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Introduction

General context  Devices fabricated on flexible substrates (polymers such as Kapton(®),
PET, PDMS, PVDF, ....) have been widely studied because of their remarkable poten-
tial for new applications requiring non-planar functional systems [1]. During last years,
several electronic devices, such as flexible organic solar cells |2], light-emitting diodes
[3], and transistors [4], have been realized on top of various polymeric substrates and
even on paper. On a general point of view, flexible electronics has become a convincing
technology undertaking with countless shape attributes, from single curvature conformal
displays to complex curvilinear stretchable devices (especially for biomedical applica-
tions). The extent to which these thin films on flexible substrates can be safely bent or
stretched are essential, but highly challenging design features.

An example is given in figure 0.0.1, showing advanced concepts for conformal wrapping
of silicon-based circuits, initially fabricated in 2-Dimensional layouts, by using thin poly-
mer/metal interconnects. The results provided new practical routes to the integration
of high performance electronics with biological tissues and other systems of interest for
new applications [5].

The realization of functional, transparent, flexible, and stretchable magnetic micro-
and nano-structures may lead to a new generation of magnetic materials for sensing
and recording as well as magneto-optical and magneto-photonic devices. The current
generation of those technologies, utilizing more traditional substrate technologies, has
been highly successful. This suggests that the new generation with added functional-
ities will also be a success. Giant magnetoresistance (GMR) or tunneling magnetore-
sistance (TMR) multilayer structures can be used for high-speed read / write heads in
disk storage devices with their high magnetoresistance. Recently, GMR or TMR sensors
manufactured on flexible substrates, called magnetoelectronics flexible, have attracted
much interest because of their potential applications. Predictable applications of highly

magnetic particles in advanced fluidics and lab-on-a-chip platforms, and in human tissues
(health monitoring, ...). Moreover, moldable forms of consumer electronics devices and
smart textiles will benefit from magnetic functionalities offered by compliant magneto-
electronics [6].

The pioneering works on GMR were made by Uhrmann et al. [7] and Ozkaya et al. [8].
The main purpose of these studies was to demonstrate the feasibility of a magnetostric-
tive sensors on a flexible polyimide substrate. Slightly later, Barraud et al. [9] showed
that for magnetic tunneling junctions (MTJs) grown on flexible organic substrates, the
spin dependent tunneling properties of spintronic devices can be preserved even after
1% mechanical strain. Among more recent papers, one can cite works made by Denys
Makarov group (Helmholtz-Zentrum Dresden-Rossendorf, Germany), whose main inter-
ests are about applied features of magnetism in curved surfaces for sensoric applications.
They have developed GMR multilayers (Co/Cu and Pemalloy/Cu) on stretchable (PET)
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Figure 0.0.1 — a) Sketch of a layout of silicon, metal, and polymer layers in a unit cell
of a silicon circuit mesh test structure. b) Current voltage characteristics
measured by contacting the continuous metal line. c¢,d) Photographs of
the circuit mesh transferred onto the tip of a finger on a plastic substrate
with the shape of a human hand. d) Magnified view of the region indicated
by the box in (¢). e) Magnified image of the region indicated by the blue
box in (d) collected using a scanning focal technique. f, h) Colorized
angled-view SEM images of the sample shown in ¢). g,h) Magnified views
of areas indicated by the dashed boxes in f). The gray, yellow, and blue
colors correspond to silicon, Polyimide (PI), and PDMS, respectively [5].

and flexible (Kapton(®)) substrates, as shown in Figure 0.0.2. They have demonstrated
the potentialities of these systems for smart implants, and proximity sensorics for on-skin
or wearable electronics but also to realize the sensory feedback for a unique class of soft
actuators soft robotics [10, 11].

Bedoya at al. have also studied flexible GMR systems [12]. They have character-
ized Co/AlO3/NiFe junctions deposited on Kapton(®)) substrate under bending. They
showed that the performance were not affected upon substrate bending up to a radius
of r = 5 mm, demonstrating the potential of these devices for flexible spintronic appli-
cations, see figure 0.0.3. Surprisingly, it seems that magnetoelastic effects and thin film
damaging that would appears at relatively low strains (a few %) have a slight effect on
magnetoresistive properties.

Concerning magnetic field sensorics, flexible GMI (giant magneto-impedance (MI)) sys-
tems were also developed by Li et al. [13]. Magneto-impedance properties of NiggFea/Cu/NigygFeag
tri-layers deposited on Kapton@®) were studied by ferromagnetic resonance with in situ
bending (figure 0.0.4). Particularly, they have shown that despite of very low magne-
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Figure 0.0.2 a) Array of flexible magnetosensory systems. These are made of Co/Cu
multilayers deposited on Kapton foils. These flexible magnetosensitive
sensors can be used to monitor displacements or motion and provide feed-
back as needed. b) Response of the magnetic sensor bridge measured at
different bending radii and plotted versus applied magnetic field.
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Figure 0.0.3 a) Photograph of the bending angle magnetotransport experiment; the
radius of the curved support is used as a parameter in the device charac-
terization. b) MR ratio of flexible GMR system, as a function of applied
magnetic field [12].

tostriction coefficient of the films (A = 6.22 x 1078), the magneto-impedance properties
are very sensitive to elastic strains, e.g. to applied bending. Hence, the stability of
this kind of sensors during deposition must be improved by adjusting the NiyFe;_y alloy
composition, with a vanishing magnetostriction at z = 0.81 [14].

Main issues The main issues are to understand how the applied strains to the flexible
magnetic systems impact their magnetic properties. Obviously, when a thin film is
deposited on a flexible substrate, it is usually submitted to high mechanical stresses
due to the stretching or the curvature of the whole system. Moreover, these stresses are
all the more important given that the Young’s modulus contrast is high between the film
and the substrate. This contrasts is characterized by the Dundurs parameter a:

Y-V,
o= ———
Yf‘f—Y;

were Y =Y/ (1 — 1/2) is the plane strain elastic modulus, v is the Poisson ratio,
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Figure 0.0.4 — a) The layer stack of a sensor on a Kapton substrate. bl) A layer stack
deposited on a flexible Kapton substrate. b2) MI sensor strip of 22 mm
1.5 mm after patterning. c) Picture of the flexible MI sensor mounted on
the sample holder. d) Schematic of the high-frequency microstrip-based
curvature measurement setup for the flexible magnetic sensor [13].

subscript f and s refer to the film and the substrate respectively. The value of « can
vary from -1 for a rigid substrate to 1 for a compliant substrate. All the studies made in
the PhD concern systems whose Dundurs parameter is comprised between 0.9 and 1. In
these cases, a small effort applied to the system lead to high stresses in the thin film.

These stresses may have an important effect on the static and dynamic magnetic prop-
erties, especially on the resulting magnetic anisotropy of thin films on polymer substrates.
The involved phenomena can be the magnetoelasticity (inverse magnetostriction effect),
but also the multifissuration that occurs in thin film uniaxially strained that may modify
the magnetization distribution in the film (shape anisotropy). Concerning the magnetoe-
lastic effects, these are little known for the most fashionable spintronics materials (such as
full Heusler alloys CosFeAl or ferromagnetic amorphous alloys CoFeB that must also be
used in flexible systems. Therefore, the experimental determination of magnetostriction
coefficients of such alloys is of significant importance. However, the techniques allowing
such estimations are rare for thin films.

Recently, a few techniques dedicated to thin films have been developed, such as magne-
toelastic measurement setup with a Magneto-Optical Kerr Effect (MOKE) magnetometer
[15, 8], substrate deflection method under magnetic field [17], laser Doppler vibrometry
[18], MOKE with applied whole wafer curvature [19], strain modulated ferromagnetic
resonance|20|, or vibrating sample magnetometer coupled with bending [21].

Concerning measurements for flexible substrates, the first works have been made Lud-
wig et al. (Fes0Cosg, CogoBag, Fe Co B Si on polyimide substrates) by bending the
samples in a high-frequency permeameter [22]. The change in permeability as a func-
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Figure 0.0.5 — MI ratio of the sample under different bending levels at (a) 0.5 GHz and
(b) 1.1 GHz [13].

tion of applied strain is directly related to the magnetostriction coefficient. The slight
difficulty is that the relationship between the two parameters is not linear, as shown in

figure 0.0.6.
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Figure 0.0.6 — Change of the permeability as a function of applied tensile strain for a pos-
itive magnetostrictive multilayer (FeCo(2.1 nm)/CoB(0.9nm)) thin film on
polyimide [22].

Uhrmann et al. have made first experiments using MOKE and n situ tensile tests
on thin films (CoFe/Cu/CoFe GMR system) deposited on polyimide substrate, showing
clearly strain influence on hysteresis loops (see figure 0.0.7), but without estimating
magnetostriction parameters|7|.

Ozkaya et al. [8] have proposed to estimate magnetostriction coefficient of Co/Cu/Ni
stacks from GMR curves and MOKE curves recorded during tensile tests. The estimation
of magnetostriction coefficient A\ in each magnetic layer (Co and Ni) has been made
by introducing the magnetoelastic energy in the micromagnetic model proposed by H.
Holloway and D. J. Kubinski [23]. The fits of the simulations to the experimental curves
are shown in figure 0.0.8. However, very low values were found as compared to bulk
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Figure 0.0.7 Minor loop of the free-layer magnetization in unstrained state and under
four different strain levels: 0% (solid line), 0.5% (dashed line), 1% (dotted
line), 1.5% (dash dotted line), 2% (short dashed line) [7].

counterparts (1.75x 1076 for Cobalt instead of 60x 1075 and —0.4x 10~ for Nickel instead
of —30x1079). Size effect on magnetoelastic behavior are evoked in the paper. These last
exists for very thin layers (a few nanometers) but it seems also that the proposed analysis
for heterogeneous stacks is not straightforward and the interlayer exchange coupling
energy is not taken into account in the model.
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Figure 0.0.8 — Experimental and calculated curves for Co (8 nm)/Cu (4.2 nm)/Ni (8 nm)
GMR systems for 4 different applied strains (0%, 0.25%, 0.5% and 0.75%)
[8]. (a) GMR curves and (b) MOKE curves.
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Figure 0.0.9 Hysteresis loops for Feg;Gajg/ PET obtained under various external
strains using different measuring configurations, (a) Magnetic field H per-
pendicular to the tensile strain (outward bending of PET substrates), (b)
H perpendicular to the compressive strain (outward bending of PET sub-
strates) [16].

Dai et al. [16] have investigated on magnetic properties of magnetostrictive Fegi Gajg
films grown on flexible polyethylene terephthalate (PET) substrates under various me-
chanical strains by combining MOKE measurements and in situ bending. The hysteresis
loops were measured under various compressive or tensile strains by inward or outward
bending of the films, as shown in figure 0.0.9. They showed that the easy axis can be
tuned to the hard axis or vice versa by analyzing the magnetization curves with the
Stoner-Wohlfarth model, including magnetoelastic anisotropy contribution. This contri-
bution being proportional to the magnetostriction coefficient A and to the uniaxial stress
o, they were able to identify /estimate A = 100 x 107% in this alloy (know to show high
magnetostriction value for this composition). Moreover, they showed that a uniaxial
magnetic anisotropy K, is present for each film deposited on flexible substrates, which is
interpreted by inevitable slight deformations of the system. This point will be discussed
later in the manuscript (chapter 5).

Among the techniques probing magnetization in thin films, FMR-based ones are the
more pertinent for the targeted applications, since it allows measuring static (anisotropies,
saturation magnetization, ...) and dynamic (damping effect, microwave properties, ...)
magnetic properties. Weiler et al. [24] have used broadband FMR to quantify the ef-
fect of an electric field on magnetic anisotropy of Ni thin films deposited directly on
a piezoelectric actuator. The piezoelectric actuator deforms upon the application of a
voltage V). Due to its elasticity, an elongation (or contraction) along one direction is
always accompanied by a contraction (or elongation) in the two orthogonal directions.
Therefore, for V,, > 0, the actuator expands along its dominant elongation axis (here )
and contracts along the two orthogonal directions (and conversely for V}, > 0), as shown
in figure 0.0.10.
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actuator results in a deformation of the actuator and the affixed ferro-
magnetic film. The relaxed actuator at V,, = 0 V is shown by dotted
contours. c), e) Schematic free energy contours in the film plane. The
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Figure 0.0.11 — a) FMR spectra recorded at different voltages V},. b) The dependence of
resonance field on V), for two perpendicular configuration (longitudinal
strain parallel or perpendicular to H) [24].

As Ni is directly deposited onto the actuator, the elastic strains are well transmitted
to the thin films. Hence, thin film magnetoelastic properties can induce a rotation of
the easy axis for the magnetization. Experimentally, this is traduced by shifts of FMR
spectra (figure 0.0.11) and a change in the angular dependance of the resonance, as
illustrated in figures 0.0.10-¢) and 0.0.10-e).

Experimental study of the magnetic anisotropy for different applied voltages are shown
in figure 0.0.12. The angular dependance of the resonance field is strongly affected by the
elastic strains induced by applied voltage. These results demonstrate that a piezoelectric
actuator allows to modify the magnetic anisotropy of a ferromagnetic thin film, enabling a
voltage control of magnetization orientation. The possibility to orient the main elongation
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axis of the actuator along any given direction in the film plane opens a pathway for the
investigation of the magnetoelastic properties of ferromagnetic thin films under tunable
stress. We will see in the present manuscript that it is possible to tailor magnetization
of thin films deposited on polymer substrates using this approach.

Figure 0.0.12 — Angular dependance of the resonance field for two applied voltages (V}, =
—30 Vand V, = +20 V) [24].

Objectives The goal of this thesis is the investigation of the magneto-mechanical prop-
erties of ferromagnetic thin films deposited on flexible substrates. It is known regardless
of the deposition process employed, that thin films on flexible substrates are the seat of
intrinsic stresses, either tensile or compressive. In addition to these built-in stresses, thin
films are subjected to stress during use, which affect their functional properties. In order
to scrutinize the strain and stress effects on magnetization distribution in full Heusler
alloys CooFeAl or ferromagnetic amorphous alloys CFB, a combination of in situ broad-
band ferromagnetic resonance, mechanical testing (bending or piezoactuation) and strain
measurements (Digital Image Correlation) has been developed. A whole analytical for-
malism has been written to take into account of the involved phenomena (ferromagnetic
resonance, residual and applied stress state, resulting anisotropy field, ...). Applied and
residual stress effects on magnetic properties of the thin film alloys cited above deposited
on flexible substrate have been studied. Moreover, this thesis has also explored the effect
of the annealing temperature on the elastic and magnetoelastic properties of ferromag-
netic amorphous films CFB, in order to estimate the potentialities of this material for
applications in flexible spintronics .

Thesis organization We begin the thesis with a general overview of the field and the
evolution of the technology. Then, we briefly introduce basic concepts in magnetism (in
chapter 1) and elasticity (in chapter 2) generally necessary for the understanding of the
performed experiments. Thereafter, the employed experimental methods in the frame-
work of this thesis project will be described in chapter 3. Chapter 4 provides a methodol-
ogy for the determination of the magnetostriction coefficients of magnetic thin film (non-
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textured polycrystalline Ni (as model system), full Heusler alloys CooFeAl and ferromag-
netic amorphous alloys CFB. Chapter 5 describes the origin of the unavoidable residual
magnetic anisotropies in ferromagnetic thin films deposited on flexible substrates. Chap-
ter 6discusses the effect of the annealing temperature on the magnetoelastic properties of
CFB. Finally, in chapter 7, we will show how we can use ferromagnetic resonance in the
frequency domain to follow the magnetization direction in thin film on flexible substrate.

10
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1 Fundamental concepts in magnetism

This chapter is dedicated to the introduction of magnetic mechanisms that are relevant
in the framework of this thesis. First of all, the magnetic interactions and the magnetic
anisotropies effects which are important to be understood by the reader. Thereafter, the
microscopic and macroscopic behaviors of the magnetization under the influence of an
external perturbation. Before presenting the experimental techniques employed in this
thesis, we will gives the theoretical description magnetization dynamics and the resulting
magnetic excitations uniform mode precession of the magnetization and spin waves and
some relaxation mechanisms we encountered in the study of ferromagnetic thin films.

1.1 Magnetic interactions

In this section, we will outline the origin of magnetic interactions by emphasizing fer-
romagnetic ordering, since ferromagnets are the main subject of this thesis. We will
show that the magnetic dipolar interaction is too weak to be responsible of the ferro-
magnetism.The ferromagnetism is classically explained by quantum mechanical effect;
indeed, it is the exchange interactions which is the cause of magnetism in metals. There-
fore, we will show that the exchange interaction can be splitted into two different class:
direct and indirect interactions, respectively.

1.1.1 Magnetic dipolar interaction

The energy of two magnetic dipoles p7 and g5 separated by the vector 7 is given by:

oo 3 o
g=1 (ul.uz—rz(ulf")(ug.r)) (1.1.1)

43

The dipolar energy is long-range interaction and thus depends on their distance and
relative orientations. For an estimation of this energy we choose typical values with
p1 = pg = lpp (where pp is the Bohr magneton) and r = 2A. Additionally, assuming
w1 T po and p 7T 7 leads to an energy:

5 _ Mok
273

=21 x107%J ~ 107 %V (1.1.2)

The corresponding temperature (E = kgT with kp the Boltzmann constant) is far below
1K. But, the order temperature, otherwise the Curie temperature T of ferromagnetic
materials can reach up to 1000 K (for instance the Curie temperature of CooFeAl Heusler
alloys studied in this research project is approximatively T ~ 1000 K). Therefore, the
magnitude of the magnetic dipole interaction is too weak to cause a ferromagnetism
order.
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1 Fundamental concepts in magnetism

1.1.2 Exchange interactions

The exchange interaction is the interaction responsible for the establishment of mag-
netic order in magnetic materials, parallel alignment of spins i.e ferromagnetic, antipar-
allel alignment of spins i.e ferrimagnetic, etc. This interaction arises from a quantum
mechanical effect with no classical analogue, due to the indistinguishability of electrons.
The exchange interaction can be splitted into two types of interactions (direct and in-
direct exchange) according to the distance between the magnetic moments. When the
electrons of neighboring magnetic atoms directly interact, this interaction is called direct
exchange because it is done without the mediation of intermediate atoms. In the case
of indirect exchange, the involved wave functions are weakly overlapped (for rare earth
metal atoms with their localized 4f electrons) then the direct exchange does not repre-
sent the dominating mechanism for magnetic properties. For this class of systems the
indirect exchange interaction is responsible for magnetism.

1.1.2.1 Direct exchange

The direct exchange as previously introduced arises from a direct overlapping of elec-
tronic wave functions of the contiguous atoms. The electrons that belong to those wave
functions are indisguishables. Because the electrons are fermions, the Pauli exclusion
principle must be fulfilled. As a consequence, the wave function is then antisymmetric.
The exchange interaction can expressed in the sample case of two electrons by an effective
hamiltonian Hy;, which is given in the Equation .

Hopin = —2J51.5, (1.1.3)

where S and §2 are the angular spin momentum vector of atoms in the ¢ and j sites.
J is the exchange constant or the exchange integral. To be more general, atoms in solids
are constituted of many electrons, the exchange energy in the case of many-body systems
is then given within the Heisenberg model by the Hamiltonian:

H=>"1J;5.5; (1.1.4)
ij
with J;; being the exchange constant between ¢ and j spins. The factor 2 is included
in the double counting within the sum. Often a good approximation is given by:

J t neighb i
Jiy = { or nearest neighbor spins (1.15)

0 otherwise

The sign of the exchange integral describes the alignment of spins. For example, if J > 0,
the interaction favors parallel alignment of the spins, which corresponds to ferromagnetic
ordering. If J < 0, an antiparallel (i.e antiferromagnetic) alignment occurs. Moreover,
it is correlated to the ratio a/r, with a being the interatomic distance and r the radius
of the d—shells. Bethe-Slater give the graphical illustration of such behavior (see figure
1.1.1). As we can see, this curve allows to distinguish between ferromagnetic 3d elements
like Fe, Co and Ni exhibiting a parallel alignment and thus a positive exchange constant
and antiferromagnetic elements like Mn and Cr with an antiparallel orientation of the
magnetic moments and therefore a negative exchange constant|2, 3, 4].
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1 Fundamental concepts in magnetism

M S

v

Figure 1.1.1 — Bethe—Slater curve: elements above the horizontal axis are ferromagnetic,
below the axis are antiferromagnetic. a corresponds to the interatomic
distance and r is the radius r of the 3d electron shell.

1.1.2.2 Indirect exchange

It exists different class of indirect exchange depending on the magnetic material. In
the following, we present the main known ones.

Superexchange Super exchange arises frequently in transition metal oxides where the
3d magnetic ions are separated by non-magnetic oxygen ions. Thus there is no direct
overlap between d orbitals of magnetic ions; the interaction is indirect and occurs because
d orbitals hybridize with p orbitals of oxygen ions; Let’s consider 2 magnetic ions M1
and M2 separated by an oxygen ion O, d electrons are partially delocalized on oxygen
and the delocalization energy is different according to magnetic moment configurations
i.e parallel or antiparallel (see figure 1.1.2-left). It is the most common magnetic inter-
action in insulators, e.g. LagoCuQOy4, MnO, MnFs, NiO, etc. The sign and value of this
super exchange interaction depends on the number of electrons, of the type of d orbitals
involved, and on the angle M1-O-M2. It is most often negative, leading to antiferromag-
netic interaction as in MnO for instance, but it can be positive as in EuO. Finally it is
always a short range interaction because it involves hybridization between neighboring
ions, M and O.

JRKKY
M1 o] M2

.--m... [N\~
: . VAR

Figure 1.1.2 — Left: Ilustration of the indirect magnetic exchange interaction between
anion-mediated magnetic cations. Right: Variation of the indirect ex-

aly aly’

change coupling constant, Jrr ky, of a free electron gas in the neighbor-
hood of a point magnetic moment at the origin » = 0.
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RKKY exchange interaction The indirect exchange couples moments over relatively
large distances. It is the dominant exchange interaction in metals, where there is little
or no direct overlap between neighboring electrons. It therefore acts through an inter-
mediary, which in metals are the conduction electrons (itinerant electrons). This type of
exchange is better known as the RKKY interaction named after Ruderman, Kittel, Ka-
suya and Yoshida |5, 6, 7]. The RKKY exchange is a long-range interaction contrary to
direct exchange, the RKKY coefficient Jrx gy which is given by oscillates from positive
to negative as the separation of the ion changes and has the damped oscillatory nature
shown in figure 1.1.2-right.

1.2 Magnetic anisotropy effects

When the physical properties of a material depend on the direction in which they are
measured, these properties are said to exhibit anisotropy. In the case of ferromagnets
which are the materials studied in this research project, the preference for the magneti-
zation to lie in a particular direction in a sample is called magnetic anisotropy. The mag-
netic anisotropies can arise from the sample shape, crystal symmetry, stress or directed
atomic pair ordering. There are two main microscopic origins of magnetic anisotropy.
We distinguish between magnetic anisotropy due to spin orbit coupling (SOC) as com-
pared to magnetic anisotropy of dipolar origin. The former includes magnetocrystalline,
magnetoelastic anisotropy; the latter explained in subsection 1.1.1 is responsible of shape
anisotropy. Phenomenologically speaking, the anisotropy effects are described in term of
free energy density per unit volume that has the same symmetry than the crystal struc-
ture of the material. This kind of anisotropy is called magnetocrystalline anisotropy.
Anisotropy is of considerable practical importance because it is exploited in the design
of most magnetic materials for spintronics applications..

1.2.1 Magnetocrystalline anisotropy

The magnetocrystalline anisotropy referred to dependance of the spontaneous magne-
tization on the crystal structure. The magnetocrystalline anisotropy is a consequence of
the spin-orbit interaction. As consequence the magnetization of a material prefers to align
along a well-defined crystallographic axis to minimize its internal energy. The directions
in which the magnetization lies to minimize the energy are called easy axis. An energy
term is used to describes this kind of magnetic anisotropy, it is called magnetocrystalline
energy.

1.2.1.1 Uniaxial anisotropy

In a material with a uniaxial (hexagonal and tetragonal) symmetry, the uniaxial
anisotropy energy can be phenomenologically described by a series expansion. Let us
consider Co material which crystallizes in a hexagonal structure, it presents a uniaxial
anisotropy with an easy axis of magnetization parallel to the z—axis (otherwise c—axis)
of the crystal. A rotation of the magnetization away from the easy axis, increases the free
energy density reaching a maximum value at § = 90°, where 6 is the angle between z—axis
and the magnetization vector, with a 180° periodicity of oscillation before returning to its
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initial value at #=180°. The free energy density of a material with uniaxial (hexagonal,
tetragonal) symmetry is expressed with a power series expansions|1, 2, 3, 8, 9, 11] :
F, :@:ZK sin®" ¢ (1.2.1)
u ‘/0 un ke

n

Then, expanding the free energy F), in the equation 1.2.1 leads to equation 1.2.2:

F, = K1 sin? (0) + Kypsin (0) + K3 sin® (8) cos (4¢) (1.2.2)

The coefficients K, (n= 1, 2, 3) are the anisotropy coefficients and ¢is the angle between
direction of the spontaneous magnetization and x—axis. The higher order terms are small
and their values are not always measurable. In the case of a hexagonal or tetragonal
crystal structure in which the term K,; predominates and is positive, the magnetization
will lie along the easy which correspond to the z—axis. In other words, the magnetization
is stable in that direction. Such an axis is referred to the magnetization easy axis or
simply easy axis. The magnetization will be along in the direction perpendicular to the
z—axis if K1 < 0, so the magnetization is in an unstable state in this situation and
its energy is maximum. Such axis are called hard axis of magnetization or simply hard
axis. However, if K,1is not preponderant the magnetization will be in others directions.
We can plot a diagram showing the magnetization directions in a hexagonal crystal for
different values of the anisotropy constants K,jand K,o. For this, lets take the following
situation:

Ky, >0 and Ky + Ky > 0. (1.2.3)
in these considerations the minimum of the anisotropy is reached when 6 = 0, whereas

if

Ku >0 and 2K, > —K,. (1.2.4)

the minimum of the energy is obtained when 6 is equal to:

Kul

0= —
2K o

(1.2.5)

1.2.1.2 Cubic anisotropy

The anisotropy energy for cubic crystal such as Fe or Ni is formulated in term of
direction of cosines m = % = (a1, ag, ag) of the magnetization vector with respect to
the cubic edges. However, the given expression of the anisotropy must respect the crystal
symmetry. The anisotropy energy must be compatible with the symmetry group of the
crystal by remaining unchanged under all operations. The magnetocrystalline anisotropy
for cubic crystals is generally written in the form proposed by Akulov (see equation 1.2.6)
[1, 10, 11, 22|, i.e a polynomial series of o, ag and ag.Those terms which include the
odd powers of «;, must vanish, because a change in sign of any of the «;, should bring
the magnetization vector to a direction which is equivalent to the original direction.
Moreover, the expression must be invariant to interchange of two «; so that the terms
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Figure 1.2.1  First order anisotropy energy surface for iron cubic crystal for a positive
K1 (left) and negative K, (right ) anisotropy coefficient.

oz?lajzmozi”, must have for any combination of [,m and n the same coefficient than any

interchange of i, j and k. Therefore, the terms should be in the form of + a3 + a3 =1

2
F. =K, (a%a% + adal + aga%) + Ko (a%a%a%) + K3 (a%a% +adal + a%a%) + ...
(1.2.6)

Where the direction cosines can be given:

(o1, az, az )=/ sin(d)cos(y), sin(f)sin(p), cos(f) ) (1.2.7)

We can replace this relation (equation 1.2.6) and limiting ourselves to the first order
of the anisotropy energy:

F. = K1 (sin® 6 cos? psin® o + sin® § cos® 0) (1.2.8)

We can see in figure 1.2.1 the 3D representations of the cubic anisotropy for K,; > 0
and K,; < 0. If K, is positive, the easy axis (minima of the energy) are along the
< 100 > direction i.e along the cube axes. The energy minima is along < 111 >
directions i.e along the diagonal of the of the cube if K,;< 0.

