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Introduction

General context: Why FeCr systems are studied again?

The FeCr alloys have been used for a long time as structural materials in the core of nuclear
fission reactors. Thanks to an operating temperature above 875K [1], the Fe-Cr alloys can
resist under the intense irradiation present in the core of nuclear plants. Since some decades,
Fe-Cr systems are studied again for future fusion nuclear power plants which will require
more drastic irradiation and temperature conditions than fission reactors. According to Zinkle
et al, the ideal structural materials for nuclear reactors must withstand 4 times more
irradiation and 3 times higher temperature, compared to generation-2 nuclear reactors used in
France [2]. For these reasons, structural materials are still studied and have to be optimized to
accelerate the development of fusion reactors such as ITER (International Thermonuclear
Experimental Reactor). The ideal high-performance structural material should exhibit a high
and uniform density of nanoscale particles that simultaneously serve as obstacles to the
dislocation motion (providing high strength) and point defect recombination centers
(providing good radiation damage resistance) [2], [3], [4], [5], [6]. The main materials of
interest are special steels containing Cr, tungsten-based materials and lithium ceramics [2].

The FeCr alloys remain good candidates for fusion reactors because it is known for self-
healing properties from irradiation defects at high temperature, which allows [7]: (a) to keep
good dimensional stability (no deformation and swelling) under irradiation of neutrons, (b)
mechanical properties (tensile strength, ductility, creep resistance) to remain acceptable under
ageing and (c) to preserve these mechanical properties in corrosive environments such as
cooling liquids of reactors.

Another feature of Fe-Cr alloys related to these mechanical properties is a concentration
change of the sign of atomic order at short range. Indeed, the equilibrium phase diagram of
the iron — chromium system presents two bcc phases (o and o’ phases) and a miscibility gap
(Figure 0-1). The presence of this gap usually means that the short-range order parameter is
positive (repulsive interaction between Fe and Cr atoms) at any Cr concentration in the alloy.
However, the experimental measurements of diffuse neutron scattering carried out by Isabelle
Mirebeau (Figure 0-2a) have shown that in the Fe-rich a phase, this order parameter is
negative for low concentrations of Cr (below 11 at.%), indicating a tendency to short-range
ordering (attractive interaction between Fe and Cr atoms). To understand this singular
behavior, local magnetic measurements were carried out using polarized neutron diffuse
scattering. The Figure 0- 2b shows a large relative variation of the Cr moment in the diluted
alloy range whereas that of Fe atoms varies much less in the same concentration range. It is
therefore possible that the change in the chemical short-range order parameter in these alloys
is related to the magnetic behavior of Cr, which justifies studying it more deeply in the FeCr
system.
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Figure 0- 1: Phase diagram of Fe-Cr binary system [§].
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Figure 0- 2: Variation of short-range order parameter [9] (at the left) and Cr and Fe magnetic

.1

moments lcrre [10] (at the right) as a function of the Cr concentration “x”.

Goal of the MAGIKID Project and my work in the project

My thesis work took place within the Franco-German MAGIKID (Magnetism in iron based
systems: thermodynamics, kinetics and defects) project. The goal of this project is to bring
together theoreticians (from Saclay and Chatillon, Bochum and Diisseldorf) and
experimentalists (from IPCMS and Miinster) with the purpose of studying the effects of
magnetism and defects in Fe-M systems, with M = Cr, Co and Mn. In this project, my work is
to elaborate model samples of the Fe\Cr multilayers in order to study the atomic diffusion and
the effects of extended defects on magnetic properties.

Historically, these Fe\Cr multilayers were studied for their giant magnetoresistance as I recall
in the state of the next paragraphs. Until now, most attention has been paid to polycrystalline
Fe/Cr multilayers. However, the questions asked in the MAGIKID project: the influence of
magnetic interactions (a) on the thermodynamic and kinetic properties, (b) on the evolution of
point defects and extended defects in Fe\Cr multilayers, as well as, reciprocally, the effect of
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the presence of extended defects as interfaces on the local magnetic properties have not been
discussed in detail yet.

In my PhD work, epitaxial Fe\Cr multilayers have been prepared, using dc-magnetron
sputtering and molecular beam epitaxy as growth techniques. We have studied the structural
and the magnetic properties in order to make a correlation between these properties. The
ambitious goal of this work is to determine the global variation of the magnetic moment at
Fe\Cr interfaces. It is essential to have perfect epitaxial multilayers in order to measure this
global variation of the magnetic moments at Fe\Cr interfaces.

The second part of my work consists in studying the interdiffusion mechanisms in epitaxial
Fe\Cr multilayers. We performed isothermal and isochronal annealing series on a single
multilayer to obtain information on the mechanisms in presence.

State of art of experimental studies in Fe\Cr multilayers.

Fe/Cr ferromagnetic superlattices attracted a very high interest for the magnetoresistance
behavior that was discovered for the first time by the teams of Peter Griinberg [11] and Albert
Fert [12]. They have shown that, in Fe\ Cr multilayers, it is possible to control the
magnetization of the different layers of iron by the application of an external magnetic field.
This induces a sudden variation of the electrical resistance of the system called giant
magnetoresistance effect (see the Figure 0-3). The perfect device should exhibit, among other
characteristics, high epitaxial quality and produce sufficient magnetoresistance effect at room
temperature. The magnetoresistance amplitude depends on the deposition temperature [13],
[14], the thickness of Cr layer [11], the magnetic interlayer exchange coupling in single-
crystals [15].

However, one of the aspects is still not understood clearly. It is the role of the interface
structure on the GMR evolution. A number of experimental studies have been done to answer
this question. Some works have shown that in Fe\Cr multilayers, the GMR response has a
tendency to increase with the roughness. Fullerton et a/ prepared a series of Fe\Cr multilayers
with various roughness (changing the sputtering gas pressure and varying the sputtering
power). They observed an enhancement of the GMR signal for the rough interfaces. Later,
Schad et al deposited a series of highly epitaxial Fe\Cr multilayers on single-crystalline
MgO(100) substrates using molecular beam epitaxy. The vacuum pressure was 4x107'° mbar;
the deposition rate was 1 A/s for both Fe and Cr; the first layer was Fe and the sequence of the
multilayers was substrate\[Fe(2.8 nm)\Cr(1.1 nm)]~10\Cr(2 nm). The interface roughness was
induced by annealing the samples for 1 hour at an annealing temperature from 50°C up to
460°C. They showed that both the interfacial roughness and the GMR ratio increase when
increasing the annealing temperature. This indicates an enhancement of GMR with the
interfacial roughness which is in contradiction with earlier results obtained on polycrystalline
Fe\Cr multilayers [17]. In reference [17], the authors explained that the presence of defects as
grains boundaries in polycrystalline samples act as diffusion channels. Therefore, the
annealing facilitates the appearance of interdiffused interfaces along these grains boundaries,
which tends to reduce the GMR ratio [18].
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Figure 0-3: Illustration of the GMR effect. (a): Change in the resistance of the magnetic multilayer as
a function of the applied magnetic field. (b): The magnetization configurations (indicated by the
arrows) of the multilayer (tri-layer) at various magnetic fields: the magnetizations are aligned
antiparallel at zero field; the magnetizations are aligned parallel when the external magnetic field H is
larger than the saturation field Hs. (c): The magnetization curve of the multilayer. Taken from [16].

The effect of interface roughness on the GMR ratio was also studied by Gupta et al on Fe\Cr
multilayers deposited by MBE on a glass substrate. During the growth, the pressure of the
chamber was 8x107'° mbar and the deposition rate for both Fe and Cr was 0.1 A/s; they
started the growth with a Cr seed layer and the architecture of the multilayer was
substrate\Cr(10 nm)\[Fe(3 nm)\Cr(1.2 nm)]x20\Fe(5 nm)]. They observed that the GMR ratio
decreases non-linearly with the increase of the interface roughness and tends to saturate at
large interfacial roughness. This result was attributed to the polycrystalline structure of Fe\Cr
multilayers, as attested by Atomic Force Microscopy (AFM) and XRD characterizations.

To conclude, the experimental results on Fe\Cr multilayers, showed that the increase of the
roughness at Fe\Cr interface of highly epitaxial Fe\Cr multilayers enhances the GMR ratio.
For polycrystalline Fe\Cr multilayers, both the interface roughness region and the defect
density as grain boundaries contribute to reduce the GMR. Nevertheless, the magnetic
properties at the interfaces were not studied in details as they were not crucial for the GMR
properties.

Theoretical results on Fe\Cr multilayers

Few theoretician works on Fe\Cr multilayers give information on the variation of the global
moment at Fe\Cr interfaces. Daniel Stoeffler and M. Freyss [19] used the tight binding
approximation to understand the influence of atomic steps on interfaces on the magnetic
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properties of Fe induced by the antiferromagnetic nature of Cr. They determined also the
values of Cr and Fe moments as a function of their position relative to a perfect Fe\Cr
interface (Figure 0-4). From the plots of the variation of the Fe and Cr moment as a function
of the interface distance, we can deduce the global contribution of Cr and Fe moments to the
moment variation per interface atom (Figure 0-4). The total moment change at the Fe\Cr
interface is small and negative (Z(Au)=-0.065 us) (Figures 0-5 and 0-6).

O
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Figure 0-4: (a) Magnetic moments in a Fes/Cr s superlattice. 5 and 10.5 are the number of Fe and Cr
monolayers respectively. (b)Magnetization profile of a 6-monolayer Cr film on Fe(100).
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Figure 0-5: Cr magnetic moment (at the left), algebraic moment change (center) and cumulative
algebraic moment (at the right) deduced from Fig. 0-4 (a) as a function of their position relative to the
Fe\Cr interface. The bulk moment has been taken as 0.6 uz. The moment amplitude has been
extrapolated exponentially towards 0.6 up at large distance to expand the sum at infinite. The sum is
done starting from the interface. The interface position is chosen to be in the middle, between the Fe
and Cr planes.

Recently Chu-Chun et al [20] have calculated the moments on the different atoms near the
interface using DFT methods (Figure 0-7). Summing the individual contributions, we obtain a
positive value of the global moment change at the Fe\Cr interface of about 0.21 us per
interface atom (Figure 0-8).
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Figure 0-6: Integral algebraic Fe moment change as a function of the position relative to the Fe\Cr
interface. The bulk moment has been taken as 2.23 ug

These results show that the variation of the global moment at Fe\Cr interfaces is relatively
small. In order to obtain this variation experimentally, one must elaborate model samples of

Fe\Cr multilayers with a “perfect” epitaxial quality.
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Figure 0-7: Variation of the magnitude of Cr and Fe DFT moments in the vicinity of the (100)

interface. The green symbols correspond to the non-collinear (NColl) magnetic structure and AF
means antiferromagnetic coupling.
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Figure 0-8: Sum of Cr and Fe moment changes as a function of their position relative to the Fe\Cr
interface (deduced from Figure 0-7), summed starting from the interface.
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Diffusion data in FeCr systems

Recent works have been carried out on FeCr alloys by our CEA partners in order to determine
the parameters influencing interdiffusion [8]. They obtained by Monte Carlo (MC)
simulations the interdiffusion coefficients for the temperature range between 850K to 1700K
(Figure 0-9). They have also shown that the interdiffusion coefficient decreases considerably
with the Cr concentration in the alloy, confirming the experimental results obtained using
radiotracers [21], [22]. Furthermore, the diffusion measurements using radiotracers are not
possible for temperatures below 900K. To answer this problem, we have realized Fe\Cr
multilayers with excellent epitaxial quality to follow the interdiffusion and deduce the
interdiffusion coefficients for the observed diffusion processes.
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Figure 0-9: Interdiffusion coefficients versus Cr concentration in the FeCr alloy. The lines correspond
to the radiotracer experimental results.

Plan of the manuscript

In Chapter I, I present some overviews on the parameters that govern epitaxy, stresses,
magnetism and diffusion mechanisms in thin films and multilayers. The second Chapter of
this manuscript is dedicated to the review of the different methods of elaboration of Fe\Cr
layers and multilayers and in particular the experimental device used in our study. Then, we
describe the study and characterization techniques. We carried out X-ray diffraction and
transmission electron microscope measurements to study the texture, crystalline and epitaxial
quality. To analyze the stresses in the layers, we used the sin*(y) method. Magnetic
measurements were carried out by Alternative Gradient Force Magnetometer (AGFM) and
Superconducting QUantum Interference Devices (SQUID). The interest of all these
experimental characterizations is to correlate all the results obtained on tri-layers and multi-
layers.
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Chapter III concerns the results of the Cr\Fe\Cr tri-layers deposited using dc-magnetron
sputtering. In this part, we played on the substrate’s nature and on the Fe deposition
temperature, expecting to have the layers with acceptable epitaxial qualities. The tri-layers are
of very good structural quality and present the expected ferromagnetic response when the Fe
deposition temperature is low, but the diffusion of oxygen inside the layers makes it difficult
to estimate the global moment from Fe\C interfaces.

To carry out this study, we performed three different Fe\Cr deposition series by Molecular
Beam Epitaxy (MBE). The results are presented in Chapter IV. Chapter V deals with the
mechanism of interdiffusion in MBE-grown Fe\Cr multilayers by combining the results of x-
ray diffraction, Monte Carlo simulation, Transmission Electron Microscopy (TEM) and
Atomic Probe Tomography (APT).
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Chapter I: Epitaxial growth, magnetism and interdiffusion
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Chapter I:

(General reviews on the
epitaxial growth, magnetism,
and interdiffusion

I.1 Epitaxy and hetero-epitaxy growth of thin films

Epitaxy refers to the formation of a single-crystal film on a single-crystal substrate in the way
that atoms of the deposited film continue the crystal of the substrate. During the epitaxy of the
film on the substrate, it is mostly the thin film that undergoes the required deformations for
lattice accommodation since the substrate is thick enough to be considered as semi-infinite.
There are two types of epitaxy: homo-epitaxy and hetero-epitaxy. The homo-epitaxy is
obtained when both the film and the substrate have the same chemical nature. The hetero-
epitaxy corresponds to different film and substrate with very similar crystal structures and
lattice parameters in the interface plane.

In practice, hetero-epitaxy is the most frequent form for technological applications in
magnetic, electronic, optoelectronic devices... It is also the most difficult to realize since the
matching between the film and the substrate (Figure I-1) is complex.
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Figure I-1: Illustration of the biaxial deformation of the film on the substrate during the epitaxy.

The concept of epitaxy has been introduced by Louis Royer in 1928 to formalize the
description of the spontaneous growth of crystals. According to his criteria [1], the epitaxial
growth of a material on the substrate depends on two conditions:
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I.1.1 Chemical homogeneity

The chemical homogeneity between two materials is based on the minimization of the total
energy of the global system, containing the surface and interface energies (Figure 1-2).
Indeed, during the growth of one crystal on another one, the system will always tend to return
to the equilibrium state by minimizing its global energy.

Bauer [2] has predicted that the growth mode of one crystal on another one depends on the
sign of the expression % + % -jf, where xf, #, and x% are respectively the interface energy and
the film and substrate surface energies.

Ysf

Ys
substrate substrate

Figure I- 2: Surface and interface energies resulting to the deposition of the film on the substrate.

I.1.2 Crystallographic compatibility

The crystallographic compatibility is characterized by the difference of lattice parameters
between the substrate and the film during the epitaxy of the film. This difference of the lattice
parameters is called the misfit “m ” and is given by the expression:

_ 4r~4s

= a—s Equation I- 1

where af and a; are respectively the lattice parameters of the film and of the substrate.

