paradigms, as stated in recent roadmaps. This interest in
innovation gave rise to the concept of Beyond CMOS technologies.

Moore’s Law: The number of transistors on microchips doubles every two years [SHauE]
foore's law describes the empirical regularity that the number of transistors on integrated circuits doubles appi in Data
of te S|

v es t roximately every two years.
dvancement is important for other aspec seed or the

chnological progress in compui uch as processing sf ice of computers.

Transistor count
50 °
°° °
> )
234 $
L
o © sctogo
003000

Figure 1.1: Moore’s Law showing the timeline of transistor counts in microchips between
1970 and 2020. [3]

The term beyond CMOS describes future advancements in digital logic technol-
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ogy that will surpass the present scaling constraints of CMOS. The goal of these
developments is not only to reduce the impacts of heat but also to maintain the
same device density and performance as the current semiconductor electronics by
reducing power dissipation [2].

Spintronics, which offers new avenues for information processing through the
active manipulation and control of electron spin inside solid-state systems [4], is
one of the most promising areas of this research.

Magnetoelectric devices are one of the numerous concepts in the field of spin-
tronics that have gained attention recently due to their potential.

These devices are unique in that they can couple electrical and magnetic prop-
erties, which allows one to regulate the magnetization process by using an electric
field.

These devices have a great deal of potential; in fact, their application may result
in the creation of energy-efficient magnetic memory devices [11] [13], wireless sensor
networks [13], magnetoelectric sensor [8] or ultralow power logic devices [10].

Recently, new device concepts have been developed, such as the Magneto Electric
Spin Orbit (MESO) logic [5] or magnetoelectric RAM [7] where the application
of a voltage can modulate the interaction between ferromagnetic magnetic and
multiferroic layers in the system. The latter are a special class of materials with
more than one ferroic order [10] at the same time.

In any case, the use of multiferroics is not ideal. Since Coulomb forces are much
greater than magnetic forces [12], the coupling between ferroelectric and ferromag-
netic properties is small in these materials. They should also be used at cryogenic
temperatures to take advantage of their magnetic properties |11].

Composites could provide a solution to these problems. In these devices, there
is the ability to bind the properties of one layer to another. The great potential of
composites is to be able to choose materials according to their properties in order
to tailor the desired characteristics. Furthermore, being based on known materials,
they have the high potential to be miniaturised in order to be integrated with
current technology [9]. This miniaturization could as well lead to the realization
of new and efficient devices useful in various applications. One example is wireless
power transducers that can be used in the biomedical field [6].

In this thesis, the devices studied couple electrical and magnetic properties
through mechanical forces. To maximize the magnetoelectric effect, it is essential
to understand the properties of the thin film layers involved and the manufacturing
procedures. The study in this thesis focuses on the use of the anisotropic magne-
toresistance (AMR) effect to quantify the coupling. AMR devices are characterized
by their ability to modulate electrical resistance in response to changes in the angle
between the direction of the electric current and the orientation of the magnetiza-
tion within the material. Once the parameters are known, it is important to study
the magnet’s behavior in both magnetic and electric fields, understand the effects of
different parameters, such as coercivity and geometry, on the magnetic properties
and figure out how to maximize the coupling.



Chapter 2

Theoretical concepts

2.1 Magnetism

Magnetic effects are entirely quantum mechanical phenomena, as they are mainly
caused by the motion and the spin of electrons. However, while classical explana-
tions can be used initially, quantum mechanics will be needed to fully explain the
physics of the devices.

Considering initially Bohr’s atomic model, an electron circulating around the
nucleus with an orbit of radius r generates a circular current /., which consequently
creates a magnetic dipole moment py = I 7r? perpendicular to the orbital plane.
The nucleus in turn exerts a force on the electron, which results in the generation
of an angular momentum L = m.r?w.

Hence for a single electron, it is possible to obtain the following relation given by

the gyromagnetic ratio -, such that:

e

pp =L =~ (2.1)

2me
where e represents the electron’s charge and m, is its mass.
Equation is valid for orbital motion but electrons also have spin, which is their
rotation around their own axis. Moreover in quantum mechanics, the energy levels
of an atom are discrete, so both the angular momentum and the magnetic dipole
are quantized in units of h. Then it is possible to find the magnetic moment relative
to the spin angular momentum S

iy = —gssBS (2.2)
where g is called Landé or g-factor and ug = 2‘;26, the Bohr magneton, represents the
smallest dipole momentum of an electron. For a pure orbital moment, the g-factor is
1, and for a pure spin moment, it is 2. However, in complex systems, it may be any
other number in between. Typically, in any atom, the sum of the orbital and spin
rotations of several electrons generates the total angular momentum. The Russel-
Saunders coupling theorem states that the total magnetic moment is equal to the
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sum of the contributions from the orbital and spin angular momentum when their
interaction is weak. A different formula is used to find the total magnetic moment
of an electron when the interaction between spin and orbital angular momentum
becomes important and cannot be ignored. Therefore the previous equation is
corrected to:

_ 9k e e

- ar J=— o (9.L + gsS) (2.3)

where J is the total angular momentum, it is possible to obtain the general expres-
sion of the Landé factor g starting from multiplying first and second members
by J we get:

1 = ’I%B(gLLJ +g5SJ) = g’“‘TBﬂ (2.4)
Since J = L + S:
us 1
L2:(J—S)2:J2+Sz—2SJih——>SJ:§(J2+SQ—L2) (2.5)

In the same way it is possible to calculate:
1
LJ = 5(J2 + L? - 5?) (2.6)

Inserting [2.6| and into [2.4] and assuming g, = 1 and gg = 2 the g-factor is
expressed by:

3 8r-1I

I=3F o

Since all this holds for a single electron, the sum of the magnetic moments of
an atom’s electrons will determine its overall magnetic moment. Thus, the total
angular momentum of full electron shells will be zero. On the other hand, magnetic
effects can arise and the spin and orbital angular momentum of an atom can diverge
from zero if its electrons are in empty shells. Using the same logic, the total magnetic
moment is equal to the sum of the total magnetic moments of all the atoms in a
sample. In this context, the magnetization vector is defined as the sum of all the
magnetic moments per unit volume:

(2.7)

ZZj:Mz’j

M=_J

- (2.8)

where i and j are the number of atoms and valence electrons respectively.

2.2 Magnetic interactions

The long-range interactions between magnetic moments in a material are called
magnetic interactions. Indeed, many properties based on the fact that magnetic
moments feel others next to them are due to these interactions. Their main conse-
quence is the generation of forces used to minimize the energy of the system. As
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a result, they are only quantum-mechanical because they affect the configuration
of atomic spin. How the system’s energy is minimized, and consequently the mag-
netization as well, depends on a number of parameters. These parameters can be
categorized as either non-local or in-local. Anisotropy energy, exchange energy and
magnetoelastic contribution are examples of in-local. Examples of non-local contri-
butions brought about by differences in the direction of magnetization of different
sample sections are the dipolar and the magnetostrictive term [14].

2.2.1 Exchange interactions

Exchange interactions can be defined as the tendency of a magnetic material to
favor the alignment of adjacent spins parallel or antiparallel to each other [15]. It
is a quantum-mechanical phenomenon that depends on both Coulomb interactions
and the Pauli exclusion principle. Indeed the origin of this interaction is due to
exchange forces caused by the orientation of the spins of two different electrons in
a system. When the spins are antiparallel, the molecule is stable. On the other
hand, when the spins are parallel electrons tend to repel one another, and so the
ordinary Coulomb electrostatic energy is changed as well. For a many-electron
system, the interaction between two adjacent spins, S; and S;, can be represented
by the Hamiltonian:

N
Eep =2 JiSi- S; (2.9)
J#
where J is a specific integral that appears in the exchange effect calculation and
is referred to as the exchange integral. At first glance, it is interesting to note that
this forces are primarily influenced by the distances between atoms rather than the
geometrical arrangement of their positions. As a result, also amorphous material
can exhibit ferromagnetism. Moving to a macroscopic view, it is possible to obtain
a formula that expresses the energy per unit volume of this interaction as a function
of magnetization such as:

E.. = Aw(Vm)? (2.10)

Acz is the exchange stiffness and it is defined as:

~ nJSs?

a

Aex

(2.11)

where n is the the number of atoms in a unit cell and a is the crystal lattice
parameter of the material. It is an important parameter to take into account mainly
in the simulations because it quantifies the extent to which the magnetization tends
to align with the surrounding magnetization. To get the value of the effective field
the following simple definition has to be applied:

1 OF
oM Om

Hepp=— (2.12)
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where 11 is the vacuum permeability. In this way the effective exchange field will

be:
2

Hez i ———
MOMS

In addition, the exchange length, which is another very important parameter for
simulations, can be obtained from A., as:

A Am (2.13)

24,,
b =\ |3 (2.14)

This length represents the range across which the magnetization is likely to vary.
Given that abrupt changes in magnetization require more energy, it makes natural
that this length increases with exchange stiffness.