1.2.2 Shape anisotropy

A magnetized body has at its surface "free poles" that arise where the normal com-
ponent of the magnetization M goes through a discontinuity. These “free poles” with a
volume density p = —VM and surface density o = M.7i (where 7 is the normal vector)
create a demagnetizing field H, which opposes to the magnetization direction. If the
magnetization is uniform, then only the surfaces carry some “free poles” since VM =0.
Thus, the intensity of the demagnetizing field H, is proportional to the value of the
magnetization M:

Ay=-Nii

Where W is the demagnetizing tensor. The resulting free magnetic energy can be
written as:

1 oo -
Fipotar = 5MWM (1.2.9)

Let us consider the case of a prolate ellipsoid object, the components W along the axes
that coincides to the semi-axes of the ellipsoid N, IV, N, are called the demagnetizing
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factors. The demagnetizing tensor is symmetric and becomes in the axes that coincides
with the axes of the ellipsoid and is given by:

N, 0 0
N o N, 0 (1.2.10)
0 0 N,

z

The trace of the demagnetizing tensor W satisfies N +N,+ NN, = 4. For an arbitrary
direction of the magnetization with respect to the semi-axes of the ellipsoid, characterized
by the direction cosines of the magnetization ay,ay, o, the free energy density is given
by:

1
Fuip = 5 M* (Nyag + Nyaj; + Nza?) (1.2.11)

We can venture to calculate the dipolar free energy density for different geometries;
the sphere, a spheroid, an infinitely long cylinder and for a thin film. In the case of a
sphere, the tensor amounts to:

Ar/3 0 0
N o 43 o0 (1.2.12)
0 0 dn/3

and the free energy density is given by:
Faip = 5 M Sw(az+o¢y+az) = 37rM (1.2.13)

thanks to the normalization of the direction cosine a%—kai—i—az = 1. Thus, for a sphere
which is isotropic, all the directions are energetically equivalent. For a spheroid the axes
x and y otherwise called semi-minor axes are equal in length (z = y) but different to
the z—axis (semi-major axis). As a consequence, the demagnetizing factor N = N, and
N, = 4w — 2N,. The free energy density in this case is given by:

1
Faip = 5M2 (Na sin? 0 cos® p + Ny, sin? §sin?  + (47 — 2N,) cos? ) (1.2.14)

1
Fuip = 5M2 (N, + (47 — 3N,) cos® 0) (1.2.15)

For an infinitely long cylinder, we have x = y and , the demagnetizing tensor is given
by:

o 0 0
N-| 0o 2r 0 (1.2.16)
0 0 0

The free energy density is given density amounts to:

1

2 1
Faip = §M2§ (sin2 0 cos? w0+ sin? 0 sin® go) = §7rM2 sin? 0 (1.2.17)
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1 Fundamental concepts in magnetism

For thin films as is discussed in that framework of this thesis, all the demagnetizing
vanishes except the one for the direction perpendicular to the film. The demagnetizing
tensor is given by:

0 0 O
N=[oo0 o (1.2.18)
0 0 4m
and the free energy density is:
Fyip = 2mM? cos® 0 (1.2.19)

1.2.3 Magnetoelastic anisotropy and magnetostriction

In addition to magnetocrystalline anisotropy, there is another effect related to spin-
orbit coupling called magnetoelastic anisotropy. Magnetoelastic anisotropy arises from
the strain dependence of the anisotropy constants. Upon magnetization, a previously
demagnetized crystal experiences a strain that can be measured as a function of applied
field along the principal crystallographic axes. A magnetic material will therefore change
its dimension when magnetized (from ¢ to £+ §¢). The effect was first observed by Joule
that bears his name, it is also called direct magnetostriction effect. A magnetostrictive
strain coefficient A can be introduced to describe this phenomenon: \ = %. It should
be noted that A can take positive or negative values. Moreover, its sign can also change
during the magnetization process. Furthermore, the magnetic field dependence of X is not
linear. The converse effect otherwise Villari effect, or the change of magnetization with
stress also occurs[11]. The resulting magnetostrictive strains A = % are about 107° for
Fe[12] but can reach values as high as 1073 for FeTb alloys[13]. For the sake of brevity, we
will take the example of a cubic system. The magnitude of the magnetoelastic anisotropy
is described by two magnetostriction coefficients (A111 and A1gg), or by the magnetoelastic
coupling coefficients (B, By ) and the level of stress|14|. The magnetoelastic anisotropy
for a cubic system is thus given by ':

2 2 2
F,. = B (alel + a5e + a353)

+ By (a2a3€4 + ajases + aganeg) + Bs(er + €2 + €3) (1.2.20)

The direction cosines of the magnetization with respect to the cubic axes are given
by «; , the strains g; are measured along the cubic axes. Equation (1.2.20) describes
how the magnetization direction interacts with the strains to result in a magnetoelastic
energy density that is given by the so-called magnetoelastic coupling coefficients By and
By. The magnetoelastic energy is usually written as a function of the magnetostriction
coefficients. For this, relations between the magnetostrictive strains, magnetoelastic
coupling coefficients and elastic coefficients have to be defined. Indeed, the application
of stress will deform the crystal until the magnetoelastic energy Fj,. is balanced by the
elastic one F,; (see Chapter 2).

1. Note that contraction notations are used here (see chapter 2).
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Magnetostriction in cubic single crystal

The equilibrium strains are obtained minimizing the total energy (Fjo), so here Fi, =
Fie + Fep. Thus, the following equations are obtained:

OF
8;Ot = Ch1e1 + Ch9 (EQ + 83) + Bla% + B3 =0 (1.2.21)
1
OF
8€t0t = Ch1e9 + C19 (81 + 63) + Bla% + B3 =0 (1.2.22)
2
OF
a;Ot = (1162 + Cyo (61 + 63) + Blag + B3 =0 (1.2.23)
3
oF,
bot — Cyseq + Boasaz =0 (1.2.24)
664
oF,
ol — Cuses + Baoas = 0 (1.2.25)
665
OFE
ol — Cuyeg + Baonay = 0 (1.2.26)
666

If equations 1.2.21, 1.2.22 and 1.2.23 are summed, a homogeneous expansion A is
found. This expansion is independent of the direction cosines of the magnetization and
corresponds to an elementary variation of the ferromagnets’ volume.

—B1+3B3
A=ci+er+e3=——"—"7+- 1.2.27
1 2 €3 Ci1 + 2C9 ( )

If we neglect this variation, we found that:
~Biajy; ~Biai,;
€ = —" — (C9A ~ ——% 1.2.28
T C 0 TP Ci1—Ch2 ( )
-B
€456 = T 722,1,1785,2 (1.2.29)
Cua

We then introduce the direction cosines (31, 82 and 3) between the cubic crystal and
the crystallographic axis. The relative variation is given by:

4
7= > eiiBiB; (1.2.30)
2%

The following relation is deduced:

4 —By 1
7T Oh—Cn (04%/3% + o385 + a363 — 3>
-B
+ aj (a3 faB3 + s f1 3 + araafBifa) (1.2.31)

We found the well known magnetostrictive coefficients (A19g and A111) as function of the
coefficients By and Bs by evaluating the above equation when the crystal is respectively
magnetized along < 100 > and < 111 >:

2 By
3C11 —Ch2

By

d M= ———
an 111 30

A1oo = —
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Note that we can introduce Aigg and Ajgg in equation 1.2.31:

o 3 1
= Svun (a2 + 33 + o3k - ;)
+ 3111 (a3 B203 + anasfi Pz + arazfi 52) (1.2.32)

Moreover, it is interesting to write the strains tensor:

Moo(BF —5)  AiBife 1115183
=3 MuBife Aoo(B3 —3)  AfBefs (1.2.33)
Mubifs Aifefs Moo(B3 - 3)

Indeed, the magnetoelastic energy can be directly written as:
Ene=—0:¢ (1.2.34)

As previously said, the magnetostriction coefficients are about 1076 in 3d metals (Fe,
Ni and Co). In Nickel single crystals, the two magnetostriction coefficients are negative
(Moo = =51 x 1076 and A1 = —22,4 x 10_6). The case of Fe is interesting because the
coefficients are of opposite sign (A1gg = 20 x 107% and A;1; = —20 x 1079).

Magnetostriction in isotropic polycrystalline films

Magnetic thin films deposited onto polymer substrates generally present a microstruc-
ture which is either isotropic or transversely isotropic. We will discuss the case of isotropic
materials here. In this case, the magnetostriction is isotropic. If the film is magnetized
(till saturation) along a macroscopic crystalline direction, the above tensor (equation
1.2.33) could be written as:

A0
e=| 0 —
0

A
0 -3

0
0

o>~

(1.2.35)

This result shows that the longitudinal magnetostriction is twice time higher than
the transverse one with an opposite sign. Furthermore, to find the value of this X, it
is interesting to use homogenization models initially developed for elastic coefficients
calculation in polycrystalline films. The simplest ones are the Voigt and the Reuss
models. In the Voigt approximation, the crystallites are considered as having the same
deformation e( (iso-strain), so the ensemble average is given < o >=< Ce > can be
simplified to < ¢ >=< C > gg. As a consequence, the energy of each crystallites is
expressed as a function of strain and the magnetization with the assumption of equal
strain and minimization of the sum of all free energies with respect to strain. The
following relation is then deduced:

Cp —C Cp —C
A= ( ol ) A100 + <1 1ol > A1t (1.2.36)

Ci1 — Ci2+3Cu CC —Cra+3Cy

Or by introducing the Zener anisotropy index A = 0121614512
2 3A
A=|——1|A — A 1.2.37
<2+3A> 100 <2+3A> tH ( )
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In Reuss approximation, the crystallites are considered to be the seat of the same
stress oy (iso-stress), a uniform stress through the crystallites is assumed. < € >=<
Sop >which can be simplified to < € >=< S > 0¢. Then, magnetostriction coefficient of
an isotropic polycrystal is given in the Reuss approximation by: [15, 16]

3

2
A= -\ -\ 1.2.38
3 100 + AL ( )

1.3 Magnetization Dynamics

The magnetization dynamics refers to time evolution of the macroscopic magnetiza-
tion after thermal, electromagnetic (e.g. microwave) or even matter wave/particle (e.g.
neutron, electron or phonon) excitations|[17]. In magnetization dynamics, similarly to
any other type of time evolution of a physical quantity, one has to consider the magnetic
response in relation to the amplitude and energy spectrum of the excitation as well as
the relaxation rates and likely different dissipation channels allowing the stored energy to
dissipate to the lattice. A wide energetic range of excitations produced by time varying
magnetic fields has been investigated in the frequency and time domain of spin dynamics.
Depending on the amplitude of the excitation linear- and non-linear magnetic responses
which are described by the field- and frequency-dependent magnetic susceptibility tensor
x can be monitored.

1.3.1 Landau Lifschitz Gilbert (LLG) equation

The dynamical process in ferromagnets are described using a continuum approach.
Spins in ferromagnets are strongly coupled. For this, the magnetization (Mz%) which
is the sum of magnetic moment per unit volume is used as a characteristic parameter of
the ferromagnetic system. Thanks to this continuum approach, the classical theory can
be used for the treatment of the dynamics process of the magnetization. However, the
equations of macroscopic electrodynamics should be supplemented by materials char-
acteristic equations, which describe the particular relation between the magnetization
vector M and the magnetic field H. Let us consider the ferromagnet medium as a sum
of classical top with an angular momenta J and magnetic moment . From quantum-
mechanics, we know that the magnetic moment is proportionally related to the angular
moment as follows:

fi=n~J (1.3.1)
In this case, the equation of the top can be written as follows:
h=— =jixH (1.3.2)

Using the relation M =N where N is the number of tops in a unit volume and the
relation 7/ =+ J, we obtain the equation of motion of the magnetization (equation 1.3.3)
which was firstly proposed in 1935 by Landau and Lifschitz[18].
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H 1

d¢

Figure 1.3.1 — When disturbing the equilibrium configuration, the magnetization M pre-
cesses around the effective magnetic field ﬁeff (left). The torque acting
on the moment is given by equation 1.3.3. When introducing damping,
the magnetization follows a helicoidal trajectory back to its equilibrium
position (right), described by equation 1.3.4.

oM L
- = *’Y(M X Heff) (133)

ot
It is important to point out that this equation is only valid if the magnetization M is
uniform and changes in space slowly. Moreover, this equation does not allow for "losses’,
i.e, for the dissipation of the magnetic energy. Since the oscillations of the magnetization

are inevitably accompanied by a dissipation of their energy, to describe this behavior
Gilbert, in 1955 corrected the Landau-Lifshitz by introducing a damping term|[17, 18, 19].

dM S a - dM

where v denotes the gyromagnetic ratio and « is called dimensionless Gilbert damp-
ing. Thus, (aw)~! is the relaxation time with w the microwave frequency. The result-
ing precessional frequency is determined by the gyromagnetic ratio «y, the saturation
magnetization M, and the effective field H, ¢ which contains internal fields such as the
magnetocrystalline anisotropy field, the demagnetizing field, the exchange field, the mag-
netoelastic field and the external bias field ﬁg. In the LLG equation, the first term on
the right hand side describes a precession of the magnetization vector, while the second
term otherwise called Gilbert damping term has been phenomenologically introduced
to take into account realignment of the magnetization to its equilibrium position. This
phenomenon is illustrated in figure 1.3.1. For a ferromagnetic system, if we know its free
magnetic energy density F', the effective magnetic field ﬁeff in the LLG equation 1.3.4
satisfies[20]:

Hyp=——— (1.3.5)
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1.3.2 Magnetic susceptibility

We will start solving the equation of motion in order to determine the high-frequency
magnetic susceptibility limiting ourselves in the simple case a lossless ferromagnet. For
this, we will focus on the LLG equation where the damping term is neglected.

1.3.2.1 Lossless Magnetic Susceptibility

To solve the Landau-Lifschitz equation, we linearize it by decomposing the magnetic
field and the magnetization respectively in two components: a static component (Hy,
My) and a dynamic component (h ,m):

H=Hy+h. , M=DMy+m~ (1.3.6)
and by assuming that
HHNH < HMO el < HMOH (1.3.7)

Then by substituting the sums 1.3.6 into the Landau-Lifschitz equation 1.3.3 taking
into account the conditions 1.3.7, we can linearize the equation 1.3.3 in the following

form:

oM, = -
% Vi = — Mo X oo (1.3.8)

This equation is linear with the dynamic components m.. and B Considering har-
monic time dependance of 7., and h.and using the complex amplitude methods [21, 22],
leads to the following complex variables:

h. = hexp(iwt) and 1~ = mexp(iwt) (1.3.9)

The complex vector quantities 7 and h in 1.3.9. They satisfy the Landau-Lifschitz
equation:

1w 4 ym X ﬁo = —~vMy x h (1.3.10)

We can rewrite this equation projecting onto the axes of cartesian coordinate system,
taking the z-axis in the same direction than Hg and Hp, we get:

twmg  +  yHomy = vMoh,
—yHom, + iwmy =yMoh,

wwm, =0

The components m and h are related by the high-frequency magnetic susceptibility
s
X :
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m=%h (1.3.11)
where ? is called the Polder tensor:
X iXa O
XY= x 0 (1.3.12)
0 0 O
where
whgwyy /4T wwpr /4T
== 27/2, Xa — 27/2, WH = ’}/HQ and WM = ’}/47TMO (1313)
wi —w Wi —w

The components b and h are are related by this relation:

-

h="b (1.3.14)
The high-frequency magnetic susceptibility can be easily deduced from:

<
W="T +4n% (1.3.15)

Aprd
where [ is the identity tensor viz. a diagonal tensor with all nonzero components
equal to unity. We obtain the following relation by using equation 1.3.12:

Booipa O
=] —pa pn 0 (1.3.16)
0 0 1
where
2 2
W, —w wwyr /4T
po= Na:Xa:QL/Q; wi:wH(wH‘FwM) (1.3.17)
Wi —w W —w

1.3.2.2 Lossy magnetic susceptibility

In equation 1.3.12, if w — wpy, we notice that the expressions y and x, grow un-
limitedly. Taking the magnetic damping into consideration will avoid this phenomenon.
In this part, we will address the magnetic susceptibility for lossy ferromagnet. For this
purpose, we will proceed in the same way by following the same reasoning than forgo-
ing equations (i.e the lossless ferromagnet). For this, we will use the conditions used in
equation 1.3.6 in the LLG equation, then we will have an equation similar than the one
obtain in equation 1.3.10:

iwi + v x Ho + %" x My = —yMo x (7, 1) (1.3.18)
0

To find the magnetic susceptibility in the presence of losses, one has to project the
linearized LLG equation onto the coordinate axes. Then, after resolving the resulting set
of equations, we have the susceptibility tensor 7 However, it easier to derive directly
the tensor ?, by replacing in equation 1.3.13 the following expression:

W — wy + iw (1.3.19)
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Figure 1.3.2  The real (solid line) and the imaginary (dashed line) part of the complex
hf susceptibility.

Thus replacing equation 1.3.19 in the expressions obtained in equation 1.3.13. More-
over, assuming y = X/ + z'Xn and x, = X; + iX;, we get:

/ 1
X = pwmwslwi — (1-a®)w’]
” ]. 2 2 2
X = Bawa[wH + (14 a”)w?]
! 1 2 2y, 2
Xo = Sownwrlid - (1 - a2
X; = 2awa2wH
D = [w4—(1+a®)w?)? +40°0wf (1.3.20)

Figure 1.3.2 shows the dependence of the real and imaginary parts of the Polder tensor
? on the applied bias field Hy. The real part change in sign, while the imaginary parts
pass through maxima at the resonance. The resonance condition is given by :

WH
= 1.3.21
W= e ( )
At the resonance, we have:
X =M (1.3.22)
20w

The widths are defined as the intervals between w or Hgvalues at points where x” =

9 .
X res/2, are:
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2aw

Aw = 20wAH = — (1.3.23)
v

The imaginary part of the magnetic susceptibility x~ characterizes the energy absorp-
tion that appears in a ferromagnetic system due to excitation by a microwave field. The
absorbed microwave power , P,y in a ferromagnetic thin film, is defined as [20]:

1
Py = Swlm [x] by | (1.3.24)

1.4 Spin waves modes

In a ferromagnet it exists different magnetic excitations among which one can mention:
the uniform precession mode and the spin waves. The uniform mode implies that all
magnetic moments precess at the same frequency and phase. In the jargon of spin waves,
it is the lowest energy magnon (spin wave) with the wavevector k = 0. However, higher
order excitations may cause the magnetic moments to precess with the same frequency
but at different phases and are referred to as spin waves. Since the exchange interaction
is short range compared to dipolar interaction (cf. subsection 1.1.2), spin waves can be
classified depending on their wavelength into dipole or exchange dominated. In the long
wavelength regime, spin waves are dipole dominated and referred to as magnetostatic.
In contrast, for small wave lengths the spin wave properties are dominated by exchange
interaction. We will first present the uniform precession mode which is the mode mainly
probed in ferromagnetic resonance experiments, then the magnetostatic spin waves and
standing spin waves. To finish we will attack the relevant relaxation mechanisms generally
encountered in ferromagnetic resonance.

1.4.1 Uniform precession mode

The uniform mode of the magnetization in a ferromagnet corresponds to the oscillations
in phase of the magnetic moment under the influence of an external excitation, the
microwave field (h,f). In ferromagnetic resonance we have access to the uniform mode
of magnetization which is the fundamental, the mode corresponding to the lowest energy
of the ferromagnetic sample. So, in the calculation of the resonance condition, a uniform
magnetization was assumed. The frequency of the uniform mode can be determined by
solving the LLG equation as we did in (1.3.18). However, it is more convenient to solve
the LLG in the spherical coordinate system since the ferromagnetic resonance technique
is based on the angle between the magnetization and an applied magnetic field. This
method was first proposed by Smit and Beljers [23| and by Suhl [24] and lately generalized
by Skrotskii and Kurbatov taking the dissipation into account|25, 26].

This method is based on the transition of coordinates of the magnetization from a
cartesian coordinate system M = ( M., M,, M, ) to a spherical coordinate system
M = ( Mgsin() cos(p), Mgsin(f)sin(yp), Mgcos(f) ), where 6 and ¢ are the angles
of M in a spherical coordinate system and Mis the length of the magnetization vector
M (see figure 1.4.1). We can rewrite the LLG equation introduced in equation 1.3.4
as a function of the variables 6 and ¢ with the assumption of a uniform magnetization
(macrospin approximation). The unit vectors in this spheric coordinate system are €, =
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Figure 1.4.1 — Representation of the magnetization M and the magnetic field H in the
space of spherical coordinate system.

( sin(f) cos(y), sin(6)sin(p), cos(d) ), & = ( cos(d)cos(yp), cos(f)sin(p), —sin(f) ),
€, = ( —sin(p), cos(¢), 0 ). The unit vectors &, é, €, are time-dependent, their
derivatives as function of time are given:

de, :
dtr = ey + sin e,
de; R
% = —08, + cos 0@,
de,
d—f = —(sinbé, — cosbey)
where fand pare respectively the time derivative of 6 and . In the spheric coordinate

system, M and its time derivative %4 can be written as:

. dM )
M = Mgé,, E = MgOey + Mg Sin@gbé;a (1.4.1)
_)
Furthermore, # and ¢ depend on the position of the vector M. Then, the effective
field can be written as:

Hojp = Hoér + 0uép + oué, (1.4.2)
Remember the expression the effective field is given in equation 1.3.5; let us express

the equation 1.3.5 in the spheric coordinate system:

- (8F_, 1 OF 1 8F_,)

Hepp=— € + — (1.4.3)

oM M5 90 Mysind o
F' being the total energy of the ferromagnetic system. Then, by identification of
equations 1.4.2 and 1.4.3, we can determine 0 and g :

F, F
O = -2 with : nga

Mo 20 (1.4.4)
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F, OF
— : F,=— 1.4.
Vs with 50 (1.4.5)

Using the results from the foregoing equations 1.4.1 and 1.4.2 and incorporated them

YH = —

into the LLG equation, we have:

0 0 0
Mgb = ~Mson | + 575 —MZsin0pp (1.4.6)
Mg sin 0 MsOy MZ20

Then, replacing the equations 1.4.4 and 1.4.5 leads to the set of equations in the case
of small dissipation, i.e o < 1:

00 vy OF 1 9F
At~ Mgsind dp Mg 90 (L47)
90 __ v OF oy OF (1.4.8)

ot Mgsinf 90 MssiHQH%
The equilibrium orientation of magnetization M which are defined by the angles 6

and ¢ can be found from the equations, from whose solutions we must select those in
which the free energy is a minimum.

oF oF
O = (89) 0=00,p=p0 — 0 YH = (W) 0=00,0=00 — 0 (1-4-9)

The analytical expressions of the resonance frequency can be obtained under certain
conditions. Let us examine the non-equilibrium which arises when there are small de-
viations in the magnetization from the equilibrium position. In this case the conditions
(equationl.4.9) no longer hold and the orientation of the vector M will be changed by
the action of the components of the field which are not zero:

Fy F,
Hy=——; H,=—-——2%_ 1.4.1
RV ? 7 Mgsin® (1.4.10)
If the deviations from equilibrium
50() = 0(t) — B:  B(t) = plt) — 0 (1.4.11)

are small by comparison with the equilibrium values 8y and ¢y then we can limit
ourselves to the linear terms of the expansions of Fy and F:

Fy = Fypdl + F9<p5g0; FLP = ngée + FWPCSQD (1.4.12)

where the second derivatives of the free energy, with respect to the angles, Fyg and
Fypare calculated for the equilibrium position. Then we obtain a system of linear equa-
tions describing the small eigen-oscillations of the magnetization vector about the equi-
librium position
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— L Mg sin 6056 = Fpp60 + Fppdp (1.4.13)
Y

1
;Ms sin 06 = Fppdl + F9¢5(p (1.4.14)

The system of homogeneous equations has the periodic solutions §6, d¢ ~exp(iwt)
with a frequency w if the determinant of the characteristic system of equations is equal
to zero:

Fi, — FgoFpp + w?y > Mg sin® 6y = 0

from which we find for the characteristic, or resonance, frequency of the oscillations

5
MS sin 90

(1.4.15)

O*F 9°F [ 9°F \*|*
Wres = ’VHeff =

002 0p? 000

known as the Smith-Belers-Suhl formula.

1.4.2 Magnetostatic spin waves

In subsection 1.3.2, we have stipulated the magnetic field as given at certain point of
the ferromagnet, that has enabled us to calculated the ac magnetization at the same.
However, this field can not be seen as given but depends strongly on the magnetization
distribution in the entire system. In this condition the field and magnetization distri-
bution over the sample can be found solving the Maxwell equation in the magnetostatic
approximation combined with the material equations taking into account the boundaries
conditions. The fundamental equations of macroscopic electrodynamics, the Maxwell
equations are:

VxE+128 -0 VB= (1.4.16)

VxH-190 =47 vD=4rR (1.4.17)

—

Here E and D are the macroscopic electric-field and electric-displacement vectors, H
and B are the magnetic-field and magnetic-induction vectors, and Jand R , are the free
electric-current and electric-charge densities. The quantities E and B are the space and
time averages of the microscopic fields, respectively electric and magnetic. The vectors
D and H in equations 1.4.16 and 1.4.17 are defined as:

D=E+4rP D=H—4xM (1.4.18)

where P is the polarization, i.e the electric-dipole-moment density, and M is the mag-
netization. The equation charge conservation follows from equations 1.4.16 and 1.4.17:

OR
VJ+E—O

The magnetic field in our case is a sum of the steady and ac fields. Suppose all the
quantities in equations 1.4.16 and 1.4.17 including electric field to be such sums.Assume
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that the ac components HN, €, b , d. , p. and fN are small compared with the
steady components, respectively, FIO, Eo, Eo, 130, Ry and J_E). Then, if we consider the
different fields and currents varying harmonically with time, all the quantities have such
time dependance and we can use the method of complex amplitudes (Subsection 1.3.2).
Substituting the sums of steady and ac components of all quantities in equations 1.4.16
and 1.4.17, we obtain two independent system of equations: for steady components and,
according to the methods of the complex amplitudes, for the complex amplitudes of the
ac components. The system for the complex amplitudes of the ac quantities is given by
equations and 1.4.20[26]:

-

Vxétikh=0 Vb=0 (1.4.19)

V x h—ikod = 427 Vd=4mp (1.4.20)

Where ky = w/c. The materials equations have to be introduced in the Maxwell
¢’ is the dielectric permittivity tensor and W
w

the magnetic permeability tensor. We can show for slow waves k > ko = % , then, in

equations d = €' and b = ' h where

zero approximation with respect to (ko/k), the terms z‘kocfin the Maxwell’s equations
can be neglected. We have then the magnetostatic approximation V x h = 0. In this
situation, f: 0 and p = 0, therefore equations 1.4.19 and 1.4.20 simplify to:

Vxh=0

S _
VCwh) =0 (1.4.21)
Vxe=0

Ve=0

The solutions of the equations with the boundaries conditions give us ﬁ, m = ?ﬁ
and the dispersions relations w(k). If roth = 0 it exists by analogy to the scalar po-
tential resulting from Maxwell equation when div(?) = 0, a vector potential 1) ( the
magnetostatic scalar potential) such as:

h=-Vi (1.4.22)

Substituting the relation (1.4.22) in (1.4.19 and 1.4.20), we have :

V(ZVY) =0 (1.4.23)

—

Assuming the magnetic permeability tensorﬁ =1+ 7 to be independent to the
position, we have the equation know as Walker[27] and describes the magnetostatic
modes.(1 + x) Py Pul L 2

e X) | 922 dy? 022

We can notice that, for y = —1 the solution corresponds to the uniform mode and
for x # —1 the solutions are the propagating spin waves|[28]. The magnetostatic waves
propagating in a ferromagnetic layers are subdivided into magnetostatic surface waves
(MSSW), magnetostatic forward volume waves (MSFVW) who have been first discovered
by Damon and Eshbach[29, 30] and backward volume waves (MSBVW) who were first
observed by Bar’yakhtar and Kagan [31].
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Figure 1.4.2 — Depiction of the possible paths of the relaxation of the magnetization
precession. Adapted from [22].

1.4.3 Standing spin waves

So far, besides the uniform mode, confined geometries often support excitation of
higher-order FMR modes which represent standing spin waves across the direction of
confinement : the standing spin waves modes. Such standing spin waves modes were
first predicted theoretically by Kittel[32] and corroborated experimentally by Seavey and
Tannenwald|33]. They correspond to magnetization oscillations, uniform over the film
surface and nonuniform in the direction normal to the surface. As the name implies,
the dynamic magnetization profiles of PSSW across the thickness of the film represent
stationary waves with wavevector k& = nm/d where n is the mode number and d is the
thickness of the film.

1.4.4 Relaxation mechanisms

So far, the magnetic relaxation mechanism have been phenomenologically described
by the LLG equation (1.3.4). In ferromagnetic resonance experiments the rf magnetic
field is substantially homogeneous over the volume of the sample. Thus it excites only
the homogeneous (or uniform) mode of the spin-wave spectrum. An inhomogeneous
additional magnetic field broadens the resonance line because it leads to scattering of
energy into nonuniform modes. In a very simple scheme the relaxation mechanism of
the excited magnetization can be described in the Fig 1.4.2. The scheme indicates that
uniform magnons with £ = 0, that is the uniformly precessing magnetization are excited
by microwave electromagnetic field. The uniform magnons can relax either via spin-
orbit coupling and phonon-magnon interaction directly to the lattice or by dissipation-
less magnon-magnon scattering into non-zero wave vector magnon states followed by
relaxation to the lattice. The relaxation mechanisms are classified into types: intrinsic
relaxation mechanism or Gilbert and extrinsic mechanisms.
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1.4.4.1 Intrinsic mechanisms

Eddy current When studying metal specimens with high electrical conductivity, the
microwaves field penetrates in practice only a thin surface layer of the sample which
leads to a volume inhomogeneity in the magnetization. Apart from the losses connected
with ferromagnetic resonance there are also eddy current losses under these conditions
which are proportional to the electrical conductivity of the material and the square
of the frequency of the microwave field h;f. The eddy current can be neglected in
ferromagnetism thin film since the thickness is very small compared to eddy current
(d < §). In microwave frequencies, the depth of the field penetration in metal is about
1075 — 10~ cm.