A difference between the lattice parameters causes the strains inside the film during the
hetero-epitaxial growth (Figure I-1). The strains of the film are either in tension when the
lattice parameter in the plane of the film is lower than the one of the substrate or in
compression when it is higher. This distorts the unit cell of the film: a formerly cubic unit cell
becomes tetragonal and the strain magnitude can be high or low as a function of the value of
the misfit.

The analysis of the interface between a monolayer grown in epitaxy on a single-crystal
substrate with a misfit was introduced by Frank and Van der Merwe in 1949 [3]. Using a one
dimensional model, they calculated the energy gained when the misfit is concentrated in
narrow regions. Based on this result, they concluded that if the misfit is small (depending on
the author: < 9% [3] or < 5% [4]) and the interfacial bonding are strong, there will be a small
elastic and uniform distortion of the film lattice during a first step. The misfit is compensated
by the elastic strains up to a maximum thickness: it is the pseudomorphic growth step (Figure
I-3a).

Above a critical thickness, a fraction of the misfit is accommodated by interfacial
dislocations, which are energetically favorable as explained by Van der Merwe while
extending the 1D model to 2D [3]. The dislocations are produced by adding or removing
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atomic planes perpendicularly to the surface within the top layers (Figure I-3b). The misfit
dislocation can be also governed by the migration of dislocation along the growth direction of
the layer [4].
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Figure I- 3: Pseudomorphic growth due to small mismatch below (a) and above the critical thickness
(b). For a strong misfit (c), interface dislocations are formed to relieve lattice strain between the film
and the substrate.

For a larger misfit, the magnitude of stress developed within the film is so large that the
coherency of the growth cannot be achieved from the beginning. The film will release the
stress by a relaxation of its lateral lattice parameters from the first plane in order to reduce the
global energy of the system. This relaxation mechanism is characterized by the creation of
dislocations at the interface as illustrated on the Figure I-3c.

1.1.3 Dislocations in crystal

In crystals, a dislocation is defined by the dislocation line and its Burger vector. The closing
domain is called the Burger vector. There are three types of dislocations: edge, screw and
mixed dislocations. In an edge dislocation, the gliding plane contains the Burgers vector and
the dislocation line with a conservative dislocations motion (without material displacement).
Edge dislocations are located at the substrate\film or film\film interfaces. This corresponds to
misfit dislocations in epitaxial layers. For the screw dislocation, the Burgers vector and the
dislocation line are parallel but the gliding plane is undefined. The displacement of screw
dislocations is non-conservative (with material displacement) and the dislocation can glide
easily in the layers. Mixed dislocations are the combination of edge dislocations and screw
dislocations. The gliding planes and the direction of the edge dislocations for bcc and fec
materials are reported in table I-1 [5]. As one can see in the table, the gliding planes are
generally high density planes and the directions are dense directions.
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Table I -1: Glide directions and plane for edge dislocations in fcc and bcc structure.

Structure | Glide directions | Gliding planes for edge dislocations

bee 10111), (100) {110} < {112} < {123}
2

I.2 Mechanism of atom deposition and growth mode
1.2.1 Growth mechanism on the substrate surface

An atom which arrives on the substrate surface will first lose its kinetic energy and become
attached to the substrate by physisorption (ad-atom). Then, the ad-atom diffuses on the
surface until it finds an energetically stable site to fix itself. This ad-atom can adjust its
position thanks to the kinetic energy transmitted by other incoming atoms.

-
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Figure I- 4: Mechanism of atom deposition on the substrate surface (left image): from the atom
diffusion processes to the cluster nucleation. Nucleation, growth and coalescence to form continuous
films (right image) [6]. We also see the evolution of the grain morphology during the growth of
polycrystalline films.

Ad-atoms diffuse to produce islands (groups of ad-atoms) that can grow either by the
incorporation of other diffusing atoms or by the direct deposition of the new-arrival atoms.
Isolated islands nucleate and grow. Generally, islands of more than one atom do not migrate
at the surface. Their coalescence allows the development of a continuous film (Figure I-4(left
image)). The nucleation step is very important because it governs the crystallinity and
microstructure of the film (Figure I-4 (right image)).

I-6



I1.2.1 Growth mode at the microscopic scale

Assuming that the mechanism of the growth of the film occurs in the thermodynamic
equilibrium state, three different growth modes describe the growth at the microscopic scale:

Franck Van der Merwe growth or the layer by layer growth

This mode of growth forms continuous, complete and single layer of atoms (Figure I- Sa).
This condition is possible if the expression ysr +yf <ysis satisfied. Again, ysy,

Yr and y; are the interface energy, and the film and substrate surface energies.

Volmer-Weber growth or 3D nucleation

Volmer-Weber mechanism occurs when the smallest stable clusters nucleate on the substrate
and grow into three-dimensional island features (Figure I- 5b). This process takes place
through the surface diffusion of atoms at active sites (atomic steps, impurities or crystal
defects). This situation occurs when the film and the substrate are dissimilar materials. It is
typically observed for the growth of metal films on oxide substrates. To improve the condition
of epitaxy within thin films, 3D growth mode should be avoided since its leads to the
roughness of the interface and increases the density of local stress within the film.

Stranski-Krastanov growth or mixed mode

In this mode, the growth changes from the layer by layer to islands (growth of nuclei) after
the formation of one or few monolayers as shown in Figure I- 5c. This mechanism could be
due to the relaxation process occurring inside the film when the thickness of the film
increases. This mechanism is sometimes observed for the film elaborated by phase vapor
deposition (PVD) due to the fact that the optimal conditions of elaboration that favor the
epitaxy are not easy to achieve although the film and the substrate are well chosen (good
crystallographic and chemical compatibilities). The Stranski-Krastanov growth mode is
generally observed in metal/metal or metal/insulator systems.

Ve

;; (Tf‘o
P A P A :(c)

Figure I- 5: Illustration of different growth modes [2]: Franck-Van der Merwe (a); Volmer-Weber (b),
and Stranski-Krastanov (c).

In reality, thin films grow in conditions that are far away from the thermodynamic
equilibrium. Therefore, some factors as the rate of deposition, impurities and defects in the
films and substrate material have to be taken into account.
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1.3 Origin of residual stress in epitaxial layers

During the epitaxy, the residual stresses that develop in the epitaxial layer grown on the
substrate can be due to: (a) the difference of the lattice parameter between the substrate and
the film (called intrinsic stress), (b) a difference between the growth temperature and the
measurement temperature (called thermal stress). These two stresses are called residual
stresses. In the case of thin films and multilayers, the stresses are also called bi-axial stresses
because it is assumed that stress only occurs in the plane of the film and not along the z-
direction.

1.3.1 Thermal stresses

Thermal stresses arise during temperature changes if the film and the substrate have different
thermal expansion coefficients. A bi-axial stress is induced inside the film:

T
f "% (@ —ag)dT  EquationI- 2

C1- —Vf Tdep

Ef, vr and a are respectively the Young modulus, Poisson ratio and dilatation coefficient of
the film. a; is the dilatation coefficient of the substrate. Ty, is the temperature at which the

layer is deposited. Tp,qqs 1S the temperature at which the stress is measured. Generally, the
measurements are performed at room temperature.

It is important to keep in mind that for the “nanometric systems” (150 nm-thick film on a
0.5mm-thick substrate), these values of the stresses are approximate since the Young
modulus, the Poisson ratio and the dilatation coefficients are known in the literature only for
macroscopic systems (bulk).

1.3.2 Intrinsic stresses

Intrinsic stresses are those present at the deposition temperature [7]. They arise during the
deposition due to the lack of perfect in-plane coherence growth between the substrate and the
film (Figure 1-6).

X1

// X3 \l,
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substrate e=1 0 &, O
0 0 €22

Figure I- 6: Sample framework (on the left) and expressions of stress and strain tensors (on the right).

Assuming that the substrate is thick and not strained, the film in-plane strain €, is given by
the expression:
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Assuming that the medium is isotropic, the resulting in-plane stress of the film is given by the

Hooke law:

Ef
1—‘Uf

0 =0y =033=M.¢g,= €y EquationI- 4

where M is the bi-axial modulus in the (OXi1X?2) framework.

The in-plane strain only depends on the lattice accommodation. The out-of-plane (or
perpendicular) strain is deduced from the Poisson law:

2vf .
EL = &1 = — 1_vf.8// Equation I- 5

1.3.3 Other sources of stress

The presence of impurities can induce additional stress inside the epitaxial layer. Up to now,
their effect is not very well understood. Several authors have observed that for metal films,
the presence of oxygen inside the film has a significant effect on the stress and tends to reduce
tensile stress. D’Heurle ef al observed a strong compressive stress in the films [8] deposited
by physical vapor deposition instead of the expected tensile stress. They have attributed this
anomaly to the presence of the oxygen impurities that can either diffuse on the interstitial sites
or adsorb at the grain boundaries (in case of poly-crystalline materials).

1.4 Correlation of stresses with structures

The mechanism of stress evolution within the film depends on its structure. In polycrystalline
samples, the mechanism of grains boundaries relaxation was proposed by Hoffman [9] and
later by Nix [10] to explain tensile stress generation in the film. As the grains grow, they
become closer to each other. When they reach a critical separation distance A (Figure 1-7),
they coalesce. This coalescence involves some forces of tension associated with the formation
of grain boundaries that generate elastic deformations (due to the modification of film
dimensions): a tensile stress contribution appears in the film. So the densification of a single-
crystal film constrained by a substrate leads to tensile stresses in the film.

A . e, -
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1" .'. !‘ ". l“ ‘.
A" ‘\ r' ‘\ !‘ ~|
ri ‘r’ ‘!r
. *

Hoffman Nix-Clemens

Figure I- 7: Illustration of grain-boundary relaxation model used by Hoffman and Nix.
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Compressive stresses can also be generated in the polycrystalline samples: a mechanism of
atoms insertion in grain boundaries was proposed by Chason to explain the presence of
compressive stress [11].

Many researchers have studied the evolution of stress in polycrystalline sample as Fe, Au, Cu,
Ni and Ag on mica (001) substrate or on SiO2 substrate prepared by thermal evaporation and
sputtering. Chason et a/ showed that the magnitude of stress depends on the nature of the
material and the growth conditions like the temperature and the thickness of the deposited
layers [12]. In another paper, they have demonstrated that the type of stress changes with the
thickness of an Ag film deposited on a SiO2 substrate: tensile stress is present in the early
stage of the growth and changes to compressive stress as the film becomes thicker (Figure I-
8). However, in single-crystalline layers, both mechanisms (grain-boundary formation and
grain-boundary insertion) cannot be invoked to explain the presence of stress in the film. This
shows that stress evolution depends on the crystalline and chemical structure of the film. For
the epitaxial growth of Fe(100) on MgO(100) substrate by thermal evaporation, the magnitude
of the stress depends strongly on the Fe deposition temperature [12]: Tensile misfit stress of
about 6.8 GPa expected for the growth of Fe on MgO(100) can be reduced by playing on the

growth temperature ~ when
the film becomes thicker
(above 2 - 3 A nm).

Curvature (arb.units)
T T T

Thickness (arb. units) Time (arb. units)

Figure I- 8: Evolution of wafer curvature during a) the growth of Ag evaporated on SiO, at room
temperature and b) the interruption of the growth flux. The arrows on the inset schematically
represent the stress distribution o(z) through the film. c¢) Schematic of multi-beam optical stress
sensor technique for measuring curvature [11].

According to the authors, the contribution of tensile misfit stress is conserved up to high
thicknesses of the Fe film and this is due to a strong stress at the interface of Fe on MgO(100)
substrate. Some other authors showed that in thin films prepared by sputtering, the stress
changes rapidly from tensile (in the earliest stage of the growth) to compressive stress after
finishing the deposition (Figure [-8b) [13]. This behavior is not yet understood.
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1.5 Magnetism in materials
1.5.1 Atomic origin of magnetism

The magnetic moment of atoms thus originates from electrons in partly filled electron shells,
and is determined by a fundamental property known as the angular momentum. Each
individual electron has an angular momentum associated with its orbital motion and a spin
angular momentum (or the intrinsic angular momentum corresponding to the rotation — or
spinning — of each electron around an internal axis) [14]. The states of electrons are
characterized by four quantum numbers: the principal quantum number » which determines
the size of the orbit and defines its energy, the orbital angular momentum quantum number /
describes the angular momentum of the orbital motion, the magnetic quantum number m:
describes the component of the orbital angular momentum / along the direction of the applied
field and, the spin quantum number ms describes the component of the electron spin s along
the direction of the applied field. According to the Pauli’s exclusion principle, only one
electron in an atom can have a given combination of the four quantum numbers #n, /, m; and
ms. n, [ and my specify the electron energy state. Each state can be occupied with 2 electrons.
ms 1s the spin quantum number can only take the values £1/2. If only one electron is present, a
double occupancy of an orbital is possible for antiparallel spins (1) but forbidden for parallel
spins (11). The two spins will cancel out, giving no net moment. Strong magnetic properties
are associated with elements which have a large number of unpaired spins.

Due to the Hund rule (the ground state of an atom is obtained placing the maximum of
electrons with the same spin in the different orbitals starting by the lowest shell), many atoms
and ions have some electrons whose moment is not compensated by the spin of another
electron, inducing a net spin moment.

In solid specimen, there is a strong interaction of the orbital moment with the crystal structure
through the electrostatic field inducing an energy change when the direction of the orbital
moment is changed. This crystal-field interaction leads to a quenching of the orbital magnetic
moment indicating [15] that the magnetic moments originate mainly from the spins.

1.5.2 Different magnetic behaviors

Most materials can be classified in the five following groups:

Diamagnetism is a weak form of magnetism that occurs in any atom, but is visible mainly in
those with filled shells. It is attributed to the orbital motion of electrons viewed classically as
a “current loop,” creating a magnetic moment in the direction opposite to the direction of the
field as expected from the Lenz rule.

Paramagnetism is attributed to unpaired electron spins with random orientations at a certain
temperature which is the consequence of thermal agitation.

Ferromagnetism is characterized by a spontaneous domain magnetization which is the result
of unpaired electron spins from partially filled shells, aligned parallel to each other due to a
strong exchange interaction that will be discussed later. Above the so-called Curie



temperature, the spins have random orientations and ferromagnetic material exhibit
paramagnetic behavior [16], [17].

Antiferromagnetism is when, below the “so-called” Néel-temperature, the atomic spins are
arranged antiparallel so that they cancel each other. An external magnetic field has not a huge
effect as the rotation of the moments is difficult due to the absence of net moment and the
interaction between these spins. Above the Néel temperature the spins become randomly
oriented (paramagnetic state).

Ferrimagnetism was first observed in Ferrites materials. Magnetic ions are placed on two
different types of lattice sites, inducing a different length of the moments. So, even if the spins
on one site type are oppositely oriented to the spins on the other lattice site type, a total non-
zero spontaneous magnetization is observed. A complete random orientation of spins above
the Curie temperature is also observed in ferrimagnetic materials.

1.5.3 Origin of ferromagnetism: From atomic to macroscopic scale

In ferromagnetic materials, the tendency of individual atomic magnetic moment to be aligned
parallel to each other is caused by the exchange interactions pairing electrons of adjacent
atoms in the crystal lattice [18]. Heisenberg explains that between atoms with atomic moment
of i and p;, there is a short-range interaction with the exchange energy

1 .
Eexc = _EZl,]]l]ulu] Equat10nI—6
Jij s the exchange coefficient, usually non-zero only for nearest neighbor pairs.