2.2.2 Zeeman energy

The potential energy of a magnetized body in an external magnetic field is known
as Zeeman energy [16]. It is given by:

Ez = —poM - Hyy, (2.15)

This indicates that in order to minimize the Zeeman energy and so reach a stable
state, the magnetic dipoles tend to be parallel with the external magnetic field H,;.

2.2.3 Magnetostatic interactions

Magnetostatic interactions are due to the interaction among the magnetic moments
around of the other elements of the volume in the magnets. This kind of interac-
tion is described by using the so called demagnetization field Hge,, which tends to
minimize the overall energy of the system. This field is given by:

VB =puV(H+M)=0— VHym=—-VM (2.16)

Knowing the demagnetization field, the magnetostatic energy can be easily derived
as:

1
Eys = _§M0/Hdem - MdVv (2.17)

Generally H g, is strongly dependent on the shape and aspect ratio of the sample.
The simplest scenarios to study are that of thin films or ellipsoid, for which the
demagnetization field is:

Hyern = —NpM (2.18)

where Np is the demagnetization tensor and its trace is one for the above mentioned
cases. In all the other situations the evaluation of Np is not trivial because it results
not constant throughout the volume.
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2.2.4 Anisotropy

As mentioned before, the geometry and even the nature of the magnet play a
significant role on the direction of magnetization and consequently on the response
to external stimuli. This dependence is called magnetic anisotropy and it may come
from several intrinsic factors. So, especially in thin films, it is more convenient
express the magnetic anisotropy using the effective anisotropy constant K¢ given
by the sum of all the contributions. The most relevant factors are:

e magnetocrystalline anistropy due to the spin orbit interaction of electrons
. The crystallographic structure is correlated with the orbital symmetry
of the valence electrons thus with their orbital momentum. As shown in [2.3]
the spin angular momentum is linked with the orbital momentum therefore
it is linked to the symmetry of the crystal as well. For the work done in this
thesis, this contribution is actually negligible having mostly had to deal with
polycrystalline and amorphous materials in which the contributions explained
below are most relevant;

e shape anistropy which represents the magnetostatic contribution given by
the demagnetization field. Hence it arises from dipole-dipole interactions that
are influenced by shape and the size as seen before.

e magnetoelastic anisotropy that can occur in two different ways, one the
reverse of the other:

1. the application of a magnetic field can stretch or contract the material
due to the movement of internal magnetic domains that align with the
direction of the applied field, as shown in Figure [2.1] This effect is know
as magnetostriction effect or Joule effect.

2. Vice versa, the application of a strain can change its magnetization.
This happens because in general strain modifies the distance between
the atomic dipoles, leading to a change in the exchange and dipolar
energies. This effect is called inverse magnetostriction effect or Villari

effect.

L L al

e® D D
6% P>

=0 H=0

Figure 2.1: Illustration of the magnetostriction effect
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The magnetoelastic anisotropy expresson is:

3
Kpne = S A0 (2.19)

where A, is the saturation magnetostriction and o is the stress acting on the
film [14]. By analyzing the parameters involved, it becomes clear the role
played by this factor in the behavior of the devices studied in this thesis.
The choice of Ay and o are very important for the management of magne-
tization and related device properties. The interaction between strain and
magnetization is described by the magnetoelastic energy defined as:

Ee = Bu[(m3 = 5) o + (mj) = 5) €y + (m2 = 5) =]

+ By (Mgmy€qy + mym,€,, + mym €y, ) (2.20)

where:

— My, . are the normalized magnetization coefficients;
— €1, €yy, €2» are the normal elements of the strain tensor;
— €y, €yz, €x» are the shear elements of the strain tensor;

— By and By are the magnetoelastic coupling coefficients which are a mea-
sure of the strength of the strain-dependent terms. The magnetostriction
coefficient and the magnetoelastic coupling coefficient are directly related
to each other by elastic constants:

By = 3Xo(cia — c11) Ba = —3\11cu (2.21)
Now it is important to find the value of the effective field using by getting:

2 Blmxecca: + BQ(myexy + mzezx)
Hme = — i Blmyeyy + Bg(mxﬁxy + mz6yz) (222)
HoMs Blmzezz + BZ(mexz + myGyz)

2.3 The Landau-Lifshitz-Gilbert equation

Once all the energies related to the various interactions have been obtained and
applied to obtain the effective field related to that particular phenomenon, it
is sufficient to sum each contribute to obtain the effective field that the magnet
feels:

Heff = Hep + Hept + Haem + Hpe (223)

For completeness but especially to understand how mumax3 works, it is appropriate
introduce that equation that describes the dynamics of magnetization. Considering
for simplicity a single magnetic dipole interacting with the effective magnetic field,
if the angle between the two vector is not zero the magnetization starts to change
over the time. This change is caused by the torque defined as:

T = pio(pt X Hegy) (2.24)
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This torque is perpendicular to both ;1 and H.¢s leading to a precessional movement
of the magnetization around the effective magnetic field. By definition the torque
is also the gradient of the angular momentum with respect to time:

4
Cdt

T (2.25)

Hence using as angular momentum the expression obtained in and combining
2.25| with [2.24] it is possible to get an equation which describes the change of mag-
netization over time:

dp

i = vora(p X Hepy) (2.26)

where v = —,uog2L is called Landau-Lifshitz gyromagnetic ratio. This equa-
m

tion is not complete because it doesn’t consider any damping. Moreover it takes
into account only the movement of a dipole. Moving over the entire volume of
the structure and considering the dissipation terms the complete Landau-Lifshitz-
Gilbert equation is obtained:

dM Q@ dM
— = x H, — (M x — 2.27
o = eec(n X Hepp) + s ( o ) (2.27)
where « is a phenomenological constant called Gilbert damping which collects all
the effects due to the dissipation. With the introduction of the damping term,
the path traced by the magnetization around H.rs becomes non circular. Instead
the magnetization vector spirals towards the magnetic field until it becomes fully
aligned.

2.4 Ferromagnetism

Ferromagnetism is the property of some materials, generally transition metals and
alloy of rare-earth metals, characterized by a spontaneous magnetization even in
the absence of an external magnetic field. Above a certain temperature called Curie
temperature Te the spontaneous magnetization vanishes making that material para-
magnetic. In the demagnetized state, a ferromagnetic material is partitioned into
several small regions known as domains in which all the moments have the same ori-
entation. Each domain is inherently magnetized to the saturation value Mg, which
depends on the material, but for different domains the direction of magnetization is
arranged such that the overall specimen has zero net magnetization. When an ex-
ternal magnetic field is applied, the process of magnetization occurs converting the
specimen from a multi-domain state into a single-domain state magnetized towards
the direction of the applied field [22]. The boundary where the direction of magneti-
zation changes from one domain to the next is called domain wall. One consequence

of switching magnetic domains in ferromagnets is the presence of hysteresis loop,
as illustrated in Figure 2.2
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This happens because the magnetic domains do not always respond in the same
way in the presence of the same magnetic field due to the interaction of the domains
with the impurities and imperfections of the material. In fact, material imperfec-
tions put disorder in the system by going on to change the coupling between the
local moments and the surroundings accordingly. For this reason, the magnetization
at any given moment depends not only on the value of the applied magnetic field but
also on its past value. Important information about the material can be extracted
from the hysteresis loop. First of all, the remanence when no field is applied, the
coercivity which is the magnetic field value to be applied to cancel to cancel the
magnetization. This value is very important because it also indicates the difficulty
to magnetize a material. A material with a low coercivity (less than or equal to
5x103A/m [15]) is called ”soft” and interact with weak magnetic fields, otherwise
it is called ”"hard”. Dealing with thin films, it is clear that a variety of factors,
including temperature, sample geometry, impurity concentration, and applied mag-
netic field direction, will have the greatest influence on the hysteretic cycle’s shape
and on the values of parameters like permeability and coercivity. When examining
a thin-film sample, for instance, the presence of different anisotropies causes the do-
mains to preferentially arrange themselves along certain orientations, or easy axes,
rather than in any other directions. A hysteresis loop resembling the one in Figure
can be created by applying a longitudinal magnetic field with respect to the
easy axis.