§=4/—— (1.4.24)

1.4.4.2 Extrinsic mechanism

Damping Mechanism In various magnetic systems, the damping can be described by
the phenomenological Gilbert damping parameter G. Sometimes, the dimensionless pa-
rameter « is given instead, which is related to G according to a = G/yM. If the Gilbert
damping is referred as intrinsic damping, then it follows from the free energy density
approach of the ferromagnetic system that the FMR linewidth is given by Eq.1.4.25 |26]:

1
dw ay [0*F 0°F 1 9*F 2
Aw=(ZNag =2 142

“ <dH) M [892 902 1 5info 900 (1.4.25)

In ferromagnetic resonance, in order to determine «, frequency dependent FMR mea-

surements over a large range of microwave frequencies are needed. It is important to
point out in the case where the magnetization and the applied field are parallel, the
FMR linewidth varies linearly with frequency (See Eq. 1.3.23).

Two-magnons scattering mechanism In ferromagnetic resonance, in addition to the
Gilbert mechanism there exists another relaxation process which contributes to the damp-
ing mechanism: two magnon scattering. The two magnon scattering process involves
coupling between the uniform mode and spin waves over a range of wave vectors which
are degenerate with the microwave field and the FMR response. The coupling is typically
strongest for spin wave wavelengths which are on the order of whatever inhomogeneities
may be present in the material. This process is termed “two magnon scattering” be-
cause the mechanism can be expressed theoretically by a second quantization formalism
in which a uniform precession or FMR magnon is destroyed and a spin wave magnon
at the same frequency is created. The two magnon scattering contribution to the FMR
linewidth has been investigated theoretically by Arias and Mills and experimentally for
three types of inhomogeneities in bulk YIG, namely, surface pits, volume pores or voids,
and randomly distributed single crystal grains in a polycrystal[34, 35]. Arias and Mills
have calculated the contribution of two magnons scattering on the FMR linewidth based
on the Green’s functions formalism|36].

w29 — T aresin w? + (wo/2)? — wo/2
Aw2mas — T ( \/7W+w0/2) (1.4.26)
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where w = yM.yr and M,yp = 4mMg — H, being the effective magnetization. I' repre-
sents the strength of the two-magnon scattering mechanism.

Mosaicity The mosaicity is another contribution of line broadening of the FMR linewidth
which caused by a spread of the sample parameters on a very large scale. The mosacity
contribution can be found in the internal field, thickness, or orientation of the crystal-
lites within the samples. The individual regions have slightly different resonance fields.
The overall signal will be a superposition of these local FMR lines yielding a broader
linewidth. The mosaicity contribution is given by |37, 38, 39, 36]:

0H, OH
Tes ASOH‘ — ‘ASDH
Opn Opn
Where App is the average spread of the easy axis anisotropy direction in the film
plane. It is worth to mention that for frequency dependent measurements along the

easy and hard axes the partial derivatives are zero and thus the mosaicity contribution

AH™ (w, pp) = ‘ (1.4.27)

TeS

vanishes.
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2 Mechanical testing

In this chapter, we address the theoretical background regarding the elastic properties
of solids. We start with a review of some fundamental aspects of stress, strain and the
related elastic energy density. We then introduce the mechanical testing we have used in
this research project, the ferromagnetic thin film/bending system and ferromagnetic thin
film /piezoelectric actuator hybrid systems as devices concepts to realize the magnetome-
chanical coupling in ferromagnetic thin films and nanostructures. Fisrt of all, we will
present the bending testing and the theoretical backgound behind it, before to attack the
piezoelectric constituent, its physical properties, crystal structure and some resulting on
the behaviour of the piezoelectric actuation under different voltage loading conditions.

2.1 Basics in elasticity

In this chapter, we will first introduce stress and strain notions before discussing elas-
ticity in the basic case of a cubic single crystal.

2.1.1 Stress and Strains in solids

In order to facilitate the understanding of the magnetoelastic processes in magnetostric-
tive materials we deemed it necessary to start out with some fundamental definition of
stress and strain. A volume element of a magnetostrictive material is shown in Fig. 2.1.1.
It is assumed to be subjected to stress. Two kinds of forces can act on the element. First,
there are body forces which act throughout the body with a magnitude proportional to
the volume of the element. Such a body force can, for example, be due to gravity or
electromagnetic interaction. Second, there are forces acting on the surfaces of the ele-
ment due to interaction with surrounding material. In this case, the applied stresses on
the magnetostricitive material o are defined as the force F' per area A perpendicular to
the direction of the applied force. Depending on the force direction, one can distinguish
between tensile and compressive stress. The stress has the same dimension as pressure,
that is, N.m~2 (or Pa) in SI unit system and dyn.cm =2 in CGS unit system. The solid
responds to the stress by a deformation called strain €. The stress tensor is a second
rank tensor, its components will all be noted by the symbol ¢ for the normal stresses or
7 for the shear stresses with appropriate suffices. The first suffix denotes the direction
of the outward normal to the surface upon which it acts and the second the direction of
the stress components (see Figure 2.1.1).

One consequence of the foregoing notation is that normal (i.e. tensile and compressive)
stresses have both the same suffices ( i.e. 0,4, 0y, and o, in Figure 2.1.1) and are positive
when tensile. The remaining six stress components in Figure 2.1.1 (i.e 7y, Tyz, Toz, Tay,
Taz, Tzz ) have two different suffices and correspond to shear stresses.
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Figure 2.1.1 — The forces on the faces of a. unit cube in a homogeneously stressed body.

The nine components in the second rank tensor:

Ozx Ozy Oyz Ozx  Toy Tyz
Oyz Oyy Oyz = Tyx Oyy Tyz (211)
Ozx Ozy Ozz Tzx Tzy Ozz

are not all independent since the cubic volume element must be in equilibrium, neither
accelerating linearly nor rotating. This condition is achieved when o;; = 0j;, i.e. , when
the tensor is symmetrical and has six independent components.

The strain is a consequence of stress. As a result of strain in a material a point is
moved from (1, z2, x3) to (z1’, x2’, x3’) by amounts u; such that z; = x; + u;, where
u; vary with position:

U; = eijxj (2.1.2)

We have defined a second rank tensor with nine components e;; (with e;; = g;? ). The

J
component e;; represents the movement of points on the x; axis in the direction of the
x; axis. We can separate these contributions by expressing e;; as the sum of symmetrical
(€i5) and antisymmetrical (w;;) components:

eij = €ij + wij (2.1.3)
where
eij = (eij + €ji) /2 (2.1.4)
and
wij = (eij-€ji) /2 (2.1.5)

Shape change (shear) is described by the symmetrical tensor €;;. This is the strain
tensor. Rotation is described by the antisymmetrical tensor w;;.
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Stresses Strains

Tensor Contracted Tensor Contracted
Notation Notation Notation Notation

o11(o) o1 er(er) €1
o22(02) o) e22(e2) €9
033(03) o3 e33(€3) €3
To3 =032 04 Y23=2€32 €4
T31 031 o Y31 2€31 €5
T12=012 o Y12=2€12 €6

Table 2.1 — Tensor versus contracted notation for stresses and strains.

2.1.2 Elasticity in single crystal: the cubic case

Hooke’s law says that little stress will produce little strain. Put otherwise, strain is
proportional to stress [1]. Stress and strain can be related by either the stiffness tensor
(Cijri) or the compliance tensor (sjjri), each of which is of fourth rank. For example
a stress component is given in terms of the strain components which is given using the
summation convention by:

0ij = CijriEr (2.1.6)

Or, using the compliance tensor:

Eij = Sijklo'k:l (2.1.7)

If the body is homogeneous, that is, the mechanical properties are the same for every
particle in the body, then ¢;;; are independent of position. We shall be concerned only
with homogeneous bodies. There are 81 coefficients in equation 2.1.6 and equation 2.1.7,
due to the symmetry of the strain tensor (¢;; = €j;), we have Cjji = Cyjy, , the number
of independent Cjj;1; from 81 to 54. Moreover, due the symmetry of the stress tensor
(0ij = 0ji), we have Cyji; = Cjiy , The preceding equations further reduce the number
of independent coefficients 54 independent by 18. Thus, we have, for the general case
of a linearly elastic body, a maximum of 36 material coefficients. Using this so-called
contracted Voigt subscript notation (See 2.1), we can express the various equations in a
shorter form|2], the fourth order tensor Cjjj; reduces to the matrix representation Cj;.

The stiffness and complaince matrix Cj; (resp. S;;) have 36 constants. However, less
than 36 of the constants can be shown to actually be independent for elastic materials
when important characteristics of the strain energy are considered. Elastic materials for
which an elastic potential or strain energy density function exists have incremental work
per unit volume of [3] :

dFel = O‘idEi (218)

When the stresses o; act through strains de;. However, because of the stress-strain
relations, Equation 2.1.6, the increment work becomes:

dFel = CijEjdf-:i (219)
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Upon integration for all strains, the work per unit of volume is :

1
Fel = 501']'61‘8]' (2.1.10)
However, Hooke’s law, Equation 2.1.6, can be derived from Equation 2.1.10 i.e aaie_l =
C;j, whereupon gjigilj = g:jgeeli = (;j = Cj;. Thus, the stiffness matrix is symmetric,

so only 21 of the constants are independent. We have then the following stress-strain
relation in Equation 2.1.11 " with a reduction from 36 to 21 independant constants:

[ o1 ] [ C11 Cia Ci3 Cuy Ci5 Cig | [ a1 ]
o) Ciz Ca Coz3 (o (a5 Cop €2
o3 | _ | Ciz Chs Cs3 O3y O35 Cie €3 (2.1.11)
T4 Ciy Coy C34 Cyy Cys Cye V4
5 Ci5 O C35 Cys Cs5 Csg V5
| 76 | [ Cie C Cs6 Cas Cse Ces | | V6 |

The number of independant elastic constants can be further reduced in materials having
a higher degree of crystal symmetry. In such case, some elastic constants may vanishes
while the others are relared each other. Among the material with higher degree of
symmetry, the cubic material is the simplest. Consider a cubic material for which the
[100], [010] and [001] cube axes are parallel to the axes x1; x9; x3 coordinate system.
Then, The non-zero elements of the elastic stiffnesss Cj; are given in the Equation 2.1.12
where C1; = Cog = Cs3, C1o = Co3 = C31 , Cyy = Cs5 = Cgg and all others elastic
constants vanish |2].

Cypy Cip Cia O 0 0
Cio Ci1 Cia O 0 0
Cio Cio2 Ci1 O 0 0
2.1.12
0 0 0 Cu O 0 ( )
0 0 0 0 Cu O
0 0 0 0 0 Cu ]

Thus, using Equation 2.1.12 into the Equation 2.1.10 we can calculate the elastic energy
for a cubic material [3, 4]:

1

Felzi

1
Cn(é‘% + E% + E%) + 012(6182 + e9e3 + 8163) + 5044(8421 + e% + 5%) (2.1.13)

2.2 Elasticity in polycrystals

The thin films studied during this research project are either polycrystals films or
amoprhous films. Indeed, the polycrystalline thin films are constituted of an aggre-
gate of crystal grains of various sizes and orientation. Their macroscopic properties
are affected by the properties of the individual grains. The macroscopic behavior of
our polycrystalline films will be regarded as isotropic and homogeneous in term of elastic
properties because we have verified that they have random crystallographic texture (non-

textured polycrystal). The elastic strain and stress states of an individual crystallites

1. The relations in Equation 2.1.11 are referred to characterizing anistropic materials beccause there
no planes of symmetry for the materials properties.
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is determined by the Hooke’s equation (see equation 2.1.6) together with the boundary
conditions. In these conditions, homogeneization methods are used to define effective
elastic coefficients which will depend on the single crystal’s elastic coefficients. Reuss
and Voigt homogeneization methods are the simplest ones, as discussed in the prece-
dent chapter. They are well known because the obtained values define a boundary for
the effective elastic coefficients. For instance, in the case of an isotropic thin film, the
effective elastic coefficients in the Voigt model ( C~’11, Ci and 5’44) are given by (with
C = Ch1 — C2 —2Cy):

2

Ciy = Cyy — =C (2.2.1)
~ 1
Ci2 =Cra + gC (2.2.2)
~ 1
Cyga=Cya + 50 (2.2.3)

while in the Reuss model they are given by (with S = S1; — S12 — 5544):

~ 2
ot =0t - =9 (2.2.4)
~ 1
Oy =0 + =S (2.2.5)
~ 4
Cil =0 + =9 (2.2.6)
[ Ciy j2C~'44 N Ch N @1 0 0 0
Cn Cii+2Cu Cu 0 0 0
Cn Cn Cii+2Cyu O 0 0 (2.2.7)
0 0 0 Cuy O 0
0 0 0 0 Cuu O
0 0 0 0 0 Cu |

One can note here that only two independent coefficients are remaining (511 and 5’44).
The following relation is thus deduced:

o = 5’11(5z‘j€kk + 26448ij (2.2.8)
From this relation oy, = (3511 + 2544) €rk, we can rewrite the above formula as
function of the stresses:
1 Cu
Eij = O'kkéij (2.2.9)

~— 04 — —= = =
2Cy 2C44(3C11 + 2Cyy)

We can define the Young’s modulus (Y) and the Poisson’s ratio (v) by considering a
simple traction:

o 00 e, 0 0
o= 0 0 0 |;e= 0 er O (2.2.10)
0 00 0 0 er
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Where ¢;, and ep stand for the longitudinal and the transverse strains, respectively.
They can be written as function of C'1; and Cyy:

Ci+C 1

= CutCn 1) (2.2.11)
Cy4(3C11 + 2Cy) Y

ep = Cu o= —vep (2.2.12)

2544(35'11 + 25’44)

Where the Young’s modulus Y and the Poisson’s ratio (v) are given by:

:544(35'11 + 25’44)

Y — — (2.2.13)
Ci1+Cyy
C
2(C11 + Cuy)
The equation 2.2.9 can be rewritten by introducing Y and v:
1+v v
Eij = 7Y Oij — ?Ukkéij (2.2.15)
_ Y 4 vy 5o (2.2.16)
70T T T w1 — 2w) R0 -

Note that we can also define the bulk modulus (K) by considering an hydrostatic
compression. In this condition, we have 0;; = 0d;; and €;; = €6;5, which lead to o;; =
(3C11 + 2Cy4)e. We deduce that

K = % (3611-1-2644) ! Y

- 221
31—2v ( 7

2.3 Experimental design

In this section we will present different mechanical systems that have been used to study
the magnetomechanical properties of ferromagnetic thin films on compliant substrates.
Two types of experimental design have been developped: i) bending system and ii) piezo-
actuation system.

2.3.1 Bending

In bending system, the film is subjected to bending stress which can be either biaxial or
uniaxial. Indeed, during this project research, we have performed bending test by gluing
the film /substrate system onto curved aluminum blocks of different known radii (uniaxial
bending) or onto "ping-pong" ball (equibiaxial bending). In the following subsections,
we will give a draft of the bending theory, for more details the readers are referred to |[5].

2.3.1.1 Uniaxial Bending

We first consider the bending of an ad hoc bar. During a uniaxial bending, the stress
tensor is reduced to equation 2.3.1 with only one normal component along the bending
axis, and longitudinal strains are developped at the top of the bar.
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Oz
o= 0
0

The longitudinal strains at the top of the bar can be found by analyzing the curvature

o O O

0
0 (2.3.1)
0

of the circular block and the associated deformations. For this purpose, let us consider
a bar of thickness ¢ with an initial length Lg at the unstressed state as shown in figure
2.3.1. Under the action of the uniaxial bending, the bar deflects with an arc length L
in the xy plane (the plane of bending) and there are axial line that do not extend or
contract. It exists a surface somewhere between the top and bottom of the bar in which
longitudinal lines do not change in length. This surface, indicated by the dashed line in
figure 2.3.1 is called the neutral surface of the beam.

Since the arc length is smaller on one side and larger on the other side of the neutral
surface, lines on one side of it lengthen and the others shorten, thereby creating normal
strains e,,. It is reasonable to suppose, therefore, place where the stress is zero as well as
for the deformed length than the undeformed length. A such place is called the neutral
axis (dashed line in figure) which is an intersection between the neutral surface and any
cross-sectional plane|6, 7, §8].

4y
Neutral Axis |

Figure 2.3.1 — An illustration of stress distribution in a bent specimen.

The normal strain €,, in the bar linearly varies from top to bottom of the beam, as
expressed by the following equation:
L—-Ly (R—vy)0— R0 Yy
£ — = —— = —K 2.3.2
= 20 7 Y (2.3.2)
In this equation, y is the distance from the neutral axis, R is the radius of curvature,
and £ is the curvature (with k = £1/R). Note that x can be either positive or negative.

Then, according to Hooke’s law, the uniaxial stress is given in terms of the normal strain
€zz by the relation:

0=Yeg, = —Y% = Yy (2.3.3)

So far we have shown that bending stress cause strain in an ad hoc bar. In the following
we discuss the case of a thin film (thickness t¢) deposited onto a substrate (thickness ¢).
Being given that t; is generally much smaller than ¢, (ty < ts,) one can consider the
strain as uniform inside the thin film and take the following value |9, 23]

tr4t
clop = 4 (1) f;; o) (2.3.4)
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However, Suo et al. [23] show that when a metallic film is deposited on a polymer
substrate (as the ones studied in the present research project), the high mechanical
contrast (film Young’s modulus Yy ~ 200 GPa strongly different from the substrate one
Ys ~ 4 GPa) lead to a change in the neutral surface as compared to a bare substrate.
They give the expression of the resulting longitudinal strain at the top surface where the

metallic film is confined:
(t+ts)

vz = I 2.3.
5 5R (2.3.5)

whith

(4204 xn?)
P= o) (2:3.6)

Where n = i—ﬁ and x = % The expression of the applied stress is thus simply given by
the Hooke’s law:

To illustrate the Suo et al. model, we have plotted the I' variations as function of
the film thickness in Figure 2.3.2-a for different values of the substrate Young’s modulus
(Ys =4, 10, 20, 50 and 200 GPa). For this purpose, the substrate thickness and the
film Young’s modulus have been respectively fixed to 5 = 125 pm and Yy = 200 GPa.
One can see that the variations are almost linear. For Y; = 200 GPa, we found that
equation 2.3.5 is reduced to the so-called one (equation 2.3.4) since I' is constant and
equal to unity. For polyimide substrates (Y = 4 GPa); I' is higher than 0.99 only for
very thin films s.e. with thickness ¢t; < 20 nm. For thicker films, the use of equation2.3.5
is unavoidable; for example, ¢y = 200 nm leads to I' ~ 0.93 which can lead to strains
10% lower than the one expected by using equation 2.3.4. Of course, this effect strongly
depends on the bending characterized by the radius of curvature p of the whole system
(film+substrate). Figure 2.3.2-b presents typical variations of the obtained strain (e;4)
as function of the film thickness for different values of R with Yy = 4 GPa, Y; = 200
GPa and t; = 125 pm. We clearly see that the effect depends on R; for instance e, is
around 15% lower for a 400 nm film than the value at 20 nm.

2.3.1.2 Equibiaxial bending

We now discuss the case of a thin film deposited on a polymer substrate submitted
to an equibiaxial bending [5, 9]. In this case, the stress components o,,; and o, are
equivalent, i.e 0, = 0yy = 0, the stress tensor is simply given by the following matrix:
c 0 0
co=|0 o 0 (2.3.8)

0 0 O

To experimentally perform an equibiaxial bending, the ferromagnetic thin films were
glued on top of spheric plastic ball (ping-pong balls of radius 2 ¢cm). The strains devel-
opped at the top of the films are expressed as a function of the radius of the sphere R
and the biaxial strain modulus of the film Yf‘ = ﬁ Moreover, we have adapted the

Suo et al. modelling by introducing the I' (see equations 2.3.5 and 2.3.6) coefficient:
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Figure 2.3.2 — a) Variation of I' as function of the film thickness for different values of the
substrate Young’s modulus (Y5 =4, 10, 20, 50 and 200 GPa). b) Variation
of e,, as function of ¢ty for different bending values (p =10, 20, 50, 100
and infinite (flat substrate)). In a) and b) the substrate thickness and the
film Young’s modulus have been respectively fixed to ts = 125 pm and
Y} = 200 GPa.

L (df+d,
o= %Y] ( ! > r (2.3.9)

2.3.2 Piezoelectric Actuation

In the piezoelectric actuation, the films are glued on top of commercially available
piezoelectric actuators. In the following subsections, we will give a brief definition of the
piezoelectric effect and the description of our systems.

2.3.2.1 Piezolectric Effect

Piezoelectricity stems from the Greek word piezo (mélw) or piezein (méletv) which
means pressure. It was originally discovered in 1880 by the French physicists Jacques
and Pierre Curie. It follows that a piezoelectric material develops a potential across its
boundaries when subjected to a mechanical stress (or pressure), called direct piezoelec-
tric effect. The relation between the applied stress on a piezoelectric material and the
resulting charge polarization is given by:

where d;; (C.N7!) are piezoelectric coefficients; d is a third-rank tensor. The charge
density-pressure relationship in a typical piezoelectric ferroelectric (e.g. soft Pb(Zr,
Ti)O3 = PZT) is hysteretic. Conversely, piezoelectric materials have another interesting
property: they change their dimensions (by contracting or expanding) when an electric
field E is applied to them. This converse piezoelectric effect describes the strain that is
developed in a piezoelectric material due to the applied electric field:

¢j = dpj B = djy, By, (2.3.11)

where ¢ denotes the transposed matrix. The units of the converse piezoelectric coef-
ficient are m/V. The piezoelectric coefficients d for the direct and converse piezoelectric
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effects are thermodynamically identical i.e. dgirect = deonverse- Lhe piezoelectric coeffi-
cient d can be either positive or negative. It is common to call a piezoelectric coefficient
measured in the direction of applied field the longitudinal coefficient, and that measured
in the direction perpendicular to the field the transverse coefficient. Other piezoelectric
coefficients are known as shear coefficients [11, 13].

Piezoelectric materials are smart materials that can be used as sensor, actuator and
control systems. It is a linear effect that is related to the microscopic structure of the
solid. The microscopic origin of the piezoelectric effect is the displacement of ionic charges
within a crystal structure. In the absence of the external stress, the charge distribution
within the crystal is symmetric and the net electric dipole moment is zero. However,
when an external stress is applied, the charges are displaced and the charge distribution
is no longer symmetric. A net polarization develops and results in an internal electric
field. A material can only be piezoelectric if the unit cell has no center of inversion (i.e.
non centrosymmetric). It exists 32 crystal classes which are splitted into seven groups
(triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal and cubic) which
are associated with the elastic nature of the materials. Only 20 of the 32 classes allow
piezoelectric properties.

Finally, piezoelectric materials can be natural or man-made. Among the natural piezo-
electric material one can cite: quartz (SiOz), Rochelle salt, etc. Man-made piezoelectric
materials are crystals that are quartz analogs, ceramics, polymers and composites. It ex-
ists myriads of man-made ceramics crystals perovskite: barium titanate (BaTiOgs); lead
titanate (PbTiO3); lead zirconate titanate (Pb|Zr,Ti1_;]|O3, (0 < 2 < 100))—more com-
monly known as PZT; potassium niobate (KNbO3); lithium niobate (LiNbOs3); lithium
tantalate (LiTaOg), etc. and other lead-free piezoceramics. We will focus on the PZT

piezoelectric ceramic which have been used in the framework of this thesis.

2.3.2.2 PZT piezoelectric Actuator

For the piezolectric actuation mechanical test, the ferromagnetic films are cemented,
thanks to an epoxy glue (resine and harder), onto a piezolectric actuator as shown in
the figure 2.4.1. The actuator is a commercially available PZT actuator with dimensions
1.8 x 0.7 x 0.7 cm? (see figure 2.4.1). A voltage applied across the PZT actuator results
in the deformation of the actuator which is then transferred (or not) to thin film. A good
contact between the film and the actuator is neccessary in order to completelly transmit
the in-plane strains. Owing to the converse piezoelectric effect inherent in piezoelectric
materials, a mechanical expansion (resp. contraction) along the dominant elongation
direction (along z-axis) when a positive (resp. negative) voltage is applied across it. In
particular, a positive voltage results in an elongation with a related uniaxial strain e,
> 0 along z. Due to elasticity, this tensile strain is accompanied by compressive strains
Eyy:€22< 0 along the orthogonal in-plane direction y and the orthogonal out-of-plane
direction z [12|. To convert the voltage appplied across the piezolectric actuator into
deformations, digital image correlation (DIC) technique has been used and is described
in the following section.
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2.4 Strain measurements

Different methods have been reported for full-field measurements, speckle interferome-
try [14], speckle photography [15, 16], speckle-shearing interferometry [17, 18], white-light
speckles [19], Moir,... However, each of these methods suffer from stringent stability re-
quirement and time consuming data processing [21]. To address this issue, dial gauges,
electrical strain gauges, etc. have also been used. However, these devices measure strain
over a very limited gauge length and, as a result, cannot be used for full-field measure-
ments. In this context, digital image correlation (DIC) since its introduction in early
1980s by Sutton et al. [22] has become a popular method for the measurement of dis-
placement and strain fields and has been used in variety of area. Recently, the digital
image correlation has been used by M. H. Malakooti et al. [23, 24] for the characterization
of the converse piezoelectric effect by measuring the dss and ds; piezoelectric coefficients
of a lead zirconate titanate (PZT) material. In the framework of this thesis, the digital
image correlation was the preferred technique for a quantitative determination of the
displacement and strain fields at the surface of the ferromagnetic thin films deposited on
the PZT actuators and submitted to electrical loading [25, 26, 27].

2.4.1 Digital image correlation

In general, the implementation of the DIC method comprises the following three con-
secutive steps, namely: i) specimen and experimental preparations; ii) recording images
of the planar specimen surface before and after loading; iii) processing the acquired
images using a computer program to obtain the desired displacement and strains infor-
mations. In this section, the basic principles and concepts of DIC used in this research
project are described.

2.4.1.1 Basic principle

Digital image correlation is a non-contact and non destructive optical technique for
microscale even nanoscale surface displacement and strains of an object under different
loading conditions. In digital image correlation a single camera (2D-DIC) or even a couple
of camera (3D-DIC) is used to determine the displacement and strain of a planar or non-
planar surfaces. It works by doing comparison of set of digitized images of a surface at
two different states before deformation (reference image) and after deformation. However,
to achieve this, the surface of the studied object has to be randomly spray-painted in
order to have a random pattern or must have an intrinsic pattern at its surface. An
area of interest (ROI) on the surface of the specimen is selected and subdivided into
subsets. Typically, a reference subset of (2M + 1) x (2M + 1) pixels centred at the
current point P(z, o) from the left image is chosen to find its corresponding location in
the right image. Once the location of the target subset in the right image is found, the
disparities of the reference and target subset centres can then be determined. As shown
schematically in Figure 2.4.2, a set of neighbouring points in a reference subset within
the left image are assumed to remain as neighbouring points in the target subset within
the right image. Thus, it is reasonable to assume that each of these points Q(z,y) around
the subset centre P(zg,yo) in the reference subset can be mapped to point Q'(2/,y’) in
the target subset. Myriad of commercial and laboratory-made sofwares based on digital
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image correlation are available (GRANU [28], SEPT D [29], NCcorr [30], MOIRE [31],
MATcHID [32|, CORRELI [33|, CORRELA [34],...), among them the ArRAMIS DIC system
(GOM mbH, Germany)|35, 37| has been used during this thesis. It should be noted that
the ArAMIS DIC systems operates in both 2D and 3D events.

Figure 2.4.1  Picture showing the ferromagnetic thin film cemented on the PZT-actuator
with a randomly speckle pattern of the system ferromagnetic thin film and
PZT actuator.

2.4.1.2 Specimen preparation

As previously said, a PZT actuator of geometrical dimensions 1.8 x 0.7 x 0.7cm?® com-
mercially available have been used to generate strains inside our films. The displacement
and strain fields are determined by DIC calculations. This actuator has property to
expand of a certain amount along the elongation axis (z — axis) and to compress by
around half along the y-axis when a positive voltage is applied. The studied thin films
are cemented on the top of the actuator (see figure 2.4.1). For this purpose, we have
used an epoxy glue consisting of mixture of a resin and a hardener and then waited
24 hours to be sure that the film is well-adherent to the actuator. Thereafter, for the
DIC experiments, the specimen surface must have a random gray intensity distribution
(i.e random speckle pattern), a spray paint has been used for this. It is important to
point out that the spatial resolution is related to the grains size, the smaller the grains
the higher is the resolution. Moreover, whatever the specimen and loading conditions,
the grains have to be fixed and well-adherent in order to facilitate the follow-up of the
material deformation. Therefore, the surface of the studied object has been randomly
spray-painted in order to have a random pattern consisting of black and white random
grain field as shown in figures 2.4.1 and 2.4.3.