If J;; > 0, the energy is lowest when the atomic moments are aligned parallel to each other, so
that the ferromagnetic order is stable. In the contrary case (J;; < 0 and p; T p;), the
antiferromagnetic coupling is stable.

The evolution of Jij is known as the Bethe—Slater curve (Figure I-9). This curve has been most
successful in separating the ferromagnetic 3d elements like Ni, Co, and Fe (parallel moment
arrangements) from the antiferromagnetic elements like Mn and Cr (antiparallel moment
arrangements).

I-12



+ Fe Ni

Mn lab
lq
Cr

Figure I- 9: Bethe-Slater curve showing the variation of Jexen (01 J;j) versus the ratio ray/ ra where rap is
the interatomic distance and rqis the radius of the incompletely filled d shell [19].

One should note that besides the Heisenberg model which is localized model (it is based on
the picture of local magnetic moments comes from each electron that is localized in an atom),
the band theory of electrons in solids were introduced by Bloch, then by Slater [19] and by
Stoner [21] to explain the origin of the ferromagnetic behavior. In the band theory model,
unpaired electrons are considered to be delocalized. Magnetic moments come from the
difference in the number of up and down spins that are unbalanced. The exchange interactions
between these moments occur thanks to the overlap between the 3d wave functions of the
neighboring sites, thus giving rise to ferromagnetism. For more details concerning the
Heisenberg and the band theory models, one can read the paper of Moriya [22].

In some cases, the interaction is mediated through intermediate atoms. This type of interaction
is called the indirect exchange interaction. It is observed in ionic solids as MnO magnetic
oxide (superexchange interaction), in rare earth metal atoms with their localized 4f electrons
interaction (RKKY' exchange interaction). In this thesis, we will focus on the ferromagnetic
behavior of the material.

1.5.4 Molecular field, domains & domain walls in ferromagnetic materials

The molecular field was introduced by Pierre Weiss in 1907 in order to describe the
ferromagnetic behavior in some specimens at macroscopic scale [23]. He explained that a
specimen exhibits a ferromagnetic behavior when the molecular field and domain structures
are present in the specimen. The material with the zero molecular field is paramagnetic.

To minimize its global energy, a bulk ferromagnetic body is subdivided into many small
magnetic regions called domains [23]. Each domain is spontaneously magnetized to saturation
M; even in the absence of applied magnetic field. The magnetization directions of different
domains are different. The adjacent domains are separated by a finite thick domain wall.

The magnetization of a ferromagnetic body proceeds mainly by the variation of the volume of
the domains through domain wall movement and coherent rotation of the magnetization
vector of each domain toward the field direction, called magnetic rotation process [24]. These
processes give rise to the hysteresis curve or hysteresis loop.

' RKKY: Ruderman, Kittel, Kasuya, Yosida
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At the equilibrium state, the structure of magnetic domains corresponds to a zero total
magnetic moment. When the external field is applied on the specimen, the global magnetic
moment increases with the external field until the saturation is achieved. In the saturation
regime, magnetic moments of each atom of the crystal lattice are all aligned along the
direction of the applied field.

The susceptibility at zero field (for the first magnetization from demagnetized state) is large
and positive (10>~10°) for ferromagnetic samples [20]. Transitions metals as 3d (cobalt, iron,
nickel), 4f (Nd and Sm) and MO oxides (M= Co, Fe, Ni, Mn), alloys compound (FexCoy,
FexCry, FexMny) or multilayers systems (Fe\Cr, Fe\Ni) are ferromagnetic below the Curie
temperature. In opposition, for antiferromagnetic materials as chromium, the susceptibility is
small and positive (10°~10?) as for paramagnets [20]. For diamagnets, it is small and
negative (~107).

L.5.5 Hysteresis cycles and energy of a structure in magnetic domains

1.5.5.1 Hysteresis cycles
The curve of magnetization of ferromagnetic materials as a function of the external field is

shown on the Figure I-10. On the hysteresis loop, one can determine the coercive field or the
coercivity Hc, the remanent magnetisation My, the saturation magnetization Ms, the saturation
field Hs and the hysteresis loss (red hatched area).

M
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0

Figure I- 10: Hysteresis cycle of a ferromagnetic material.
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Coercive field and coercivity

The coercive field is the field necessary to reduce the magnetic moment to zero: He =
H(M=0). It can be used to distinguish between hard and soft materials. The hard magnetic
materials are classified arbitrarily to have coercive field above 125x10** T. Below this value,
the material is considered as a soft magnetic material. The coercive field is an extrinsic
property. For a film, the change in microstructure as the texture, crystalline quality, epitaxy,
inhomogeneous internal strains [15], roughness or interdiffusion may change the hysteresis
properties by introducing more pinning sites that impede domain-wall motion and thereby
lead to an increase in the coercive field and hysteresis loss.



Remanence

The remanence is the ability for a ferromagnetic sample to retain some magnetization after the
magnetic field is decreased to 0 T: Mr = M(H=0). The reason of this phenomenon is that all
the magnetic domain walls do not return to their initial positions and the average
magnetization still points in the direction of the previous non-zero magnetic field. The
remanence corresponds to the maximum residual magnetization which can be obtained after
the saturation. It is an extrinsic property as the coercive field and thus the domain wall motion can
vary due to defects in the sample. A high remanence combined to a large coercive field is
essential in materials for data storage.

Saturation

The saturation field is the field above which the magnetization remains constant (this value is
called the saturation magnetization Ms = max(M)) as the magnetic field strength continues to
increase (when magnetic moments in all the domains of the ferromagnetic sample are
perfectly aligned): Hs = min(H’/M(H”)= M).

The saturation field depends on different anisotropy energies. Along the easy magnetization
axis, the field needed to saturate the sample is smaller than along the hard axis (but in thin
films the shape anisotropy is the most significant effect, see below).

Hysteresis loss

The hysteresis loss is the energy supply to describe the hysteresis loop. This energy generated
in the specimen is partially stored as potential energy (enclosure area of the hysteresis curve)
and partially dissipated as heat (area over the hysteresis curve) [25]. For a cubic system, the
magneto-crystalline anisotropy energy Ea is quantified by the difference of area over the
hysteresis loop in the easy direction and in the hard direction of the specimen. Assuming a
vertical hysteresis loop along the easy axis, Ea is approximately equal to:

E, = %(MS — M,) X H;. Equation I- 7

with My and M, in A/m and H; in Tesla (T).
The magneto-crystalline anisotropy field is:

_1 _%) ion I-
Ha_z( v X H;  Equation I- 8

where H, 1s in T.

For a given single-crystal, the magneto-crystalline anisotropy energy may drastically change
because of the local variations in internal strains, impurities, crystallite sizes, roughness and
interdiffusion.
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1.5.5.2 Energy of a structure in magnetic domains

The structure of the magnetic domains is a compromise between different terms of energy as
the magnetostatic energy (or the shape anisotropy) and other anisotropies (the magneto-
crystalline and the magneto-elastic).

Magneto-static energy

The magneto-static energy arises from the interaction of the magnetization M and the total
magnetic field H; [26]. The expression of the magneto-static energy is given by:

Mc = — M — — — M - — —
Eys = Wo f, ~ HedM = o [ " (Hexe + Ho)dM = g [ °(Hexe — Ng M)dM
Equation I- 9

where H,,; represents the applied field, H;, the demagnetizing field which can be seen as the
reaction of the material to the application of the external field, M the magnetization and
N, the demagnetizing factor which depends only on the geometry of the specimen.

In the absence of the applied field, Ems is only related to the shape of the material and its

expression becomes: E,,¢ = — % N ;M?  Equation I- 10

A minimum value of Exusis obtained when M is equal to zero. So to achieve this condition, the
demagnetizing fields tend to minimize the trajectory of magnetic line, field of a saturated
material (Figure I-11a), by the creation of many new domains (Figures I-11b and I-11c).
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Figure I- 11: lllustration of domains’ subdivision into cubic materials with positive anisotropy. (a) a
saturated sample with a high demagnetizing energy (E,), (b) splitting into two domains or (c) more
domains to reduce Eq. A domain wall is formed between domains.

Magneto-crystalline anisotropy energy

The phenomenon that makes atomic magnetic moments align along some preferred
crystallographic direction is the magneto-crystalline energy. The required energy to saturate
the specimen along an axis may considerably depend on the axis. The preferential alignment
direction is called the easy magnetization axis. The most unfavorable axis is called the hard

I-16



axis. These axes are determined by magnetometry. In Fe, which has a bcc structure, the easy
axes are along the cube edges. In fcc nickel, the easy axes are along the cube diagonals. In
cobalt, which is 4c, the hexagonal axis of the crystal is the only easy axis.

The origin of this anisotropy of the magnetization is the coupling between the spin and orbital
moments [27]. The directions of orbital moments are fixed by the crystal lattice. The crystal
symmetry influences the behavior of the spins through the spin-orbit coupling.

In the first order approximation, the anisotropy energy E. per unit volume for a material with
cubic symmetry is given by the expression:

E, = K\(a?a3 + aia3 + a?a3) Equation I- 11

where K is the anisotropy constant and a1, a2 and o3 are the cosines of the angles made by the
magnetization vector with the crystal axes x, y and z.

For the case of bcc iron, K is equal to 0.048 MJ/m? or to 4.8x10° erg/cm?, and the <100> are
the easy directions ([100], [010] and [001] are equivalent and form the <100> direction
family) [15], <110> the intermediate axes and <111> the hard axes To minimize the magneto-
crystalline energy, domains form with individual magnetizations pointing along an easy axis.

Magneto-elastic energy

The magneto-elastic coupling energy arises from the interaction between the magnetization
and the mechanical strain of the lattice, which is responsible for the strain-dependent
magnetic properties [28], [29], [30], [31]. For cubic systems, the standard expression of
magneto-elastic energy is given by the expression:

E, =B, (€,a% + €,a% + €3a%) + 2B, (6,503 + €534 + €ga, ;) + -+ Equation I- 12

where €; are the strains measured along the cubic axes. B; and B, are the so-called magneto-
elastic coupling coefficients.

In a strained system, the spin-orbit coupling is modified, and this modification in the magnetic
anisotropy is called magneto-elastic anisotropy. The magneto-elastic strains of the 3d-
ferromagnetic elements Fe, Co, and Ni are rather small and reach only minute values of the
order of 10 for Fe [27], [29]. This value is two orders of magnitude smaller than the
magneto-crystalline contribution which is the highest contribution.

1.5.6 Magnetic properties from M-H curve of Fe films.

In bulk iron, the easy magnetization axis is along [100] direction whereas [111] is the hardest
magnetization axis and [110] is intermediate. As reported on the Figure I-12, we can measure
the hysteresis cycles with the field along the sample edge i.e. the [100] direction of the
substrate and the [110] direction of Fe using magnetometers as SQUID or AGFM.
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Figure I- 12: M-H curves for (100)-oriented single crystalline Fe films.

For a platelet geometry, the demagnetizing field (Ham=47 Ms, also called shape anisotropy
field) is about 2.16 T when the M-H curve of Fe is measured in the perpendicular
configuration. The value of M; can be deduced from the demagnetizing field Haim and is the
same as that measured in the parallel configuration.

1.6 Reviews on the interdiffusion mechanisms
1.6.1 Mechanisms of diffusion

Diffusion in solids results from the migration of atoms from one lattice or interstitial site to
another site. Atoms are in constant motion, rapidly changing position. The migration of atoms
mediated by point defects depends on two conditions: the presence of point defects on a
neighboring site [32], and the fact that the temperature is high enough so that the system has
locally sufficient energy to break the bonds of the migrating atom with its neighbor atoms and
to cause the lattice distortion associated to the diffusion mechanism. The vacancy-atom
exchange mechanism is the most favorable mechanism by which the migration of atoms can
take place, compared to the direct interchange mechanism and ring mechanism (Figure 1-13).
Kirkendall was the first to show that the diffusion process in metals occurs by a vacancy
mediated mechanism [33], [34]. However, when a small interstitial atom as oxygen is present
in the crystal structure, it moves from one interstitial site to another more easily than via
vacancies because its lowest configuration energy is the interstitial configuration.

In the diffusion mechanism, the driving force is the gradient of chemical potential which
governs the stability of the lattice and the tendency of chemical species to migrate by
diffusion.
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Figure I- 13: lllustration of atomic diffusion mechanisms: Direct exchange mechanism (a), (b) Ring
mechanism, (c) Vacancy mechanism [35].

1.6.2 Fick's laws

First law describing diffusion phenomena were formulated by Fick: The flux of a species is
proportional and opposite to its gradient of concentration

j’ = —l_)grad c Equation I- 13

where f is the flux of atoms (number of atoms crossing unit area per time unit and has the
unit m2s!), ¢ is the concentration of the diffusing atoms which the number of atoms per

volume unit (unit m). D is the 2™ order tensor of the diffusion coefficient and has the unit
m?/s. The negative sign shows that diffusion tends to homogenize the concentration in the
case of diffusion in a stable solid solution.

For isotropic medium, D is reduced to a scalar. The first Fick’s law becomes:
j=—-Dgrad c  EquationI- 14

For diffusion along one dimension (x -direction), the Equation I-14 is simplified in:
J=J,=-D( aC/ax) Equation I- 15

a . > .
From the continuity equation for mass: (a—i) + divj = 0, replacing the flux by the

expression given in the Equation 1-14 and assuming that D is constant in space, we obtain:
3} . — .
a—i =div(Dgrad c) = DAc Equation I- 16

In one dimension, the second Fick’s law is:

ac d*c )
%Pz Equation I- 17

The equation can be solved under specific boundary conditions as shown by Crank in her
book [36].

Note that the Fick’s laws are not valid when considering the diffusion at interfaces between
two different phases. According to Fick, the diffusion driving force of a given species is
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proportional to its concentration gradient. This is not always true. For example, Darken
experiments on ternary Fe-Si-C showed that though the carbon concentration gradient was
zero in the diffusion couple Fe-3.8%Si-C/Fe-C, upon annealing at 1050°C, the carbon
migrates towards the poor silicon region. This indicates that the presence of Si (silicon)
increases the activity and therefore the chemical potential of carbon in the solid solution in a
Fe matrix [37]. This experiment clearly proves that we can have the diffusion of an element
even if its concentration gradient is zero. To be able to model the interaction of C with Si in
a Fe matrix, a formulation of the fluxes within the framework of the thermodynamics of
irreversible processes is needed, where the fluxes are linear combinations of the gradients of
chemical potentials.

Another example for which Fick’s laws does not apply, is the interface between two phases.
At equilibrium, the concentration gradients are non-zero at the interface while the
corresponding chemical potential gradients are equal to zero. A Fick’s law predicting a non-
zero diffusion flux is then totally wrong here. Therefore, in our system including multiple
interfaces, though the system has not reached its equilibrium state, we expect the Fick’s
laws to be not valid. The Fick’s laws are only valid inside the Fe-rich or Cr-rich layers,
where the compositions of the respective solid solutions tend to their equilibrium
concentrations respectively Xcr.max,o(T) and Xcr.min,a’(T).

Considering the diffusion at the interfaces of Fe/Cr multilayers, due to the phase separation
in o and o’ phases (Figure 0-1). The flux is not opposite to the gradient but leads to an
increase of the species concentration gradients, in order to lead the system towards a quasi-
equilibrium state corresponding to a multilayer of Fe-rich and Cr-rich layers with chemical
compositions very close to the equilibrium ones. Note that the theoretical final equilibrium
of this system corresponds to a single Fe-rich layer in contact with a single Cr-rich layer.
For kinetic reasons, such a final state is not reached.