AM AM

= 4
1y

Figure 2.2: Theoretical hysteresis loops for a soft magnetic material in the longitudinal
direction (left) and in the transverse direction (right) with respect to the easy axis

2.4.1 Anisotropic magnetoresistance

To understand in detail how the studied devices work, it is appropriate to under-
stand why changing a magnetic field changes the resistance of a sample accordingly.
In a transition metal such as nickel, the outermost electronic shells are the 4s and
3d, which are very different. As shown in Figure[2.3] the 4s band has a lower density
of states and is full of electrons having opposite spins. In contrast, the narrow 3d
has a much higher density of states, so the electron mobility is much lower than
the electrons in 4s, and it has more free states. In addition, the 3d orbital not be-
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ing completely full has a number of spin-up electrons different from the spin-down
electron that divide the band into two spin-split bands [31]. The magnetic moment
will appear mainly to the electron in 3d bands while the material current will be
given by the electrons in 4s with higher mobility.

3d(localized)

4s(free) ‘

gr(E) gi(E)

Figure 2.3: Density of states (DOS) in a ferromagnetic metal showing the differences
between spin-up and spin-down electrons

The resistivity of a body is always related to scattering mechanisms that cause
transitions between individual particle states. In the case of transition metals by
applying an external magnetic field, electrons from the 4s (with lower DOS) will go
into the 3d spin-split (with higher DOS). The increase in the number of electrons
with having the same spin in the 3d band causes the resistance to increase.

According to Mott’s model, electrons with opposite spins do not mix, so assum-
ing we are at low temperatures thus ignoring magnon scattering, two independent
currents flow inside a body, one with spin up and one with spin down.

Electrons with majority spin that travel parallel to the direction of magneti-
zation have the highest probability of scattering [18]. For this reason, when mag-
netization and current are parallel the resistance is maximum, while when they
are perpendicular we have minimum resistance. Therefore, AMR is defined as the
sample resistance’s change with the magnetization’s orientation with respect to the
applied electric current’s direction [19], which can be described by the following
equation:

p=pL+(p)— pr)cos®(Ou) (2.28)

where 6), is the angle between the direction of the magnetization and the current
flow, p; and p, are the resistance at ) = 0° and 6y = 90° respectively [20].
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2.5 Piezoelectricity

Piezoelectricity is the property of some dielectric materials that manifests itself in
two different effects, one the opposite of the other:

e when the body is subjected to mechanical stress it polarizes with a polarization
proportional to the stress applied. This happens because the stress changes
the crystal’s structure by reorienting the electric dipoles. In this case we speak
of direct piezoelectric effect and the coefficient that best describes this link
is the g-coefficient defined as the ratio between the voltage per mechanical
stress.

e when the body becomes strained as a result of an electric field application.
Once again, the electric field causes the electric dipoles of the material to
move, generating stress. In this case the effect is called reverse or indirect
piezoelectric effect and d-coefficient is the ratio between the strain and the
applied voltage/electric field.

Piezoelectric materials can also be ferroelectric. In ferroelectric materials, non-
linear polarization behavior includes hysteresis and saturation at high applied elec-
tric fields One important feature of ferroelectric piezoelectric materials’” behavior in
an electric field is the butterfly loop phenomenon shown in Figure 2.4, Therefore,
understanding is necessary to maximize the performance of piezoelectric materials
in a variety of fields, including magnetoelectric applications. The strain in the piezo-
electric material initially grows practically linearly with the electric field (voltage),
reaching a maximum strain constrained by the material’s polarization saturation.
The strain drops when the electric field is reduced, albeit more slowly than the
electric field. The rate of strain reduction increases as the electric field gets smaller.
Subsequently, the material experiences a sudden shift in polarity and an increase in
strain until it approaches its physical limit under negative voltage. At this crucial
moment, the material’s polarization is totally reversed. As the electric field reverses
and becomes positive again, the strain initially decreases at a slower rate than the
electric field. But again, the rate of strain reduction increases as the electric field
decreases. Eventually, the material reaches another critical point where it abruptly
changes polarity, leading to an expansion until it hits its physical limit again.

12



2.6. MAGNETOELECTRIC EFFECT

h
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Field, E

Figure 2.4: Illustration of Strain versus electric field loop (butterfly loop) in a ferroelec-
tric material

2.6 Magnetoelectric effect

As said in the previous paragraphs, magnetoelectricity is a phenomenon that refers
to the coupling between magnetic and electric fields in matter, allowing the con-
trol of magnetic properties through an electric field and vice versa. Composites
composed of ferromagnetic and ferroelectric phases also exhibit magnetoelectric be-
havior. The device studied in this thesis use strain to couple the two different
phases. In detail when these composites are exposed to an electric field, the strain
induced in the ferroelectric phase couples with the magnetostriction. Hence due
to the Villari effect the internal magnetization of the magnetic layer will change.
Looking at the parameters involved in , the direction of the effective magnetoe-
lastic field will depend on the characteristics of the magnetic material, with regard
to the coupling coefficients and the normalized magnetization, and the strain gen-
erated by the piezoelectric material below. The strain will be tensile or compressive
depending on how the piezoelectric material responds to the applied electric field.
Therefore, study of the materials involved and research to optimize the transfer of
strain to the magnetic layer are important in order to make efficient devices with
good coupling between the applied voltage and the produced magnetic field.

The magnetoelectric coupling coefficient can be described mathematically in two
ways [22]:

0B;

aj; = (8Ej) (2.29)

when the change in magnetic induction B is due to the application of an electric
field E or:

OP;
afl = ( : ) (2.30)
J OH,

when the change in electric polarization P is due to the application of a magnetic
field H [22]. This coupling is a tensor and in both cases it must give the same
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0B; oP,
E i i H
i (0Ej> (8Hj) “is (2:81)

P =¢yx.E B = uoxnH (2.32)

result:

Knowing that:

where ¢ is the vacuum electric permittivity, x. is the electric susceptibility, pq is the
vacuum magnetic permittivity and y; is the magnetic susceptibility. becomes:

0F;

Q5 = €0 XelloXh (@) (2‘33)
J

Inserting in the final expression of the coupling is:

Qi = €oXeHoXn — Oij = /€oXeHoXn (2.34)

There are various studies and various techniques to evaluate it in different com-
posites but it remains quite complex considering that there are also quite other
parameters to be taken into account concerning both thermodynamic, mechanical
and magnetic aspects. In this sense, using AMR effect leads to evaluate the desired
coupling in an indirect way without the need to know all these material parameters.
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Chapter 3

Methodology

3.1 AMR devices

AMR devices exploit the anisotropic magnetoresistance effect, where the electri-
cal resistance of a ferromagnetic material changes based on the angle between the
electric current and the material’s magnetization direction. The ability to charac-
terize the magnetoelectric effect in a composite is the primary motivation behind
the construction of these devices. Furthermore, understanding the physics behind
the coupling is made possible by evaluating it using several devices with various
geometries and fabrication methods. In fact, design is central to figuring out the
best way to apply a strain and transfer it to the magnetic layer.
The devices studied in this thesis are like the one shown in Figure (3.1

Figure 3.1: Image made by using an optical microscope of a studied AMR. device.

They are planar structures in which a magnetic nanostrip lies on a ferroelectric
material substrate. Recent studies conducted in my host group have shown that
the best way to maximize the strain along the magnetostrictive strip is to arrange
electrodes on either side of the strip and apply the same voltage. In this configu-
ration the nanostrip is grounded. To read the resistance, it is necessary to apply
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a current and measure the voltage of the nanowire. For this reason, a further four
contacts shown in Figure [3.2| are required for measurement.

Gold
contact
pads Vg
+V2 -V2
: swi loap +
Vg nanostrip
(a) (b)

Figure 3.2: Mask layout showing a sample device (a) and the respective voltages referred
to the pads (b). The geometric parameters most studied in this thesis are also highlighted.

The materials used in this research were selected based on their magnetic prop-
erties, compatibility with device fabrication processes, and their ability to achieve
high magnetoelectric coupling coefficients.