2.4.1.3 Experimental set-up

During this research project, we have used two different setup to measure the in-
plane strains. The first one is composed of a stereo camera system while the second one
consists of a unique camera placed in the ferromagnetic resonance setup; this last one will
be described in chapter 3. Our stereo system is composed of two CCD cameras mounted
on a tripod positioned vertically in top of the film/substrate/actuator system. The field
of view is fixed to approximately 22 cm?. Given the 2448 x 2050 number of pixels of the
cameras, the area per pixel is about 12.5 nm?. A first image (reference image) is taken
at zero applied voltage; then, a sequence of images is taken at different applied voltages
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Figure 2.4.2 — Schematic illustration of reference square subset before deformation and
a target subset after deformation. Adapted from [36].

and is compared to the reference. The voltage is applied thanks to a KEpcoO Bipolar
Operational Power Supply (BOP 500M) allowing to apply voltage in the range [-500 V;
+ 500 V]. However, we have experienced that the voltage limit for our actuator is around
220V. Then, the field strain at the surface of the system is extracted for each applied
voltage by performing DIC calculations, which are performed by using the reference
image and the different images coming from the sequence. The DIC calculations have
been performed by using ARAMIS that is a commercially available software package [35].
From the fields strain, the mean in-plane strains are extracted as function of the applied
voltage.

When performing our experiments, images are collected by applying voltages using
either a symmetrical path (for instance: -200 V to +200 V and +200 V to -200 V) or non
symmetrical path (0 V to 100 V and 100 V to 0 V for instance). The frame is generally
of about 0.1 FPS; the step of applied voltage can also be varied. Furthermore, we have
estimated statistical errors of our DIC setup by measuring several images in absence of
applied voltage; it is estimated to be around 5 x 1075, Moreover, different images have
been taken as a function of time at 0V after saturating the actuator at 100 V. After
approximately 5 h, a difference of about 4 x 107° in the in-plane strains values is found;
this value rises to 1 x 10™* after several days (which is relatively high). This difference
is due to the training effect of the actuator polarization.

2.4.1.4 Basic results

In this subsection, we present results coming from a CogFeAl (CFA) thin film (25 nm)
cemented onto a piezoelectric actuator. We have employed our technique to measure
the in-plane strains in this system. The voltage was applied by using a non-symmetrical
path (0 V to 100 V and 100 V to 0 V) with a 2 V step. Afterwhat, ARAMIS has been
used to calculate the DIC in two different (around 3 x 3mm?) regions: an uncoated area
of the actuator and an area located at the top of the CFA film (see figure 2.4.4. Figure
2.4.4 presents the extracted mean in-plane strains €,, and £,,. Note that we have also
determined the shear strains but their values are found to be negligible in all this research
project and will be neglected thereafter [26]. Indeed, similar quasi-homogeneous strain
fields as function of the applied voltage have been calculated from the two regions. Thus,
we can conclude that a 100% in-plane strain transmission in between the piezoelectric
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Random speckle pattern

Kepco power supply

ARAMIS® + Labview®™

Figure 2.4.3  Stereo camera experimental set up used during this thesis. The electric
field inside the actuator is generated thanks to a voltage applied by using

a KErcoO Bipolar power supply. The ARAMIS software is used to analyze
the images.

actuator and the film is observed. Non linear variations are observed for both e, and ey,
which is due to the intrinsic properties of the ferroelectric material used in the fabrication
of the actuator. One can note that ;. is found to be positive and ey, is found to be
negative in the voltage range [0-100 V|. Moreover, it is interesting to note that a linear
variation of e;, as a function of ¢, is found £, ~ —0.65¢,,. The maximum achieved
values of €, and gy, (1 x 1072 and —0.5 x 1073 at 100 V, respectively) show that the
film is not deteriorated by the plasticity regime because it is obtained for higher values:
this is experimentally confirmed by the excellent reproducibility of the experiments (even
after several days).

We have also performed similar measurements by using a symmetrical path (-200 V to

1.0
g0 239 ROl on the actuator

9
% 05
2 ROl on the film 9
‘T ROl on the actuator @ ROl on the film
S 0.0+ ey |
s 0.
(%}

o
o

0 20 40 60 80 100
Applied voltage (V)

Figure 2.4.4 — Left: mean in-plane strains (g4, and gy, ) in the film and actuator regions
as function of the applied voltage. Right: a sketch showing the selected
region of interest (ROI) on the surface of the film and actuator for the
analysis of the strain transmission.
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Figure 2.4.5 — Mean in-plane strains (e, and €,,) as function of the applied voltage for a
symmetrical cycle an unloading from 200 to —200 V followed by a loading
from —200 to 200 V. A Butterfly-like behavior of the curve is observed.
This behavior is due to the polarization switching of the piezoelectric
actuator.

+200 V and +200 V to -200 V). The classical butterfly-like behavior is well captured for
€ze and gy, as it is shown in figure 2.4.5. This behavior is due to polarization switching
of the piezoelectric actuator. One can see that at about —60 V during unloading and
+60 V during loading, the polarisation is switched.

2.4.2 Attainable strains and stresses

In this subsection, we calculate the stresses states attainable by using our mechanical
testing (piezoactuation and bending). For this purpose, we continue with the CFA thin
film previously studied. In both mechanical tests, we need to know the relation between
stresses and strains to calculate the stresses states. X-ray diffraction measurements
show that this CFA film is polycristalline and is non-textured, so its elastic behaviour is
isotropic. Its elastic parameters Y; = 243 GPa , vy = 0.27 will be determined in chapter
4 by using the homogeneization method presented in this chapter. In this condition, the
relation between the stress tensor components (0,,, 0,,) and the measured strains (e,
gyy) is given by the isotropic Hooke’s law (see equation 2.2.16). In figures 2.4.6-a and
2.4.6-b, we show the attainable strains and the corresponding stresses for the two different
types of mechanical sollicitations. In the bending test, the attainable stresses states are
limited by the chosen radius of curvature of the aluminum curved blocks that we have
used. The smaller one defined the upper limit. It has a radius R,;;, ~ 13 mm which leads
to the following stresses state: (0ga;0yy) = (£1.15;0) GPa and (044; 0yy) = (0; £1.15).
The mechanical stresses states attainable with piezoactuation are limited by the intrinsic
properties of the actuator as it can be seen in figure 2.4.6-b where we observe that the
piezoactuation exerces biaxial stresses to the films.
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Figure 2.4.6 — a) €, as a function of €., for piezoelectric actuation (‘loop’ and ‘butterfly’
behavior) and unaxial bending. b) o, as a function of o, for piezoelectric
actuation (‘loop’ and ‘butterfly’ behavior) and unaxial bending.
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3 Ferromagnetic resonance

Ferromagnetic resonance (FMR) is the resonant absorption of a electromagnetic field by
a ferromagnetic material. In a quantum approach, considering the case of a paramagnetic
crystal, the application of a static magnetic field H raises the degeneration of the electrons
energy levels (spins £1/2): it is the Zeeman effect (see figure 3.0.1). The energy difference
between two adjacent levels is given by AE = hyy= g,uBﬁeff. where pp is the Bohr
magneton and ¢ is a spectroscopic splitting factor. The superposition of a microwave
field h,s in a direction transverse to H can induce electronic transitions between adjacent
energy levels. The radiofrequency energy absorbed by the crystal is maximum for hw =
AFE: it is the resonance phenomenon. In chapter 1, we have seen (in a classical point of
view) that the magnetization precesses around an effective field Hcrr. In this case, at
resonance, the angle of precession considerably increases, which is reflected by a strong
absorption of the incident power of the microwave signal.

> A
(@)]

Ener

hup = _1;;!Hﬁr i
€~

v

Hres (O€) H

Figure 3.0.1 — Zeemann sub-levels in ferromagnetic resonance spectroscopy.

Contrary to the case of paramagnetic materials, the spins of a ferromagnetic material
are strongly coupled wia the exchange interaction forces. Thus, the observed resonance
corresponds to an in-phase macroscopic collective mode precession of the spins around
their static equilibrium orientation inside the magnetic field. The ferromagnetic reso-
nance for the usual ferromagnetic materials is typically in the microwave domain (1-100
GHz). It allows a detailed study of the magnetic properties of the ferromagnetic mate-
rials.

Historically, FMR is the oldest and most widely used technique to study the magne-
tization dynamics in thin ferromagnetic films[1, 2, 3]. This technique consists of placing
the magnetic sample inside a resonant cavity in the microwave domain. The working
frequency is then fixed: it is that of a eigen mode of the cavity (typically from 1 GHz
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3 Ferromagnetic resonance

to 100 GHz). The cavity is excited via a waveguide at the working frequency and the
reflected power is measured as a function of the external static magnetic field applied
to the sample. When the frequency of the studied magnetic mode coincides with that
of the cavity, the power absorbed has a maximum, which corresponds to a minimum of
reflected power. The main advantage of this technique is its sensitivity. Indeed, despite
the small volume occupied by the magnetic material inside the cavity, the quality fac-
tors of a few thousand reached for this type of cavity made it possible to measure the
dynamics of magnetic films whose thicknesses are of the order of a nanometer. However,
this technique has the disadvantage of a fixed working frequency and limits, for instance,
the broadband study of damping phenomena, which can impede a good understanding
of the involved mechanisms.

This is the reason why we have adopted the broadband (0.01-20 GHz) FMR technique
despite the lower sensitivity, as compared to “classical” FMR, to study the magneto-
mechanical properties of our thin films. Actually, our broadband FMR offers a sensitivity
allowing to detect a net magnetic moment down to 10~° emu which is sufficient to detect
a signal in our films. Furthermore, since we aspire to study the magneto-mechanical
properties of magnetic thin films, ferromagnetic resonance has been combined with DIC
to simultaneously measure in-plane displacement and strains fields. As a consequence,
this present chapter is devoted to the presentation of our FMR setup.

3.1 Experimental set-up

A micro-strip ferromagnetic resonance (FMR) has been used during this thesis to
carry out all the FMR absorption measurements. The basic components of our FMR
spectrometer are shown in figure 3.1.1. The spectrometer utilizes a matched impedance
microstrip (MS) line (Z = 50 §2) to avoid losses. The MS line is suspended between the
pole pieces of an electromagnet that is capable of generating up to 20 kOe magnetic fields.
The magnet supplies the required uniform, dc magnetic field ﬁg. A 83752B synthesized
sweeper (0.01-20 GHz) or Agilent N5230A VNA vector analyzer (0.01-40 GHz) generates
microwaves that travel down a coaxial cable to the MS-transmission line where some
of microwave energy are absorbed by the specimen. The transmitted microwave beam
travels back along the coaxial cable to a Schottky diode whose output voltage, V4, is
a function to the amplitude of the transmitted microwave electric field, e;. The data
collection system is dedicated to measure the variation of this diode voltage as a function
of the applied magnetic field Hy. The variations in the diode voltage that are due to
changes in the energy absorption by the magnetic sample as ﬁo is swept through ﬁres
are small and superimposed on a large constant background. In order to emphasize the
variations of V; with ﬁo, the applied dc field is weakly modulated at 170 Hz and a lock-in
amplifier is used to detect and amplify the 170 Hz component of the diode voltage.

After demodulation, the resulting signal is a first derivative FMR spectrum. Then, the
output of this amplifier is connected to a data collection computer over an IEEE-488 data
bus. All units are controlled by the personal computer via TEEE-488 bus. The control
program is written using the LABVIEW graphical programming language. The program
runs under WINDOWS and provides flexibility for a real time control of the magnetic field
sweep direction, sampling time, data acquisition in real time and visualization. Therefore,
the microwave frequency is kept constant and the applied magnetic field is varied over a
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Figure 3.1.1 — Representation of the FMR absorption spectrum which is a Lorentzian
and its derivative.

field range in which microwave absorption is expected. This is called sweep-field FMR.
Indeed, it is also possible to attain the resonance by fixing the external field (ﬁo) and
vary the frequency (fp) (or in other words, the sweep-frequency mode). Each of the
enumerated modes has its advantages and drawbacks. For instance, in swept-field mode
the magnetic state of the ferromagnetic specimen is disturb. So if one want to study the
magnetic properties without changing the magnetic states of the sample (for weak strip
domains samples for instance), it is more interesting to use the FMR in its frequency
sweep mode. Both of these modes will be used later in chapter 7 to observe the rotation
of the magnetization direction under the application of an applied voltage.

3.1.1 Microstrip lines

The first RF and microwaves systems relied on waveguide, coaxial transmission lines,
etc. These last were expensive, needed shielding and are difficult to fabricate. To tackle
the issues, planar transmission lines such stripline, microstrip (MS) line, slotlines, copla-
nar waveguide and several others related planar structures have been developed. Mi-
crostrip line is one of the most popular types of planar transmission lines due to the ease
in which they are fabricated and their easy integration with other microwave devices.
So, the MS line has been chosen in this research project to couple the microwaves to
the ferromagnetic specimen in the FMR experiment. A typical sketch of the microstrip
line is shown in figure 3.1.2-a. A conductor of width W is printed on a thin, grounded
dielectric substrate of Al 503 with a thickness d and relative permittivity €,; a sketch of
the field lines is shown in figure 3.1.2-b . The exact fields of a microstrip line constitute a
hybrid TM-TE wave, however when the dielectric substrate is electrically very thin (d<
A) the fields are quasi-TEM. For a microstrip with small insertion loss, a matched 50 {2
transmission line should be considered. Thus, characteristic equations; effective dielectric
constant €.¢y and characteristic impedance of the Z MS lines has approximatively the
form |7, 8, 9]:
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Figure 3.1.2 — A sketch of a microstrip transmission line with (a)the geometry and (b)
the electric and magnetic fields lines.

The effective dielectric constant can be interpreted as the dielectric constant of a
homogeneous medium that equivalently replaces the air and dielectric regions of the
microstrip line. For a given dimension of the microstrip line the characteristic impedance
Z¢c can be expressed as follow:

o= In (i + 11 for W < 1
R d >
e W/aTT30s 0667 m(wyar ] org =21

3.1.2 Lock-in detection technique

With our FMR technique, the small variations in the Schottky diode voltage that are
due to changes in the energy absorption by the thin film as H is swept through H,.s are
measured. In order to enhance the signal to noise ratio (S/N), a modulation and lock-in
detection techniques are necessary.

3.1.2.1 Lock-in in phase

To dissociate the FMR signal from noise and interferences sources that are overwhelmed
in any laboratory experiment, a phase sensitive detection technique has been used. The
phase sensitive detection (PSD) amplifier operates by multiplying two signals together
and thus allows a conversion of the alternating input signal into a DC output one. Con-
sidering a sinusoidal input signal:

V(t) = Vpsin(wt) (3.1.3)

The PSD amplifier has an integrated reference signal, considering this reference signal
as being:

Vr(t) = Vo sin(Qt + ¢) (3.1.4)

The product of the two signal from (3.1.3) and (3.1.4) gives beats at the sum and
difference of the frequencies :

99
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Vpsp =V (t)Vr(t) = {cos[(w— Q) t+ ¢] — cos[(w+ Q) t + ¢} (3.1.5)

The PSD amplifier or lock-in amplifier is sensitive to signals that have the same fre-
quency and phase than the reference frequency. Any signals that doesn’t fulfilled this
conditions are suppressed. For this, a low-pass filter with a cutoff frequency 3 or lower
is used. So, the signal of the lock-in is given by:

VO‘;RO cos (¢) (3.1.6)

The sensitivity of the FMR signal can be increased by several order of magnitude when

Vpsp =

the lock-in is accompanied by a field modulation.

3.1.2.2 Field modulation lock-in technique and derivative spectrum

In our setup, a small amplitude modulation of the static magnetic field Hy is carried out
to limit the noise-contributing components to frequencies very close to the modulating
frequency. Commonly, the ac-modulation field h,. with a modulation frequency w is
achieved by placing Helmholtz coils on the two sides of our sample, i. e. along the axis
of the static magnetic field. Then, the modulation field superimposed to the static leads
the following:

H(t) = Hp + hgecos (wt) (3.1.7)

The total power absorbed by the thin film determines the amplitude of the FMR signal
(reflected beam). The FMR absorption signal, Vpyr varied as a function of the field
H(t) and is given by:

VFMR(H(t)) = VFMR(HO + hge cOS (wt)) (3.1.8)

A Taylor expansion of the FMR signal at the vicinity of the static field Hy leads to
the equation:

dVERM
dH
The FMR signal Ve r(H (t)) is then multiplied by the reference signal V.. y=cos (wt + ¢)
which have the same frequency than the modulation field w, but with a phase ¢. Then,
we have the following equation:

Vempr(H(t)) = Veyr(Ho) + hae cos (wt)) + ... (3.1.9)

dVrrm
dH

Vemr(H(t)) X Vier = Veamr(Hp) cos (wt + @) + hae cos (wt))cos (wt + @) + ...

(3.1.10)

_ 1dVrmr
= VFMR(H()) Ccos (wt—}-gf)) + 5 dH

1dVeymg
hac COS(¢) + 5 dH

hae cos(wt + @) + ...

Finally the signal is subjected to a low-pass filtering with a cutoff frequency between
0 and %. In this case, the time-dependent terms (first and third terms) in equation
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3 Ferromagnetic resonance

%dvflyﬂ" hqe cos(¢) is constant and is propor-

tional to the derivative of the input signal. Therefore FMR signal typically measures the
derivative of d‘?;% as a function of H [4, 5] .

In FMR, we measure either the microwave power absorbed by a specimen as a function

3.1.10can be eliminated. The second term

of an applied dc magnetic field, H, or the derivative of the absorption (as in our case)
with respect to H. The resulting curve is described by a resonance field, H,.s, that
corresponds to maximum power absorption, and by an absorption linewidth, AH. The
FMR absorption signal of a ferromagnetic thin film is a function of the applied field H and
intrinsic magnetic properties of the film. The latter include the magnetic anisotropies,
the spectroscopic g—factor, the magnetic damping parameter (that is responsible for the
finite linewidth AH), and the quantity of interest such as the saturation magnetization.

A typical FMR spectra is represented in figure 3.1.3.

abs

abs/d H

dp

H-(Oe)

Figure 3.1.3 — An illustration of a typical FMR spectra: a Lorentzian profile of the ab-
sorption power and a derivative of a Lorentzian profile when a modulation
field is used.

3.2 Lock-in parameters optimization

3.2.1 Amplitude of the modulation field

In ferromagnetic resonance the modulation phase, modulation frequency, modulation
amplitude, time constant and microwave power strongly influence the spectra. Then, to
obtain a reliable physical results all those different parameters have to be tailored.

From equation 3.1.10, we have derived that the FMR signal %dVFMR hac cos(¢) is related

dH
to the amplitude of the modulation field h,.. By analyzing this equation, we can discuss

the impact of the modulation on the FMR spectra. At low modulation amplitudes
(viz. when the modulation amplitude is small compared the linewidth AH of the FMR
spectra), as the amplitude of the magnetic field modulation is increased, the amplitude of
the FMR signals increases (see figure 3.2.1). For small modulation amplitude, the S/N
increases linearly with the modulation amplitude, as shown in figures 3.2.1-a and 3.2.1-b.
However, if the modulation amplitude is too large (viz. larger than the linewidth AH of
the FMR signal), the FMR signal broadens and becomes distorted leading to a lost of
valuable information [6].

In the framework of this thesis, with regard to quantitative FMR measurements, the
details of lineshape and intensity are crucial, then the spectrum has to be obtained un-
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Figure 3.2.1 — The variation of the amplitude of the FMR signal with the modulation
voltage with (a): The signal shape of the FMR signal as a function of
increasing modulation amplitude;(b): the amplitude (2A) of the FMR
spectra with the modulation voltage.

der conditions such that do not distort the spectrum. For this, the reference phase and
modulation amplitude need to be carefully calibrated to obtain maximum sensitivity,
minimum distortion, and quantitatively reproducible measurements. We have firstly cal-
ibrated the amplitude of the modulation amplitude and then the phase difference between
the reference signal and the modulated FMR signal. In the first step of calibration of the
modulation amplitude, the voltage of the lock-in amplifier is varied until the modulation
amplitude is maximized. The maximum voltage of the lock-in amplifier is 5 V with a
corresponding modulation amplitude of the ac modulation field of 5 Oe.

3.2.2 The lock-in phase

Once the modulation amplitude has been calibrated (here the amplitude is 5 Oe), the
reference phase is easily calibrated by studying the phase angle dependence of the FMR
signal intensity (see figure 3.2.2). The intensity of the FMR signal is proportional to
the cosine of the phase difference between the reference signal and the modulated FMR
signal (see equation 3.1.10). Then, the intensity which related to cosine function changes
rapidly with respect to the phase angle at 90". In the calibration process, spectra are
acquired at several different values of the reference phase from 0 to 360" in order to find
the phase angle resulting in a maximum signal intensity of the spectra at the modulation
frequency (here the phase of the lock-in was locked to 70°). The Figures 3.2.2-b and
3.2.2-c are illustrations of the evolution of the amplitude of the FMR signal as a function
the phase of the lock-in amplifier. We can see that the amplitude varies in a cosines way
with the phase with a maximum at 70° drops to zero for at 160" before changing in sign
beyond. In the figure 3.2.2-a typical FMR spectra recorded at different phases of the
lock-in: 90" (black curve), 160" (red curve) and 250" (blue curve). A phase change of the
FMR spectra can be noticed between the spectra recorded at 90" and 250  (cos (1800)
= —1 ). It is important to point out the fact the experimental conditions who have
considerable influence on the phase difference between the modulated FMR signal and
the reference signal. For instance, the length of the cable leading to the modulation coils,
the inductance of the coils, the gain setting of the modulation amplifier; just to name a
few.
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Figure 3.2.2 — The variation of the FMR signal amplitude with the phase of the lock-in

amplifier.

3.2.3 The lock-in frequency

It is important to point out the fact that the choice of the modulation frequency is of

paramount importance since a small modulation frequency do not dispose 1/ f noise since
this noise is high at low frequency. Consequently, for a better S/N a higher modulation
frequency is required. This effect can be seen in figure 3.2.3-a.
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Figure 3.2.3 — a) Influence of the modulation frequency b) the rf power on the FMR
spectra and the sensitivity of the lock-in detection amplifier.

3.3 FMR signal optimization

3.3.1 Time constant and sweeping time

The time constant of the lock-in amplifier play an important role for the improvement
of the FMR signal sensitivity. It affects the level in the spectrum, hence the user has to
be careful in the choice of the time constant. The noise is filtered out by increasing the
time constant of the low-pass filter, as a result the response time of the detection circuit
is slowed down. Increasing the time constant leads to a decrease of the noise level. If a
long time constant is needed to dissociate a weak signal from noise, a slower scan rate
must be used i.e a longer sweeping time.
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3 Ferromagnetic resonance

3.3.2 Microwave power

In FMR spectroscopy, a Schottky barrier diode is often used to detect the transmitted
signal. However, at higher frequencies the 1/f detector noise, which is inversely propor-
tional to the frequency declines their performance. An excessive use of the microwave
power could damage the Schottky diode and consequently it loses their sensitivity. To
make sure that this does not happen, the microwave power has to be moderately cho-
sen. To illustrate the effect of the microwave power the FMR lines, we have recorded
FMR spectra at different microwave power. One can note that from figure 3.2.3-b, high
microwave power saturates the spectra. In such condition no quantitative informations
can be extracted from the spectra. The saturation must be avoided for an accurately
measurement of the intensities, linewidths, etc. of the FMR signal by decreasing the
power.

3.3.3 Sensitivity of the FMR spectra

The sensitivity of the FMR spectra dependent strongly on the the angle between the
the magnetic field H and the microwave field hrf When the specimen is placed in the
center of the microstrip transmission and the magnetic field H applied along z (see figure
3.3.1-b, the microwave field f_i,nf created around it is perpendicular to the magnetic field
H and a strong torque is exerted on the magnetization leading then to a maximum of
the FMR signal (see figure 3.3.1-a). However, when the specimen is positioned in the
edges of the microstrip transmission line and the magnetic field H is applied along x ,
the microwave field f_irf is parallel in this situation to magnetic field and a weak torque
is exerted on the magnetization, consequently the resulting FMR signal is minimal (Low
sensitivity). We will use later this selection rule in chapter 7 using the ferromagnetic
resonance in its frequency mode to observe the magnetization rotation.

It is important to point out that the microstrip line is not really homogeneous, for
example FMR measurements with the specimen in different zone of the MS-line (the
edges ) show a small shift of few Oersted of the FMR lines. To tackle this issue, it is
advisable to effectuate the FMR measurements placing the specimen at the center of the
microstrip line.

3.4 In-situ mechanical testing

For the in situ study of the magnetoelastic effect in ferromagnetic thin films, the ferro-
magnetic resonance (FMR) is combined with the mechanical testing we have presented in
the chapter 2 : bending or piezoelectric actuation. Figures 3.4.1 show the set up we have
used in the framework of this thesis. The principle is to deform the magnetic thin film
by applying a voltage across the piezoelectric actuator or to apply bending stress with
circular bended-blocks of various curvature radii. The influence of the stresses induced
on the uniform precession mode of the ferromagnetic resonance is manifested by a shift
of the ferromagnetic resonance spectra, as we will see in the next subsection.

Figure 3.4.1 shows the setup used when performing bending test. When using piezoac-
tuation, our setup combines FMR and DIC techniques. As shown in top figure 3.4.1,
the piezoelectric media is connected to a Keithley power supplier (Model 2400) allowing
to apply DC voltages in the range [—200 V;+200 V]| with 0.001 V resolution. For each
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Figure 3.3.1 Ilustration of the FMR spectra sensitivity according to the angle between
the magnetization and the rf field. a) A low sensitivity with minimal FMR
signal in which the angle between the pumping field and the static one is
equal to zero leading to a weak torque exerted by the microwave driven
on the magnetization. b) High sensitivity with a maximal FMR signal in
which the pumping field is directed perpendicular to the magnetization
leading to a strong torque exerted by the microwave driven field on the
magnetization.

applied voltage, a FMR spectrum and an image of the top surface of the sample are
recorded (note that the spectrum recording takes from 1 min to several hours depending
on the magnetic field step and on the total width of the spectrum). The images recording
at each step will serve to determine the in-plane field strains. Furthermore, being given
the initial “homogeneous” surface of the sample, a speckle pattern has been spray painted
in order to generate a contrast which will serve to calculate the strain fields (an image
of a typical speckled pattern (spray-painted) is presented in bottom figure 3.4.1-c. In
our setup, the images are recorded thanks to a 2048 x 2048 pixels CCD AVT-Pike f421b
camera vertically positioned in the top of the surface sample. The objective lens has been
chosen in order to be sufficiently far from the electromagnet (20 cm) with a field view
around 1 x 1 cm? as shown on figure 3.4.1-c). The strain fields calculations (from the
different images) have been perfumed by digital image correlation thanks to the ARAMIS
software .

65



3 Ferromagnetic resonance
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Ground plane

Bended object w, I
Kapton® substrate
Co,Fel filmv
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(spray-painted)

Figure 3.4.1

Top figure: sketch of the microstripline resonator allowing for the reso-
nance field detection of the bended CFA film deposited onto flexible sub-
strate. ff} and If}‘t correspond to the injected and transmitted radio
frequency current (fixed at 10 GHz thereafter). The static magnetic field
H is applied along the microstripline. Bottom figure: (a) setup image
of the combined FMR/DIC experiment. The circled numbers correspond
to: (1): Keithley Model 2400; (2): CCD camera (AVTPike- f421b); (3):
objective lens for the CCD camera; (4): white light source; (5): electro-
magnet; (6): Schottky detector; and (7): modulation coils. Pj, and P,
are the injected and transmitted radio frequency current. (b) Zoom in
showing the sample mounted onto the microstripline. A typical calculated
strain field map is present at the top of the sample. (c) Zoom in of the
speckled pattern (spray-painted) at the top of the sample necessary for
the strain fields calculations.
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4 Magnetoelastic properties of high
potential alloys for spintronics

The recent development of magnetic devices, such as giant magnetoresistance, mag-
netic tunnel junctions or magnetoimpedance systems [1, 2, 3, 4, 5, 6, 7, 8|, fabricated on
flexible substrates leads to the need to properly scrutinize the strain effect on the static
and dynamic magnetic properties. Indeed, these devices are made by depositing a metal-
lic medium (films or nanostructures) onto a flexible system for which a slight bending
effort can lead to high in-plane uniaxial or biaxial stresses during their usage. Indeed,
these stress and strain fields modify the static magnetization distribution inside nanos-
tructures [9] and induce non-negligible planar magnetic anisotropies in thin films that
are undesirable for some applications [6]. For these applications, it is of high importance
to develop flexible systems with high potential alloys for spintronics.

Co-based Heusler alloys such as Co2FeAl (CFA) are an interesting class of materials
having a very high Curie temperature and a half-metallic character of their spin-split
band structure (metallic behavior for one spin component, and insulating behavior for
the other one), as predicted theoretically by calculations. Such materials may exhibit a
100% spin polarization at the Fermi level and they are therefore emerging as potential
candidates for a variety of applications such as magnetic sensors and magnetic memories.
However, despite their incontestable potentiality, Co-based Heusler alloys are still rarely
used in flexible systems and their magnetoelastic properties are poorly known.

On the other hand, CoFeB thin films have attracted much attention from researchers in
spintronics, especially after the accessions of very high values of tunnel magnetoresistance
(>70%). The main application lies in the development of basic tunnel junctions of
this material. However, to expand the application scope of these CoFeB-based tunnel
junctions, it is also crucial to study other properties than simple magnetoresistance, such
as the magnetostrictive effects for magnetic sensing application. Indeed, a strain gauge
is a sensor whose resistance varies with applied force; it converts force, pressure, tension
and weight into a change in electrical resistance which can then be measured. Hence,
the high magnetoresistance value of tunnel junctions made of CoFeB offers the potential
of developing strain gauges of high sensitivity. Thus, the joint use of magnetoelastic
properties and magnetoresistance can be applied to connect electrical resistance and
elastic strains. However, to envisage such developments, it is important to know the
relationship between strains, stresses and magnetic anisotropy in those alloys.