1.6.3 Effective interdiffusion coefficients in multilayers

In the case of a periodic composition modulation with amplitude decaying with time, the
kinetics of this modulation can be treated analytically.

For isotropic and continuous medium, we may relate the decay of the peaks intensities of a
multilayer to effective interdiffusion coefficients by an analytical expression proposed by Liu
and Barmak [38]:

da L@®Y)_ _ 8 = )
" In (_In (0)) = T D Equation I- 18

where I, (t) and I,,(0) are respectively the integral intensities for the nth order peak at the
time 7 and at the time 0, A is the period of the multilayer and D is an effective interdiffusion

coefficient at the annealing temperature T. Note that if the initial modulation producing the
peak intensity is a sinusoidal composition modulation decaying toward a binary solid solution

with a uniform composition, D exactly correspond to the interdiffusion coefficient of the
system associated with the composition of the uniform solid solution. In other cases, it is not
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obvious to relate the measured effective interdiffusion coefficients to the interdiffusion
coefficient and its variation with local composition.

The effective interdiffusion coefficient can be obtained using x-ray diffraction (XRD)
techniques for a material in which the lattice parameter and\or the concentration present a
one-dimension modulation which gives rise to Bragg peak surrounded with satellites. In a
periodic compositional modulation, the decay of the intensity is due to interdiffusion.

As illustrated by the case of Fe\Ni multilayers (Figure I-14), the effective diffusivity
coefficient is extracted from the slope of each plot, and the Arrhenius plots are used to
determine the activation energy and the pre-exponential diffusivity coefficients.
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Figure I- 14: (a) plot of the intensities ratio as a function of the annealing times and Arrhenius plot

(from [39]).

In composition gradient binary systems, Cooks and Hilliard have proposed to include in the
2™ Fick’s law another term that allows to take into account the energy gradient [40]. The role
of this additional term is to correct the effect of steep composition gradients on the
thermodynamic driving force which is the chemical potential.

To conclude this introduction to interdiffusion, no analytical description of our type of system
(multilayers with an average concentration in the middle of a miscibility gap) is yet available
and we will test different phenomenological laws to find the best adapted in our case.
Following the x-ray pattern, we will deduce some characteristic relaxation times for the
kinetics and the activation energy corresponding to the different phenomena from an
Arrhenius law. This will be an indication of the type of process involved but will be only
qualitative.
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Chapter II:

Techniques of elaboration and
characterization

In this chapter, we describe the techniques of elaboration first, then the x-ray diffraction
principles and techniques. We continue with the techniques based on TEM and we finish by
the magnetometry characterization techniques.

I1.1 Techniques of elaboration

The growth of epitaxial layers can be achieved either by chemical or physical methods of
deposition. Chemicals vapors deposition techniques regroup the chemical reduction method
based on polyol process, liquid phase epitaxy, sol-gel and spin coating. Physicals vapor
methods include evaporation, pulsed laser ablation, sputtering with its variants and molecular
beam epitaxy (MBE). Magnetron sputtering and molecular beam epitaxy processes were used
in this thesis for the epitaxy of the layers.

I1.1.1 Sputtering and influence of growth parameters

I1.1.1.1 Sputtering
The sputtering system is formed of 2 parallel plates with the target at the cathode and the

substrate at the anode.

For the sputtering process, a pumping system is used to create a vacuum (10°-10® mbar) and
argon (Ar) inert gas is introduced inside the chamber. A low Ar gas working pressure is used
to avoid the collision of Ar atoms with the sputtered elements that traverse the discharge
space [15]. By applying a negative potential to the target, Ar ions are created (Ar = Ar'+e)
and a plasma is generated. Ar" ions are accelerated to the target. With proper kinetic energy,
Ar" ions sputter off atoms from the target and some of the ejected atoms are then transported
to the substrate through the plasma. These atoms randomly land on the substrate and condense
to form a layer. The Figure II-1 is a simplified principle of the sputtering.

In sputtering, apart from target atoms, there are also secondary electrons emitted from the
target (cathode) by ion bombardment [15]. This phenomenon is very important because it
helps in sustaining the plasma by causing the ionization as the ionized gas atoms in turn may
bombard the target producing the secondary electrons. The emission of secondary electrons
mainly depends on the chemical nature of the target surface, the kinetic energy of the incident
ions and the type of target material [16].
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Figure II- 1: Principle of diode sputtering

I1.1.1.2 Magnetron sputtering

Magnetron sputtering techniques is one of the most used variants of sputtering. In this
technique, a transverse magnetic field is provided by magnets placed behind the target to trap
secondary electrons and the ions near the cathode in order to increase the probability of Ar"
ionization in the plasma (Figure 11-2).
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Figure II- 2: Geometry of the sputtering diode system (left) and of the magnetron system (right).

This effect will increase the yield of sputtering because the proportion and the energy of the
sputtered atoms increase: neutral atoms have enough energy to reach the substrate and fix on
the most energetically favorable sites.

Magnetron sputtering technique can operate in two modes: direct current magnetron which is
more suitable to deposit metal materials and radiofrequency (alternative current) magnetron
mode which can be used for the growth of all types of materials, especially for the insulators.
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The RF mode is also suitable for the growth of the film at low rate of atoms deposition and
can be also beneficial for the good epitaxy of the film. However, the main inconvenient of this
RF mode is the instability of the generated plasma during the growth process. In this study,
we have used the magnetron sputtering in DC mode to deposit Cr\Fe\Cr tri-layers.

I1.1.1.3 Influence of growth parameters

Many parameters influence the process of sputtering and have a direct effect on the final
quality of the films. Some examples are the nature of the substrate, the substrate temperature,
the base vacuum, the sputter gas pressure during deposition (here argon), the sputter power
(for radiofrequency mode), the processing current (for direct current mode) and the rate of
deposition.

Effect of buffer layer

To achieve a good epitaxy of the film, a buffer layer with crystallographic and chemical
properties close to that of the film is sometimes needed. Its role is to smooth the surface of the
substrate before the growth of the film. The buffer layer is also used as a barrier to avoid the
diffusion of contaminants that may remain on the substrate after the outgassing. In some cases
as it will be discussed in the chapter III, the use of a buffer layer on the substrate is essential
for the good epitaxy of the layer.

Effect of substrate temperature and the deposition rate

The growth temperature of the epitaxial layer is also an important parameter. Depending on
the nature of the material to be deposited, a high growth temperature is sometimes needed to
increase the diffusion rate of ad-atoms. For most transition metals, the growth temperature
should be neither too low nor too high for the epitaxial growth of the multilayers. Parkin and
al., when studying the influence of deposition temperature on giant magnetoresistance of
Fe/Cr multilayers deposited on Si(100) substrate by sputtering [17], showed that if the
deposition temperature is high or very low, the epitaxy can be deteriorated. Furthermore, high
temperature can induce interdiffusion of different materials of the multilayer whereas rough
layer can be obtained when the growth temperature is very low.

It is also important to note that the epitaxial growth of the film on the substrate strongly
depends on its pre-treatment. Generally, this pre-treatment step consists of a chemical
cleaning followed by an outgassing at high temperature inside the sputtering chamber.

The optimization of the deposition rate and the temperature of the growth can lead to the
desired structure. The Figure II-3 illustrates the effect of the temperature and the rate of
deposition on the structure of (100)-Ge epitaxial layer on (111)-Ge substrate. As expected, the
epitaxy is possible when the (111)-Ge substrate temperature is high and the deposition rate of
Ge atom is low.
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Figure II- 3: Effect of the temperature and the deposition rate on the epitaxy of (100)-Ge on a (111)-
Ge substrate [18].

I1.1.2 Molecular beam epitaxy and the influence of growth parameters

11.1.2.1 Molecular beam epitaxy system
Molecular Beam Epitaxy (MBE) is a versatile technique for growing thin epitaxial structures
made of semiconductors, metals or insulators.

As sputtering, it is a vacuum evaporation technique but with two important differences: (a) the
vacuum is an ultrahigh vacuum (UHV) (total pressure <1077 mbar) and (b) the growth rate is
low (at least 10 times lower than that of sputtering). In this paragraph, I describe briefly the
MBE system that we have used in this thesis for the growth of the MBE samples. More details
and precise explanations about the evolution of MBE techniques, the technological
equipment, the high vacuum growth and processing system, the characterization techniques
and the MBE growth process can be found in the book of M.A. Herman and H. Sitter
[19],[20].

Our MBE system is composed of 3 mains parts: the pumping system, the deposition chamber
and the RHEED set-up (Figure 11-4).

Process Environment

Four pumps are used to obtain and then maintain the UHV conditions inside the MBE
chamber: a turbo-molecular pump, an ion pump, a titanium sublimation pump and a liquid
nitrogen (LN2) cooled shroud. First, the turbo-molecular pump is used for quickly producing
a vacuum 10 ~10° mbar starting from atmosphere. However, it cannot reach pressures as
low as 107'° mbar and, as it exhausts to the ambient pressure, it can cause a potential leak if it
fails. Then ion pumps which are only effective at pressures lower than 10" mbar are used to
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reach pressures as low as 107! mbar. The UHV in the chamber is maintained during the
growth by an ion pump and liquid nitrogen cryo-panels to minimize the impurities
incorporation.

G 8
- e,
® o0

(]
[S—

GI 6

Figure II- 4: MBE Deposition chamber with: 1= electron gun evaporators containing Fe and Cr
targets, 2= electron gun evaporator containing Au target used as capping layer, 4= substrate, 5=
Turbomolecular pump, 6= lonic pump, 7= shutters, 8= epitaxial thin film, and 9 and 10 = RHEED
system.

The LN2 is used to cool down the chamber walls in order to trap evaporated molecules or
atoms. Titanium Sublimation Pump is used as the final step of the vacuum generation. The
working principle is as follows: a filament of Ti (titanium), generally alloyed with e.g. Mo,
sublimates Ti when a high current is passed through it. The evaporated Ti coats the walls of
the chamber in the neighborhood and reacts with active gas molecules. Hereby compounds
with low vapor pressure that are formed can be easily pumped away by the other systems. Our
MBE system has a base pressure of ~1x107'” mbar after being baked to ~400°C for one night.

Deposition Chamber

In the deposition chamber, there are two electron beam evaporators with four crucibles each,
with the elements to deposit. Electron beam evaporators are used to generate molecular beams
by thermal heating with a high energy electron bombardment. A mechanical shutter, between
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each crucible and the substrate is opened to allow the molecular beam to deposit and to form a
thin film on the substrate. It is important to note that, since the flow of components from the
target is in the molecular regime, and not hydrodynamic flow regime, as it is the case in
sputtering, a mechanical shutter can be used to effectively stop the beam from reaching the
substrate. This will also allow depositing layers from different crucibles simultaneously or
successively.

The homogeneity of the final layer is improved by rotation of the substrate and the good
vacuum condition. The final structure of the film will depend on the nature of the substrate,
the substrate surface preparation, temperature and the deposition rate.

RHEED system

The MBE system also includes a reflected high energy electron diffraction (RHEED) system
to characterize the samples in-situ during growth. Electrons emitted from the RHEED gun
with the energy range 5-50 keV [19], incident at a very low angle with respect to the sample
surface, are diffracted. The glancing angle is generally between 1-2° in order to ensure that
the penetration depth is 1-2 atomic layers. The resulting diffraction pattern is observed on the
screen due to the constructive interference of the scattered vector on the Ewald circle in the
reciprocal space. Since the interaction of the electron beam with the surface of the sample is
essentially within a two-dimensional atomic lattice, and not in three-dimension as for XRD,
the diffraction pattern from RHEED is composed of rods in the normal direction to the real
surface, which is the signature of the surface quality of a monocrystalline film. If the surface
of the atomic layer is rough or if there are some particles on the crystal surface, the electron
beam is diffracted by a three dimensional atomic arrangements and the diffraction pattern
observed on the screen is composed of spots. In this study, we have used the RHEED
technique to control the thermal cleaning of the substrate surface prior to the growth and the
surface quality at each stage of the epitaxial growth.

I1.1.2.2 Influence of some growth parameters

As in the case of the growth by sputtering, the factors as the deposition rates, the nature of the
substrate (the chemical reactivity between substrate elements and deposited atoms that
depends on the stability of the substrate), the growth temperature, the presence of a buffer
layer influence the final structure and the magnetic properties of the layer.

I1.1.3 Sputtering versus MBE

In this thesis, both sputtering and MBE were used to grow epitaxial Fe\Cr tri-layers and
multilayers. The essential growth parameters are the pressure of the growth chamber and the
rates of deposition. The MBE technique allow to deposit layers with a very good epitaxial
quality thanks to its ultrahigh vacuum which is 3 orders of magnitude lower than in our
sputtering chamber and its very slow rate of deposition. However, by reducing the deposition
rates, one can obtain layers with a sufficient or an acceptable epitaxial quality by magnetron
sputtering. The main inconvenient of the MBE is that it is more complicated to manage than
sputtering.
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Table II- 1:Parameters that affect the epitaxy of the layers and complexity for the multilayers.

Growth techniques Atoifsu(ie;(l)[sl;gtion Physical Val\[;I(?uEI:' deposition
P(mbar) Base: 1077 10710
Deposition rate(A/s) High (> 1) to slow Slow (<0.1)
Growth T 350K-900K 100K-900K
Epitaxial quality « Good » Very good
Thick multilayers growth | Automatic & possible Not possible on our setup

I1.2 X-ray diffraction techniques for characterization and structural study

X-ray diffraction is used a lot to study the crystalline structure and the stress state of materials
because their wavelength (~ 1 A) is in the same order of magnitude or smaller than the atomic
spacing in crystals. In this chapter, we start with a general overview on XRD followed by the
description of different scan modes that are used in this thesis.

I1.2.1 Reviews on the x-ray diffraction

I1.2.1.1 Interaction of x-rays with matter

X-rays are high-energy electromagnetic radiation with the wavelength ranging from 0.1 to
10 nm. The interaction of the wave with the matter gives rise to the absorption and diffusion
phenomena. The diffusion can be either inelastic or elastic. In inelastic or Compton diffusion,
there is a partial energy loss of the photon during the interaction with the core electron of the
matter and the scattered beam wavelength is larger than the incident one, Ao. In elastic
diffusion, the scattered beam has the same wavelength as the incident beam. Only the elastic
scattering is considered in x-ray diffraction.

11.2.1.2 Theory of x-ray diffraction
Two approximations can be used to describe the interaction of the x-ray beam with a material:

The kinematic approximation is based on four assumptions [21]: (a) the scattering of the
wave by atoms of the crystal is elastic and coherent, (b) the interaction of x-ray with nuclei is
not taken into account (only electrons are considered), (c) both incident and scattered waves
are assumed to be plane waves, (d) multi-scattering effects are neglected (negligible scattered
wave amplitude as compared to the scattered one). The kinematic theory is valid in XRD at
large angles in most crystals.