3.2 AMR devices fabrication

The fabrication of AMR devices demands highly controlled and precise processes
to achieve a structure as ideal as possible. Indeed the performance of these devices
is critically dependent on the integrity and quality of their layers and interfaces.
Imperfections such as surface roughness, impurities, or structural defects can signif-
icantly degrade the device’s performance by introducing unwanted magnetic noise,
increasing resistance, and reducing sensitivity. Therefore, in order to reduce these
imperfections and transfer the acquired knowledge to future devices, it is neces-
sary to maintain an ideal fabrication process. The fabrication of these devices can
be divided into three main steps that include deposition of the piezoelectric layer,
magnetic phase, and gold electrodes and contacts to apply and read voltages.

3.2.1 Piezoelectric layer

The piezoelectric layer is mainly composed of Ba-substituted lead zirconate titanate
(BPZT) (Ba,Pby_y)(Z11_;T",)Os thin film. It is a ceramic perovskite material that
exhibits excellent piezoelectric properties and high dielectric constant. The addition
of barium is used because it has been shown to improve the electromechanical
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performance, boosts the dielectric integrity, and decreases grain size [25]. The
deposition process consists of pulsed laser deposition (PLD) for which imec has
developed recipes in the past to control the deposition of the material. PLD is
a physical vapor deposition technique used to create high quality perovskite oxide
thin-films on a substrate. In this process, a high-power pulsed laser beam is focused
at the material that is the target, as illustrated in Figure 3.3} The energy from the
laser ablates the target material, creating a plasma plume that contains ions, atoms,
and molecules. This plasma plume then expands and deposits a thin film of the
target material onto a substrate placed opposite the target.

laser source

. and optical

window /", system
[ /

gauges \_‘ %

sl ==ml

vacuum

rotating bar target T substrate
plasma
plume
gas inlet LF[] & window

vacuum
system

Figure 3.3: Pulsed Laser Deposition scheme: the laser absorbed by the target causes the
plasma plume to form. When this reaches the substrate, a thin film will start to growth.

To get a good quality layer and to achieve the right stoichiometric ratio, it is
important to use well defined values of temperature, energy, repetition rate, and
oxygen pressure (since we are depositing oxides). In fact, an excess of oxygen
would not get the target molecules to the substrate, while a defect in the latter
would not allow a good stoichiometric ratio of the oxide. Similar discussions apply
to temperature and repetition rate, the latter depending greatly on the nature of
the target. In this case, 10 nm thick LaNiO3 (LNO) has been deposited on a 750um
thick silicon substrate and 400nm thick silica SiOs, obtained by thermal oxidation,
using the following values:

Temperature Energy Repetition rate Pressure [Os]
500°C 540 mJ 33 Hz 0.1 mbar

Table 3.1: PLD parameters for LNO deposition

A thin LNO layer has been added to reduce the lattice mismatch between SiOs
and BPZT and to enhance the dielectric and piezoelectric properties of the latter
[24].

Afterwards, 600 nm thick (Bag1Pboo)(Zros2T10.43)O3 has been deposited on the
LNO layer using the following values:
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Temperature Energy Repetition rate Pressure [Os]

550°C 540 mJ 100 Hz 0.1 mbar

Table 3.2: PLD parameters for BPZT deposition

Next a step of chemical mechanical polishing (CMP) is needed since the resulting
layer has a very rough surface. CMP has been performed using a silica-based slurry,
but it’s also important to define the rotation speed of the top and bottom plates
and the down force that has to be applied to the sample. To get the best result
low speed (50rpm for both the top and the bottom plate) and low down force
(1.5psi) have been used for 2 minutes. After a standard cleaning of the sample has
been performed to remove all traces of particles or thin layers of oxide. In order
to complete that, the samples were submerged for 10 minutes at 75°C in a SC-1
solution composed of five parts deionized water, one part ammonia water, and one
part hydrogen peroxide. This was followed by a five-minute soak in isopropanol in
an ultrasonic bath. [24].

3.2.2 Magnetostrictive layer

This layer corresponds to a magnetic nanostrip responsible for converting mechan-
ical strain into magnetic energy. Very high magnetostriction coefficient magnetic
thin films are necessary for efficient magnetization manipulation [26]. In addition
having materials with low damping and narrow linewidth is good to reduce the mi-
crowave loss. Furthermore, growing magnetostrictive thin films on stiff substrates
causes a clamping effect [27]. In literature there are many studies on different
transition metal ferromagnets and their binary, like galfenol, or ternary alloy, like
terfenol-D, whom magnetostrction coefficient can be very high. It is to be notice
that they are not rare-earth elements so classical deposition processes can be used,
making them suitable for many different applications. The integration of these
materials with the state-of-the-art, however, has not yet been demonstrated. The
usage of nickel in this situation successfully addresses these issues. Nickel has been
extensively researched by my host team in imec. It has magnetic characteristics that
have been verified, and has been shown to work with BPZT. Thus, using a known
material such as nickel is significantly more favorable when comparing the effects
of different deposition techniques, defects and geometries on the magnetoelectric
coupling.

Initially, the substrate was cleaned by immersing it in acetone for 10 minutes.
Polymethyl methacrylate (PMMA) was selected as the photoresist due to its suit-
ability for electron beam lithography. PMMA is a polymer material that acts as a
positive photoresist under certain conditions. This means that the polymer chains
break into smaller chain during the irradiation process. So PMMA was heated to
165°C for 3 minutes to ensure proper adhesion and stability. Following this, the
sample has been exposed to an electron beam using a pre-designed mask, transfer-
ring the desired pattern to the photoresist. Then it has been rinsed in a solution of
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MIBK and IPA at 20°C for one minute.

Subsequently, metal deposition was performed using two different methods:
sputtering and thermal evaporation, showed respectively in Figure [3.4a] and [3.4b]
Both methods involved depositing a thin seed layer of tantalum (Ta) with a thick-
ness of 5 nm, followed by the deposition of a 20 nm layer of Ni. The primary
difference between the two methods lies in the final step. In the sputtering process,
an additional Ta capping layer can be deposited, which is not possible with the
evaporation method. Consequently, the nickel layer deposited via evaporation is
exposed to the atmosphere, leading to oxidation.
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Figure 3.4: Scheme of DC sputtering (a) and thermal evaporation tools (b) used to
deposit a thin film layer of nickel

This difference allowed for the examination of how the different deposition pro-
cesses affect the device’s behavior. Furthermore, the presence or absence of a cap-
ping layer can be useful to study its impact. For CoFeB devices only sputtering has
been used.

Finally, a lift-off process in acetone was conducted to remove the photoresist,
resulting in the finalized structure. A summary scheme of the process is shown in

Figure
PMMA PMMA I I I I
BPZT ‘ BPZT . BPZT » ’ BPZT
LNO LNO LNO LNO

PMMA spin coating E-beam exposure Develop using MIBK and IPA Lift-off

PMMA

BPZT

LNO
metal deposition

Figure 3.5: Deposition process made by transferring the pattern using e-beam litography
and lift-off process
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3.2.3 Gate electrodes and contacts

For gate electrodes, electron beam lithography was also used to transfer the previ-
ously designed mask pattern so this step has already been described in the previous
section. It is to be noted that making the metal contacts is a more challenging
procedure than actually fabricating the contact pads. Using an e-beam instead
of optical lithography in the lab allowed for an excellent resolution and a better
alignment. In the study of AMR, precise measurements are required for trying to
minimize parasitic effects that might make the results unreliable. Therefore, the
choice of metal for electrodes and contacts is very important. Gold has been chosen
as metal contacts for several reasons. First, gold possesses high electrical conduc-
tivity. In addition, gold has low contact resistance, which means that the junctions
between gold and other materials in the device offer minimal resistance. This is
essential to reduce signal losses and improve measurement reliability. Low contact
resistance also contributes to better device sensitivity, as changes in resistance due
to the AMR effect can be detected more easily.

For all these reasons gold is the perfect choice dealing with low-voltage applica-
tions [21].

Gold was deposited using the same sputtering tool described before, and then a
gentle lift-off process was used to remove the PMMA.

3.3 Experimental setup

Experimental data were taken by measuring devices in cleanroom using mainly a
tool called SOT Hall setup shown in Figure [3.6

Figure 3.6: Picture of the SOT hall experimental setup used for AMR measurements.
The two electromagnets, the sample holder connected to the motor and the hall magne-
tometer can be observed.