Our developed technique, described in chapter 3, has been used to quantitatively de-
termine the strain effect on magnetic properties of CogoFeqoB2g and CosFeAl thin films.
Ni thin films, whose properties are well known, has also been studied to validate the
proposed approach. All the films have been deposited on Kapton@®) substrate (thickness
of ty ~ 125 pm) by magnetron sputtering with a base pressure lower than 2 x 1078
Torr. The Ni and CFA films are found to be polycrystalline with no strong preferred
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4 Magnetoelastic properties of high potential alloys for spintronics

orientations by x-ray diffraction; the CFB film is amorphous. As a consequence, we will
consider that the elastic and magnetoelastic properties are isotropic.

4.1 Beforehand characterization

This section is devoted to the “standard” FMR characterization of the different thin
films, 7. e. in absence of applied strains. In this condition, we are able to determine
some parameters which will be useful in the quantitative study of the magneto-mechanical
properties of those thin films. In absence of applied strains, the frequency of the uniform
precession mode is expected to only depends on the gyromagnetic factor v, the satura-
tion magnetization M, and the possible presence of in-plane and out-of-plane magnetic
anisotropies. The presence of in-plane anisotropies could be easily detected by mea-
suring the in-plane angular dependence of the uniform precession mode. However, the
presence of out-of-plane anisotropies is more complex to detect and needs the determi-
nation of the saturation magnetization with another technique (such as vibrating sample
magnetometry). Indeed, with FMR, it is impossible to discriminate the out-of-plane
anisotropy field (H ) from the demagnetization contribution associated to the thin film
geometry (4mMs) because the resonance frequency of the uniform mode depends on
47nMg — H . It should be noted that this last term is generally called effective magneti-
zation 4w M.yy = 4nM, — H . During this research project, we have verified that most
of our films do not present such a contribution. For the sake of brevity, we will say that
the saturation magnetization has been determined by FMR even if it is more complex.
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Figure 4.1.1 — a) Angular dependence of the resonance field as a function of in-plane angle
for the different films. b) Frequency dependence as function of the applied
magnetic field for the different films. In a) and b): CosoFeq9oBag(blue) and
CogFeAl (red) and Ni (black). The solid lines correspond to fits of the
experimental data using equations 4.2.3 and 4.1.3.

We always begin the characterization by measuring the angular dependence of the
resonance field to see the eventual presence of in-plane anisotropies. Figure 4.1.1-a)
presents such a dependence measured at 8 GHz in the different films. We clearly note
the presence of a second order anisotropy (uniaxial). It should be noted here that all the
studied films can be considered as isotropic in a mechanical point of view since they are
polycrystalline with no preferred orientations (Ni and CFA) or are amorphous (CFB).
As a conclusion, no macroscopic magnetocrystalline contribution is expected. Thus, this
anisotropy; which is quite high in the Ni film; should have another origin. We will see
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4 Magnetoelastic properties of high potential alloys for spintronics

in Chapter 5 that it is due to a slight curvature along a given direction which leads to a
bending of the film/substrate system. In the following, this uniaxial anisotropy will be
fitted by using an ad hoc uniaxial anisotropy field (H,,) characterized by an anisotropy
constant K, with H, = % ! In order to quantitatively determine M, v and H,, we
need now to measure the frequency dependence of the uniform along the easy and/or
hard axis and to fit the experimental to a model. Figure 4.1.1-b) shows the frequency
dependencies of the uniform mode along the easy axis which corresponds to the minimum
of the H,¢s variation in figure 4.1.1-a) (90 degree) . We need now to fit the experimental
data presented in those figures (4.1.1-a) and 4.1.1-b)) by the following model to extract
My, v and H,. The theoretical expression of the uniform mode is determined thanks to
the Smith and Beljers formulation:

2 f\? 1 ? [ 0°F O°F ?’F \° (41.1)
Y a MS Sin@M 8912\/[ 8@?\4 ath(pM o
In the above expressions 6y, and ¢j; stands for the polar and azimuthal angles of the

magnetization M; v is the gyromagnetic factor; f is the driving frequency and F' is the
following magnetic energy density:

F = Foee + Fyip + Fy (4.1.2)

Where F,.. = —H - M is the Zeeman energy where H is an applied magnetic field,

- 2
Fyip = 27 (M . é’z) is the demagnetizing energy associated to the film geometry and

- 2
F, = —J\Iffé (M . ﬁ) is the energy associated to an ad hoc uniaxial magnetic anisotropy

along @. Figure 4.1.2 shows the above defined vectors and the used angular notations.
In agreement with our experimental results discussed below we have taken u along x for
simplification. In this condition, the frequency dependence of the uniform mode is given
by:

f= %\/(H cos(pnr — i) + Hy cos2¢n) (H cos(onr — prr) + Hy cos? op + 4w M)
(4.1.3)
The expression of the resonance field is deduced by replacing H by H,..s and by writing
it as function of f and the other parameters. An explicit expression? can be deduced
if we consider that ¢ ~ ¢g which means that the magnetization is always aligned
along the applied magnetic field. This is particularly true in the angular dependence
experiments. In this conditions, we can write:

omf ) 13

Hyes = \/(ZWMS + H, sin? @H)Q + <7Tf> —27M, — H, (2 + 2cos2g0H> (4.1.4)
Y

The full lines in figures 4.1.1-a) and 4.1.1-b) correspond to fits of the experimental

data using the parameter of table 4.1. We observe that the anisotropy field is maximum

1. This anisotropy field H, is not a real field vector. However, in the FMR, community, it is usual to
define anisotropy fields from the anisotropy coefficients.

2. All the fits presented in this research project have been performed by using the full formulation
with no assumption in ¢ and ¢r. However, we write H,es by considering that ¢ ~ ¢u to have an
explicit expression.
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4 Magnetoelastic properties of high potential alloys for spintronics

for Ni which possesses the minimum saturation magnetization. The deduced saturation
magnetization values correspond to the ones generally reported for similar materials
deposited on conventional substrate (rigid ones). We have thus a confirmation of the
“good” magnetic properties of our films deposited on polymer substrate.

Figure 4.1.2 — Sketch of the coordinate system used in this section. In the experiments
presented here, the magnetic field is applied in the (zy) plane. Note that
H, is aligned along €, for simplicity.

Sample COQFGAI CO40F€40B20 Ni

H,(Oe) 30 60 310

M (emu.cm—3) 820 1040 480
v (x107) 1.835 1.948 1.885

Table 4.1 Values of the uniaxial anisotropy field (H,), the saturation magnetization
(M) and the gyromagnetic ratio () extracted thanks to the experimental
data fits.

4.2 Determination of the magnetostriction coefficients

In this section, we present the methodology combining FMR and DIC in order to si-
multaneously measure the voltage-induced strains and the magnetic resonance response
in our thin films. We will see that this methodology is powerful to estimate the magne-
tostriction coefficient of ferromagnetic thin films deposited onto polymer substrates. In
addition, it should be noted that this technique can be also applied to artificial magneto-
electric heterostructures (such as a magnetic film on a piezoelectric substrate) and allows
the determination of the effective magnetoelectric coefficient of the whole heterostruc-
tures in addition to the piezoelectric coefficients related to the in-plane voltage-induced
strains. Finally, this methodology can be applied only to system for which the strains
are well transmitted at the different interfaces.

4.2.1 Piezoelectric actuation of the magnetic specimens

We have glued the different films onto a commercially available piezoelectric actuator
(see Chapter 2). This actuator will allow us to apply some in-plane strains to the different
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4 Magnetoelastic properties of high potential alloys for spintronics

films and thus to probe their magnetic response. Note that in this section, the films
have been glued such as the easy axis coincides with the long axis of the actuator. We
have already shown in Chapter 2 that the transmission of the deformation between the
actuator and the film /substrate system is near 100%. Typical FMR spectra are presented
in figures 4.2.2-a), Figure 4.2.2-b) and 4.2.2-¢) corresponding to different specimens: Ni,
CooFeAl and CoyggFegq9Bog respectively. Those spectra have been performed at 0 V and
4100 V under similar conditions: driving frequency of 8 GHz and applied magnetic field
perpendicular to the actuator (i. e. along y axis). We now define the resonance field
shift as: 0Hyes(V) = Hypes(0) — Hyes(V). One can note that this field shift is negative
in the case of CFA and CoFeB material while it is positive in the case of Ni material.
This is due to the respective sign of the magnetostriction coefficients A\ of the different
materials. Indeed, if we consider that the films are isotropic in a magnetoelastic point
of view and are submitted to a nearly uniaxial stress o,,, the magnetoelastic energy can

roughly be written as:
1

Fpe = _g)\(ai - g)axx
where o is the direction cosine of the magnetization. Thus, an effective magnetoelas-
tic field, defined as ﬁme = _ﬁMFme can be introduced. For positive A\ and o, values,
this field is aligned along x direction, which leads to an easy axis that will increase the
resonance field (negative shift) of the uniform mode (because g = 7/2) as experimen-
tally observed for CFA and CFB material. A first conclusion concerning the sign of the
magnetostriction can be thus done without any modeling of the data: we found that

AVi < (0 and \CFACFB -

Figure 4.2.1 — Sketch showing the film/substrate glued onto the piezoelectric actuator.

In order to quantitatively determine the magnetostriction coefficients of the films, we
have performed DIC and FMR experiments under similar conditions. The measurements
have been performed by varying the external voltage from 0 V to 100 V and back to
0 V for the Ni and CFB films and from 0 V to 200 V for the CFA film. The FMR
measurements have been performed with a magnetic field applied along y. Figures 4.2.3-
a), 4.2.3-b) and 4.2.3-c) present the deduced dH, s as function of the applied voltage.
We clearly see that 6 H,s is positive in the case of the Ni film and negative for the CFA
and CFB films confirming the first observation previously made. Non linear variations of
0H,¢s as function of the applied voltage are also found. These variations are similar to
the ones found for 0., and oy, as function of the applied voltage. We will see in a next
section that 0 H,,-variations become linear if we plot them as function of o, or o, (or
2042 — 0yy). Thus, we can conclude that this effect is not magnetic or magnetoelastic
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Figure 4.2.2 Experimental spectra recorded at 8 GHz for an in-plane magnetic field
at 90 degree with respect to the main positive strain axis of the actuator
(along y-axis) and along the easy axis of the magnetization. A negative
shift of the FMR spectra is observed in Ni film while positive shifts are
noticed for CFA and CFB films.
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Figure 4.2.3 a, b) Resonance field shift H,.s as function of the applied voltage (be-
tween 0 and 200 V for the CFA film). Symbols represent experimental

data while solid lines refer to fit obtained from the model described in the
text.

but simply due to the specific behavior of the piezoelectric actuator. We note that 0 H;.es
is important for the Ni film, it reaches a value around 350 Oe at 100 V while it is around
250 Oe for CFA and 150 Oe CFB at 100 V.

4.2.2 Modeling of the resonance field shift

The modeling of the resonance field needs to add the magnetoelastic contribution
Fie to the energy F' defined in equation 4.1.2. We consider that the magnetostriction
coefficient A is isotropic at the macroscopic scale. If we consider that our films are only
submitted to in-plane stresses (o,, = 0), the magnetoelastic energy can be written as:

3 9 1 5 1
Fne = SM((03 = 2)0we + (0] = 3)ayy) (4.2.1)

0zo and oy, being the in-plane principal stress tensor components while o, and o
are the direction cosines of the magnetization. The relation between the stress tensor
components (0, 0yy) and the measured strains (e44(V), £4y(V)) is given by the Hooke’s
law (see Chapter 2). Like the magnetoelastic properties, the elastic ones are expected to
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present isotropic behaviors, the Hooke’s law is thus given by:

_(_ Y 1 vy
e <1 + Vf> (1 = fo—:m(V) e eryy(V)>

Yy 1 vy
_ L . 422
Oyy <1+1/f> <1Vf5yy(v)+ 1*Vf€ (V)> ( )

Where Yy and vy are the Young’s modulus and the Poisson’s ratio of the films. The
correspondence between strains and voltage are given by the DIC measurements. In
these conditions, the resonance field is derived from equation 4.1.1:

2w\ 2 3\
Hres((PM ~ (PH) = \/(2ﬂM8)2 + ("}/f> + HlHQ — 27TM5 — ﬁ(gzz - Uyy) (423)

where:

3\ .
H| = ﬁ(am sin2par + Tyy cos? ©M) (4.2.4)
S
3A .2 2
Hy =47 M, + ﬁ(om sin @ + oyy cos” oir) (4.2.5)

s

In this formalism, the main unknown is the magnetostriction coefficient A since Y; and
vy can be either estimated from single-crystal elastic coefficients or measured by Brillouin
light scattering (BLS). Indeed, CFA and Ni single-crystal elastic coefficients can be found
in the literature[20, 21](see table 4.2). Hence, being given the random distribution of the
crystallites inside the Ni and CFA films, we can simply use homogenization methods
presented in chapters 1 and 2 to estimate the Young’s modulus and the Poisson’s ratio.
Concerning CFB material, even if its amorphous structure confers to the film a full
isotropic behavior (both local and macroscopic scales), their coefficients are unknown.
However, we will see in chapter 6 that Brillouin light scattering (BLS) can be astutely
employed to measure the phonon dispersion which directly depends on those parameters.
For all the materials, Y; and vy are presented in table 4.2. We have also calculated the
corresponding Zener anisotropy index A for CFA and Ni film from the elastic coefficients
(A =2C44/(C11 — Ch2)).

The full lines in figures 4.2.3 corresponds to the best fit using equation 4.2.3, the
only fitted parameter is A\. As a conclusion, we have shown in this section that the
magnetostrictive coefficient can be measured with accuracy.

4.3 Magnetoelastic effect: equivalent stresses concept

In chapters 2 and 3, we have presented two types of methods allowing the study of the
magneto-mechanical properties of ferromagnetic thin films: i) bending and ii) piezoactu-
ation. One way to compare the resultant effects from the different types of solicitations
is to introduce the multi-axiality of the stress state into the classical uniaxial models
through the definition of a fictive uniaxial stress: the equivalent stress that would change
the magnetic behavior in a similar manner as the multi-axial one. Several attempts are
available in the literature [13, 14|, where the most general definition of the equivalent
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Sample CosFeAl CoygFeqpBoy  Ni

Yy (GPa) 243 160 200

vy 0.27 0.30 0.30
A(x1079) 14 23 -26
C11(GPa) 253 — 253
C12(GPa) 165 152
Cus (GPa) 153 — 124

A 3.48 — 2.46

Table 4.2 Values of the films Young’s modulus (Y7), Poisson’s ratio (v¢), magnetostric-
tion coefficient (\) and of the elastic coefficients (C11, C12 and Cyyq). The
Zener anisotropy index (A) is also indicated.

uniaxial stress has been given in 2010 by Daniel and Hubert [15, 16]. In this section, we
will present in-depth study of the magnetoelastic properties of the CFA thin film submit-
ted to strainS induced by piezoelectric actuation or by bending tests (uniaxial). After a
comparison of results (study of the anisotropy field and determining the magnetostriction
coefficients) for these tests under applied magnetic field, we will show how the definition
of the equivalent uniaxial stress allows plotting the whole data on a single graph.

4.3.1 Multi-axial stress and resulting anisotropy field

In our system, these in-plane stresses are applied either by a piezoelectric medium or
by a curved support. Being given the absence of texture in our films, the magnetostrictive
and elastic properties of the films are considered as isotropic at the macroscopic scale.
With these assumptions, the magnetostriction coefficient, the Young’s modulus and the
Poisson’s ratio of the thin film are scalars parameters, as previously discussed. More-
over, in order to dissociate the effect of the residual uniaxial anisotropy (H,) from the
anisotropy coming from the magnetoelastic effect, we will neglect the energy F,. Thus,
the magnetic energy of the thin film can be written as:

F = Foee + Fuip + Fone (4.3.1)

Where the last term is the magnetoelastic energy Fj,. which can be expressed for a
general stress state as follows:

1
Fre ==\ Bto_&f&' - 2tr(a)] (4.3.2)

where @ = (cos pprsin @y, sin gy sin Oy, cos ) is the unit vector along the magne-
tization (see figure 4.3.1 and o is the stress tensor that has the following general form in
the absence of shear stress:

Oz 0O 0
o= 0 oy, O (4.3.3)
0 0 o0,

Where 04, 0yy and 0. are the orthogonal normal stresses.
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CFA (25 nm)

Figure 4.3.1 — Schematic illustration showing the angles and the coordinate system used
in the text.

Then, the magnetoelastic energy is:

3 . : : A
Fe = —5/\ (O’m cos 2oy sin 207 + Tyy sin 27 sin 2057 + 02 coszﬁM) + 5 (Oza + Oyy +022)
(4.3.4)

The situation could be simplified if an in-plane magnetic field is applied (sufficiently
strong to ensure a uniform magnetization distribution), the equilibrium polar angle is
thus 6y = 5 because of the large effective demagnetizing field associated with the planar
film geometry, the magnetoelastic energy can finally be expressed as:

Fone (eM - g) - —g[am(l +3cos 2pn1) + oyy(1 — 3cos200) — 20..]  (4.3.5)
An equivalent stress ag]H has been introduced by Daniel and Hubert [15, 16] and comes
from the general expression of the magnetoelastic energy in the isotropic case, e.g. from
equation 4.3.2. It defines a fictive uniaxial stress that would change the magnetic behavior
in a similar manner than a multi-axial one. This is particularly useful to compare results
obtained from different kind of solicitations as it will be shown in this section. Indeed,
from equation 4.3.2, being given that the magnetoelastic energy for a given uniaxial stress
Ouniazial 15 Fme = —AOuniazial, the equivalent stress introduced by Daniel and Hubert
can be expressed as follows :

3 1
U,SIH = §t62062 - Etr(a) (4.3.6)

If we consider the specific “in-plane” case (63 = 7 ), this equivalent stress becomes:
pn _ 1
Oeg)) = Z[Jm(l + 308 2pnr) + oyy(1 — 3cos2pp) — 20,2
Moreover, from the energy (equation 4.3.4), it is convenient to introduce an “effective”

magnetoelastic anisotropy field, which magnitude can be defined as follows for an in-plane
magnetization:
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1 9%F,,. BN (Oge — Oyy) COS 200

Hype(pnm) = . 0¢2, = M, (4.3.7)

_x
=75

If one consider the z axis (¢p; = 0), we find the following expression for the magne-
toelastic anisotropy field:

3N (Ope — Oyy)

Hme = Ms

(4.3.8)

This expression is independent of ¢,, and is directly related to the difference of stresses
along the principal axes = and y. We will discuss about the links with the equivalent
stress ngl/{/ in the next subsection.

4.3.2 Resonance field as function of equivalent uniaxial stress

The resonance field of the uniform precession mode evaluated at the equilibrium is
obtained from the Smith-Beljers, the expression is given by equation 4.1.1 where the
different, derivatives are evaluated at the equilibrium direction of the magnetization. An

™

explicit expression can be derived for an in-plane applied magnetic field (63 = § ):

27\ 2 3\ .

<7f> = [47TMS + Hyescos(onr — om) + A (am cos? o + Tyy sin 2@y — azz) }
S

3\

M

x| Hyes cos(orr = o11) + 2 (000 — 7y) c0s 2] (4.3.9)

The angles pg and ¢pr are defined in figure 4.3.1. We can derive the resonance field
expression from equation 4.3.9 by considering that the magnetic field is strong enough
to saturate the magnetization (op; ~ pp):

2 2mf\2 3\

Hyos(onr = op) = \/(2st) v (7> +HoHy = 2mM, — R ol (43.00)

Where:

3A .2 2
H, = W(om sin“par + oyy cos” oy — 04z) (4.3.11)
S
and
3A .2 2
Hy, = 47 M, + W(Um sin“pnr + oyy cos” par — 022) (4.3.12)
S

Being given that the order of the stress-induced anisotropy is twofold, it is convenient
to determine the magnitude of the magnetoelastic anisotropy field by measuring the total
amplitude of the angular dependance of the resonance field H,.s. Here, we can introduce
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the FMR-magnetoelastic field determined by the following expression, and that can be
measured from in-plane angular dependence of the resonance field:

™
2H7I;£/[R = Hres((pM = 5) - Hres(SOM = O) (4313)

This can be expressed as follows:

9\
2H££/1R = (O2e — Uyy)

- 2M,
+ |:(27TM3)2 + (2:]0)2 + 6T A(0zz — 022) + (

3NOgr — 022) )2} 1/2
2M,

B [(27TM3)2 - (ﬁ)Q + 67 A(oyy — 022) + (M)2] v

4.3.14
5 TR (4.3.14)

In each square-root of 4.3.14, with standard experimental conditions ((oz, — 0,,) and
(0yy — 022) of the order of 100 MPa, A ~ 20 x 1075, M ~ 1000 emu.cm™3, f of a few
GHz, and & = 0.003 GHz.Oe™!) the third term is about 3 orders of magnitude higher
than the fourth one and 5 lower than the two first ones. Thus, concerning the two terms
related to magnetoelastic contribution, the fourth term can be neglected as compared to
the third one. Finally, the usual way is to apply the following first-order Taylor expansion
inside each square-root (with i = x,y):

2 f
v

2 f 2\ = 1 67\ (oy — 022)
<(27TMS)2 i <’Y) ) (1 T2 e 2 1 (2;”[)2> 431

Therefore, the magnetoelastic anisotropy can be expressed as:

(27 M,)? + < )2 +6mA(0s — 02)] P &

9\ 3TNOpr — O
HflyR ~ AM (Oaz — oyy) + (T2 w) 5
: 2\/(an5)2 + (%)

One can note that depends on the frequency, this variation being shown on
figure 4.3.2 (HEME(f)) / (HEME(f = 0)) as function of f. At f = 0 GHz, the FMR
resonance field is equal to the static one H,,. already determined in equation 4.3.8. It

(4.3.16)

FMR
Hme

decreases with frequency, according to equation 4.3.16, and gradually approaches %Hme.
In our standard range (0-10GHz), one can see that HEME is very close to Hye so that
the the expression can be rewritten as:

3\
Hpd'™(f) % Hie = 17 (0az — o) (4.3.17)

s

Concerning the stress dependance, this expression suggests that in the case of an
in-plane magnetized thin film, any given multi-axial stress state leads to an in-plane
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Figure 4.3.2 Frequency dependence of H,ZéwR for a large frequency range. The inset
shows this frequency dependence for usual FMR frequency range (0-30

GHz).

anisotropy field proportional to the term (0, — 0yy). This is consistent with the equiv-

alent stress quR = (0ga — 0yy) proposed by Schneider and Richardson [17] to describe
the evolution of the anisotropy field with an applied biaxial stress state. Moreover, one

can note that aeSqR is simply equal to:

2 T
SR _ _“[ _DH _ ™\ _DH _
e =3 {Jeq// <cpM— 2) Oeq ) (o1 =0) (4.3.18)
Hence, the whole experimental data resulting from various kind of solicitations (uniax-
ial or multi-axial) can be plotted in a common graph with the term (o, — 0y, ) defining
the abscissa axis and H,,. the ordinate ones, as we will see in the following subsection.

4.3.3 Confrontation of piezo-actuation and bending strains effects

We propose now to apply the equivalent stress concept to the thin CFA film (25
nm). This last one is stressed both by piezo-actuation (non equibiaxial) or by bending
tests (uniaxial) and measured with our broadband ferromagnetic resonance technique.
In order to obtain of maximum of points in the (o4.,0y,) map, we have performed
piezoactuation in the range -200 V, +200 V. Figures 4.3.3-a) and 4.3.3-b) show the
deformations measured by digital image correlation (DIC) as function of the applied
voltage. When applying a voltage, the mean values of e, and €, vary with % ~ —0.625,
while the in-plane shear strain €, remains unchanged (not shown here). In figure 4.3.3-
a), the curve corresponds to a simple electric loading-unloading (0 V - 200 V - 0 V)
; the non-linearity characterized by a “loop” shape is due to the specific piezoelectric
behavior of the actuator, which is reversible. In figure 4.3.3-b), we show a symmetrical
cyclic loading path, .i.e. an unloading from +200 V to —200 V and a subsequent loading
from —200 V to 4200 V. We observe the so-called “butterfly” behavior that is due to
polarization switching at about —60 V during unloading and 460 V during loading [11].
Data shown in 4.3.3-a) and 4.3.3-b) are reported in a €y, versus e,, graph (figure 4.3.3-
¢). The “loop” (full blue circle symbols) and “butterfly” (open blue symbols) data are well
superimposed despite of the polarization switching occurring in the case of cyclic path.
From the values of €,, and €, it is straightforward to calculate the planar stresses o,
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Figure 4.3.3 a) €4, and gy, as function of voltage applied to piezoelectric actuator,
measured by DIC, for a simple electric loading-unloading. b) &,, and
gyy as function of voltage applied to piezoelectric actuator, measured by
DIC, for a symmetric electric loading path. c) e, as a function of e,
for piezoelectric actuation (“loop” and “butterfly” behavior) and unaxial
bending. d) oy, as a function of o,, for piezoelectric actuation (“loop”
and “butterfly” behavior) and unaxial bending.

and oy, using isotropic Hooke’s law, knowing the elastic constants of the polycrystalline
film, being given the isotropic crystallographic texture. The mean values of 0., and oy,
vary with % ~ —0.394 as shown in 4.3.3-d).

In addition, we have also shown in figures 4.3.3-¢) and 4.3.3-d) attainable strains and
stresses respectively by bending the samples. These experiments have been performed by
gluing the films onto small pieces of aluminum blocks of circular cross-section of known
radii R: 32.2 mm, 41.6 mm, 59.2 mm and infinite (flat surface). More details about the
in situ can be found in chapters 2 and 3. Here, the curvature stress can be applied either

along x axis or y axis. When the bending is applied along x axis, the strains are given
by:

(tf +ts)
oz = ——T 4.3.1
c °R (43.19)
and (5 +t2)
f + S
€yy = —VfTF (4320)

Where I is the correction introduced in chapter 2. However, being given the mechanical
parameters of the film and the substrate and their respective thicknesses, we found that
I' is close to unity. In the case of bending along y axis, the expressions of €;, and ¢, are
found by substituting one for the other. In any case, the uniaxial stress along x axis or y
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Figure 4.3.4 —a) . Resonance field shift, defined as 6Hr = Hgr(V) — Hr(V =0), as
function of applied voltage to the piezoelectric actuator in the case of
backward and forward voltage loops (0 ; 200 V). Circled points refer to
experimental data while solid line is the fit using the model described in
the text. b) Typical FMR spectra for different applied voltages (0 V, 100 V
and 200 V). The positive shift is coherent with a positive magnetostriction
coefficient of CFA. c¢) Resonance field shift as function of applied voltage
to the piezoelectric actuator in the case of cyclic electric loading (-200 V
;200 V).

axis is found by using Hooke’s law. In our conditions, the above-mentioned radii values
correspond respectively to the following values of applied stresses : 0.47 GPa, 0.37 GPa,
0.26 GPa, 0 GPa. Moreover, the stress in the thin film is compressive if the film is in
contact of the bent-block and tensile if the substrate is the bent block. We have thus
studied three opposite stress states and the zero stress state (unbent sample).
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Figure 4.3.5 - FMR spectra for bended samples with different curvatures x = +1/R
(here along x axis). Circle symbols show the curvature s as function of
0Hr = Hr(k) — Hr(k = 0).
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Figure 4.3.6 — Azimuthal angle dependance of the resonance field in polar representation
with the corresponding bending effect on the stress state (either negative
a) or positive b)) for CFA film placed on aluminum block with 32.2 mm
radius.

Now, we study the influence of voltage-induced strains on the magnetization uniform
precession mode by in situ MS-FMR measurements, before comparing these tests with
bending ones. For this, the MS-FMR spectra have been reordered at 10 GHz microwave
frequency and the magnetic static applied field has been varied. A backward and for-
ward voltage loops (0-200 V) with steps of 10 V were applied to the PZT-actuator. The
relative evolution of resonance field, defined as dHr = Hr(V) — Hr(V = 0), is shown in
figure 4.3.3-a). Figure 4.3.3-b) shows the typical MS-FMR spectra at different applied
voltages (0 V, 100 V and 200 V). Obviously, the resonance field evolution versus the volt-
age depends on the sign of the magnetostriction coefficient at saturation as we observe
it in the precedent section. Since the magnetoelastic field H,,. is a voltage-dependent
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Figure 4.3.7 — Angular dependance of the resonance field (at 10 GHz) for R = oo (a),
R =592 mm (b), R=322mm (c), R =13.2 mm (d). In figures (b), (c)
and (d) are shown the opposite stress states.

field, expressing the resonance field as function of the applied voltage is equivalent to
expressing the resonance field versus H,,e. Thus, as shown on figure 4.3.3-a), a non-linear
and loop-like behavior of the evolution of the uniform precession mode resonance field
with the applied voltage and the magnetoelastic field is observed. As ferromagnetic films
follow perfectly the elastic strains of the piezoelectric actuator, the hysteretic behavior
of the resonance field shift can be explained by the intrinsic behavior (ferroelectric) of
the actuator. Moreover, this is confirmed by measurements made for the cyclic electric
loading (figure 4.3.3-c) for which we find a resonance field following perfectly the “but-
terfly” behavior found in 4.3.3-c). All these experimental observations are well described
by the theoretical model already described in the precedent sub-section.