The dynamical approximation takes into account the multiple interactions of the radiation
with matter. It is also necessary to describe wide angle diffractions in perfect or nearly perfect
crystals [22]. This theory has to be used for x-ray reflectometry measurements.
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I1.2.1.3 Scattering and diffraction

Scattering by a single electron

The principle of x-ray scattering by electrons was described by Thompson [23], [24]. When
an x-ray wave, propagating along the X-axis (see Figure II-5), interacts with an electron
located at the origin O, the scattered wave detected in the (XOZ) plane at a point M with polar
coordinates (1,20) has an intensity given by the Thomson equation:

Ho 2 e4 . 2 .
I =1 (E) —zsin‘a, Equation II- 1
with I, the intensity of incident x-rays, a the angle between the scattering direction (along
OM) and that of the acceleration of the electron (the polarization of the beam), m and e the
mass and the charge of electron, and 7, the electron radius in the classical electromagnetic
theory. For a beam with the electric field along OY, we have sin*(a) =1 and for a beam
polarized in the diffraction plane, sin*(a) = cos*(20). For non-polarized beams, we get:

ré (1+cos? 20

I = IO_(T) =1 (%)2 P, Equation II- 2

where 26 is the angle between OM and the direction of the incident x-ray beam (X-axis) and
P the polarization factor.

Figure II- 5: Relation between the electric vector components of the unpolarized incident wave at the
origin O and those of the scattered wave at an observation point M.

The transfer momentum is defined as the vector that is required to add to the propagation
vector of the incident wave to get the propagation vector of the exit wave with an angle 20. Its
expression is:

4= krf—k; Equation II- 3
The modulus of the scattered vector is deduced from Figure 11-6:

lq|

sin 6 =7><%—> lq|l=q =2k sin 6
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4 , . .
q= Zsin@ with k = - Equation II- 4

Figure II- 6: Representation of the diffusion vector for elastic scattering with |Ei|= |E)f| = |k| ata
scattered angle 20 [57].

Scattering by a single atom

Atoms of the crystal are composed with electrons and nucleus. During the interaction of x-ray
radiations with atoms, each electron produces a coherent scattering with the intensity given by
the Thomson equation. Because the mass of neutrons and protons are about 2000 times
heavier than the mass of an electron, the scattering intensity from the nucleus according to
Thompson equation is negligible, meaning that the x-ray beam cannot let the nucleus oscillate
to any appreciable extent. Besides, in a crystal, the charge of electrons is distributed in a space
generally called the electronic cloud. Thus, the scattering amplitude of a single atom with Z
electrons is equal to the sum of the scattered amplitude of the electrons. As the scattering is
coherent, the amplitudes are summed and not the intensities. It gives rise to interferences
between all the diffracted waves.

The total diffused amplitude of a single atom along the Ef direction can then be expressed as:
Aa(‘_i) = Ag f P(F)ezimﬁ d3r Equation II- 5

with p(#) the electron density function and 4o= I,"? (re/r) P, The atomic scattering factor
f(q) = [ p(#)e?™" d3r only depends on the electron distribution.

Scattering by a crystal with 1 atom per unit cell

The diffused amplitude is obtained by summing over all the unit cells. For simplicity, we can
assume that the crystal has a parallelepiped shape with the edges N;ai, N:2a2 and Nzas parallel
to the crystal axes aj, a2and as.

The diffused amplitude is expressed as:
A(q) =4 (CI) ZNl_o Z Np— OZ —1 @2miq(n1d1 41,02+ n3ds) Equation I1- 6

with N1, N2 and N3 the unit cells along the crystal axes defined by the base vectors ai, a; and
a3 of the real space.
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To determine the diffracted intensity, the scattering amplitude in one dimension of the crystal
is defined by the function [25]:

_ $N-1 _2mixn _ 1= €N : — .
Sy(x)= Z,5e = [ oemia with x =qa Equation II- 7
The intensity is related to the square:

1— eZnixN]Z

[Sy()]? = [m
The expression can be rewritten as:
[Sy()]? =

The expression of the function corresponds to the slit function in optic. It also called the Laue
function.

Equation II- 8

sin?(Nx/2)

Sin2(x/2) ’ Equation II- 9

For all the unit cells in the crystal, the expression of scattering intensity is:

I=1,f(@?*Sy(x)]*=1,f(q)

Equation II- 10

2 sin?(Niqa,/2) sin?(N,qa,/2) sin®(N3qas/2)
sin?(qa./2) sin%(qa,/2) sin2(qas/2)

The Laue conditions to have an appreciable and measurable scattering intensity can be
written: qa, = 21h, qa,=2nk and qas=2ml Equation II- 11
or the vector q can be written as: =hb1+kba+/bs.

h, k and [ integers are called Miller indices and by the base vectors of the reciprocal space.
These positions of the reciprocal space around which the intensity is non zero are called the
Bragg peaks.

Scattering by a crystal with N atoms per unit cell

In the crystal, the diffused amplitude is obtained by summing over N to include all the atoms
in the unit cell and summing over m:m2ms; to include all the unit cells.

We consider that N is the total number of atoms involved in the unit cell, ¥, = mia;+ moa,+
m3a5 the position of a single atom in the unit cell.

The electron density function becomes:
pr(#) = =N _ p (F—T) Equation II- 12
and the total intensity diffused by the unit cell is given by:
A= A, szlezmﬁfm [ pm (F)e2midr g3y Equation II- 13

The structure factor in the unit cell is written:
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F(q) = Z%:l fm(qQ) e2™id7m Equation II- 14
where fi,(q) is the atomic scattering form factors.

The absolute value of F(q) represents the amplitude of the resultant scattered wave by adding
together waves scattered by individual atoms in the unit cell.

The diffracted intensity is:

I =1,F(@)*[Sy()]?

The Bragg peaks due to the lattice have an intensity modulated due to the composition of the
unit cell.

I1.2.1.4 Structure factors of a multilayers

The Figure I1-7 is the schematic representation of an ideal A/B multilayer. It is defined as a
superposition of N bi-layers with the same thickness of the bi-layer. A represents the period of
the bilayer, na (resp. ns) the number of plane in the A metal (resp. B metal), da (resp. ds) the
distance between two identic planes, da/s the distance between the layer A and the layer B at
the interface.

A dmto _
dAI Ny

Figure II- 7: Representation of an ideal A/B bi-layer.

If we consider as origin the first plane of element A, the structure factor of a bi-layer is given
as the structure factor in the unit cell:

F(q) = f, Z?’io e2miajdag2miq((na=1)da+dasp) f, 2?551 e2™4jdB Equation II- 15
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For a multilayer, the diffracted intensity by N-bilayers is:

. . 2
I = I,[F(q) + e?™A F(q) + -+ + e2™aW-DA F(g)] Equation II- 16
with A = (nA - 1)dA + (nB - 1)dB + ZdA/B

The peaks related to the multilayer appear at an angle much smaller than those related to the
average lattice parameter, usually in the small angle range where the reflectometry curves are
measured.

I1.2.2 Techniques of study and characterization

I1.2.2.1 Small angle diffraction for x—rays reflectometry

The principle of x-ray reflectometry of a thin film on the substrate is based on laws of
classical optic. On the Figure II-8, n; represents the index of refraction for x-ray radiation.
Since our XRD measurements are performed in air, one can consider that the value of n, is
equal to 1.

As one can see on the Figure II-8, when an x-ray incident wave passes through a boundary
between two homogeneous media of different optical properties (the index of refraction of the
incident x-ray radiation is the first medium with n,=1 and the index of refraction of the film
which is the second medium with n,), it is split into two waves: a transmitted wave and a
reflected wave. The transmitted wave propagates into the second medium whereas the
reflected wave returns into the first medium. Above the critical angle ac, the resulting
interference produces oscillations called Kiessig fringes. For more than one layer, the
inteferences are complicated and a simulation program can provide the thickness, density and
rugosity of the different layers (if the contrast is sufficient).

2m .
IAg,=—sina,

Incident x-ray Interference
wave Reflected waves

ny % /F{)/

Transmitted
wave n,

Sum

Figure II- 8: X-ray reflectometry for a thin film on a substrate. The incident wave is reflected and
transmitted at each interface where the density changes. Some interference of two beams (reflected at
the film/vacuum interface and reflected at the substrate/film interface) is obtained when the
transmitted beam exists (i.e. a; >a,).
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11.2.2.2 High angle X-rays diffraction to study the structure.

The principle of diffraction is based on the elastic scattering of the incoming electromagnetic
wave by the atomic planes within the crystal.

In the Bragg method, incident electromagnetic waves with the wave vector K; and the

amplitude A (1) = A, elkr is scattered by the atoms of crystal planes in the direct space.
Thanks to the fact that atoms are ordered in a periodic pattern, the two waves from different
planes are diffused along the direction K} (Figure II-9). The incoming and the outgoing waves
of two adjacent planes have different phases due to the path difference & = dpy; Sin 6. If the
deviation § gives an interger multiple of the wavelength, the waves from the two planes
interfere constructively. This means that the two waves will combine to form one wave that is
similar to the incoming wave, and its amplitude is double. The Bragg equation is thus satisfied
and Bragg’s peaks in the reciprocal space are observed in the plane normal to the surface with
the scattered vector q.

The Bragg law is:
2dpsinfd =nx A Equation II- 17

In this equation, A is the wavelength of the incident x-ray beam that strikes a crystal where all
atoms are placed in a regular periodic array with interplanar distance dnx at an incident angle
0 that allows the diffraction of the / k [ Bragg’s peaks at the angles 26 in the reciprocal space.
n is an integer and it is called the order of the reflection.

In general, the Bragg equation is simplified to 2 dpg; SIn@ = A as n =1 is the most used
because the 1% order reflection gives strongest intensities.
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Figure II- 9: Illustration of Bragg law principle.

11.2.3 Experimental x-ray diffractometer and scan modes

11.2.3.1 The Rigaku diffractometer

Two diffractometers (Bruker and smartlab Rigaku) are used in the IPCMS for the structural
characterizations. The Bruker is a two axes diffractometer (mostly used to whereas the Rigaku
is a four axes diffractometer. In order to study the structure of the samples in details, we have
used the Rigaku diffractometer in this work. The Figure 1I-10 shows the construction of the
Rigaku diffractometer which consists of three basic elements: an x-ray tube, a sample holder
and an x-ray detector. A rotating copper anode is used to generate an x-ray beam which is
composed of Cu (K,) and Cu (Kp) radiations. A germanium Ge [220] crystal monochromator

is used to select the monochromatic Cu-K,; radiation. The beam is then collimated and
directed on the sample. Slits are used near the sample (incident slit) and the detector
(receiving slit) to select the homogeneous part of the incident and scattered beam from the
sample. A single crystal analyzer can be mounted between the detector and the sample to
remove the contribution of the sample fluorescence in the background. In this thesis, we have
not used a crystal analyzer because the fluorescence of Fe and Cr thin films by Cu radiation is
very low.

The Rigaku diffractometer working conditions are =200 mA and U=45kV. The beam
divergence is 0.03°. The beam divergence, the poly-chromaticity of the incident beam and
some instrumental errors can be reduced by a good sample centering prior to the data
acquisition. We used the Rigaku diffractometer for the reflectometry measurements, the
epitaxial quality study and the analysis of the residual stresses. A goniometer is fixed under
the sample holder to choose the sample angles. The x-ray source and the detector are on
piloted arms to choose the incident and diffraction angles. We measure samples in different
scans modes: 6—20, rocking curve (® scans), pole figures, and reciprocal space mappings.
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Figure II- 10: Illustration of the IPCMS 4-axes Rigaku diffractometer. 1S and RS are the incident and
the receiving slits.

11.2.3.2 Different scan modes

X-ray reflectivity

The experimental approach to study the reflectivity consists of measuring the intensity of an
x-ray beam reflected from a surface relative to the intensity of the incident beam as a function
of the scattering transfer vector g, [26]. On the reflectivity spectrum (Figure II-11), two mains
part are observed along the specular direction: a plateau of total reflection R = 1 when 0 < 0
and the Kiessig fringes of the film when 6 > 6c. The exponential decrease of the intensity is
the signature of the roughness of the substrate. A fast decay of the fringes is due to the
increase of the roughness of the film. The period of oscillations is related to the thickness of
the film. The amplitude of the oscillations is proportional to the density difference [27].

The range of thickness that can be analyzed depends on [28]: the instrumental resolution
which depends on the monochromaticity of the incident beam (width in energy), its degree of
divergence and on the angular acceptance of the detector.

Typically, films with the thickness up to 100 nm can be measured by XRR. Note that factors
as the roughness, presence of unwanted oxide layer at the interface and at the surface, degree
of interdiffusion at the interface may act as a “damping” on the extension of reflectometry
oscillations.
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Figure II- 11: Reflectivity curve for a Cr layer on MgO (100) substrate. We observe the plateau of the
total reflection followed by the oscillations that are due to the interference of the beams reflected at the
film/vacuum interface and the substrate/film interface.

Many fitting programs can be used to estimate the thickness, the roughness and the density of
the films from the reflectivity data. Two of them are “Global fit” and “GenX” software. These
programs are based on the systematic variations of the parameters of the model, such as layer
thickness, density or interfacial width (roughness) in order to match to the experimental data.
The matching is done by a fitting routine of the program that minimizes the mean squared
error. In this thesis, we used the “Global fit” fitting program, available on the computer of the
Rigaku machine for the analysis of the reflectivity data.

Since the thickness, the density and the roughness have correlated effects on the reflectometry
spectrum, we fit the data “step-by-step” in order to keep the number of automatically adjusted
parameters to a minimum. This will provide the most accurate result. These steps are as
follows:

a) Determine the total thickness of the layers using the analytical method which is obtained by
a least square regression of:

2

A
0% = mmz + constant  Equation II- 18

where A is the x-ray wavelength, m the minimal position of each fringe at a specific angle 8,,
and d the total thickness of the layers

b) Perform the fitting on “Global fit” by fixing the thickness to the obtained values and the
densities of the layers to the bulk values. The refinement will be done only on the roughness.
The first estimation of the roughness is achieved when the amplitude of the Kiessig fringes is
similar to the experimental one.

c¢) A phase shift between the experiment and the fitting means an underestimation (the fitting
pattern is shifted at the left of 20 angle relative to the experiment) or an overestimation of the
thickness. In that case, we did a small adjustment on the thickness.
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d) A damping of the amplitude of the oscillations can be due to a decrease of the film density
or to the formation of an oxide layer at the interface (as in the case of Fe or Cr layers
deposited on Silicon substrate - see the result part). In this work, a thin oxide layer is
sometimes introduced at the corresponding interface to have a good reproduction of the x-ray
reflectivity pattern. The contribution of some oxide layers modulates the basis of the
oscillations.

For the XRR reflectivity acquisition on Fe\Cr epitaxial layers and multilayers, we used
narrow slits (incident slit (IS) is open to 0.03 mm and the 2 receiving slits (RS) have a width
of 0.1 mm each) and a long data accumulation time in order to obtain sufficient resolution and
signal to noise ratio allowing the observation of Kiessig fringes. The determination of
individual Fe and Cr thicknesses may be difficult due to the small density difference between
Fe and Cr layers, which is about 9% (with p(Fe) = 7.86 g/cm? and p(Cr) = 7.15 g/cm?).

0-20 scans

In the 6-26 geometry, the sample is kept fixed whereas the x-ray source and the detector move
symmetrically. The incident wave makes an angle 0 with the sample surface (Figure 11-12).
The diffracted beam is collected by the moving detector at the angle 20 from the incident
beam and O from the sample surface. For a range of O angle, the signal received by the
detector at 20 is then amplified and recorded to produce a diffraction pattern. The used
incident and receiving slits have a width of 1 mm and are placed near the [220] Ge
monochromator and the detector. Some 0.5° Soller slits can be placed close to these slits.