This tool consists of a dipole electromagnet that can generate magnetic fields
of up to 2T depending on the spacing between poles. The sample holder is in the
middle of the magnet and, in according to the type of attachment, it allows in plane
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or out of plane measurements to be made. For the device characterized in this thesis
the in-plane probe shown in Figure has been used. The tool includes a current
source and a voltage source. The DC voltage source was used to apply voltage
to the gate electrodes, while the current source, in conjunction with a multimeter,
was used to apply current to the device and measure the DC voltage for resistance
calculation.

3 a
(a) (b)

Figure 3.7: Device bonded on a PCB (a) and in-plane probe (b) for the measurements
at the SOT setup

Before characterization, the device must first be attached to a PCB. To do this,
a drop of photoresist is deposited onto the PCB, placing the device on top, and
heated to 100 degrees for 3 minutes. After making the wire bondings between the
device and the PCB, it is attached to the in-plane probe and then placed on the
rotating sample holder as figurd3.8| shows.

Figure 3.8: Setup during measurements. The Hall probe is used to measure and save
the intensity of the applied magnetic field

The sample holder is connected with a small motor that allows the sample to
be rotated therefore the angle between the magnetic field lines and the current can
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be adjusted. The magnets, motor, and three Keithley instruments are controlled
by a PC using a LabVIEW program shown in Figure This program allows
the execution of complex measurements by sweeping the field and angle within the
designated voltage and angle range.

Figure 3.9: Screenshot of the LABview interface. This presents different cases depending
on the type of measurement desired. Each case allows you to define the maximum and
minimum values to make the parametric sweep relative to the measurement and to set
those values that remain constant during the sweep.

3.4 Simulations

The simulation of AMR devices requires the use of advanced software to accurately
analyze their behavior and properties. In this context, COMSOL Multiphysics and
Mumaz are essential tools for conducting precise and detailed simulations. OOMMF
has been used for the visualization of the micromagnetic simulations. The integra-
tion of these tools allows for a deep understanding of the mechanical, electrical, and
magnetic interactions within these multilayered magnetoelectric devices.

3.4.1 COMSOL Muliphysics

COMSOL Multiphysics is a simulation software used in many different physics and
engineering applications, especially coupled phenomena and multiphysics |30]. The
examination of the stress resulting from applied voltage has been made, including
its distribution along the strip and the influence of various parameters on the overall
system. Initially, the device has been designed using software, where all essential
parameters for electrostriction calculations were specified and shown in Figure|3.10]
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Name Expression Value Description

t 0[s] 0s Time parameter

PZT_heigt 0.4 [um] 4E-7m PZT height

L 20e-6[m] 2E-5m Magnet length

w 1e-6[m] 1E-6 m Magnet width

H 20e-9[m] 2E-8m Magnet height

alpha 4.2e6[m/F] 4.2E6 m/F  Inter-domain coupling
a 6.4e5[V/m] 6.4E5 Vijm  Domain wall density
& 0.2 0.2 Polarization reversibil
k 1e6[V/m] 1E6 Vim Pinning loss

Ps 0.425[C/m~2] 0.425 C/m*  Saturation Polarizatiot
Q11 3.579e-2 [m~4/C~2] 0.03579 m*/¢ Electrostriction coupli|
Q12 -5.335e-3 [m~4/C~2] -0.005335 m Electrostriction couplil
Qa4 1.923e-2 [m~4/C~2] 0.01923 m#C Electrostriction couplil

Figure 3.10: Parameters used in COMSOL

Subsequently, the geometry was defined by modeling the PZT substrate, the
nickel nanostrip, and the gold contacts. The final structure obtained is shown in
Figure [3.11

Au
Ni

0 PZT
Figure 3.11: AMR device in COMSOL, nanostrip width=1um, length=20pm,
thickness=20nm

Each block of the geometry represents a domain of the system. This distinction is
crucial for accurately associating physical models to define boundary conditions and
contacts. For the mechanical models, the entire structure was included since every
part of the device is subject to strain. For the electrical model, initial conditions
were established: the ground state was set at the bottom of the nickel strip, and
the electrical potentials were defined for the gold electrodes. The electrostriction
model was specifically assigned to the PZT to calculate the induced stress. Lastly,
to enable simulation, a fine mesh was required. Running the simulation with an
applied voltage of V = -3V, as an example, yielded the following 2D images:

As observed in Figure this configuration produces uniform stress at the
center of the nanostrip. The strain tensor components that significantly impact
the device are €, and €., while the other components are negligible. The stress
is 2 x 10~* along the z-direction and doubles the intensity with opposite sign, thus
—4 x 107*, in the y-direction. This suggests that the impact of the y-component
will be predominant therefore, it can be assumed that the magnetic field yielded by
the magnetoelectric effect is primarily transverse. By applying the same procedure,
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Figure 3.12: 2D maps of the strain tensor components obtained by applying V=-3V.
To be noted that the only non-zero components are €,, = 2 x 10~* and €yy = —4 X 104

the same configurations with different widths have been simulated by varying the
strip width. The values of the relevant components for each configuration, obtained
when the devices were brought to the saturation point, are shown in Figure [3.13

Strain versus nanostrip width

1.5 2 2.5 3
Strip width, pm

Figure 3.13: Graph of the saturation’s normal components of strain as width varies.
When the width is somewhat less than 1um, a larger strain in absolute value is seen, but

exx always remains negligible.

An increase in strain is predominantly noted for widths smaller than one, fol-
lowed by a decrease for widths greater than one. This behavior is expected because
a larger width leads to more distributed stress, reducing localized strain. It’s also
important to remember that changing the strip’s thickness changes the distance
between the electrodes and the strip. Because of the greater gap that a narrower
strip creates, 0.5um thick strips cause less stress than thicker ones.
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To understand whether the width favors one strain component over another, it
is possible to examine if €,, and €, increase or decrease in the same way:.

-2.265

-2.27
0.5 1 1.5 2 2.5 3

Strip width, pm

Figure 3.14: €,,/¢.. for different widths

From the figure [3.14] it is evident that when the strip is less than 1 pm thick,
the y-component plays a slightly larger role, probably due to increased lateral con-
finement effects. For larger widths, the ratio remains more or less constant. This
indicates that when the width exceeds one micrometer, the applied tension has
similar effects on both the z and y components.

%107 Strain versus gap distance

0.5

¥
A

0 0.5 1 1.5 2 25
Strip width, gm

Figure 3.15: Graph of the saturation’s normal components of strain as the gap between
the electrodes and the nanostrip changes. The strain in the strip is less than at greater
distances if this gap is too small. With a gap of 1um, the strain is maximum.

A similar trend to the previous one can be seen in Figure [3.15 when varying the
electrode-to-strip distance. However, the strain component values do not vary as
drastically as in the other case. However, it is observed that €,, decreases faster than
€, in absolute terms as the distance increases. This suggests that, with a larger
gap, a significant portion of the energy from the applied electric field dissipates
more transversely. Some of these values will serve as important inputs for deriving
the coupling coefficient from the experimental data.
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3.4.2 Mumax3

Mumaz? is a powerful NVIDIA CUDA21 based, graphics-processing-unit (GPU)
accelerated, micromagnetic software package [29]. Like all the other micromagnetic
simulation tools, it allows for the modeling of magnetization dynamics by solving the
LLG equation described in2.27, To do this, the simulator discretizes the magnetic
structure into small elements with a size and a number defined at the beginning of
the simulation code. Each element has its own magnetization that is normalized
to the saturation magnetization (m(r,t) = M(r,t)/Mg) and will be subjected to a
certain magnetic field. This magnetic field corresponds with the effective magnetic
field defined in thus will be the sum of all the different interactions. Using
phenomenological parameters, the user defines all energy terms (or derived effective
fields) [29]. Then in the code, after defining the geometry of the structure, we define
the parameters that will be used to calculate the associated magnetic field. The
choice of parameters depends on the system and the phenomenon to be studied. In
the study of this thesis, the parameters defined were the saturation magnetization,
the exchange stiffness, the first and second magneto-elastic coupling constant.The
damping term had no effect on the final outcome because the work in this thesis was
carried out in direct current. It is therefore acceptable to manipulate the damping
term in order to speed up the simulation time while remaining confident of obtaining
trustworthy results. The parameters used for the nickel and CoFeB simulations are
summarised in the table 3.3

Ni CoFeB

M, | 4x10° A/m 136 x 10° A/m
Ao | 1072 J/m  18x 1072 J/m
By | 7.85x 105 J/m* —6.9 x 10'* J/m?
By | 7.85 x 108 J/m® 7.1 x 102 J/m?