Considering samples submitted to mechanical bending, figure 4.3.5 shows the evolution
of MS-FMR spectra for different curvatures k = £1/R along x-axis. The shift of the
resonance field is related to the resulting applied uniaxial stresses given in figure 4.3.3-d).
Obviously, this behavior is similar when the experiments are made along y -axis. In order
to easily extract the strain-induced magnetoelastic anisotropy field, we have performed
FMR angular dependence measurements. It is interesting to see in figures 4.3.6-a) and
4.3.6-b) that the sign change for o,, in the thin film induces a switching of the uniaxial
anisotropy as revealed by the angular dependencies of the resonance field for the two
opposite stress values 0, = —0.47 GPa and o,, = +0.47 GPa. In our configuration, the
x axis corresponds to pgy = 90° and 270° and y axis corresponds to ¢y = 0° and 180°.
Note that the apparent slight misalignment between the easy axis and the z axis in
figure 4.3.6-a) (0., < 0) and the y axis in figure 4.3.6-b) (0., < 0) respectively is
due to the initial residual uniaxial anisotropy field H, in the thin film (before applied
bending) at about 30° from the x axis. Fig.4.3.7-a) shows the angular dependance of
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Figure 4.3.8 — Theoretical (iso-anisotropy field lines) and experimental (square symbols
for piezoactuation experiments, circle symbols for bending experiments)
anisotropy field Hy,. map in the principal stress space (044, 0yy)-

the resonance field for unbent sample. We will see in the next chapter that this initial
uniaxial anisotropy, is due to a slight initial unavoidable curvature of the sample after
deposition when using polymer substrates. In figures 4.3.7-b), 4.3.7-¢) and 4.3.7-d) are
shown the angular dependencies of the resonance fields for all the applied stress states.
The continuous lines are fits to the experimental data by using equation 4.3.10 with
Oyy = 0., = 0 and 04, = Yye,,. Note that we have used the parameters determined in
the precedent section (Mg = 820 emu.cm ™3, v = 1.835 x 10" s~1.0e™!, H, = 30 Oe and
A = 14 x 107%). One can note the good agreement between the experimental data and
the calculated lines.
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Figure 4.3.9 (a) Anisotropy field H, and (b) Anisotropy constant K, as function of

% (0zz — 0yy). Knowing the magnetization at saturation, the slope of the

linear regression gives directly the magnetostriction coefficient A.

We can now compare the results coming from the piezoactuation and the ones com-
ing from bending by plotting the extracted magnetoelastic field H,,, as function of o,
and oy,. In figure 4.3.8, we show the theoretical (iso-anisotropy field lines) and the ex-
perimental (square symbols for piezoactuation experiments, circle symbols for bending
experiments) anisotropy field H,,. mapped in the principal stress space (044, 0yy). The
analytical expression of H,,e = [Hres(goM =735) — Hees(prr = O)] /2 is given in equation
4.3.16 and is directly proportional to (0., — 0yy); that is why the iso-anisotropy field
are perfectly linear. Here, the only fitting parameter is the magnetostriction coefficient
Aorpa =14 x 1076 (by fitting the overall data). The accordance between model and ex-
perimental data seems very good and show that an equibiaxial stress state with opposite
components favorizes the in-plane anisotropy.

However, from this map, it is not straightforward to compare the two kinds of exper-
iments since one is biaxial and the other uniaxial. That is why we have plotted H,.
as function of O'QIH (o =0) — ae[()]H (prr = %) = 3 (040 — 0yy) in order to underscore
the efficiency of the equivalent stress concept, especially here for thin films submitted
to different solicitations (figure 4.3.9-a). We show here that the overall data (blue circle
symbols for piezoactuation and red square symbols for bending) follows the same line on
this graph. Obviously, a simple linear fit given by equation 4.3.14 allows determining the
magnetostriction coefficient A\crpa = 15 x 1076, in a very simple and direct manner, as
shown on figure 4.3.9 that presents K, = % as function of % (02 — 0yy). Finally,
it should be noted that this good agreement between the voltage and the bending in-
duced strain is another indication of the perfect strain transmission from the piezoelectric

actuator to the CFA film.
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5 Residual anisotropy in magnetic films
deposited on polymer substrate

In the introduction of this thesis, we saw that thin films deposited on polymer sub-
strates represent a new generation of functional systems. These lasts allow applications
involving non-planar geometries, especially in confined spaces [1, 2, 3]. Moreover, low
cost and light weight polymers are additional benefits and significant for the industri-
alization of these systems. However, the functional properties of the thin films must
be well controlled in this type of substrate that has specificities (flexibility, roughness,
anisotropy behavior related to the extrusion process). Regarding magnetic films, several
applications such as flexible tunnel junctions [4], magneto-impedance |5, 6] or magne-
toresistance sensors are under development |1, 7|.. However, it is crucial to understand
in depth the magnetic behavior of such specific systems. Magnetic films deposited on
polymer substrates have specific properties. Indeed, many groups have reported resid-
ual planar magnetic anisotropy without deciding on their possible origin (magnetoelastic
effect related to intrinsic or extrinsic stresses, anisotropic geometry related to the extru-
sion direction, roughness, interfacial effect, etc.) [8, 9, 10, 11, 12, 13]. In the precedent
chapter, we have interpreted this phenomenon, without providing an absolute objective
evidence (single confrontation of the anisotropy of the same material deposited on silicon
and Kapton®)). To give an answer, we have studied a NiggFeyg film known to have a

very low magnetostriction and compared to the results on much more magnetostrictive
films.

5.1 Preambles

In this chapter, we argue that the residual anisotropy of the studied films is due to
magnetoelastic effects. This residual magnetoelastic effect must obviously be due to
residual stresses in the thin film. It is known that thin film growth on a substrate gen-
erates residual stresses even if no epitaxy occurs. Indeed, even at room temperature,
many phenomena are sources of stresses in amorphous films (atomic peening due to ion
bombardment) and polycrystalline films (atomic peening, coalescence at grain bound-
aries, grain growth, ...). Hence, theses stresses will modify the “film-substrate” system
geometry. In the following, Y and Y; refer to film and substrate Young’s modulus, re-
spectively, ¢ and t4 refer to film and substrate thickness, respectively. We will separate
two cases: i) rigid substrate and ii) flexible substrate.
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Figure 5.1.1 a) Mohr’s circle representation of the shapes of curved surfaces describing
all the possible configurations for flexible system. &, x, are the princi-
pal curvatures while kg, is the twist one (negligible for a thin film on a
substrate). b) Numerical predictions of principal curvatures at wafer cen-
ter normalized by the small deformation spherical curvature (Kstoney) as
a function of the ratio A/A.. The parameter A depends on the film and
substrate thickness and elastic coefficients; Behind the critical parameter
A, Kz # Ky and thus cylindrical shape occurs (bifurcation phenomenon).

b)

Figure 5.1.2 — a) Facile fabrication scheme of PDMS bilayers with a spontaneous curva-
ture and the films acquiring spherical and cylindrical deformation, de-
pending on the film sample size. The spherically deformed sample is
photographed on a reflecting substrate. b) PECVD silicon nitride film
deposited on two different plastic substrates. The substrate thickness and
the coefficient of the thermal expansion are shown for each substrate. The
film is deposited on the top 82d the structures roll into cylinder.
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e Rigid Substrate (Yt < Yits):

In the case of rigid substrate (like silicon), the substrate dominates and the film com-
plies with it. The stress in the substrate is small, and the film /substrate system curves
only slightly, even when the film is highly stressed. The stress is equibiaxial and the struc-

ture forms a spherical cap with a radius of curvature R given by the so-called Stoney’s
equation linking R to the residual stresses [14].
e Flexible Substrate (Yyts approaches the magnitude of Yit,)

Such case gives rise to complicated mechanical situations as shown in figure 5.1.1-a).
A curvature bifurcation phenomenon (see figure 5.1.1-b)) arises from the fact that the
substrate cannot deform into a spherical cap shape without stretching or compressing
portions of its mid-plane when deformation is not small. The substrate is very stiff
in extension compared to bending due to its plate-like shape. Therefore, this coupling
between curvature and stretching tend to stiffen the system response. Furthermore, in
contrast to spherical bending, ellipsoidal (or cylindrical) bending can occur with only very
limited mid-plane extension, which suggests that the system may begin a transition from
axially symmetric deformation, as the only possible equilibrium shape, toward cylindrical
bending deformation as an alternate shape, which is energetically favorable.

Thus, the structure rolls into a cylinder instead of forming a spherical cap as it can
be shown in figure 5.1.2-a) for PDMS bilayer showing strain gradient. Obviously, this
phenomenon also occurs for flexible electronics systems [23], as it can be seen in figure
5.1.2-b) . The Stoney formula is no longer valid. The dependence of the bifurcation on
the geometrical and mechanical parameters of the bilayer square plates was investigated
theoretically by Salamon & Masters in 1995 [15] and Finot & Suresh in 1996 [16]. A
few experimental works, consisting in measuring radii of curvature have been made and
are in good correlation with models [17, 18, 19]. To conclude on this point, a cylindrical
curvature in “thin metal/polymer” system usually exists even if the residual stresses are
expected to be equibiaxial and if the sample shape is a square or a circle. Moreover, the
manipulation of these flexible systems during their physical characterization may induce
undesirable stresses, especially when they are flattened on specimen holders.

5.2 Residual magnetic anisotropy

We have first measured the residual anisotropy in several thin films of different mate-
rials, namely: NiSQFQQO, Ni, CO40F€40B20, COQF@AI and Fe73.5Cu1Nb38i15,5B7 (Finemet
®)). All these films were prepared by rf sputtering; it should be noted here that the films
thickness are not always similar (20, 200, 20, 20 and 530 nm, respectively). However, we
will see that there is no influence of such a variation in our discussions. For measuring the
in-plane anisotropy, the ferromagnetic resonance was used in absence of applied stresses.
In-plane angular dependencies of the uniform precession mode of different films were
measured. The angular dependencies for the different films are presented in figure 5.2.1
(where the driving frequency is fixed to 8 GHz). A twofold (uniaxial) anisotropy if clearly
put into evidence in all the studied films. A first observation concerns the microstruc-
ture of the films; indeed, here all the studied films present either an amorphous behavior
(Finemet and CFB) or are polycrystalline with no strong preferred orientations, thus no
macroscopic magnetocrystalline effect is expected. As a conclusion, we can exclude the
magnetocrystalline anisotropy for the origin of this anisotropy. Another proof of this
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Sample NiggFeay CogFeAl CogoFesoBay Finemet®)[22]  Ni

H,(Oe) 7 30 60 75 310
M (emu.cm™3) 756 720 1040 965 480

v (x107) 1.835 1.835 1.948 1.885 1.885

Table 5.1 Values of the uniaxial anisotropy field (H,), the saturation magnetization
(M;) and the gyromagnetic ratio () extracted thanks to the experimental
data fits (equation 5.2.1).

statement is that the Ni and the CFA are known to have cubic lattices, the attached
magnetocrystalline anisotropy is a fourfold one, which is not the case here.

@ —CFB @ — NiFe @ —Finemef

@ —CFA @ —Ni

(') 9'0 18'0 2%0 3é0
in-plane angle (degree)

Figure 5.2.1 Angular dependance of the resonance field as a function of in-plane angle
for the different films: CogoFeqoBag (green), NiggFesy (blue), Finemet [®)
(magenta), CooFeAl (red) and Ni (black).

We can extract quantitative values of this uniaxial anisotropy field H, by fitting the
experimental dependencies. For this purpose, we can use the Smith and Beljer formula-
tion by introducing an uniaxial anisotropy field H,. In this condition, the deduced value
of the resonance field can be written as:

Hyes = \J(2nM, + Hysin® on)? + (271 /7)2 — 2M, — Hu(% + gc052¢ﬂ) (5.2.1)

It should be noted that this formulation is simplified, indeed we consider here that
the magnetization is always aligned along the applied magnetic field. The full lines in
figure 5.2.1 correspond to fits of the experimental data using the parameter of table 5.2.
We observe that the anisotropy field is maximum for Ni which possesses the minimum
saturation magnetization. However, no more correlations could be done between Mg and
H,.

In addition, we have verified that this anisotropy disappears when similar films are
deposited onto rigid substrates (Silicon, Young’s modulus of 200 GPa). Figures 5.2.2-a)
and 5.2.2-b) show the resonance field variation as function of pp for Ni and Finemet(®)
films deposited on two Kapton@®) and Silicon substrate. A uniaxial anisotropy field is still
present; however its magnitude is ten times smaller than the one measured on Kapton:
H, for the Ni and Finemet®) on Kapton@®) are respectively H, = 300 Oe and H, = 40
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Figure 5.2.2 — Angular dependance of the resonance field as a function of in-plane angle
for: (a) 200 nm Ni thin film on Kapton®) and Si; (b) Finemet@®) on
Kapton(@®) and Si.

Oe while similar films on Si give H, = 7 Oe and 30 Oe. Finally, we experienced that the
easy axis does not necessarily match with the polymer extrusion direction (recognizable
by its surface grooves). In this context, the correspondence between magneto-mechanical
behavior and residual anisotropy seems to be the only identifiable source of this effect
and is certainly due to the high flexibility of the substrate.

5.3 Origin of the residual magnetic anisotropy

To elucidate the origin of residual anisotropy in magnetic films on polymer substrate,
magnetostriction coefficients (\) of the different films are determined thanks to the meth-
ods described in chapter 4. For clarity, only results on NiggFegy and CogoFes9Bog films
will be presented in detail. Figure 5.3.1-a) shows the evolution of the resonance field
shift, defined as the resonance field measured in absence of voltage and the one measured
at a specific voltage, as function of the applied voltage for two materials (i.e. NiggFeqq
and CogoFeq9Bag). The curves correspond to a simple electrical loading-unloading (0 V
- 100 V - 0 V) during which FMR spectra have been recorded every 2V (at frequency
equal to 10 GHz); we have already discussed that the non-linearity of the curve is due to
the specific piezoelectric behavior of the actuator that is reversible and well captured in
both resonance (figure 5.3.1-a)) and strain (figure 5.3.1-b)) measurements.

It is clear that the CoygFeq0Bog resonance field is changing much more than that of
NigoFegp between 0 V and 100 V (140 Oe instead of 6 Oe). Using a common scale on the
y-axis for both curves make difficult to observe the non-linearity of the NiggFeyy curve.
However, this is more apparent with an appropriate scale despite the small variations,
which exacerbates the quality of our measurements in terms of resolution (see inset in
figure 5.3.1-a)).

The observed behavior can be modeled by measuring the voltage/in-plane strains corre-
spondence. For this purpose, we have measured the in-plane strains variations as function
of the applied voltage with similar experimental conditions (electrical loading-unloading
(0 V-100 V-0 V) by step of 2 V). These variations are presented on figure 5.3.1-b).
After extracting the experimental values of the voltage/in-plane strains correspondence,
it is possible to model the observed behavior. This correspondence is presented in the
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Figure 5.3.1 Resonance field shift variations as a function of the applied voltage (a) and
the applied stress (b) for CogoFeqBoy (red symbols) and NiggFegy (blue
symbols). Solid lines refer to the adjusting models for the two samples.
The insert in (a) is a zoom of the NiggFeyy curve, while the one in (b)
is the measured variation of the in-plane strains (g4, and ey, at the top
surface of the films) as a function of the applied voltage.

caption of figure 5.3.1-b). Note that the observed nonlinearities in figure 5.3.1-a) can
be avoided if the resonance field shift H,s, defined as 0Hyes = Hpes(0) — Hypes(V), is
plotted as a function of 20, — 0y, (calculated by using equations 5.3.2 and 5.3.3), as dis-
cussed in chapter 4. The analysis can be relatively simple if the resonance field is larger
than the magnetoelastic anisotropy field. Indeed, in this condition, the magnetization
direction is almost aligned along the applied magnetic field. The resonance field, when
the saturation field is applied along the z axis (corresponding to the sample longitudinal
elongation direction) is thus given by [21]:

3A 2 /27f\2 3A
Hyes = \/<27TMS+2MSUW) + <T> — 2nMg — 2—%<2sz - ayy) (5.3.1)

The last term corresponds to the resonance field variation with the voltage-induced
magnetoelastic anisotropy field because ﬁayy < 2mM,. As previously mentioned,

the resonance field shift is approximately equal to 0 Hyes =~ —23—A2‘s<2am — ayy>, that is

confirmed by the linear variation of 6 H,c, as a function of 20, — 0y, (see figure 5.3.1-b)).
The relation between the in-plane stresses (0yz, 0yy ) and strains (e44, €yy) measured
by DIC (see figure 5.3.1-b)) is given by the isotropic Hook’s law where Y7 is the film
Young’s modulus and v; is the film Poisson’s ratio:

Y 1 v
Opy = (1 n ]/> (1_]/83555 + 1—V€yy> (532)

Y 1 v
Oyy — <1 T V) <1—I/€yy + 1_1/511> (533)
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Sample  NiggFegy CogFeAl CogoFesoBoy Finemet®)[22] Ni  FeGa[g]

Yy (GPa)  180[25] 243 160[24] 145 200 60
H,(Oe) 7 30 60 75 310 455

A(x1079) 0.75 14 23 23 -30 100
R(cm) 10.9 33 7.1 7.2 6.7 21,3

Table 5.2 — Anisotropy field (H, ), magnetostriction coefficient (\) and estimated radius
of curvature (R) for different magnetic films studied in the framework of this
this thesis.

-_— .
rh——.——-—d

20 nm 100 nm 200 nm

300 nm 400 nm

Figure 5.3.2 — Photography of five NiggFeyy samples with several thicknesses (20nm,
100nm, 200nm, 300nm and 400nm) showing increasing cylindrical bending
with thickness.

Finally, being given the physical parameters presented in tables 5.2, X\ is the only
undetermined parameter. It can be determined by fitting the experimental data thanks
to equation 5.3.1. The values of X\ for CoygFe B2y and NiggFeog are presented in table
5.2 and are respectively equal to 23 x 10% and 0.75 x 105. The values for all the other
films are also summarized in this table in addition to measurements made by Dai et al.
[8] for FeGa films which possesses high A. A correlation between the magnetostriction
coefficient A, the residual anisotropy H, and the saturation magnetization M clearly
appears. By considering that H, is due to an unavoidable bending of the system, we
can now calculate the corresponding radii of curvature of the different films. For this
purpose, we will use H,, values presented in table 5.2. Indeed, in these conditions, H,
could be written as a magnetoelastic field:

~ 3Aoy
=L

where o, is the stress induced by the uniaxial curvature of the system, it can be viewed

H,

(5.3.4)

as a residual stress. It can be related to a radius of curvature by the following formula:

1 2tf th?

a—Y(tst) MR A (5.3.5)

L= 3.
2B ) (1+ ) (1+ )

with R the sample radius of curvature, £y and ¢, are respectively the films and substrate
thicknesses and Y; the substrate Young’s modulus. Therefore, the radius of curvature
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Resonance field (Oe)
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ppplied voltage V)

Figure 5.3.3 — Angular and voltage dependences of the resonance field (at f = 10 GHz)
for the NiggFegg(open circles) and CogoFeqoBag (spheres) thin films. The
solid lines are fit to the experimental data.

can be expressed as follows :

SNV [ty 4t 14284 2l

¥ T 12

- f<f )< o Bty (5.3.6)
1

R =
ls > ( Es ts >

Table 5.2 shows the radii obtained for all the studied films. It can be seen that the high
discrepancies in terms of H, (from 7 to 455 Oe) or A (from 0.75 x 1075 to 100 x 1079)
leads to radii of the same order (from 7.1 to 33). Moreover, these R values are high when
compared to the usual lateral sample dimensions (few millimeters) so that this effect
cannot be easily observed. In order to directly estimate this effect, we have deposited
films of different thickness ranging from 20 nm to 400 nm on large substrates (3 x 3 cm?),
i.e. larger than those described before (0.5 x 0.5 cm?). A cylindrical curvature has been
systematically observed for the whole samples (see figure 5.3.2). Using an optical camera
in front of the curvature axis, we have measured the samples deflection and then the
radius of curvature R. We find that R varies from 8 cm to 2.5 cm with increasing thickness
because of the associated increasing elastic energy. Especially, the value estimated for
the 20 nm film is fairly similar to those estimated from FMR measurements (6.7 cm).

All the results can be summarized in figure 5.3.3, which shows the in-plane angle and
voltage dependencies of the resonance field. One can see that in the case of CoggFes9Bag
sample (spheres symbols in figure 5.3.3), a substantial residual anisotropy occurs at zero
applied voltage, as already shown in figure 5.2.1. Subsequently, by applying a voltage to
the piezoelectric actuator, with 0., along the residual easy axis, the magnetic uniaxial
anisotropy increases from 60 Oe to 330 Oe when applied voltage varies from 0 V to 200 V.
In contrast, figure 5.3.3 shows that the NiggFegy sample (open circles) does not present
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a significant residual anisotropy, and the applied voltage has a very weak influence as a
result of a very low magnetostriction (H,, varies from 5 Oe to 20 Oe when applied voltage
varies from 0 V to 200 V). The different solid lines of the figure have been calculated using
the parameters already discussed (A, Y, v, M and ) and by introducing an in-plane
angle ¢ between o,, and the applied magnetic field, to equation 5.3.7. By considering
that the magnetization is always aligned along the applied magnetic field, the angular
dependence of the resonance field can be written as:

3A . 2 27\ 2
e ot By ot (0

— oM, — % (Um(l +3c082p) + 0y (1 — 3 cos 2<p)) (5.3.7)
S

A well agreement between experimental measurements and the calculated angular de-
pendence of the resonance field is found confirming the robustness of our description. In
conclusion, we have shown that the residual magnetic anisotropy generally encountered
in thin films on flexible substrates is correlated to the magnetostriction coefficient. In-
deed, even if it is known that residual stresses in amorphous or polycrystalline films do
not induce planar anisotropy, polymer substrates are inevitably slightly curved during
deposition and/or magnetic measurements. This phenomenon, although slight, induces
an important in-plane anisotropy field if the magnetostriction is significant. Only the
permalloy, whose magnetostriction is very small, can eliminates these effects.
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6 Influence of annealing on the
magnetoelastic properties of
CoyyFegByy thin films

Ferromagnetic amorphous alloys (often also referred as metallic glasses) are at the
vanguard of the magnetic materials for their soft properties: high magnetic permeability,
well defined magnetic anisotropy, small coercivity, good mechanical properties, etc[5].
Amongst the mist of these materials, CoFeB films are highly prized for spintronics ap-
plications particularly as electrodes in magnetic tunnel junctions due to its high spin
polarization, high TMR ratio, etc. Nevertheless, to improve the functional properties
of ferromagnetic amorphous specially the magnetic and magnetoelastic properties heat
treatment is undertaken by annealing the specimen|7, 8, 9, 10, 11, 12|. The annealing
lead to a modification of structural properties of specimen with a phase transition from
amorphous to crystalline or amorphous to nano-crystalline. Subsequently, the elastic
(Poisson’s ratio v and Young’s modulus Y} ), magnetoelastic (magnetic anisotropy H,,
the saturating magnetization My, the magnetostriction coefficient \,...) are affected.
Flexible substrates that serve as drop-in replacements for rigid substrates must meet
many requirements: surface roughness, thermal and thermomechanical properties. The
working temperature of the substrate, for example the glass transition of the polymer
(Ty) of a polymer must be compatible with the fabrication process temperature. The
most used flexible substrates are organic polymers including polyethylene terephthalate
(PET), polyethylene naphthalate (PEN), polyethersulphone (PES), polydimethylsiloxane
(PDMS) since they are flexible, lightweight, cost-effective and compatible with the roll-
to-roll processing [1, 4]. However, most of the polymers cannot suffer a high-temperature
treatment, polyimide (PI) material particularly the one commercialized by DuPont’s™™
under the name Kapton(@®), is suitable for fabrication of most of magnetic films and de-
vices because of the near room temperature deposition and low temperature (usually
lower than 400°C) post-annealing, its good mechanical strength, higher glass transition
temperature, electrochemical stability, and flexibility in polymer materials |2, 3]. In view
of these considerations, the CFB samples used in this chapter are annealed during 60 mn
in vacuum for annealing temperature up to 375° C.

6.1 As deposited film: elastic, magnetic and
magneto-elastic properties
This section is devoted to the “basic” characterization of CoggFegoBog (CFB) films de-
posited on Kapton@®). However, in addition to the magnetic and magneto-elastic prop-

erties, we also directly probed the elastic properties of this film by using Brillouin light
scattering (BLS). The films were deposited using a magnetron sputtering system at room
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temperature under an argon pressure of 1 m Torr and a rate of 0.1 nm.s~'. We have
deposited films with three different thicknesses: 10 nm, 20 nm and 250 nm. It should be
noted that the 250 nm-films were initially deposited to measure the elastic coefficients by
BLS in order to avoid the substrate effect but have been finally also analyzed by FMR
in order to compare the magnetostriction coefficient. X-ray diffraction measurements
have been conducted and their analyzes lead to the conclusion that all the films are
amorphous.

6.1.1 Elastic properties

The FINANO research group in within which this PhD thesis has been performed is
historically known in view of his Brillouin light scattering measurements in thin films.
We remind that Brillouin scattering is the inelastic scattering of light by acoustic waves
or by spin waves. It is this thus a powerful technique to probe either the propagation of
spin waves or acoustic waves. This subsection concerns the acoustic waves propagation
with the idea to “directly” measure the elastic coefficients of our films by analyzing the
acoustic waves dispersion. The main principle is to illuminate our thin films and to
collect the inelastic scattered light. The frequency shift is related to the velocity of the
scattering acoustic wave. The propagation direction and frequency of this acoustic wave
are determined by the energy conservation. It is thus possible to calculate the acoustic
wave velocity and then the associated elastic moduli.

In the specific case of opaque thin films on substrate, one can only probe surface
acoustic waves (SAW) such as the Rayleigh wave and the Sezawa ones [14]. The Rayleigh
wave is a slight material undulation confined at the top surface of the film. It has an
elliptic polarization that lies in the sagittal plane defined by the propagation direction
and the surface normal (zOz on figure 6.1.1-b)). On the other hand, the Sezawa ones are
standing waves in the film thickness. Since CFB films is amorphous, its elastic properties
can be considered as isotropic. Consequently, the frequencies of the surface acoustic waves
(SAW) are function of only two elastic coefficients viz. Poisson’s ratio (v) and Young’s
modulus (Yy). The Rayleigh velocity is mainly related to the shear elastic coefficient
(04{4 = Gy for isotropic media [15]) while the harmonic Sezawa ones depends both on
Yy and Gy. Obviously, vy is directly related to these two last coefficients. However, it
should be noted that the probed surface acoustic waves propagates in a depth roughly
equal to half of the laser wavelength. Therefore, the measured effective elastic coefficients
can be strongly influenced by the substrate for thicknesses inferior to 250 nm. It is thus
more complicated to extract the elastic parameters ( Yy and vy ). This is the reason
why we have measured the acoustic waves dispersions in the 250 nm films. Actually,
it is well known that elastic constants in solids are size dependent only for very small
thicknesses (below a few nanometers). For instance, P. Villain et al. [16] have shown
by molecular dynamics that the Young’s modulus of W layers is equal to the bulk one
within 5% for thickness larger than 6 nm; ; it only strongly decreases for thicknesses
smaller than 1 nm. We can also cite the work of P.-M. Chassaing et al. [17] who shows
by low-frequency Raman spectrometry of acoustic phonons that linear elasticity (using
bulk elastic constants) is still valid beyond 3 nm (experiment made on wurtzite prismatic
zinc oxide nanoparticles of sizes varying from 2.3 to 6.6 nm). Many works confirm that
size effects for elasticity occurs only below 10 nm [18, 19]. In this condition, we will
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consider that the extracted Yy and vy values are thickness independent.
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Figure 6.1.1 — Experimental and theoretical Brillouin spectra of a 250 nm thick amor-
phous CFB thin layer deposited onto Kapton@®). The blue (resp. red)
line corresponds to the experimental (resp. theoretical) spectrum. Both
Rayleigh (R) and Sezawa peaks (S7 and S3) can be observed. The sketch
illustrates the back-scattering geometry used in the present experiment.
The transterred wave-vector is fixed to k) = 2.14 x 10° em ™.