Figure II- 12: 6-20 scan geometry

When we perform a 8-20 scan, we obtain diffraction peaks corresponding to the family of
planes that are parallel to the surface. To index the 6-20 diffraction pattern, the international
Center for Diffraction Data (ICDD) makes available a database of diffraction patterns for
more than one hundred thousand inorganic and organic materials. For each material, beside
the chemical composition, crystal structure, and common name of the material, the database
also includes the interplanar spacings for all observed diffraction peaks (for a chosen beam
wavelength), their corresponding intensities, and (2kl) indexing.

0-20 scans provide information about the degree of preferential orientation of the film. Thin
films are textured when the diffraction pattern shows strong diffraction peaks of a particular
(hkl) plane family of the films having all the same orientation (often the same as substrate
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peaks). From the position of the Bragg peaks, the average out-of-plane lattice parameter of the
film is deduced using the Bragg law. Comparing this value to the bulk value, one can know if
there is some strain within the film leading to a perpendicular distortion of the lattice. The
shape of the peak and the peak broadening can also be signs of strains of the films. The width
of the Bragg peak, commonly called the full width at half maximum (FWHM), can be
extracted by fitting the 6/20 Bragg peak of the films with the appropriate fitting function.

Once the peak width is known, Scherrer equation can be used to determine the average size of

A
the crystallites D: D = K————....... Equation II- 19
FWHMXcos 0

where D is the size of the crystallites detected at the angle 26 with a peak of width FWHM. A4
is the wavelength of the x-rays and K is a factor that depends on the shape of the grains and is
usually fix at 0.9 or 1.

The size of the crystallites is also called the out-of-plane coherence length of the film which
represents the number of planes that diffract in a coherent manner. A high value of the out-of-
plane coherence length indicates a good crystalline quality of the film. However, in the case
of strained epitaxial films, the out-of-plane coherence length deduced from the peak width is
approximate since the width of the peak can be modified by a lattice parameter gradient.

Laue oscillations or Pendellosung oscillations form an interesting pattern that is sometimes
present around strong Bragg peaks as a sign of the smoothness at the interface or surface of
the films. The absence of these fringes can imply that the surfaces are rough. From clear Laue
oscillations, one can also extract the film thickness.

In the case of multilayers, the diffraction pattern reveals the main peak of the multilayer
surrounded by some satellites due to the modulation of the lattice parameters and the
concentration of elements. The regularity of the positions of the satellites depends on the
period of the bi-layers:
y) .
A= Equation II- 20

o 2(sinBi1—sin ;)

where 6;,, and 6;_; are the satellite positions. 8; is the main peak position. A, A are the
period of the multilayer and the wavelength of the x-rays.

The equation (II-20) is deduced from (c) and (d):

41

(@) Gis = 550 611, (b) g =5 sin 6 > () Aq = 5 x (sin 64, — sin 6)

and (d) Aq = =%

Rocking curve geometry

In w—scan mode (Figure II-13), the detector is kept at a fixed 20 Bragg angle from the
incident beam (this means at a diffraction position). The rocking curve is measured scanning
the incident angle around ® = 260/2. Rocking Curve measurement is an interesting method to
get information about the mis-orientations or the angular fluctuations of crystallites within a
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textured film when the planes are not strictly parallel. By conserving the value of the 20 at the
position of the peak of a plane family, we can scan different orientations of those planes by
moving the sample.

Figure II- 13: @ scan geometryA perfect crystal will produce a very sharp peak (Figure I1-14).
Small value of the FWHM indicates a small mosaicity of the film, which means the “perfect”
parallelism of the atomic planes within the whole film. Crystal imperfections cause a
broadening of the rocking curve.

Exl)'{-‘rim{"nt ' : 1 l*}:\’pt-riment I
~ ~ }_\;.m'—-:_’ l:‘vl‘ =
a’ FWHM 5‘ b | . —
8 % _rwnm: 1.96°
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Figure II- 14: w scan measurements on samples with sharp and large peaks.

Since the 6-20 scan of a (hkl) peak is only sensitive to the crystallites that have their (hkl)
planes parallel to the surface of the sample, we performed the pole-Figure maps to further
study the epitaxial quality of the samples.

Pole Figure mapping

The principle of the pole Figure mapping is to determine all the orientations of (hkl) planes of
a chosen structure. The experimental approach consists in fixing the diffraction angle 0 to the
value corresponding to the dnki inter-reticular distance in this structure (Figure II-15(a)) and
collecting the diffracted intensity at different ¢ (0° < ¢ <360°) and y (0° <y < 90°) angles,
where ¢ is the rotation angle of the sample around its normal and y the tilt angle of the
sample perpendicularly to the diffraction plane. This angular distribution of the diffracted
intensity is measured in the reciprocal space (Figure II-15(b)).
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Figure II- 15: Left: Configuration and different 6, y and ¢ parameters that are used during pole
Figure acquisition. Right: the pole Figure on the (110) Fe reflection of Fe layers deposited on
STO(100). yis read on the radius of the disc (center = sample normal) and ¢ on the azimuthal angle.

An epitaxial layer gives intense and narrow (hkl) spots at specific ¢ and yangles
corresponding to the symmetry of the crystal. If the growth is only textured (all the crystals
have the same growth direction but no common direction in the sample plane), a ring is
observed at a specific y. If the growth is polycrystalline, the intensity is spread on the whole
solid angle. For the indexation of the diffraction spot on the pole Figure, a Wulff abacus is
generally used.

The sin’*(y) method

To analyze stress in the film using the x-ray diffractometer, we need to define three different
coordinate systems (Figure II-16):

pof the structure of the material that will be studied. For the cubic systems, the base vectors
are a1=[100], a2=[010] and a3=[001].

The sample coordinate system is defined by three basic vectors bi such that bi is along the
normal to the sample. This direction corresponds to the growth direction of the films. For Fe
films grown on MgO(100), the reference of Fe film is bi=[100], b>=[011], and b3=[011].

The laboratory reference frame Li is obtained by turning the reference frame of the sample
around its normal axis b1 by an angle ¢ and then tilting this new system by an angle ¥ also
with respect to the axis bi so that the direction of the diffraction vector coincides with the axis
L.
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Figure II- 16: Schematic representation of the sample reference b; and the laboratory reference L;. n is
the direction of a (hkl) plane family in the L; reference.

The theoretical approach of the method is to consider that in the epitaxial layer, stresses are
assumed to be only in the sample plane (bi-axial) and the stress tensor is modeled as:

0 o o e, 0 0
0 o, O whereas the strain tensoris: [ 0 &, O

The average strain &g, of the diffracting volume of the film along 1 direction (Figure I11-16)
is deduced using the framework transformation relations:

En =Eni= Eqy = €y SIN*(Y) + e.cos?(y) = (g, — £.) sin®(y) + £, Equation II- 21

where ¢ is the rotation of the goniometer around the sample normal and y is the angle
between (hkl) vector and the sample normal.
_ gy —%0 ay %o a, —ao

Knowing that strains are defined as: £, = PR Y s and £.= P
0 0 0

we can rewrite the previous expression: Qg,, — dv = O S in? (v) Equation II- 22

with = (a, — a.) and ay, the lattice parameter corresponding to the position of the (hkl)
Bragg reflection (ag, = dy, (h* +k* +1%)/2), where a, is the distance given by the Bragg
law, and a, an unknown relaxed parameter of the epitaxial film.

This relation shows that the lattice parameter ay, is linearly dependent on the sin?(y) and
does not depend on the ¢ angle.

In practice, the so-called sin’(y) technique is a combination of: (a) the XRD technique to
determine the Bragg peaks position for different plane families and (b) the linear elasticity
law to observe and quantify the stress and the swelling in a textured or polycrystalline films
[28], [29]. The sin’(y) is a non-destructive and more flexible technique than the curvature
method which is limited by the thickness rule: the film thickness should be very small in
comparison to the substrate thickness [30] + the substrate should be very thin (generally
0.1 mm). The thicknesses of the samples studied in this work are between 5 to 100 nm and the
substrates are MgO and STO with a thickness of 0.5-1 mm.
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In the sin?(\y) method, we measure a set of (khl) peaks with different v and deduce the in-
plane and out-of-plane lattice parameters from the variation of dyp, = dha with w. A
goniometer with 3 axes is used in order to reach the specific angles (Figure II-17 (a)).

(a) (b) (©
(hkD) ¢ (°) w(°) 206(°) HE
(2000 45 0 3.5
(310) 45 18 115
(110) 45 45 45
(2200 45 45 98
130) 45 72 115
@i o0 335 82 ! -
(222) 0 54 136 ’ vE)

Figure II- 17: Procedure of the sin®(y) method: the angles of the goniometer at which a (hkl) peak is
accessible are calculated (a) and (b). The mapping is made at the chosen ¢ around the chosen v (c).

For each ¢y value (Figure 1I-17(b)), the sample is rotated around the y goniometer axis
(called y on our goniometer) with the angle  so that the sample normal scans the diffraction

plane (containing the incident and the diffracted x-ray beams) [31]. Doing so, we produce a
map as illustrated by the Figure II-17(c).

From the position of each peak, we have used the Bragg’s Law to deduce the lattice
parameters apy,;:

Vh2+ k2+ 12

2 Sin O Equation II- 23

Apkl =

where A is the x-ray wavelength and 6y, the peak position.

: . , h?+ k? :
When plotting an; = dp (h? + k2 + 12)'/2 as a function of sin?(y) =gz & lincar
variation is obtained in the case of a uniaxial strain (Figure II-18). The out-of-plane lattice
parameter a is the apy;value at = 0° and the in-plane lattice parameter a  is the apy,; value
at w=90°. Assuming that the strains of the films follow the Poisson’s law, the relaxed (free-

of-stress) lattice parameter ao is calculated from the expression:
ap=2v.ay+(1-v).a;)/(1+v) Equation II- 24
where vis the Poisson coefficient of the film.

A difference between the relaxed lattice parameter and the bulk value corresponds to a
swelling Sa:

Ao

Sa:(l —

Equation II- 25
Abulk
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Figure II- 18: any versus sin’(y) for Cr epitaxial layer on (100)-oriented MgO substrate.

The distortion of the lattice corresponds to a residual stress

E :
S/ = aiie) (a) —a)) Equation II- 26

where E is the Young modulus.

Thus, a slope of the line ayy; = f(sin?(y)) indicates the presence of a bi-axial stresses. A
compressive residual stress is characterized by a negative slope and a tensile residual stress by
a positive slope.

In this work, we have chosen to perform the measurements for the (hk0) plane families i.e.
(110), (200), (310), (220) and (130) and the (hkk) plane families corresponding to (211) and
(222). This provides precise values of a | and a, from the sin? () measurement.

We assume that stresses are bi-axial. Strictly speaking, this hypothesis is not always adequate
to precisely determine the relaxed lattice parameter ao, because the volume expansion may
arise in the film due to other stress factors as insertion of defects.

A. Michel team has introduced in the bi-axial stress model a hydrostatic component to
describe the tri-axial stress field in polycrystalline films deposited by assisted ion beam
sputtering [32]. The hydrostatic component takes into consideration the isotropic distortion of
the volume due to the point defects. This is in a way an internal hydrostatic stress. The
resultant stress tensor is written as:

Uhyd 0 0
0 0'// +Ghyd 0
0 0 O'// +Jhyd
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I1.3 Transmission Electron Microscope (TEM) characterizations
I1.3.1 Electron-matter interaction

Despite the fact that the diffraction patterns measured by x-ray methods are more quantitative
than electron diffraction patterns, electron diffraction has the unique advantage over XRD that
different properties like morphological, crystallographic, and chemical information can be
collected simultaneously using a single instrument. This information comes from the
multitude of signals that arise from the interaction of an electron beam with the matter. As
illustrated by the Figure I1-19, the interaction of electron with matter produces different types
of electrons after either an elastic scattering or an inelastic scattering (with emission of x-rays,
Auger or secondary electrons). Elastic scattered beam is used for conventional TEM and
electron diffraction imaging, whereas the inelastic electron-matter interactions are exploited
for analytical electron microscopy.

Incident
Backscattering electron X-ray
electrons beam EDXS
Auger Secondary
electrons electrons

Inelastically scattered Elastically scattered
electrons electrons
Direct
beam

Figure II- 19: Electron-matter interaction arising from the impact of electron beam on a sample.

I1.3.2 TEM methods

In this work, we used TEM microscopy for electron diffraction imaging, High Resolution
Electron Microscopy (HRTEM) and Electron Energy Loss Spectroscopy (EELS).

HRTEM

The HRTEM image is an interference pattern between the transmitted electron wave and the
wave elastically diffracted by the specimen [33]. HRTEM provides structural information in
two dimensions of the arrangements of atoms at solid-solid interfaces such as grain
boundaries, point defects and dislocations. In most cases, the white dots in the images
represent projections of the atomic columns in the structures.
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EELS

In EEL spectroscopy, an elemental composition analysis is based on the signal arising from
the ionization of atoms by the electron beam. For more details on the physical principle of
Electron Microscopy, read the springer book of Egerton [34]. Briefly, the EELS spectrum is
divided in three different regions:

The zero loss (ZL) peak is the peak of the electrons that passed through the specimen without
any inelastic interaction. The width of the zero loss peak is due to the energy dispersion of the
spectrometer. A sharp peak indicates a good energy resolution. For Fe or Cr, an energy
dispersion of 1.8 eV is enough for the chemical analysis.

The low loss region contains non-elastically scattered electrons with an energy loss below
100 eV. Here, the scattering induces a collective oscillation of many outer-shell electrons,
known as a plasmon or surface electron excitations. The intensity of the plasmon peak relative
to the ZL peak can be used to deduce the local thickness at the scanned area in the specimen.

The high loss region begins when the energy loss of electron is higher than 100 eV inducing a
fast decrease of the transmitted beam intensity (at ionization edges). This energy loss
corresponds to an inner-shell ionization energy. Above the background of the EELS spectrum,
additional peaks, at well-defined ionization edge energies, are characteristic of a particular
chemical element.

We used a JEOL 2100F microscope, operated at 200 kV, equipped with a cold FEG, a Cs-
corrected probe, STEM bright-field and high-angle annular dark-field (HAADF) detectors, as
well as an electron energy loss spectrometer (EELS) with a 1 nm spatial resolution and a 1 eV
energy dispersion of the zero loss peak, which was sufficient to resolve the spectral features
of interest in the sample.

The acquisition of images was realized in HAADF-STEM mode, necessary to increase the
contrast between the Cr and Fe (Z =24 and 26) as the scattered intensity increases with Z>
[35] instead of Z for classical TEM. Note that although Z*-contrast imaging offers atomic
resolution [36], it is fundamentally different from HRTEM because it is based on incoherent
elastically-scattered electrons, rather than coherent scattering. All the EELS-spectra were
recorded in STEM mode along different lines perpendicular to the interfaces and on
rectangles inside the layers (to efficiently reduce statistical noise). We used the L3 edges for
Cr (575 eV), Fe (710 eV) and Ar (245 eV) as well as the K-edge of O (532 eV). Ar and O are
indeed impurities that may incorporate the Fe and Cr layers during the growth process and
induce a swelling. To quantify the concentration of each element, we used the Gatan-Digital-
Micrograph software.

11.3.3 TEM samples preparation

In solid specimen, electrons are strongly scattered due to the large forces acting on an electron
when it passes through the electrostatic field of the atoms. Thus, the thickness of a TEM
specimen must be very small (in the range of few 10 nm or less). Cross-sectional samples
were prepared by either focused ion beam (FIB) or mechanical polishing (impossible for
samples on MgO that is too brittle) in order to get large electron transparent regions. For
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electron energy loss spectral investigations, a very thin sample is necessary to avoid multiple
scatterings.