Table 3.3: Parameters used in micromagnetic simulations for Ni and CoFeB

These parameters were taken from my host team’s database at imec. In partic-
ular the saturation magnetization was taken by using the vibrating sample magne-
tometry (VSM) analysis.

3.4.3 Simulation results

Initially, the focus was on applying a longitudinal and a transverse magnetic field to
the nanostrip to observe its response. The width of the nanostrip has been varied
to examine how changes in this dimension affected the coercivity and the hysteresis
loop. These differences provided information about the size-dependent magnetic
properties and aided in figuring out the ideal proportions for the desired magnetic
qualities.

Coercivity is inversely correlated with nanowire width, according to simulations,
and becomes increasingly noticeable as width declines. With wider widths, this
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Figure 3.16: CoFeB and Nickel hysteresis loop produced by applying a changing longi-
tudinal magnetic field along the x direction

effect becomes much less pronounced. For example, there is very little coercivity
variation between widths of 1000 nm and 3000 nm in the case of Nickel as it is
possible to observe in Figure [3.16] This illustrates how the material gets harder as
the strip gets thinner because shape anisotropy has a bigger effect. Furthermore, a
softer material will respond to external magnetic disturbances more responsively.
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Figure 3.17: CoFeB and Nickel hysteresis loop produced by applying a changing
transversal magnetic field along the y direction

The transverse magnetic field hysteresis in Figure provides important in-
sights. For example, nickel behaves as though it has no transverse coercivity, but
CoFeB exhibits a small one. The slope of these hysteresis curves also indicates the
anisotropy of the material. Remarkably, in higher fields with very small widths, a
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realignment occurs. There is no doubt that the hardness of the material impacts
the steepness of this slope. On the other hand, the x component shown in Figure
3.18| exhibits the exact opposite behavior.

m

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 -0.05 0 0.05 0.1
Magnetic field, T Magnetic field, T

(a) CoFeB (b) Ni

Figure 3.18: CoFeB and Nickel hysteresis loop produced by applying a changing
transversal magnetic field along the y direction

With the width set to 1um, a detailed analysis was performed to understand
the domain behavior within the nanostrip. By running a simulation varying only
strain, it is observed in Figure that the angle of magnetization decreases rather
slowly for high negative strain values. It then quickly decreases as soon as the
strain becomes positive. This means that the positive strain on the strip favours
longitudinal magnetization. This was expected since positive strains are tensile,
which causes the strip to stretch and squash by increasing form anisotropy and
promoting magnetization along the easy axis.

Using OOMMF it is possible to plot some 2D maps showing in detail how
the strain modifies the domain. At the initial state in Fifurd3.20] the strip shows
predominantly longitudinal magnetization as expected due to its shape. Note in
detail the domains present along the edges. This is mainly due to the fact that
anisotropy plays a greater role at the edges.

Analyzing figure [3.21], one immediately notices that the structure exhibits nu-
merous domains due to strain. Reducing the strain to —1.5 x 10™* reveals how the
domains begin to align longitudinally. Additionally, the the various domains appear
slightly shifted, indicating that the magnetic field caused by the strain is able to
influence their movement. As expected for a positive strain almost all the domain
are aligned along the longitudinal axis.
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Figure 3.20: Initial state. The nanostrip has a length of 20um, width of 1um, thickness
of 20nm. Note the presence of edge domains due to anisotropy
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Figure 3.21: magnetization patterns visualised via OOMMEF. In the first pattern (a)
the magnetoelastic field has such an intensity that it creates magnetic domains along
the nanostrip. In (b), it can be seen that by reducing the intensity, it is unable to hold
the domains as before. Applying positive strain (c), magnetization is favoured along the
longitudinal direction

The fundamental mechanisms have been determined by studying the migration
of magnetic domains. It was demonstrated that when subjected to strain, domain
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walls nucleate and propagate, causing magnetic domains to reorient. Understanding
the switching mechanisms and the stability of the nanostrip’s magnetic state is
dependent on domain motion. However, these results refer to ideal structures. In
reality, other elements, like as defects and grain boundaries, have an equal impact
on the actual magnetic field, which is not merely magnetoelastic.

3.5 Measurement

A significant number of devices were measured, but the only devices that provided
meaningful data are shown in [3.4] All of these devices have a 20 nm thick mag-
netostrictive layer in nickel. To distinguish the various samples, H21 and H22 are
the names given to the devices obtained using sputtering and thermal evaporation,
respectively. As mentioned in Section [3.2.2], one of the main differences between
the two coupons is the presence of a capping layer in the sputtered devices. Hence,
the nickel in the H21 coupon devices is not in direct contact with the atmosphere,
preventing oxidation. In contrast, nickel in the H22 samples do not possess a specific
capping layer. As a result, the surface will have a thin layer of nickel oxide.

Coupon Device name Gate Length | Strip width Gap
H21 AMR STATS B1 11000 nm 1000 nm 1000 nm
Sputtered nickel H21 AMR GAP D1 11000 nm 1000 nm 500 nm
H21 AMR SW B2 11000 nm 500 nm 1000 nm
H22 AMR STATS B1 11000 nm 1000 nm 1000 nm
Evaporated nickel | H22 AMR GAP H1 11000 nm 1000 nm 1300 nm
H22 AMR SW H1 11000 nm 3000 nm 1000 nm

Table 3.4: AMR devices studied in this thesis. Each of them has the same length and
thickness. The geometric parameters that change are the strip width and the gap between
the nanostrip and the electrodes.

Utilizing parametric sweeps of the voltage, applied magnetic, and angle between
the device and the magnetic field lines, measurements were made to determine
whether the devices show signs of the magnetoelectric effect.

3.5.1 Angle sweep

Angular sweep refers to measurements made by rotating the sample in the middle
of a strong magnetic field and keeping a constant or null voltage. Doing this it is
possible to see the sine dependency of the resistance and in principle how different
voltages affect the curve. Also, this first step is critical to figure out what angle
to go to in the LabView program to precisely position the sample transversely or
longitudinally for subsequent measurements. Recalling that AMR effect is described
by [2.28], it is possible to plot the variation of the magnetization angle with respect
to the angle of the motor. As it’s possible to see from the pictures, all the devices
show AMR effect.
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Figure 3.22: Angle Sweep measurements

In any case important considerations about the state of the devices can be
made by comparing the values of the resistors. Considering pictures and
[3.22D] for both the geometry is the same and they were built in the same coupon.
Their resistances, however, are very different from each other. This indicates that
although the geometry and fabrication method is the same, the small imperfections
in the structure turn out to have non-negligible effects dealing with thin films. Then,
as easily imagined but still important to check to estimate the correct fabrication
of the magnet, halving the width of the strip the resistance doubles, as is shown in
Figure|3.22¢| instead in increasing the width threefold results in the resistance
decreasing by a factor of three. Similar observations could be made for the devices in
coupon H22 but remember that these, not having a capping layer, have an oxidized
layer of a thickness unknown to us.

3.5.2 Field sweep

In a field sweep measurement, the sample is exposed to a changing magnetic field at
a fixed angle. In according to the angle two different hysteresis loops can be seen.
Applying an electric field, the magnetoelectric effect occurs affecting the shape of
the loop as will be discussed later. If the angle between magnetic field lines and the
nanostrip is 90 degrees, the transverse hysteresis loop will be obtained, otherwise
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the longitudinal one. The angle will be set according to the values obtained during
the angle sweep. However, SOT setup is not the optimal choice for initial screening
and quick comparison of coercivity on various devices. This is because bonding
must be done to measure in that setup, but considering that devices with different
thicknesses are in the same coupon, it is not possible to bond multiple devices from
the same coupon in the same PCB. Therefore, for a quick study, it was decided
to make the measurements using a different magnetic probe station in another
laboratory that allows measuring various just by using some needles.

3.5.3 Gate Sweep

In gate sweep measurements, specific angles and magnetic fields are fixed while only
the applied voltage varies. These measurements are very useful for observing the
effects of different voltages and to evaluate the magnetoelectric coupling. Moreover,
to thoroughly investigate these effects, measurements have been conducted both
without any applied magnetic field and with magnetic fields of increasing intensity.
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Chapter 4

Results and discussion

4.1 Angle sweep results

The data obtained by doing an angle sweep are not used to calculate the magneto-
electric coupling because the application of a strong magnetic field (of about 3000
Oe) compromises any attempt at calculation. However, from , it is possible to
derive the relationship linking the resistance values to the magnetisation angle.