The light beam allows probing phonons that are thermally excited at room temper-
ature. Because of the wave-vector conservation in the phonon-photon interaction, the
wavelength of the revealed elastic waves is of the same order of magnitude as that of
light. This means that the wavelength is much larger than the interatomic distances, so
that the material can be described as a continuum within an effective-medium approach.
The back-scattering geometry has been adopted as shown in figure 6.1.1-b). In figure
6.1.1-a), a typical experimental spectrum on the 250nm-CFB film (blue line). It was
obtained with an incident angle £ = 65°, so that the wave vector of the SAW is fixed to
k= %sinf = 2.14 x 10° em™!, where A = 5.32 x 107° cm is the wavelength of the
incident light (see figure 6.1.1-b)). The Rayleigh (R) and Sezawa (1°* (S;) and 2"¢ (S)
harmonics) waves are clearly observed. The central green part corresponds to the elastic
light scattering. The red line is a theoretical spectrum obtained by the simulation of the
SAW frequencies and intensities of the thin film and by taking into account only the rip-
ple mechanism for the scattered intensity, it has been calculated by using the formalism
presented in reference [13]. The comparison between the experimental and the theoreti-
cal spectra leads to values of Yy = 160 GPa (= 160 x 10! dyn.cm™2), Gy = 59 GPa and
vy = 0.37. These values are consistent with those generally reported for metallic glasses,
and follows the relationship between Young’s modulus and shear modulus for this class
of materials (Y; ~ 2.6G) [20].

6.1.2 Magnetic and magneto-elastic properties

Magnetic and magneto-elastic properties of the CFB films have been studied by per-
forming uniaxial bending tests and by using the methodology presented during chapter
4. Indeed, uniaxial, tensile and compressive stresses have been applied to the films by
gluing the films on small pieces of aluminum blocks of circular cross-section of known
radii R (13.2 mm, 32.2 mm, 41.6 mm, 59.2 mm, and infinite (flat surface)). In this
condition, we have shown in the precedent chapters that the resulting longitudinal strain
at the top surface (e;;) where the metallic film is confined can be calculated with the
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Exx = (tf2—;ts> T
where I" is near 1 for ¢ty = 10 or 20 nm (film thickness) and ¢, = 125 pm (substrate
thickness). The expression of the stress is thus simply given by the Hooke’s law: o,, =
Yyer,. Considering the Yy value previously obtained by BLS, the different applied stresses
for the 10 and 20 nm-films are: £+0.75 GPa, £0.31 GPa, £0.23 GPa, £0.16 GPa and 0
GPa. The ones for the 250 nm-films are 8% lower than these last values.

following equation:
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Figure 6.1.2 — FMR spectra measured at different stresses states with an applied mag-
netic field along the applied stress. The tensile stress (+0.75 GPa) leads
to a positive shift while the compressive stress (—0.75 GPa) leads to a
negative one. The spectra have been vertically shifted for a better com-
prehension.

Figure 6.1.2 shows typical FMR spectra recorded at different stresses states with an
applied magnetic field along the applied stress for the 20 nm-film. Fore more insight,
all the spectra are horizontally shifted by a value of ~750 Oe (which corresponds to the
resonance field of the non-strained spectrum). Moreover, the spectra recorded at +0.75
GPa and —0.75 GPa are vertically shifted for a better representation. Furthermore,
the intensity reduction observed for the two spectra measured under non-zero stress
(red and blue lines) as compared to the one measured at zero applied stress (black
line) is essentially due to smaller magnetic volume of the specimen in contact with the
microstripline. A positive (resp. negative) shift of the resonance field, defined as § H,cs =
H,c5(0) — Hyes(02z), is observed when a tensile (resp. compressive) stress is applied to
the film. The directions of the FMR spectra shifts lead to the conclusion that these films
possess a positive magnetostrictive coefficient (see chapter 4). Moreover, one can note
that the shifts presented in figure 6.1.2 are not symmetrical (§H,.s ~ 500 Oe for the
positive shift and dH,.s >~ —550 Oe for the negative one). This asymmetry is due to
the presence of the initial pre-stress state (before applied bending) of the whole sample
which leads to an initial uniaxial anisotropy, as discussed in chapter 5.

As usual, the beforehand FMR characterization of the magnetic specimen i.e, the
angular dependence of H,s (see figures 6.1.3-a), 6.1.3-b) and 6.1.3-¢)) and its frequency
dependence (see figure 6.1.3-d)) at 0 GPa allowed determining the magnetization at
saturation (My), the gyromagnetic factor () and the small uniaxial anisotropy field H,,.
All these values, are found to be almost the same for the whole investigated thicknesses:
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M, = 1030 emu.cm~3(confirmed by magnetometry measurements) , v = 1.948 x 107
Hz.Oe™! and H, ~ 40, 45 and 30 Oe for the 10 nm, 20 nm and 250 nm-films. The full
lines in figures 6.1.3-a), 6.1.3-b), 6.1.3-c) and 6.1.3-d) correspond to calculated curves
using the model presented during the precedent chapters. In addition, figures 6.1.3-a),
6.1.3-b) and 6.1.3-c) also show the angular variation of H,.s measured at different stresses
states for the different films. Full symbols correspond to the experimental data while
solid lines correspond to the best fits of the data using equations previously presented
(see chapter 4) and by using the pre-determined values (Y; by BLS and Mj, v and H,
by FMR) where X is the only unknown parameter. A similar A value of ~ 23 x 1076 is
deduced for the whole investigated thicknesses. This similar value strengthens us in the
fact that no thickness effect occurs
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Figure 6.1.3 — Angular dependencies of the uniform mode resonance field for the (a) 20
nm (with f = 9.5 GHz), (b) 250 nm (with f = 8 GHz) and (c) 10 nm
(with f = 8 GHz) films. The frequency dependence of the uniform mode is
presented in (d) for the 20 nm-thick film along the easy and hard axis (90
deg. and 0 deg.) when applying a tensile stress (blue and red symbols).
In all graphs, the full lines are best fits to the experimental data by using
equations presented in chapter 4.

Furthermore, it is interesting to observe that the initial uniaxial anisotropy (pre-stress
state) leads to non symmetrical angular dependencies for two opposite values of the
applied stress (see figures 6.1.3-a) and 6.1.3-b)). Indeed, the initial anisotropy field is
aligned along y direction (¢ = 90°) which means that the initial pre-stress is compressive
along x direction. Thus, the angular dependence is reinforced (resp. reduced) when the
sample is compressively (resp. tensely) stressed along z. Interestingly, for the 10 nm
thick film (figure 6.1.3-c)), the initial anisotropy is slightly titled with respect to the x
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axis and remains slightly titled for an applied stress of +0.16 GPa. All these behaviors
are well explained by the analytical modeling.

Figure 6.1.3-d) shows the frequency variation of the uniform mode measured at 0 GPa
and at +0.75 GPa for an applied magnetic field along z and y direction (¢z = 0°and
90°). A uniaxial anisotropy due to the magneto-mechanical coupling is clearly put into
evidence and well described by the model. It is interesting to note that the experimental
effective anisotropy field (H,,, sum of the initial anisotropy field and the one due to the
applied stress) measured from the data recorded along y (pg = 90°) axis (H, ~ 480 Oe
obtained from the experimental softening of the frequency) is in good agreement with
the one resulting from the angular dependence of H,.s (H, =~ 475 Oe from figure 6.1.3-a)
by using this formula: 2H, ~ H,cs(pg = 90) — Hyes(pg = 0)).

In this regard, figure 6.1.4-a) reports the measured effective anisotropy field H,, as a
function of the applied strains. The extreme values are roughly £500 Oe and aligned
in a single straight line which reinforces the thickness-independent observed magneto-
mechanical behavior of the studied thin films. In addition, the saturation magnetostric-
tion coefficient may be also determined by using the following relation: K, ~ %)\am
where K,, = H,Ms/2. This direct determination of A is illustrated in figure 6.1.4-b)
where the slope of the linear fit directly gives the \ value (~ 22.5 x 107%) in excellent
agreement with the one deduced from the whole FMR experiments.
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Figure 6.1.4 a) Effective anisotropy field H, variation as function of the applied stress.
b) Variation of the effective anisotropy constant (k) as a function of
the %a; the linear fit slope directly gives the magnetostriction coefficient
A =225x1075.

Finally, the magneto-mechanical properties of these films were studied by performing
compressive equibiaxial test. For this purpose, the 20 nm thick film was glued onto a
2 c¢m radius sphere (see schematic of figure 6.1.5). We remind that in the case of an
equibiaxial bending (see chapter 2), the biaxial stress can be expressed as a function of

the sphere radius Rgppere:
de +d
o=+Y} <f>r 6.1.1
! 2Rsphe7‘e ( )
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Yy

=0, the biaxial modulus. In these conditions, an in-plane equibiaxial stress

with Y; =
of around o ~ +0.78 GPa is expected for the 20 nm film (close to the uniaxial stress
value generated by the cylinder whose radius is 1.32 ¢m); the expression of the resonance

field can be written as (by neglecting the effect of H,,):

2 2
2
Hyes = \/<2st + ?’M> + <”f> Copn, — 37 (6.1.2)

2M;

Obviously, the equibiaxial stress induced by gluing the film on the sphere leads to a
vanishing ¢y dependence and a slight shift of the H,.s baseline lower or higher than the
unstressed state depending on the sign of the equibiaxial stress and of the magnetostric-
tion coefficient. Thus, this equibiaxial stress acts as an out-of-plane anisotropy, defined
for instance by K, which reduces or increases the value of the effective magnetization
AnMeyp = 4m Mg — 2]{/[(—; Figure 6.1.5 depicts the experimental (black open circles) and
calculated (black line) angular dependence of the 20 nm thick film in the benchmark
state. The experimental angular dependence of the equibiaxial stress state is represented
by the full red circles. As expected, this angular dependence shows that the obtained
anisotropy is very far from the uniaxial case previously obtained for a similar stress value
of around +0.75 GPa (with R = 13.2 mm) shown by the blue symbols and line on figure
6.1.5. However, a weak planar uniaxial anisotropy (~ 50 Oe), superimposed to the ini-
tial one, is observed. Indeed, the red line shows the calculated ideal equibiaxial angular
dependence of H,.s; The small deviations of these experimental results from the theory
are most probably due to small imperfections during equibiaxial bending. Indeed, using
a flexible but non-stretchable polymer foil, such as Kapton(@®), it is impossible to conform
perfectly on an object showing a non-zero Gaussian curvature (defined as the product of
the principal curvatures).

6.2 Annealing temperature effect

A metallic glass, like CFB, could be described as a random distribution of different
polyhedra (in terms of their structure and chemical composition). This structural "flexi-
bility", compared to the rigidity of the polyhedra forming the oxide glasses, is attributed
to the metallic nature of the chemical bond, not localized and non-oriented. This de-
scription is particularly relevant for understanding the formation of metallic glasses and
explaining certain physical characteristics observed in direct relation to the mechanical
behavior of metallic glasses. Spaepen et al. [22] adopted a first approach describing
metallic glass by a perfectly random distribution of an atom type and free volume. Actu-
ally, the atomic "mobility" is related to the fraction of free volume distributed between
the atoms. If we perform a heat treatment of a few minutes at a temperature close to the
Ty, the glass relaxes; the free volume is gradually annihilated thanks to the short-range
atomic mobility reducing the stored elastic energy. If we continue the heat treatment
longer or at a temperature closer to the crystallization temperature T, the vitreous phase
disappears in favor of crystals.

Ultrasonic methods, such as BLS, provide sensitive tool for probing sound velocity in
solids, which are related to elastic constants. Metallic glasses are thermodynamic and
kinetic metastable, and their mechanical and physical properties are very sensitive the
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Figure 6.1.5 — Angular dependence of the resonance field for the 20 nm thick film. Sym-
bols are experimental data while full lines are calculated thanks to the
analytical models. Black open circles are data from the benchmark state
while the red ones correspond to the experimental equibiaxial state (with
o ~ 0.78 GPa). The blue circles are measurements coming from uniax-
ial bending with a uniaxial stress (o;, ~ 0.75 GPa) comparable to the
equibiaxial o.

temperature. The temperature dependence of elastic properties of metallic glasses can
provide important information on various transitions such as the temperature induced
relaxation, structural change, crystalline phase nucleation and growth, crystallization,
glass transition, and mechanical and physical properties changes in metallic glasses |20,
21].

As previously said in this chapter introduction, the Kapton(®) possesses a glass transi-
tion temperature around 400°C. In this condition, our films were ez situ annealed in the
range [100°C-375°C] for 60 min in vacuum (with a pressure lower than 3 x 10~® Torr).
The films were then analyzed using BLS (for the elastic properties) and FMR (for the
magnetic and magneto-elastic properties).

6.2.1 Young's modulus and Poisson’s ratio variations

BLS experiments have been performed on the annealed films. Figure 6.2.1-a) shows
typical BLS spectra measured with an incident angle £ = 65°. The Rayleigh (R) and the
first Sezawa mode (S7) are clearly observed for all the films, the second Sezawa mode
(S2) is not always well defined. We have represented the frequency variation of R and Sy
modes in figure 6.2.1-b) by using a two ordinates graph with a common scale range (1
GHz). It is interesting to note the similar evolution in annealing temperature range for
these modes. We note that after 300°C, the frequency of these modes is almost constant.
From these evolutions, we can extract the evolution of the Young’s modulus (Yy) and the
Poisson’s ratio (v¢) [13]. Their annealing temperature dependencies are plotted in figures
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Figure 6.2.1 — a) Typical BLS spectra of the 250 nm-CFB films annealed at different
temperature obtained with an incident angle £ = 65°. b) Frequency vari-
ations of the Rayleigh and of the first Sezawa modes as function of the
annealing temperature. c-d) Young’s modulus Y (c¢) and Poison’s ratio
v (d) variations as function of the annealing temperature. The lines in
figures b), ¢) and d) are guided for the eyes.

6.2.1-c) and 6.2.1-d) .While vy varies barely, it is in fact almost constant being given
the error bars, with the annealing temperature (figure 6.2.1-d)), Y} increases with the
annealing temperature, from 160 GPa for the non-annealed film before reaching a value
close to 185 GPa when the film is annealed at 300 °C. Actually, in contrast to common
metals and alloys, whose modulus generally decreases with increasing temperature, the
metallic glasses become even much stiffer demonstrated with an enhanced elastic modulus
before glass transition, and a significant increase (a few 10%) is generally observed in the
supercooled liquid region (between Ty and 7). The Yy and vy variations will be used in
the next subsection to quantitatively study the magneto-elastic properties as function of
the annealing temperature.
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6.2.2 Magnetic and magneto-elastic properties

Annealing temperature on magnetic and magnetoelastic properties have been studied
by FMR. We first present experimental results obtained without applying stresses to the
films. We saw in chapter 4 that thin films on flexible substrate present an inescapable
uniaxial anisotropy which has been ascribed to a contrasted mechanical strength when a
stiff film is deposited on compliant substrate. Figure 6.2.2-a) shows angular variations of
the resonance field for the as-deposited film and film annealed at 100 °C, 300 °C and 350
°C. The anisotropy field H,, which is roughly given by 2H,, ~ H,cs(og = 90)— Hyes(om =
0) increases with annealing temperature. The evolution of this anisotropy is plotted in
figure 6.2.2-b). We observe that H,, is almost constant in between 25 and 200°C (values
of 45, 20 and 60 Oe are respectively found). For annealing temperature higher than
200°C, an expected increase of H,, is found (+500%). Indeed, an almost constant value
of H, ~ 250 Oe is found (257, 236 and 247 Oe for 300°C, 350°C and 375°C, respectively).
We will see that this increase can not be explained by the magnetostriction variation as
function of the annealing temperature.
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Figure 6.2.2 — a) Typical resonance field angular dependencies of the as deposited and
annealed films (100°C, 300°C and 350°C). b) Evolution of the initial
anisotropy field H,, as function of the annealing temperature.

FMR experiments were then performed at different stresses states by performing in situ
uniaxial bending tests. For this purpose, we use the same aluminum blocks of circular
cross-section of known radii R than the ones previously used in the precedent section,
namely: R =13.2 mm, 32.2 mm, 41.6 mm, 59.2 mm, and infinite (flat surface)). Being
given the evolutions of Yy and v as function of the annealing temperature (see figures
6.2.1-c) and -d)), the stresses states are not same for a similar R. Indeed, for annealing
temperature higher than 200°C, the maximum applied stress ., is ~ 0.87 GPa while it
is ~ 0.75 GPa for the as-deposited film. The variations of magnetostriction A has been
extracted from methodology, namely complete fitting from the whole FMR experiments,
presented in the precedent section. This methodology allows us to extract the M and A
evolutions as function the annealing temperature. Figure 6.2.3-a) presents M, variations
while figure 6.2.3-b) shows the A variations. M is found is almost constant (around
1050 emu. ecm™3) for the whole films, this behavior has been confirmed by conventional
magnetometry measurements (VSM). Interestingly, A presents a quasi-similar evolution
than Y}; indeed, it is almost constant for annealing temperature lower than 300°C and
shows an increase from ~ 23 x 1076 to ~ 30 x 107% (+30%) for temperature higher than
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Figure 6.2.3 — Saturation magnetization M,-a) and magnetostriction coefficient A-b)
variations as function the annealing temperature. c) Evolution of the
normalized value of the Young’s modulus Y, the Poisson’s ratio v, the ini-
tial anisotropy field H,, and the magnetostriction coefficient A as function
of the annealing temperature. In all graphs, lines are guide for the eyes.

Figure 6.2.4 — Photography of three CFB samples annealed at different temperature
(100°C, 200°C and 300°C) showing increasing cylindrical bending with
annealing temperature. .

200°C.

Figure 6.2.3-c) summarizes the annealing temperature dependence of the elastic (Young’s
modulus Yy, and Poisson’s ratio vy) and magnetic properties (magnetostriction coeffi-
cient A, magnetic anisotropy H,). A convergence trend of the magnetostriction and the
anisotropy field with the annealing temperature is observed. They remain unchanged
for films annealed up to 200 °C before increasing for films annealed above. From these
dependencies, we see that the increasing of H, (4+500%) can not be explained by the
increasing of magnetostriction (+30%) and Young’s modulus (+15%). Actually, the re-
maining influent parameter that has not been discussed is the internal stress developed
during annealing. As in chapter 5, we have examined the curvature of bigger CFB sam-
ples (30x20 mm?) annealed at different temperatures (see figure 6.2.4). We clearly see
that films annealed at 100°C and 200°C are relatively flat while those annealed at 300°C
is strongly curved. This might be due to internal stress evolution related to microstruc-
tural evolution of the amorphous structure. As a conclusion, the sharp increase of H,
at annealing temperature of 300°C and higher is a clear evidence of an atomic structure
modification with a relaxation of the free volume for annealing temperature near the
glass transition temperature of CFB.

In summary, significant evolutions of Yy, A and H, are reported in CoggFeggBog thin
films. Particularly, a very strong increase of H, is shown, which is attributed to in-
ternal stress evolution. This might be related to important microstructural evolutions
between 200°C and 300°C. Such knowledges about these systems are still poor. Actually,
a recent paper have reported glass transition and crystallization temperatures values in
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similar systems of CosoFesBag (T = 231°C, T, = 374°C) and CogoFeqnBag (T = 278°C,
T, = 418°C) thin films with similar thickness (20 nm)|23]. It is not straightforward to
extrapolate values for composition studied in this thesis. However, one can suppose that
the T, value is comprised between 200°C and 300°C and the T, one is higher than the
maximum temperature studied here (375°C). Indeed, in this temperature range, we do not
have seen any crystallization signature by x-ray diffraction even for higher thicknesses.
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7 Voltage control of the magnetization
probed by ferromagnetic resonance

This chapter is dedicated to the “pure” voltage control of the magnetization direction.
We will first give a small introduction in order to give a basic state of the art in this
topic and also to present the motivations for performing such a control. The rotation of
magnetization direction will be probed by our ferromagnetic resonance set-up (in sweep
frequency mode). Thus, basic in a theoretical model will be given based on the works
made by Counil et al. Finally we will present our experimental results in a CogFeAl thin

film.

7.1 Preambles

In recent decades, the development and the sophistication of growth and characteriza-
tion on the atomic and nanometric scale, has led to the elaboration of smart materials
which reveal captivating phenomena. In the midst of these materials, multiferroics mag-
netoelectric materials, currently at the cutting edge of spintronics, have attracted the
attention of many groups[l1, 2, 3, 4, 5]. A flurry of research activities has been launched
in order to explore the physics behind these materials. From the applications standpoint,
an alternative approach to overcome the scientific impediments of weak magnetoelectric
coupling in single-phase multiferroics are two-phase systems of ferromagnetic and fer-
roelectric constituents[6]. One of the major advantages of ferromagnetic/ferroelectric
extrinsic multiferroics as reported in the literature is the flexibility in the choice of the
materials[6]. One of the main idea behind the fabrication of artificial magnetoelectric
multiferroics is the electric or voltage control of the magnetization using electric fields
for low power and ultra fast next generation electronics [8, 7].

The straightforward heterostructure allowing such a control appears to be the one
presenting a piezoelectric/magnetostrictive interface wherein the interaction vector is the
voltage induced in-plane strains [6, 9, 10, 11, 12,13, 14]. In this context, our systems made
by a magnetic thin film/Kapton substrate system glued onto a piezoelectric actuator
can be viewed as an artificial magnetoelectric multiferroic device. We will observe the
voltage induced magnetization rotation in this artificial magnetoelectric heterostructure
by probing the magnetic resonance of the uniform precession mode.

For this purpose, we have used a method only based on our ferromagnetic resonance
setup. The two different mode of this technique, sweep field and sweep frequency, are
respectively used to perform a quantitative characterization of the effective magnetoelec-
tric coupling as well as of the voltage induced magnetization-rotation. In a sweep field
experiment, the microwave driving frequency ( fy) is kept constant while the applied mag-
netic field (H) is swept whereas in a sweep frequency experiment, the applied magnetic
field is kept constant (Hp) and the microwave frequency (f) is swept. A resonance field
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7 Voltage control of the magnetization probed by ferromagnetic resonance

(H,s at fixed fy) and a frequency resonance (fr.s at fixed Hy) are extracted from these
two modes each having their own advantage. Indeed, the sweep-field mode is more sensi-
tive than the sweep-frequency one (both modes are of course less sensitive than standard
FMR technique where resonance microwave are employed). However, contrary to the
sweep-field mode, the sweep-frequency one presents the advantage of performing spectra
without disturbing the magnetization distribution of the studied systems, provided that
the rf field ﬁTf amplitude is weak enough (which is the case here). These behaviors are
schematically presented in figure 7.1.1. These two modes have been used in the present
study to characterize the indirect magnetoelectric field and to probe the voltage induced
magnetization rotation. In the next section, we will briefly present basics on this FMR
magnetometry.

3 R N

H f

Figure 7.1.1 b) Sweep field FMR experiment, the driving frequency is constant and the
resonance is probed by sweeping the applied magnetic field around the res-
onance field. During this scan, a quasi-static rotation of the magnetization
occurs. b) Sweep frequency FMR experiment, the applied magnetic field
is fixed and the resonance is probed by scanning the driving frequency.
During this scan, the magnetization distribution is not pertubed.

7.2 Magnetization direction probed by ferromagnetic
resonance

We have employed the sweep-frequency-mode of our ferromagnetic resonance setup to
probe the magnetization direction as function of the applied voltage by measuring both
the resonance frequency and the spectra amplitudes [21]. For this purpose, the selective
rule illustrated in figure 7.2.1 has been be used. In this figure, two spectra performed
with a similar applied magnetic field (of 500 Oe) along y are presented; the only difference
comes from the direction of the weak rf field Erf (also called pumping field) emanating
from the microstripline, which is either parallel (ﬁrf | M) or perpendicular (l_i,,f 1 M)
to the static magnetization. Indeed, the efficiency of the pumping field depends on the

angle (§) between f_irf and the static part of the magnetization; it is maximum when
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Figure 7.2.1 — a) Sweep-frequency FMR spectra obtained according to the two config-
urations depicted in b) and ¢) where P, and P, are the injected and
transmitted radio frequency current. The only difference comes from the
pumping field (f_i”c) which either parallel (red squares) or perpendicular
(blue circles) to M direction giving rise to the high and low sensitivities
geometries. The inset shows a zoom of the marked area. Note that a
saturating field of 500 Oe was applied to ensure a uniform magnetization
distribution. The solid lines show fits to the first derivative of the standard

Lorentzian curve.

hy; L M (Figure 7.2.1-b)) and minimum when h,; | M (Figure 7.2.1-c)). The idea is
to take into advantage of this dependence to detect the magnetization direction. Let us
consider that our signal has a Lorentzian profil:

A
x(f) = T
1+ (&h)
Where A and f,.s are the amplitude of the signal and the resonance frequency. The

integration of such a signal in all the frequencies is then proportional the magnetic volume
(7) of the film which is excited by h,s , thus:

(7.2.1)

Toc/o X(f)df:A/ dv_ | gAAf (7.2.2)

2res 1+ 22
Af

This approximation is only valid if JZ—efs > 1.The magnitude of the signal is maximal
and proportional to VAf/A fryr when the magnetization is perpendicular to rf-field.
In order to describe the magnetization behavior for an arbitrary angle £ between the
magnetization and the rf field HTf different to the two extreme cases (0 and 7/2 ), the
linearized LLG equation is used. For this, magnetization vector M(F,t) is decomposed
into a static and dynamic components as follows: M (7,t) = M + (7, t). We arbitrary
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consider that the magnetization direction lies along y axis (M = Meé,) , thus its dynamics
components are in the (zz) plane (m(7,t) = my(7,t) + m.(7,t)). The linearized LLG
equation assuming weak damping limit, o < 1, in the presence of in-plane l_i,,f field leads
to the high-frequency magnetic susceptibility ?(w)

( My ) _ ( sz(w) sz(w) ) ( hw(w) ) (723)
My Xaz(W)  Xz(w) 0

For an arbitrary angle (£ ) between the magnetization M and the pumping field l_irf,
the pumping field with a magnitude h,fsin¢ is the only one that can exert a torque
on the magnetization. Moreover, we measure the component of the magnetization in
the plane of the film that is m,sin&. As a consequence, we can finally deduced the
measured signal is proportional to sin? ¢ (see Eq. 7.2.4). In this case, the origin of the
linewidths broadening are essentially due to the magnetization relaxation and slightly to

s

the inhomogeneities[24, 25, 27|. The maximum of the signal is measured for £ = 7, and
we can extract the relative variations of .

T o Xz (w)sin €) (7.2.4)

where X (w) = X (w) +ix” ().

Piezoelectric actuator (1 cm)

a)

S

1.18] T
. 125
(O] R
S 11l by
— -8 S
0 B g=9 )
= o
T 114 0 g¢-0 S
L4 |.|L_

0 90 180 270 360 400 800 1200 1600 2000

¢y (degree) Applied field (Oe)

Figure 7.2.2 a) Depiction of the cross section view of the investigated system in this
chapter illustrating the CFA /Kapton(®) system deposited onto a piezoelec-
tric actuator. b) Top view sketch of the system showing the different angles
used in this chapter. ¢) Angular dependence of the resonance field mea-
sured at 10 GHz. d) Experimental and calculated frequency dependence
of the uniform mode measured along the easy and hard axis (pg = 90 and

o =0).
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7.3 Experimental results

Applied voltage (V)
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300 -

(Oe)

~ 2004

OH

100+

® Experimepts
0 Linear fi
1004 \\ \\l vz/

50

-504
-1004 oV 100V 200V
1000 12IOO 14IOO 16IOO
Applied field (Oe)

Intensity (LV)
o

Figure 7.3.1 — Up-graph: Resonance field shift (6 Hyes = Hpes(V) — Hyes(0)) variation as
function of the applied voltage. Circles refer to experimental data while
solid line represents to the best fit. Down-graph: typical MS-FMR spectra
recorded at different applied voltage (0 V, 100 V and 200 V).

The measurements have been performed in an artificial heterostructure composed of a
25 nm CogFeAl (CFA) thin film grown onto a 125 pm thick polyimide (Kapton®)) flexible
substrate and then cemented on a piezoelectric actuator. The CFA film was deposited
onto the Kapton@®) substrate by rf sputtering. The deposition residual pressure was of
around 4 x 10~ mbar, while the working Ar pressure was of 1.3 x 1073 mbar. A 5 nm
thick Ta cap layer was deposited on the top of the CFA film in order to protect it from
oxidation. CFA was chosen because of its non-negligible magnetostriction coefficient at
saturation even in a polycrystalline film with no preferred orientation (A ~ 14 x 107)
[16, 17], as previously discussed; a strong indirect magnetoelectric field will then occur
[18, 19, 20]. Moreover, we have shown that Kapton substrate does not affect the whole
system magnetoelectric behavior because of its high compliance [9, 11].A sketch giving
the different axis and angles is presented in figures 7.2.2-a) and 7.2.2-b).

A beforehand characterization of the magnetic properties of the heterostructure has
been performed in the benchmark state (i. e. absence of applied voltage) in order to
measure the effective magnetization (Mcs¢) and the gyromagnetic factor () as well as the
unavoidable uniaxial anisotropy (H,) due to in-plane non-equibiaxial residual stresses.
As presented in a precedent chapter, this initial anisotropy is attributed to imperfect
flatness of the Kapton substrate during deposition and /or cementation on the actuator|[9].
The quantitative evaluation of this initial uniaxial anisotropy is performed through the
angular dependence of the uniform mode resonance field (see figures 7.2.2-c) and 7.2.2-d))
measured at fo = 10 GHz [15]. Furthermore, one can note that this anisotropy is aligned
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along the y-axis since the resonance field minimum reaches a minimum at ¢z = 90°.
In addition, the frequency dependencies of the uniform mode, measured along the easy
(o = 90°) and hard (¢g = 0°) axes are shown in figures 7.2.2-¢) and 7.2.2-d where full
lines in figures 7.2.2-¢) and 7.2.2-d) are the best fits to the experimental data. They allow
the determination of the following parameters: M,;y = 720 emu.cm ™3, v = 1.835 x 107
Hz.Oe ! and H, ~ 30 Oe [16].