For the mechanical polishing technique, samples were cut, glued and polished by following
these steps as reported on the Figure 11-20:

Sample preparation: cutting and gluing

The initial sample is divided into slabs of ~0.3x1 cm? and then two pieces of sample are
glued face-to-face.

We used a Gatan Epoxy G2 glue to glue two slabs together; with film sides facing each other
(see the Figure II-20(b)). This glue will also prevent the sandwich plates from taking off
during the polishing. A diamond wire saw is used to provide a relatively clean cut of the
sandwich in thin slices (between 500 and 800 um thick) along the [100] direction.

Polishing

An Allied Multiprep System was used to mechanically polish the face 1 (parallel polishing
(Figure 11-20(c))) and then the face 2 (angle polishing (Figure I1-20(d))) down to about 1pum
thick (or less). The observation of fringes at the edge of the sample (area of interest) using an
optical microscope indicates that the sample is ready for TEM analysis (Figure 11-20(e)).

(c) face 1

(d) face2

= 0.6-0.8mm <

v
5
g

5

7

w Area of
interest

Figure II- 20: Geometry of the different steps of cross section samples prepared using an Allied
MultiPrep System. Initial sample (a), after gluing (b). For the face I (c), the sample is polished with no
angle (parallel polishing) and for the face 2 (d), a wedge angle is introduced before polishing (vertical

dimension is zoomed for clarity). Final image with optical microscope with equal thickness fringes at
the bottom border (e).

To further reduce in thickness and reach the range 1-10 nm, a PIPs (Precision lons Polishing
System) can be used to further thin the sample. For our samples, a low angle and low energy
Ar ion milling is used for about 10 to 30 min. The Figure (II-21) is the TEM image of
Cr\Fe\Cr tri-layer deposited on STO(100) substrate. We see that there is no contrast between
Cr and Fe layers because the TEM sample is not thin enough despite the presence of many
and well defined fringes at the interface (Figure 11-20(e)). Besides, the presence of cracks in
STO substrate confirms the difficulty to polish the STO substrates.
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Figure II- 21: TEM image of Cr\Fe\Cr tri-layer deposited on STO(100) substrate prepared using
mechanical polishing.

I1.4 Magnetometry: principles and operated modes
11.4.1 SQUID

Principle of de-SQUID

SQUIDs are one of the most sensitive techniques to detect of magnetic flux ®=[ B dA, i.e.,
magnetic flux density B times the area A of the SQUID loop (this area depend on the
geometry of the SQUID). To measure very small variations in magnetic flux which is induced
by a magnetic material, SQUIDs magnetometer combines both the flux quantification and the
Josephson tunneling effect [37], [38]. There are two types of SQUIDs: dc-SQUID and rf-
SQUID. We have used a dc-SQUID magnetometer in this thesis to measure the hysteresis
curves (Figure 1I-22). A dc SQUID is composed of two pieces of superconductor separated by
a thin barrier of insulator called a Josephson junction [37]. When the SQUID is kept in a
magnetic field, a DC super current I enters the device through port A and gets divided into
two ports 1 and L. I1 and I undergo a phase shift while crossing the C and D Josephson
junctions and become I'1 and I'2 respectively.
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Figure II- 22: Representation of the dc-SQUID in the presence of applied field (a) and voltage-flux
characteristics of a dc SQUID (b) [38].

The currents I'1 and 12 interfere at port B, and the resulting current oscillates between maxima
and minima. The maxima occurs when the magnetic flux increases by one quantum given
by ®o = h/2e [39]. In superconductors, the current (or super current) which is caused by the
Cooper pairs of electrons is a function of both the phase difference between the two
superconductors and the magnetic flux threading the hole. So the interfering waves are the de
Broglie waves of the Cooper pairs. The total flux @ is the sum of the external flux ®ext and
the flux induced by a circulating current in the loop in order to maintain flux quantization in
the loop. The phase shifts of the waves occur due to the applied magnetic field. In the absence
of the magnetic field the phase shifts and the phase difference are zero.

In practice, instead of the current, the voltage V (which also oscillates periodically like the
current) across the SQUID is measured as a function of the magnetic flux. A gradiometer
which is sensitive to change in the field gradient rather than its absolute value is used in
SQUIDs. It can measure magnetic moments down to 10" emu.

Operate mode of the SQUID

We used the VSM mode of the SQUID magnetometer in a MPMS setup to study magnetic
properties (Figure 11-23). In VSM mode, the sample vibrates between pick-up coils placed in
an external magnetic field. The pick-up coils are inductively coupled to the input coils of the
SQUID. The coils are coupled inductively to SQUID to form a flux transformer [40], which
converts flux changes caused by the movements of the sample into the voltage.

Prior to the measurement, the samples are cut 3x3 mm? in dimension, mounted and glued (to
avoid an unwanted background to the measurement) onto a straw. The straw is screwed to the
sample probe and put into the SQUID chamber (a cryostat system). The sample probe is then
moved vertically to adjust the z-position. The sample should be approximately 6.5-7 cm from
the bottom end of the sample rod in order to keep the sample moving through the pick-up
coils of the SQUID.
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Figure II- 23: Diagram of SQUID magnetometer

Then, the sample is rotated in order to find its optimal position with respect to the center of
the two SQUID loops components. By changing the field that causes the flux in the pick-up
coil to change, the flux of the field in the same direction that the applied field detected by the
SQUID will also change. The rea sample is moved through the pickup coils to subtract the
drift [41]. Indeed, the pickup coil system is superconducting, the SQUID is only proportional
to flux in the junction and not to the total flux variation. Thus, it is by measuring and
subtracting the drift that the tiny moment from the sample can be distinguished from the
background (which does not dependent on time).

During the measurements, liquid helium is used to keep cold the superconducting components
of the system.

11.4.2 AGFM

Principle of AGFM and operate mode

Unlike the SQUID which is a flux-to-voltage device, the AGFM is a force instrument. The
AGFM is composed mainly of 3 parts: a sample holder, a magnet and a piezoelectric system.
The sample holder consists of a piece of thin glass cut to size and glued to the end of the
sample probe containing a piezoelectric element. The samples are mounted onto the glass
plate using a small amount of vacuum grease and inserted into the AGFM apparatus.

The sample is placed in the static magnetic field while rectangular pair of coils are used to
generate a sinusoidal field gradient [42] on the sample (Figure II-24). This field gradient
exerts a sinusoidal force on the sample. The displacement of the sample is detected by the
piezoelectric element of the sample holder. Piezoelectric materials produce electrical signals
when they are deformed, and conversely are deformed when electrical signals are applied to
them.
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Figure II- 24: Simple illustration of AGFM showing M= electromagnet pole pieces, A and B =
gradient field coils, connected in series in opposition; S= sample. Taken from [43].

In this study, the magnetic properties were studied using AGFM and SQUID magnetometers.
We measured the magnetic in-plane hysteresis curves of the Fe layer either along the [110]
direction of Fe, with the field along the sample edge i.e. the [100] direction of the substrate, or
along the [100] direction of Fe, at 45°. We obtained almost similar results for AGFM with a
small field gradient and SQUID measurements (as will be shown in the result part) meaning
that AGFM is also suitable for measuring soft magnetic materials as Fe. Most of the
hysteresis curves with the in-plane configuration were thus measured using AGFM because
AGFM is faster and less liquid-He consuming than SQUID. For perpendicular configurations,
we used a SQUID with a maximum field of 7 T because the demagnetizing field of Fe is 2.16
T which is higher than the maximum field of AGFM that is about 1.5 T. The conditions of
measurements are given in the table II-2. The SQUID allows also some measurements at low
or high temperatures, but we did not use it in this work.

Table 1I- 2: Conditions of measurements of AGFM and SQUID.

AGFM SQUID
Temperature Ambient temperature Ambient temperature
Maximum field (T) 1.5 7
Type of In-plane In-plane and out-of-the plane
measurements
Advantage Very fast Strong external field

(upto 7 T!)

Obtained results Similar for in-plane configuration
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Chapter I11: Results on the Cr\Fe\Cr tri-layers prepared by
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Chapter III:

Results on the samples
prepared by sputtering

The first goal of my PhD work was to realize some Fe\Cr layers with a good epitaxial quality.
For that, we have first chosen dc-magnetron sputtering as growth technique because it is
easier to process and more convenient for the growth of thicker samples than MBE. Good
epitaxy can be achieved by sputtering if some growth parameters as the deposition rate, the
choice of the substrate, the substrate cleaning and the growth temperature are optimized.

II1.1 Deposition of the samples
II1.1.1 Deposition rate optimization

The optimization of the deposition rate is very important to achieve a good epitaxy of the
layers prepared by magnetron sputtering. To measure this rate, we have deposited Fe and Cr
layers at various currents and times on silicon substrates at room temperature. To obtain a
given thickness, one can either grow the samples using a high dc-current for a short
deposition time or perform a long time deposition with a low applied dc-current. The time is
chosen so that the thickness is in the range that can be measured accurately using x-ray
reflectometry. The Figure III-1 shows the reflectivity profiles of three Fe samples deposited
with different currents and times. The insert tables are the fitting results. We observe well-
defined Kiessig fringes up to the angle 20 = 7° when the Fe layer is deposited with a dc-
current of 250 mA and 300 mA. For the samples deposited with a higher dc-current, the
amplitude of the oscillations decreases and Kiessig oscillations disappear above 20 = 3.5°,
attesting an increase of the film roughness. Knowing the thickness and the deposition time,
the atomic rate of Fe is deduced using this equation:

B Thickness (A)
~ Time of deposition (s)

In the case of Cr layers, even when deposited at a lower dc-current than the Fe layers, the
oscillations are only present for low scattering vectors (see Figure I11-2). The damping of the
interference fringes at a high scattering vector is due to a large roughness. To reduce the
roughness, one can increase the growth temperature of Cr in order to improve the atomic
diffusion of Cr atoms on the substrate.
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Figure IlI- 1: X-ray reflectometry profiles of pure Fe deposited on Si\SiO: substrate with different
currents and times. The inserted tables present the fitting result (thickness t, density p and roughness
o) where (1) is the Fe layer, (2) the Fe;O; layer and (3) the Au capping layer. To obtain a good fit, we
have to introduce a thin Fe;Os layer between the Fe and Au.

As illustrated on the Figure I1I-3, the atomic rate of Fe and Cr increases linearly as a function
of the applied dc-current. The relation between V and [ is V(A/s) = 0.00716 x I(mA) for Fe
and V(A/s) = 0.0138 x I(mA) - 0.696 for Cr. In this work, we use a dc-current of 200 mA for
the growth of both Fe and Cr. This corresponds to an atomic rate of 1.03 A/s for Fe and 2 A/s

for Cr.
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Figure Ill- 2: X-ray reflectometry profiles of pure Cr deposited on Si\SiO; substrate with different
currents and times. The inserted tables present the fitting result (thickness t, density p and roughness
o) where (1) corresponds to the Cr layer, (2) to theCr:O3 layer that passivates the surface.
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Figure IlI- 3: Deposition rate of Fe (a) and for Cr (b) versus the dc-current

II1.1.2 Choice of the substrates

In order to optimize the epitaxy of Cr and Fe layers, (100)-oriented SrTiO3 (STO) and MgO
were chosen as substrates because of the small lattice mismatch (Table III-1) between
substrates and Cr (acr buk = 2.884A: -4.58% mismatch on MgO where amgo buik = 4.2112A
and +3.12% mismatch on STO where amgo buk = 3.905A, with a 45° rotation of the Cr lattice
in the plane) that will favor a good epitaxy (Figure III-4). For iron, the lattice parameter
(are buk = 2.8652A) is very close, and the epitaxy conditions are equivalent. Besides,
STO(100) and MgO(100) substrates are expected to induce different signs of misfit. This is
interesting to investigate the influence of the substrate on the structural and magnetic
properties of Fe\Cr samples
(b) (c)
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Figure IlI- 4: Surface plane of MgO (100) (a) and Cr (100) (b) in bulk. lllustration of the epitaxy
of Cr rotated by 45°n MgO (100) plane (c).

Table Il -1: Values of the expected misfits for the coherent growth of Cr layers on MgO(100) and
STO(100). Direct epitaxy can also be achieved growing Cr on NaCl(100) substrate.

Agun(A) MgO: 4.21 STO:3.90  NaCl: 5.64
Agep(A) VZCr: 4.05 VZ Cr:4.05  2XCr:5.77
«m » (%) -3.24 +4.58 -2.3
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For the layers deposited on NaCI(100) substrate, we expect a better epitaxy since NaCl(100)
favors a cube on cube growth of Cr with the smallest misfit (the lattice parameter of NaCl is
very near to twice that of Cr). Besides, it is easy to transfer the deposited layers from the NaCl
substrate (that dissolves in water) to the microscopic grid by capillaries effect and then
perform the plane view TEM studies. In contrast, for the sample deposited on MgO and STO,
mechanical polishing of the sample is needed before the TEM characterization. This step is
far from easy because of the substrate breakage during the polishing. This is caused by a high
hardness of these substrates that reduces the limit of elasticity of MgO and STO and makes
them brittle.

I11.1.3 Substrates preparation and targets cleaning

Prior to the deposition, Fe and Cr targets were fixed on the magnetrons. We used Fe and Cr
targets with 6N purity that was provided by Neyco supplier. MgO(100) and STO(100)
substrates were mounted on the same metallic plate and fixed on the sample holder to have
the same conditions of deposition. The sputter chamber was closed and then evacuated until a
vacuum level around 1077 mbar was achieved. Generally, it takes 8 hours to reach this
pressure value. After that the substrates were heated at 400°C for one night to favor the
desorption of contaminants from the substrate (vapor H20, CO2, Ar, N2, and any volatile
matter). During the heat treatment, plasma was created on a titanium target far from the
sample in order to trap oxygen that had eventually outgassed from the substrate. The cooling
system was used to cool both the substrates’ holder and the targets to keep the pressure
constant in the chamber. A Quad system connected to the sputter chamber was used to check
and control the partial pressure of gas inside the chamber during and after the growth of the
samples. The partial pressures of H20, Ar, O2, N2, CO2 ..., are given by the computer
connected to the QUAD.

During the deposition, the Ar pressure in the chamber is around 3.10° mbar. A pre-sputtering
is realized for 3-5 minutes before deposition to remove oxide layer or any contamination on
the target surface. During this process, the shutter is placed between the substrate and the
target in order to protect the substrate against any contamination. After the pre-sputtering step,
we set the current, the substrate temperature and put the desire value of the flow rate of Ar and
fix the duration of deposition according to the thickness value we want to reach. The process
is stopped automatically at the end of the deposition process. The deposition conditions for
the tri-layers are summarized in the table I11-2.

Table 111 -2: Growth conditions of Fe and Cr using dc magnetron sputtering (in this chapter we varied
the temperature and not the thickness of the layers).