R—R,
Opr = cos™? R 4.1
M = COS ( R _RL> (4.1)

In this way, it can be observed in Figure that each maximum in the graphs
corresponds to a magnetisation angle of pi/2 as expected. For every minimum, the

angle is 0. This is true for every device, as it is due in itself to the physics behind
the AMR effect.

392
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Figure 4.1: Relationship between the angle sweep done previously and the angle of
magnetisation.
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4.2 Field sweep results

The first data collected using needles instead of bonding produced the following
graphs shown in Figure [£.2]

H22 AMR Strip Width, Longitudinal H22 AMR strip width, Transversal
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Figure 4.2: Field Sweep measurements for different strip widths

The graphs obtained illustrate how resistance varies as a function of magnetic
field strength. It’s important to consider the influence of geometry on the direction
of magnetization when analyzing these changes. The variations in transverse and
longitudinal resistance are markedly different due to their origins in distinct physical
phenomena:

e Longitudinal hysteresis loop shows that the change in longitudinal resistance
is primarily driven by domain wall motion. In this context, the switching
field is typically associated with the domain wall nucleation field. This field is
generally independent of the strip width, meaning that changes in the width
of the strip do not significantly affect the switching field in the longitudinal
direction. Conversely, the change in transverse resistance is driven by the
magnetization precess itself. In narrower strips, a broader peak is observed in
the resistance curve. This broadening is attributed to shape anisotropy, which
causes the narrower strip to resist switching under a transverse magnetic field
more than a wider strip. The shape anisotropy introduces additional com-
plexity to the switching behavior, as the narrower geometry enhances the
stability of the magnetization, making it less susceptible to changes induced
by the transverse magnetic field. The longitudinal switch provides valuable
insights into the coercivity of the magnetostrictive layer. Specifically, the
distance between the two peaks in the resistance graph corresponds to the
coercive field of the hysteresis loop. The fundamental principles of magnetic
behavior can be understood by considering that all magnetic domains align
with a strong magnetic field. In this aligned state, the resistance of the device
is at its maximum due to the increased probability of scattering processes.
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4.2. FIELD SWEEP RESULTS

As the magnetic field strength decreases, domain walls begin to emerge. The
formation of these domain walls reduces the overall alignment of the magnetic
domains with the applied field, causing a decrease in resistance. Consequently,
the resistance value will not reach the absolute minimum observed during an-
gle sweeps. This is because the magnetisation history and resulting anisotropy
maintain a certain level of misalignment among the magnetic domains, pre-
venting the complete minimization of resistance;

Transverse hysteresis loop instead confirm that for transverse measurements
the magnetic domains are oriented perpendicular with respect to the direc-
tion of the current. As a result, electrons traveling through the nanostrip
encounter fewer scattering events, leading to a minimal resistance. However,
as the intensity of the magnetic field decreases, the domains quickly redis-
tribute themselves according to the anisotropy of the strip. This realignment
significantly increases the resistance value.

By conducting measurements on the SOT setup, more reliable results have been
obtained in terms of coercivity and resistance readings. Additionally, the capability
to apply voltage allowed us to study its effects on the devices. Considering initially
the first device in Table The results of its field sweep are shown in Figure 4.3
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Figure 4.3: Longitudinal (a) and transverse (b) field sweeps for sputtered nickel with
strip width equal to 1000nm and gap of 1000nm

Regarding the longitudinal measurements, as expected, the coercivity remains
constant regardless of the applied voltage, meaning the minimum resistance values
occur at the same magnetic field strengths. Depending on the applied voltage,
the curves become either smaller and more compressed or narrower and deeper.
This variation is attributed to the magnetoelectric effect, which generates that
magnetoelastic force that influence the effective magnetic field experienced by the

strip.
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With regard to transversal measurement shown in similar considerations can be
made. In this case, though, the magnetoelastic field is in some cases strong enough
to hold the magnetization directed perpendicularly even in the presence of small
magnetic fields. To get a clearer picture of this, it is possible to represent how the
magnetization angle varies as a function of the magnetic field for a specific applied
voltage. From the angle sweep measurements, the values of R, and R are known.
This makes it possible to compare the variations in the angle for various voltages
in both longitudinal and transverse measurements in Figure 4.4

AMR-STATS-B1, AMR effect

——V=6.00V HL
—— V=-6.00V HL
——V=6.00V HT
——V=-6.00VHT

0°
-500 0 500
Magnetic field, Oe

Figure 4.4: Magnetization angle versus magnetic field

Halving the distance between the electrodes and the nanostrip reduce the effect
of the strain, as seen from simulations. This is proven by the fact that for differ-
ent voltages the obtained curves in Figure 4.5 appear very similar to each other,
especially for longitudinal ones. Moreover, having such a narrow gap leads to a
limitation on the maximum voltage that can be applied.

AMR-GAP-D1, AMR effect
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Figure 4.5: Longitudinal (a) and transverse (b) field sweeps for sputtered nickel with
strip width equal to 1000nm and gap of 500nm. (c) shows how the magnetization varies
with the field.
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By reducing the width of the nanostrip with respect the first discussed device,
the first thing immediately observable in Figure is the larger AMR effect due
to the fact that the strip is thinner.

. Ni 20nm, H21 AMR-SW-B2, Longitudinal
=

_ Nilonm, H21 AMR-SW-B2, Transversal

AMR-SW-B2, AMR effect
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-400 300 -200  -100 0 100 200 300 400
Magnetic field, Oc

(c)

Figure 4.6: Longitudinal (a) and transverse (b) field sweeps for sputtered nickel with
strip width equal to 500nm and gap of 1000nm. (c) shows how the magnetization angle
varies with the field.

In any applied field, the magnetoelectric effect is easily observable. The applied
voltage seems to better align the magnetic domains transversally during the trans-
verse sweep, indicating a strong coupling effect that improves domain alignment in
this direction.

Turning now to the analysis of devices with evaporated nickel, it is possible to
investigate possible differences due to the material being softer. Furthermore, the
absence of a capping layer can lead to conclusions regarding the influences of this
oxide on the surface. The measured field sweeps for these devices are shown in
Figure [£.7

The most immediately noticeable observation is that the difference between
the maximum and the minimum resistance is lower compared to the previous cases.
This reduction is probably due to the oxidation of nickel, which leads to the creation
of surface defects. These defects have several significant impacts, as they disrupt
the uniformity of the magnetic domains and so degrade the magnetic properties of
the material . Despite this, the strip responds to the same voltages as in the
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Figure 4.7: Longitudinal (a) and transverse (b) field sweeps for evaporated nickel with
strip width equal to 1000nm and gap of 1000nm. (c¢) shows how the magnetization angle
varies with the field.

previous case, but the magnetoelectric effect is considerably stronger. In fact, in
the longitudinal measurement, for V=6V the magnetization angle reaches almost
40° (as shown in [4.7d), rather than 50° like in the other. This is due to various
factors dependent on the nickel deposition process. With evaporated nickel, the
residual stress is lower and the BPZT will be less damaged. All this will increase
the coupling. Since other devices without the capping layer have been considered,
the latter graphs will be taken as a reference. This will still allow us to consistently
understand the effect of electrode spacing and strip thickness.

Wanting to compare how coercivity also varies, the longitudinal field sweeps
were compared showing that the coercivity value obtained experimentally for H21
STATS coincide with the value obtained from simulations as shown in Figure [4.8]
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Figure 4.8: Comparison between the longitudinal hysteresis loop for sputtered-nickel vs
evaporated-nickel devices without an applied voltage.

By increasing the distance of the electrodes, peaks compress and lengthen con-
siderably for the transversal and longitudinal sweep, respectively, as Figure [4.9

shows.
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Figure 4.9: Longitudinal (a) and transverse (b) field sweeps for evaporated nickel with
strip width equal to 1000nm and gap of 1300nm. (c) shows how the magnetization angle

varies with the field.

Furthermore, the fact that voltages of opposite sign rotate the magnetisation by
almost the same angle suggests a very symmetrical characteristic. If the thickness
of the nanostrip is tripled to 3000nm, a worsening of the magnetoelectric effect can

be seen in Figure [4.10]
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Figure 4.10: Longitudinal (a) and transverse (b) field sweeps for evaporated nickel with
strip width equal to 3000nm and gap of 1000nm. (c¢) shows how the magnetization angle
varies with the field.