We have first recored sweep-field FMR spectra as a function of the applied voltage
(with fo = 10 GHz). This latter was varied from 0 V to 200 V by step of 10 V. Figure
7.3.1 presents typical spectra measured at different applied voltages (0 V, 100 V and 200
V) with an applied magnetic field along y axis (pg = 90°, i. e. along the initial easy
axis). A shift of the resonance field, defined as 0 Hyes = Hyes(V) — Hyes(0), is clearly
observed. The voltage dependence of d H,¢s is shown in figure 7.3.1, where the solid line
corresponds to a linear fit showing that 0 H,.s is positive and almost proportional to
V' . This means that the y direction gradually becomes a hard magnetization axis, or
a less easy one for the magnetization direction|[11, 15, 17]. This is due to the positive
magnetostriction coefficient of CoaFeAl[16, 17]and to the nearly uniaxial tensile stress (i.
e. 0z2(V) > 0) along the = direction applied by the piezoelectric actuator to the film
(for this range of applied voltage: 0 to 200V|23]). Of course, a non linear and hysteretic
behavior is observed if the voltage is applied backward from 200 V to 0 V (not shown
here) due to the intrinsic properties of the piezoelectric material [9, 10, 11, 15, 23|. Tt
should be noted that the dH,.s(V) curve presented in figure 7.3.1 has been measured
several times and all the obtained curves were superimposed. Furthermore, the resonance
field shift can also be viewed as an indirect magnetoelectric field Hye(V) = dHpes(V)
aligned along x direction, i. e. perpendicular to the initial easy axis induced by the
deposition conditions. The evaluation of the voltage dependence of H,,. will serve to
quantitatively study the magnetization rotation using the sweep-frequency mode of the
MS-FMR setup.

In the sweep frequency experiments, the pumping field was applied parallel to x direc-
tion (HTf | ), i. e. perpendicular to the initial easy axis (see figure 7.2.2). In order to
ensure an initial uniform magnetization along the y axis (initial easy axis), a small bias
field of 40 Oe was applied. In this condition and in absence of applied voltage, M is sup-
posed to be uniform and aligned along y axis. Then, the voltage applied to the actuator,
in steps of 10 V| leads to the development of an indirect magnetoelectric field parallel
to the z axis, which tends to align M along this axis. Figures 7.3.2-a), 7.3.2-b), 7.3.2-¢)
and 7.3.2-d) present typical spectra obtained by varying the applied voltage (0 V, 20 V,
60 V and 70 V). We clearly observe that the amplitude of the uniform mode decreases
as function of the applied voltage. This amplitude is represented in figure 7.3.2-e).

The z—component of the magnetization along this magnetoelectric field can be plotted
by using the following formula coming from the equation 7.2.4 (see precedent section):

cos (arcsin( AN(V)>

mx(Hme) - (731)

cos (arcsin( AN (200 V))

where An (200 V) and An (V) are the normalized (by the 0 V amplitude spectrum)
amplitude of the 200 V spectrum and of the applied voltage spectra, respectively. The
red solid line in figure 7.3.3 corresponds to the theoretical value of the normalized x-
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Figure 7.3.2 a-d) Typical FMR spectra measured with the sweep frequency mode with
different applied voltage values. e) Amplitude of the uniform mode signal
as function of the applied voltage.

component of the magnetization as function of V. One can note that the rotation is
complete at around 40 V (Hp,. = 70 Oe) where the magnetoelectric field totally com-
pensates the small bias field (H, = 40 Oe) and the initial anisotropy field (30 Oe). The
confrontation between the model and the experimental data proves that a voltage induced
magnetization rotation has been performed.

H_. (Oe)

0 40 80 120 160 200 240
1.25 " 1 " 1 " 1 " 1 " 1 " 1

o 9

0.00 T T T T T T T T T T T T
0 25 50 75 100 125 150
Applied voltage (V)

Figure 7.3.3 — Voltage dependencies of the normalized x-component of the magnetization
Mg (Hpe). The my(Hy,e) values have been deduced from equation 7.3.1
and the data presented in figure 7.3.2-e).

Another proof of the effective rotation of the magnetization comes from the voltage
dependence of the uniform mode frequency as function of the applied voltage. The blue
solid line in figure 7.3.4 refers to the simulation of this frequency being given the H,, (V)
dependence previously determined (see data in figure 7.3.1). This dependence highlights
the well-known softening of the frequency when the magnetization rotates from a hard
axis to an easy one [26]; the frequency minimum directly gives the voltage at which the
system is in-plane isotropic (i. e. where H,,. compensates the initial anisotropy field and
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Figure 7.3.4 — Voltage dependencies of the uniform mode frequency (blue symbols) and
of the normalized z-component of the magnetization my(Hpe) with a
pumping field applied along x. The m,(H,,.) values have been deduced
from equation 7.3.1. The solid lines are calculated using equation 7.3.2
with the following parameters: Mcrr = 720 emu.cm ™3, v = 1.835 x 107
s~' H, = 30 Oe, H, = 40 Oe. Note that the H,,. is deduced from the
data presented in figure 7.3.1. The sketches show how the magnetization
direction rotates as function of the applied voltage.

the bias field). Both the experimental frequency (blue circles) and the amplitude (red
circles) dependencies are well fitted by the solid lines and they clearly show a 90 degree
of the magnetization direction. The theoretical values have been calculated by using a
magnetic energy density of the film where the indirect magnetoelectric field is modeled by
a voltage dependent uniaxial anisotropy field. In these conditions, the following analytical
expression of the frequency can be derived from the Smit-Beljers equation [15]:

=L = \/(Hpme(V) — Hy) cos 2¢ + Hysin px

\/47rMs + Hysing + Hy, sin? ¢ + Hy,o (V) cos? ¢ (7.3.2)

Where ¢ is evaluated at each increment of the applied voltage. Finally, it should be
noted that the spectra profiles were not always close to a Lorentzian one, especially at
high applied voltages, which make this modeling robust [24, 25|.
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Conclusions / Outlines

Overview This thesis project is devoted to the study of the magneto-mechanical prop-
erties of ferromagnetic thin films. The study of magnetic thin films on flexible substrates
has developed rapidly due to the numerous applications in flexible microelectronics. In-
deed, the miniaturization of the components and the need to subject them to curved
geometries during their use (flexible screens, deformable GMR or GMI sensors, etc.)
requires a better understanding of the effect of strains (small or large) on magnetic
anisotropy of thin films. At the international level, the theme related to indirect mag-
netoelectric behavior in heterostructures (Ferromagnetic / Ferroelectric) whose coupling
parameter is the interfacial strain is in full swing. Many prominent teams have embarked
on dynamic (FMR) and static (magnetometry) measurements of magnetization under an
electric field, making this topic very competitive around artificial multiferroic materials.
Conversely, the study of flexible magnetic systems (thin films on polymer substrates) is
still in process of maturation, requiring various skills (nanomagnetism, nanomechanics),
and is thus less "monopolized" by solid-state physics teams. The articles that can be de-
scribed as pioneers in research for the development of flexible sensors (essentially GMR)
date back less than ten years and include studies on the effect of strains on magnetore-
sistance.

In this context, we have developed several original characterization techniques at LSPM
to probe couplings between mechanical phenomena and magnetization. We tested in ten-
sion (by piezoelectric actuation) or bending several flexible magnetic systems. In a first
step, we developed a set-up coupling deformation test, ferromagnetic resonance (FMR)
and digital image correlation (DIC). We can thus follow the magnetic behavior (magne-
tization dynamics) and the mechanical behavior (strain field) in the same experiment.
This method makes it possible to follow the evolution of the easy axis of magnetization
under deformation but also to determine the effective coefficient of magnetostriction of
the films (sometimes unknown). The easy axis of magnetization is determined by an az-
imuthal rotation of the sample for each applied strain state. Bending tests were carried
out using variable radius support, making it possible to know the applied strains in the
thin film.

The first tests were carried out on thin films of CogFeAl (thickness 20 nm) deposited
on a polyimide substrate. We have thus been able to determine the magnetostriction
properties of these alloys which are of great interest to the spintronics community for
their high spin transfer and their Curie temperature greater than 600K. Our measure-
ments made it possible to quantify the magnetic anisotropy field for several strain states.
The proposed approach, very direct in its analysis, can be used to measure coefficients
of magnetostriction of all types of thin magnetic films. This is what we have done suc-
cessfully to validate the technique (Ni, NiFe, CogFeAl, CoFeB, FeCuNbSi) in the frame
of funded projects. We then preferred to focus on the generalization of the formalism
for more complex (multiaxial) solicitations rather than measuring this property for a
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plethora of samples. For example, we proposed the application of this method for non-
uniaxial curvatures and for larger thicknesses (a few hundred nanometers) for which the
simple hypothesis on the neutral fiber axis with a flexible substrate is no longer valid.
On the other hand, we have formalized the multiaxial stress dependence of ferromagnetic
resonance and showed that the equivalent uniaxial constraint concept already proposed
by Laurent Daniel and Olivier Hubert could be applied to this problem. We have mapped
the anisotropy field of magnetoelastic origin in the principal stress space, and compared
the model to our measurements either by piezoelectric (non-equi biaxial) or uniaxial
bending. Thus, all the measurements can be put on a simple graph and show that all the
experimental points are aligned on the same straight line. This also shows the robustness
of the assumptions made for the data analysis in the two cases : bending or piezoelectric
actuation.

Afterward, we were interested in the somewhat more complex problem of the influence
of residual stress on the magnetic properties of thin films. Indeed, if the planar magnetic
anisotropy of polycrystalline thin films is generally very weak, it is common in the litera-
ture to find a strong uniaxial anisotropy (a few hundred Gauss) in thin films deposited on
polymer. It was therefore necessary to find the specificity of the magnetic films deposited
on flexible substrates. Actually, the literature shows that an equi-biaxial residual stress
state, which is common for a polycrystalline thin films, generally leads to a spherical cur-
vature for a rigid substrate but rather cylindrical for a flexible one. It is this phenomenon
that we have assumed to be at the source of residual uniaxial magnetic anisotropy. Fab-
rication of CoFeB (magnetostrictive) and NiggFesg (very weakly magnetostrictive) thin
films were carried out on a polyimide substrate. It was clearly shown that the curvature
for the two materials is cylindrical, in agreement with theoretical predictions. This initial
uniaxial curvature (before manipulation), is a source of nonequibiaxiality of the stresses
in the thin film and therefore presumably of uniaxial magnetic anisotropy. Thus, we ex-
pected to measure a much stronger residual anisotropy for the CoFeB /polyimide system.
This is indeed what we found experimentally by FMR. The anisotropy found is uniax-
ial and more than 200 times greater for the latter system. There is therefore a fairly
clear correlation between the magnetostriction coefficient and residual magnetoelastic
anisotropy. Moreover, on the basis of the magnetic anisotropy measurements, we were
able to trace back to the radius of curvature of our samples, knowing the geometrical,
elastic, magnetic and magnetoelastic parameters of the systems.

Subsequently, we have focalized on the magnetic properties of CoFeB films (metal-
lic glass) deposited on polyimide. Particularly, we studied the effect of annealing in
the accessible temperature range (0-375 °C), necessarily limited by the glass transition
temperature of the substrate. We used the in situ curvature method to determine the
magnetoelastic properties. Moreover, we have followed the influence of temperature on
the elastic properties, because these last play a role in the global formalism adopted in
this thesis. We found a slow evolution of the Young’s modulus and the magnetostriction
coefficient below 200 °C and then a significant increase between 200 °C and 300 °C (+15%
and +30% respectively) that is most probably due to exceeding of the glass transition
temperature of the thin film. Then, a plateau is observed between 300 °C and 375 °C,
which may correspond to the supercooled liquid region of the thin film. At the same
time, an enormous increase in magnetic anisotropy was observed between 200 °C and
300 °C (+500%). This is interpreted by a strong increase of the internal stresses in the
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thin film when its glass transition temperature is exceeded. This is corroborated by a
strong evolution of the curvature of the sample, as observed macroscopically.

Finally, we have employed a method to study the effective evolution of magnetization
direction as function of the voltage-induced strains. It is based on the study of FMR
spectra evolution in sweep frequency mode. Especially, the spectra amplitude as well
as resonance frequency are plotted as function of the applied voltage. Therefore, we
have observed the magnetization rotation in CogFeAl thin film on polyimide substrate.
Actually, this rotation occurs at a voltage of 40 V, which corresponds to a magnetoelastic
field of 70 Oe. This last compensates the small bias field (40 Oe) and the initial residual
anisotropy field (30 Oe).

Perspectives Up to now, the main groups in the field of magnetic systems on flexible
substrates were content to study the effect of uniaxial mechanical strains, without knowl-
edge about microstructure evolution (plasticity, cracks, ...). However, it is also crucial
to study the effect of multiaxial solicitations on magnetic properties related to deforma-
tion micro-mechanisms (plasticity, cracks initiation and evolution during cyclic loading).
Thin films deposited on polymer substrates are intended to be used in flexible devices
and may be exposed to repeated large biaxial deformation during manufacturing and ap-
plication. Hence, their main requirements are to be robust and reliable while stretching
without failing mechanically. Indeed, this is unavoidable for keeping the magnetic prop-
erties of the flexible system. An important feature in designing reliable flexible devices
is to understand interface properties between the nanometric magnetic material and the
polymer. Advances must be made in the relationship between film adhesion, mechanical
properties and fracture, magnetic properties, which are currently weakly understood for
thin films on compliant polymer substrates. Such studies are still lacking and the strain
transmission from substrate to thin films must be investigated since it will also play a
role in the magneto-mechanical effects.

If one is interested in the applicability of magnetic systems on flexible substrates,
attention must be paid to the relationships between microcracking (phenomenon which
necessarily appears for deformed thin films) and magnetic properties. This is why Finano
team continue to develop new experiences to go further in understanding phenomena . In
2016, the team developed a uniaxial traction experiment with resistivity measurements
and in situ AFM in order to accurately measure the fragmentation mechanisms of thin
magnetic films. This system is not new (it exists the same at the Erich Schmid Institute
in Leoben (Austria)) but it is formidably efficient in knowing the distances between
cracks, their width, and the strain for which they appear and multiply. This set-up was
applied to the CFB (20 nm)/polyimide system studied in chapter 5. Figure 7.0.1 shows
the evolution of the relative electrical resistance as a function of the applied macroscopic
deformation.

The initiation of the cracks takes place for a deformation of 1.6% (when the relative
resistance marks a sudden jump with respect to its basic evolution related to the spac-
ing of the electrical contacts (solid curve)). The evoked cracking is in fact a periodic
multi-cracking of the thin film, a phenomenon well known in the "mechanical thin film"
community. This is what we observed in situ by AFM at different deformation states
(Figure 7.0.2). Straight fissures parallel to each other (perpendicular to the traction
axis) are typical of the fragility of the thin film. We also show that the plasticity of
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Cracks initiation

0o 2 4 6 8 10 12 14
Strain (%)

Figure 7.0.1 — Relative resistance (R — Rp) /Rp as function of strain €. Open symbols
correspond to the loads and full symbols corresponds to unloads of three
different samples at 3.4% (green), 9.1% (red) and 14% (blue).

the substrate beyond 5% deformation strongly limits the crack closure during the dis-
charge. Indeed, the at least partial closure of the cracks results in a significant drop in
resistivity at discharge (green curve in figure 7.0.1). The phenomenon of "buckling" for
strains higher than 6% is also observed, which is linked to a transverse compressive stress
applied to the fragments of films still adhering to the substrate. From these images we
can derive quantitative information such as the evolution of the crack density which is
correlated with the resistivity evolution.
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Figure 7.0.2 — 10 x 10 ym? AFM images of a CFB thin film taken at ¢ = 3% (a) and
e =9% (b)

We can also roughly assess the adhesion between film and substrate by studying the
morphology of the blisters ("buckles") from the model proposed by Megan Cordill in
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2010 which is based on the pioneering work of Hutchinson. If we compare our mea-
surements with those reported in the literature, the value we find for adhesion energy
(I' = 5.4 Jm~2) is in the high range of what is found in the literature for metal /polymer
systems (between 1 and 7 J.om™2). This is of course encouraging for the reliability of the
studied systems.

Measurements of ex situ magnetic anisotropy by FMR have also been carried out on
these cracked systems. In addition to the magnetoelastic energy, we have identified a
very significant influence of the thin film fragmentation on the magnetic response when
the cracks do not close (shape anisotropy which adds to the magnetoelastic anisotropy)
see figure 7.0.3.
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Figure 7.0.3 — (a) 20 x 20 pm? AFM images of a CFB thin film taken at ¢ = 9%. The
angular dependance of the resonance field H,.s has been measured (b)
before tensile test (c) after tensile test with maximum strain e = 9%.

These investigations are still ongoing and these results encourage Finano group to
carry out new instrumental developments to follow in situ the magnetic behavior during
large deformations (which is not possible with piezoelectric actuators for example) with a
control of the biaxiality of the stresses in the plane of the thin film. Techniques allowing
the control of strains along several axes with in situ magnetic probes are still lacking.
Thus, Finano team intend to develop an instrumentation for the simultaneous study of
the evolution of the magnetic properties and the strains of the film and the substrate
during biaxial tensile tests. To achieve this goal, the team develops a unique experimental
set that is located on the DiffAbs beamline at Soleil Synchrotron. It will combine the
following complementary techniques: (i) A biaxial tensile machine dedicated to compliant
materials (ii) X-ray diffraction (XRD) (iii) DIC (iv) A MOKE Magnetometer. The biaxial
machine combined with DIC technique (figure 7.0.4) is already available (developed by
a consortium involving Pprime Institute (Poitiers), LSPM and Diffabs Beamline (ANR
Cmonano). The present development concerns the MOKE implementation in the existing
set-up, which is partially funded in 2016-2017 by Region Ile de France through the
“Domaine d’Intérét Majeur” Nano-K. Moreover, a ANR project “I-Flex” involving Pprime
Institute, Diffabs Beamline and Finano team (LSPM) is currently under expertise.

For several loading paths (equibiaxial or non-equibiaxial), the magnetic response will be
studied at different stress states. Several kind of studies will be possible: (i) In the elastic
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Figure 7.0.4 - Biaxial tensile device at DiffAbs Beamline (Soleil synchrotron). Here, a
thin film is deposited on the center of a cruciform shaped Kapton@®)

domain: mapping of magnetization (M /M;) and coercive field (H,) in the principal stress
space (044, 0yy), relationships between strain distribution in stacks sub-layers (measured
by x-ray diffraction) and magnetization, confrontation with existing magnetic models
including magnetoelastic energy. (ii) Effect of plastic deformation on magnetization in
such nanometric systems, study of irreversibility of magneto-mechanical behavior and
influence of the loading path in the principal stress space ((0zq,0yy)). (iii) Effect of
cracks/decohesion in the systems at large strains on the magnetic behavior, study of
mechanical cycle (effect of crack closure on global magnetization during unloadings) and
reliability of the systems.

In addition, the FINANO team is gradually moving from thin films to lithographed
nanostructures on flexible substrates. It is the object of a collaboration begun in 2015
with Adekunle Adeyeye (NUS Singapore) with whom the team had two funded projects
via the USPC / NUS alliance (MagnoFlex2016 lead by F. Zighem, and NanoFlex2017
lead by D Faurie) and with whom FINANO develop an ANR PRCI project. The aim is
to fabricate flexible magnonic systems (periodic lattice of magnetic nanostructures) on
a flexible substrate and optimize their properties. These are elaborated by interferential
lithography at NUS (figure 7.0.5).

a) r 0

b)

Nanowires array
Width: 370nm
Gap: 230nm
Pitch:600nm —

Antidots array
Holes Diameter: 120nm
Pitch:600nm

Figure 7.0.5 (a) Schematic diagram of interferential lithography. (b) NiFe nanowires
on polyimide. (c) NiFe antidots on polyimide

128



Conclusions / Outlines

Magnetic nanostructures (nanowires and antidots (periodically holes thin films) of
CoFeB and NiFe have already been studied by FMR and in situ deformation. The first
results show that it is possible to adjust by strains the resonance fields of the different
magnetic resonance modes of these arrays of nanostructures.
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Figure 7.0.6 — On the left: AFM image of magnetostrictive Ni60Fe40 nanowires; the
magnetic field and principal applied stress directions are shown. On the
right: preliminary study of voltage induced-strain effect on two quantized

modes by in situ FMR (f = 8 GHz).

These results are currently non-existent in the literature and will be published next.
However, several questions remain: what is the strain transmission from the substrate
to the film when the lateral sizes are of the same order as the thickness? What then is
the effect on magnetization? How do these objects submitted to higher strains behave?
Concerning the first two questions, it will be possible to find some elements of answers by
a finite element modeling developed by F. Zighem, D. Faurie and M. Haboussi (LSPM)
under Comsol®). They have implemented LLG (Landau-Lischfitz-Gilbert) equations de-
scribing the magnetization dynamics by introducing the different energy terms (Zeeman,
exchange, dipolar, magnetoelastic, elastic) involved in the problem. Actually, the lat-
eral nanostructuring of our samples induces important strain heterogeneities that cannot
be neglected. Thus, for these nano-objects, the hypothesis of a uniform magnetoelastic
anisotropy field is no longer valid.

129



List of publications

1. M. Gueye, F. Zighem, M Belmeguenai, M. Gabor, C. Tiusan, D. Faurie
Ferromagnetic resonance in thin films submitted to multiazial stress state : appli-

cation of the uniaxial equivalent stress concept and experimental validation Journal
of Physics D : Applied Physics 49, 265001 (2016)

2. Mouhamadou Gueye, Pierpaolo Lupo, Fatih Zighem, Damien Faurie, Mohamed
Belmeguenai, Adekunle Olusola Adeyeye
Unambiguous magnetoelastic effect on residual anisotropy in thin films deposited on
flexible substrates Europhysics Letters, 114, 17003 (2016)

3. M. Gueye, F. Zighem, M. Belmeguenai, M. S. Gabor, C. Tiusan, D. Faurie,
Spectroscopic investigation of elastic and magnetoelastic properties of CoFeB thin
films Journal of Physics D : Applied Physics, 49, 145003 (2016)

4. M. Gueye, F. Zighem, M. Belmeguenai, M. S. Gabor, C. Tiusan, D. Faurie
Effective 90-degree magnetization rotation in Co2FeAl thin film /piezoelectric system

probed by microstripline ferromagnetic resonance Applied Physics Letters, 107,
032908 (2015)

5. M. Gueye, B. M. Wague, F. Zighem, M. Belmeguenai, M.S. Gabor, T. Petrisor
Jr, C. Tiusan, S. Mercone, D. Faurie
Bending strain-tunable magnetic anisotropy in Co2FeAl Heusler thin film on Kap-
ton®) Applied Physics Letters, 105, 062409 (2014)

6. M. Gueye, F. Zighem, D. Faurie, M. Belmeguenai, S. Mercone
Optimization of indirect magnetoelectric effect in thin-film/substrate/piezoelectric-
actuator heterostructure using polymer substrate Applied Physics Letters, 105,
052411 (2014)

130



Abstract

Films minces sur susbtrats flexibles: Etude des propriétés
magnéto-mécaniques par résonance ferromagnétique

Les films minces déposés sur des substrats flexibles ont été intensivement étudiés
ces derniéres années en raison de leur nombreuses applications en électronique flexible.
Depuis peu, I'électronique flexible est étendu aux matériaux magnétiques conduisant
ainsi au domaine émergeant de la magnéto-électronique flexible actuellement a I’avant
garde des sujets de recherche de la spintronique. Ce travail de thése est dédié a ’étude
des propriétés magnéto-mécaniques de films minces magnétiques (Ni, NiFe, Co2FeAl,
CoFeB, FeCuNbSi) sur des substrats flexibles. Les analyses structurales ont montré que
les films de Ni et de CFA sont polycristallins non texturés; le CFB est amorphe. Par
conséquent, les propriétés élastiques et magnétoélastiques de ces films sont considérées
comme étant isotropes. Une technique basée sur une utilisation conjointe d’essais mé-
caniques, la résonance ferromagnétique (FMR) et la corrélation d’images numériques
(CIN) a été développée pour étudier les propriétés magnéto-mécaniques de films minces
sur substrats flexibles. A P’aide de cette méthode, il est possible de suivre ’évolution de
I’anisotropie résiduelle omniprésente dans les films magnétiques sur substrats flexibles.
Cette anisotropie est liée aux propriétés mécaniques contrastées lorsqu’on dépose un film
mince rédige (grand module d”Young) sur un substrat flexible (petit module d’Young).
L’effet du recuit sur les propriétés élastiques et magnétoélastiques a été soigneusement
étudié dans le film CFB validant ainsi 'intérét porté a ses alliages pour des applica-
tions en spintronique. Enfin; la résonance ferromagnétique est employé en balayage en
fréquence pour suivre la variation de la direction de I'aimantation en fonction des défor-
mations induites par ’application de tension électrique sur ’actionneur piézoélectrique.
Un retournement de 90° de la direction de I'aimantation dans le film Co2FeAl sur substrat
flexible de Kapton(®) est observe.

Mots-clés: résonance ferromagnétique (FMR), magnétoélasticité, films minces, anisotropy
magnétique, systémes flexibles.

Magnetic thin films on flexible substrates:
magnetomechanical study by ferromagnetic resonance

This thesis project is devoted to the study of the magneto-mechanical properties of
ferromagnetic thin films. The study of magnetic thin films on flexible substrates has
developed rapidly due to the numerous applications in flexible microelectronics. Indeed,
the miniaturization of the components and the need to subject them to curved geometries
during their use (flexible screens, deformable GMR or GMI sensors, etc.) requires a better
understanding of the effect of strains (small or large) on magnetic anisotropy of thin films.
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In this context, we have developed several original techniques during this thesis to
probe coupling between mechanical phenomena and magnetization. We tested in tension
(by piezoelectric actuation) or bending several flexible magnetic systems. In a first step,
we developed a set-up coupling deformation test, ferromagnetic resonance and digital
image correlation. We can thus follow the magnetic (magnetization dynamics) and me-
chanical behaviours (strain field) in the same experiment. This method allows following
the magnetization easy axis variation under deformation but also allows the magnetostric-
tion determination of the films (sometimes unknown). The first tests were carried out on
thin Co2FeAl and CoFeB films deposited on polyimide substrates. We have thus been
able to determine these alloys magnetostriction coefficients which are of great interest
for the spintronics community. The proposed approach, very direct in its analysis, can
be used to measure coefficients of magnetostriction of all types of thin magnetic films.
We then focussed on the generalization of the formalism for multiaxial sollicitations. For
example, we proposed the application of this method for non-uniaxial curvatures and for
larger thicknesses (a few hundred of nanometers) for which the simple hypothesis on the
neutral fibber axis with a flexible substrate is no longer valid. On the other hand, we
have formalized the multiaxial stress dependence of ferromagnetic resonance and showed
that the equivalent uniaxial constraint concept already proposed by L. Daniel and O.
Hubert could be applied to this problem. Afterward, we were interested in the somewhat
more complex problem of the influence of residual stress on the magnetic properties of
thin films.

Subsequently, we have focalized on the magnetic properties of CoFeB films (metallic
glass) deposited on flexible substrates. Particularly, we studied the effect of annealing
in the accessible temperature range (till 375°C) limited by the polymer. We used the in
situ curvature method to determine the magnetoelastic properties. Moreover, we have
followed the influence of temperature on the elastic properties, because these last play
a role in the global formalism adopted in this thesis. We found a slow evolution of
the Young’s modulus and of the magnetostriction coefficient below 200°C and then a
significant increase between 200°C and 300°C (+15% and +30% respectively) that is
most probably due to exceeding of the glass transition temperature of the film. Then, a
plateau is observed between 300°C and 375°C, which may correspond to the supercooled
liquid region of CoFeB. In addition, an enormous increase in magnetic anisotropy was
observed between 200°C and 300°C (+500%). This is interpreted by a strong increase of
the internal stresses in the thin film when its glass transition temperature is exceeded.
This is corroborated by a strong evolution of the curvature of the sample, as observed
macroscopically.

Finally, we have astutely employed a method to measure the magnetization direction
variation as function of a voltage-induced strains. It is based on the study of FMR
spectra evolution in sweep frequency mode. FKEspecially, the spectra amplitude as well
as resonance frequency are plotted as function of the applied voltage. Therefore, we
have observed the magnetization rotation in Co2FeAl thin film on polyimide substrate.
Actually, this rotation occurs at a voltage of 40V, which corresponds to a magnetoelastic
field of 70 Oe. This last compensates the small bias field (40 Oe) and the initial residual
anisotropy field (30 Oe).

Keywords: ferromagnetic resonance, magnetoelasticity, thin films, magnetic anisotropy,
flexible systems.
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