4.3 Gate sweep results

BPZT, being ferroelectric, can exhibit two different strains for the same voltage,
depending on the previous material state. To ensure consistency in the coupling
measurement, it is therefore appropriate to get the BPZT in saturation so that
the generated strain can be considered within the same arm of the ferroelectric
hysteresis.

Starting the analysis in the same sequence as the field sweep measurements, it
is evident that in the absence of a magnetic field, the applied voltage significantly
alters the resistance. This change results in the clearly defined butterfly loop visible
in the figure The application of a magnetic field neutralizes the effects of the
voltage, as the strain generated is insufficient to produce a magnetic field strong
enough to counteract the influence of the external magnetic field. As a result, the
impact of the voltage on resistance is significantly diminished. Moreover the curves
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were obtained by positioning the device longitudinally therefore the application of
the magnetic field maximizes the resistance.
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Figure 4.11: Gate sweep for sputtered nickel device with strip width equal to 1000nm
and gap of 1000nm without applying any magnetic field (in blue) and with a magnetic
field of B = 30000e¢ (in red)

Using equation [4.1], the butterfly loop can be expressed in terms of the mag-
netization angle, showing how different voltages alter this angle. However, it is
important to note that the amplitude of the butterfly loop also depends on the ini-
tially applied voltage, which influences the overall magnetization behavior. Looking
the minor loop in Figure 4.12 when an initial voltage of -5V is applied, the two
curves are quite similar. The main differences become apparent when the voltage
decreases after reaching 5V. In this case, the voltage has a reduced effect, resulting
in weaker coupling.
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Figure 4.12: Magnetization angle versus voltage for two different loops. The minor loop
(in red) was obtained by applying voltages between -5 V and 5 V

Being made of composite, studying the interaction between the two layers is
very challenging. Consequently, to simplify the calculation of the magnetoelectric
coupling coefficient, it is essential to ensure saturation. This allows the voltage-
induced stress to be considered constant, thereby eliminating uncertainties related
to the hysteresis of the ferroelectric layer. Starting from the formula [2.22] it is
possible to make valid simplifications based on simulations. First of all from the
simulations it has been seen how the shear strain components and €., are negligible
with respect all the others. Moreovoer the magnetization along the z-component is
also negligible. For this reason simplifies to:

9 0
H,.=— Bimye 4.2
MOMS 1 Oy yy ( )

To calculate the coupling coefficient, it will be sufficient to take the derivative of
H,,. with respect to voltage. This can be done in Matlab using the same parameters
as in the simulations and by expressing m, in polar coordinates (m, = sinfy).
This leads to a maximum coupling « of 2.14 Oe/V for the positive voltages shown

in Figure [4.13
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Figure 4.13: H,,. versus V for sputtered nickel device with strip width equal to 1000nm
and gap of 1000nm

By reducing the gap distance instead, one can immediately notice a deterioration
in the overall behaviour of the butterfly loop, which appears much more squashed
and smaller in Figure This confirms the bad coupling if the electrodes are
too close to the nanostrip.
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Figure 4.14: Gate sweep measurements for sputtered nickel device with strip width equal
to 1000nm and gap of 500nm with applying a transversal magnetic field and without (a).
The magnetization angle versus the voltage is shown in (b)

Then, by reducing the strip width, it is noticeable that the butterfly loop once
again exhibits a not optimal coupling as presented in Figure [£.15 While the perfor-
mance is an improvement over the previously described case, achieving a maximum
coupling of 0.7 Oe/V, it is still significantly weaker compared to the device with a
width of one micrometer
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Figure 4.15: Gate sweep measurements for sputtered nickel device with strip width equal
to 500nm and gap of 1000nm with applying a transversal magnetic field and without (a).
The magnetization angle versus the voltage is shown in (b)

The best characteristics were observed in devices with evaporated nickel. Specif-
ically, in the case of the 1um wide H22 STATS nanostrip, a distinct butterfly loop is
clearly evident in Figure [4.16| and the minor loop corresponds closely to our initial
observations.

400 H22, AMR STATS A Bl

350 [

300 L

magnetization angle

Voltage, V

Figure 4.16: Gate sweep measurements for evaporated nickel device with strip width
equal to 1000nm and gap of 1000nm

This correlation is further substantiated by the calculated coupling coefficient
in Figure 4.17b|, which peaks at a maximum value of 10 Oe/V for positive voltages.
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Figure 4.17: H,,. versus V for evaporated nickel device with strip width equal to 1000nm
and gap of 1000nm

Increasing the electrode distance reveals that the device tolerates higher voltages
less effectively (near 10 V, the device exhibits significant losses). However, the
minor loop in Figure shows a seemingly improved characteristic due to its high
symmetry. Deriving the coupling yields a maximum value of 5 Oe/V.

H22, AMR GAP A H1
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Figure 4.18: Gate sweep measurements for evaporated nickel device with strip width
equal to 1000nm and gap of 1300nm

Increasing the thickness of the strip shows a deterioration in coupling. In fact,
the graph shown in Figure [4.19|shows that when trying to apply more than 3V, the
device no longer seems to work correctly, not showing a true butterfly loop. For
negative voltages, however, a maximum coupling of 0.35 Oe/V can be assigned.
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Figure 4.19: Gate sweep measurements for evaporated nickel device with strip width
equal to 3000nm and gap of 1000nm
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Chapter 5

Conclusion and outlook

5.1 Conclusion

In this presented thesis, some magnetoelectric device were studied in order to eval-
uate the magnetoelectric effect in thin-film composite made by BPZT/Ni using
anisotropic magnetoresistance effect. The magnetoelectric coupling has been eval-
uated by measuring how the magnetization angle, related to a specific value of the
resistance, changes depending on the voltage applied.

The first part of this thesis shows how the physics behind the magnetoelec-
tric effect in thin films depends very much on the fabrication steps, the choice of
materials and the geometry of the configuration used for measurements. Some mul-
tiphysics simulations were run to support this in order to examine the behavior
of the BPZT/Ni composite devices in more detail. Electromechanical simulations
were useful to study and understand the strain distribution in the magnetostric-
tive layer. Additionally, the simulations indicated that to maximize strain, the
nanostrip should be 1um wider and positioned 1um away from the gate electrodes.
Micromagnetic simulations were useful to show how different factors influence loop
hysteresis, in particular how reducing the sample thickness leads to an increase in
coercivity.

In the last part the devices were measured, doing different type of measurement.
In the field sweep measurement both transversal and longitudinal hysteresis loops
were studied for different voltages, thus analysing how the magnetoelastic field
affects it. It was observed that devices made by evaporated-Nickel show a better
butterfly loop and a smaller coercive field. In fact, this last property gives an
indication of how soft the material is and thus how it reacts to small external
stimuli.

The maximum coupling equal to 10 Oe/V has been obtained for the evaporated
nickel device with the optimal width and gap distance as expected. In addition
the most symmetric characteristic has been obtained for the evaporated nickel with
a gap distance of 1300nm with the maximum coupling coefficient of 5 Oe/V. Fur-
thermore, the butterfly loop of the sputtered Nickel is good but the coupling is five
times smaller. The results of this study show that to achieve a better coupling using
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thin films composite, it would be more appropriate to deposit a softer material us-
ing a gentle deposition technique. Furthermore, due to the geometry used in these
devices, it is difficult to try to further reduce the size of the system, which would
result in a smaller coupling.

5.2 Outlook

Although the magnetoelectric effect has been demonstrated in these composites,
further research is needed to achieve sufficiently high magnetoelectric coupling co-
efficient for low-voltage or in logic devices. One aspect of this research is that there
are many degrees of freedom, each of which could bring major improvements. The
use of materials with a high magnetostrictive coefficient are the first solution to
increase the coupling coefficient. New materials and alloys have been characterised
in recent years. Among them, Galfenol Fe,Ga,_, is very attractive in this field.
Based on the stoichiometric ratio, one can manipulate the elastic and magnetic
properties according to the desired purposes. Furthermore, by manipulating the
geometry of the device, one could also try to use shear stress components to in-
crease the contribution on the magnetoelastic field. This could be done by creating
more complex three-dimensional structures made by using heterostructures [13].
The attempt to maximise stress transfer in each requires more research and more
experimental measurements on different configurations. Finally, it should be noted
that with the current state-of-art, it is possible to make a switch of up to 90°. Fur-

ther research on how to make a 180° switch is needed for various applications such
as in the MeRAMTJ [7].
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