Target Cr Fe

Atomic rate (A/s) 2 1

Current (mA) 200 200

Times of deposition (s) 189 625

Temperature of the growth (°C) 400, RT 400, 300, 200 and RT
Argon volume (cc) 20

Substrates MgO(100), STO(100) , NaCl(100)
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I11.1.4 Deposition of the tri-layers

The structure of the tri-layers is illustrated on the Figure III-5. The first chromium layer was
deposited at 400°C for all samples. A high growth temperature increases the atomic diffusion
of Cr atom which can improve the epitaxy of Cr layers on the substrates. The iron layer was
deposited at 400°C, 300°C, 200°C or 40°C. The iron layer was capped with a chromium layer
which has the ability to passivate its surface by forming stable thin chromium oxide. This will
protect the Fe layer from the oxidation in air. We used deposition rates of 2 A/s and 1 A/s for
Cr and Fe, respectively. The delay times at both interfaces are given in the table I1I-3. The
same growth conditions were used for all samples in order to study the relation between the
structure, the stress and the magnetic behavior of the tri-layers as a function of the Fe growth
temperature and the nature of the substrate. The total nominal thickness of the Cr\Fe\Cr tri-
layers is between 150 and 160 nm (the stacking coefficient slightly depends on temperature).

Table 111 -3: Cooling times before the growth of Fe at T°C on Cr@400°C and before the growth of the

Cr capping layer on Fe.
Delay time (hours)
Samples
Fe on Cr@400°C Cr@RT on Fe
M400 and S400 0 16
M300 and S300 2 16
M200 and S200 5 11
M40 and S40 16 0

The part describing results will be mainly dedicated to the layers grown on MgO(100) and
STO(100) that surprisingly present a better structural quality compared to the one on
NaCl(100): a texture of the tri-layers along the (100) direction of the NaCl and the cube-on-
cube epitaxy of the tri-layers on the NaCl are observed but the intensities of the Bragg
diffraction peak of the tri-layers are smaller than on MgO and on STO. This can be due to the
fact that the cleaved NaCl surface is not flat enough and makes difficult the alignment steps
during x-ray measurements. Besides, the transfer of the tri-layers grown on NaCl(100) on the
microscopy membranes was not possible because the metal layer rolls up on itself. The
transfer of 10 nm CoPt nanoparticles on the grid was used in [1]. In the case of a continuous
and thick film, the stress within the films seems to predominate the Van der Waals
interactions at the origin of the adherence on the membrane. Thus, it was not interesting to use
the (100)-oriented NaCl substrate for the growth of tri-layers.
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Figure Ill- 5: Architecture of Cr\Fe\Cr tri-layers.

In the following, the samples will be named MT (resp. ST) where the first letter M (resp. S)
corresponds to the substrate MgO (resp. STO) and T is the growth temperature of the Fe layer
in Celsius (for example M300 is the MgO\Cr@400°C\Fe@ 300°C\Cr@RT tri-layer). For
comparison, we also prepared on both substrates samples with only a Cr@400°C buffer layer
(called MB and SB) and Cr400°C\Cr@RT (called MO and SO) layers.

II1.2 X-ray reflectometry studies

The Figure III-6 shows the reflectometry spectra for MT and ST samples. Well-defined
Kiessig fringes are observed for MB and SB and also for M40 and S40 samples. Much more
oscillations are present for Cr grown on MgO(100) substrate compared to the deposit of Cr on
STO(100). This indicates that the Cr layer is smoother on MgO than on STO. For both MB
and SB samples, the fitting gives a thickness of 36 nm of Cr with a Cr oxide passivated layer
of about 1 nm. A slightly higher roughness is obtained for SB. This thickness gives to an

atomic rate of 1.9 A/s for Cr deposited at 400°C.

For the tri-layers, Kiessig oscillations are also present but have different shapes, period and
amplitudes because of the contribution of Fe@T and Cr@RT layers on the spectra.

The oscillations with the shortest periods belong to Fe layer and those with the largest period
to Cr layers (see the insert Figures). This makes the fitting of individual Cr and Fe layers
more complicated to perform. The results of the adjustments are reported in table I11-4. We
used the average thicknesses of the tri-layers obtained by TEM (Figure III-12) as the initial
thickness values in the fitting procedure. We also observe an exponential vanishing of
oscillations which is due to the increase of the interface and surface roughness. For the case of
M400 and S400, Kiessig fringes are almost lost at high 20 angle which can be attributed to the
intermixed of Fe and Cr oxide layers when the Fe layer deposited at 400°C. For this reason,
we used an oxide layer of Fe and then a capping layer of Cr@RT during the fitting of the
XRR data for both M400 and S400 samples (table I11-4).
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Table 111-4: Fit of XRR patterns for MT and ST samples. T is the thickness, r the density and o the
surface roughness for each layer.

MB SB
tm) p(g/cm’) o(nm) | tom) | p(g/em’) o(um)
Cry0s 1.1 5220-]1 014 1.13 4 0.17
Cr 3633 7120 00) 36.1 T126[] 031
Substrate | 0.0[-]  3.58-] 0.1 0.0[-] 5.123[] 05
M40 540
tfhm) p(g/cm’) o(nm) | t(nm) p(g/cm?) o(nm)
Cry05 0.88 S22[-] 0.8 1.05 522 0.53
Cr 318 71201 03 30.87 7.12[-] 0.32
Fe 75.97 7271 08 718 7270 027
Cr 36.33 712 1 36.1 712[] 0.8
Substrate | 001 358 06 0.0 51330 03
M400 5400
tnm) p(g/em’) o(nm) | t(nm) p(g/cm’)  o{nm)
Cri0: 3 522-]1 03 3.89 4.09 0.847
Cr 36 T3] 183 333 734 163
Fei0: 2128 5288[-] 099 [ 826 5.47 1.12
Substrate | 001 3980 020) |00 5130 07
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Figure Ill- 6: X-ray reflectometry for MT and ST samples.
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II1.3 Microstructure studied by TEM

We used transmission electron microscopy in imaging mode and electron diffraction to study
the microstructure of the samples and EELS for the microanalysis.

For this purpose, the samples were prepared in cross-section in order to be analyzed along the
growth direction where the succession of the tri-layer on the substrate is observed. ST samples
were prepared by mechanical polishing and MT samples by FIB (Focus Ion Beam). For MgO
and STO substrates, the growth direction is along [100]. The direction of the observation (the
beam direction) is along [010]sto=[011]crre\cr (or [010]mg0=[011]crFe\cr).

II1.3.1 HRTEM analysis

The Figure III -7 is the HRTEM image on SB. The presence of (100) planes of along the
[100] growth direction of STO indicates a good texture of Cr on STO. Along the [001]
direction of STO, we also observe (011) Cr planes attesting the epitaxy of Cr deposited at
400°C on the STO substrate

The signature of the epitaxy of Cr is more visible on the diffraction pattern where we can
attribute the diffraction spots of STO and Cr along the in-plane and the out-of-plane direction
(Figure III -7 bottom). The narrow and circular spots are the substrate reflections. The large
and elongated spots are the diffraction of Cr planes. In the [001] direction, the diffraction
spots of STO and Cr are almost in the same position because there is a contraction of the Cr
lattice parameter to accommodate to the STO lattice parameter. This corresponds to a quasi-
coherent in-plane growth of Cr with a 45° rotation of the lattice. In the [100] direction, we
observe that the distance between the (200) diffraction spot of Cr/Fe and the origin 000 is
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about 1.41 higher than that of the (200) of STO to the origin of the diffraction pattern, as
expected. The epitaxy relationship can be written as Cr(100)[011] // STO(100)[010]. This
relationship indicates that the in-plane [011] direction of the (100) Cr plane (Cr surface) is
aligned on the [010] direction of the (100) substrate surface plane.

011 cr W 200 _cr
k. #<200° sTO °

002_sTO .
. =@ e« +<220 STO
S BUFSTO" 3

L]
200 STO—s . @01 cr
2001t (T]{"JE STO

”

10 1/nm

Figure Ill- 7: HRTEM image (top) and diffraction pattern (bottom) of SB sample: [100] and [001]
correspond respectively to the out-of-plane and in-plane directions of STO

For the S200 sample, the HRTEM image at STO\Cr@400°C interface also reveals (100) and
(011) planes of Cr resp. along the [100] and the [001] direction of STO (see Figure III-8).
This confirms the epitaxy of Cr on STO in this sample. The high angle annular dark field
image (HAADF) in STEM mode (Figure III -9) at low magnification shows that the Cr layer
and Fe layer are continuous and have uniform thickness. The thicknesses of the Cr and Fe
layers are resp. equal to 36 nm and 74 nm which are close to the nominal values. The same
thickness of Cr layer was obtained by XRR. Surprisingly, the image does not show the top
layer of Cr grown at RT. It’s seems that the sputtering process stopped accidently during the
growth. This kind of problem is rare! To confirm this assertion, M200 sample was prepared
by tripod method by our partner from Munster University which has more experience
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concerning the polishing of thin films on MgO substrates. The HAADF-STEM image and
EDX mapping also reveal that there is only the Cr buffer layer and the Fe layer. In the
following, we will not discuss on the result obtained on M200 and S200.

Figure Ill- 9: (a) HAADF-STEM image of S200, (b) HAADF-STEM image of M200 and (c) the EDX
mapping of M200 showing the first Cr layer in green and the Fe layer in red acquired with a drift
correction.

In order to have thinner and clean samples, M40 and M300 were prepared by Focus Ion Beam
(FIB) by David Troadec at IEMN in Lille. The acquisition of M40 and M300 images were
realized in HAADF-STEM, necessary to increase the contrast between Cr and Fe (Z = 24 and
26) as the scattered intensity increases with Z* instead of Z for classical HRTEM. Heavy
elements like Au and Pt appear with a bright contrast on the STEM-HAADF whereas light
elements like MgO (Z=8 for O and Z=12 for Mg) have the darkest contrast.

The Figure I1I-10 shows the Bright Field -STEM images at different interfaces of the tri-layer
M40. We observe that the Cr@400°C layer, the Fe@RT layer and the Cr@RT layer are
epitaxied on the MgO(100). An interfacial layer with a brighter contrast is clearly present at
the Cr@400°C\Fe@RT interface (Figure III-10b). The thickness of this interfacial layer is
about 1.75 nm. On the Figure III -10c, we see that when Fe and Cr are deposited at room
temperature, the interface is almost abrupt.
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Figure Ill- 11: HAADF-STEM images of M300 along the [100] zone-axis of MgO showing the
MgO\Cr (a) and the Fe\Cr interfaces (b).

HAADF-STEM image has been realized on the piece of M300 (Figure III -11). The sample
was prepared along the [110] direction of MgO. Fourier transforms of the HAADF-STEM
images taken from the MgO, the Cr and Fe layers allow to determine their corresponding
family planes. The presence of (100), (101) and (001) planes of Cr and Fe along (100), (111)
and (110) directions of the MgO resp. indicates a good epitaxy of Cr and Fe and the MgO.

In summary, HRTEM, HAADF-STEM and electron diffraction have been done on SB and
S200 samples and on M300 and M40 samples. For all samples, the Cr layer deposited at
400°C on STO and on MgO is epitaxied. This semi-coherent in-plane growth of Cr is
accompanied with its dilatation in the out-of-plane direction. For the M40 sample, Cr layers
and the Fe layer of the tri-layer are epitaxied with a quasi-coherent in-plane growth of Fe on
Cr. Chemical contrast on about 1.5 nm is observed at Cr@400°C\Fe@RT whereas the
Fe@RT\Cr@RT is almost abrupt when Fe and Cr are deposited at room temperature. For
M300, the good continuity of the atomic columns for the Fe layer on the Cr layer is observed.
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I11.3.2 Composition analysis

Prior to the EELS analysis, we performed a low magnification HAADF-STEM images for
M40 (Figure 111-12) and M300 (Figure III-13) in order to observe the stacking of Cr and Fe
layers and determine their thickness.

Figure I1I- 12: HAADF-STEM image of M40 sample showing the layers separated by
interfacial layers (top image). The scan range of the EELS acquisition spectra is also
represented. The Figure on the bottom shows the surface of the top Cr layer. The region
between dot lines is the passivation layer of Cr@RT.
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The direction of observation is along the [010] zone axis of the substrate. A platinum layer is
used to protect the sample during the FIB preparation

For the M40 sample, the Figure III-12 clearly reveals that Cr@400°C, Fe and Cr@RT are
continuous and not very rough. The thicknesses of the layer are 41 nm, 72 nm and 38 nm for
Cr buffer, Fe and Cr capping layer resp. which is close to the nominal thicknesses. The darker
(smaller density) contrast at Cr@400°C\Fe@RT interface may be due to the formation of an
oxide layer. This will be verified by EELS analysis. The darker layer with the thickness of
about 3nm which is observed on the Cr@RT layer corresponds to a passivation layer of
Cr20:s.

For the M300 sample, we also observe the Cr, Fe and Cr layers but with different contrasts at
the interfaces and a much darker contrast in the Cr capping layer. A darker region at
Fe@300°C\Cr@RT may indicate that oxide layer is formed (this will be confirmed later) due
to the delay time between the growth of Fe and of the Cr capping layer. Besides, the figure on
the right reveals a columnar structure in the capping Cr layer. Thus, for the M300 sample, the
growth of Cr on the interfacial oxide layer gives rise to a polycrystalline growth. The
thickness of the Cr buffer layer and Fe layer are resp. 40 nm and 76 nm. The capping layer is
28 nm thick.

aSuea pouuBas

MgO substrate

Figure Ill- 13: HAADF-STEM image of M300 showing layers separated by interfacial layers. The
scan range (in yellow) of the EELS acquisition spectra is also represented. The inset is the image of
Fe\Cr interface showing a columnar structure of the Cr layer.

To follow the elemental distribution at each interface and in the layers, spectrum images were
recorded and then calibrated using the post-acquisition routine available in Digital
Micrograph. The Figure III-14 shows the spectra extracted from Cr\Fe\Cr regions for M40
and M300 samples. For a precise analysis, we did not take into account the MgO\Cr interface
in order to avoid having the contribution of oxygen coming from MgO in the EELS spectra.
The Figures reveal that besides the presence of Cr and Fe L-edges.
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The useful information is the presence of the oxygen K ionization edge. This result indicates
the presence of oxygen in the tri-layers. The spectrum of a Cr203 measured on a powder is
also shown on the Figure I1I-14 and was used as a reference for the O/Cr concentration-ratio
estimation.

I11.3.2.1 EELS quantification using digital micrograph software

The relative concentrations of Cr, Fe and O in each layer and interface were deduced from the
spectrum images and integrated on lines parallel to the interfaces to obtain the profiles of the
Figure III-15 and III-16. The Figure II1-15 reveals the relative composition for each element
in M40 and M300 samples in (a) MgO substrate, (b) Cr@400°C, (c) Fe@ RT (or at 300°C for
M300) and (d) Cr@RT. The Figure III-16 is a zoom of the relative composition of elements at
Cr\Fe interface (top image) and at Fe\Cr interfaces (bottom image). We notice that despite the
error bars of about 10%, which is due to the difficulty to subtract the background for the Cr
edge (proximity of the O edge) [2], [3], interesting information can be extracted from the
concentration profiles of Cr@400°C\Fe and Fe\Cr@RT interfaces (see Figure I1I-16).
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Figure Ill- 14: EELS spectra for M40, M300 and Cr;0s. Cr:03 is used here as a reference in order to
manually determine the relative concentration of O in Cr layers.

For Cr@400°C\Fe@T interfaces, we note that:

(a1) the oxygen concentration increases at Cr@400°C\Fe interface for M40 sample (Figure
I1I-16 top left) and gives rise to a Gaussian profile of oxygen concentration. This attests the
presence of some Cr and Fe oxide layers. The asymmetric profile indicates that the oxygen
content is more important in the Cr@400°C than in the Fe@RT.
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Figure I1I- 15: Relative composition of elements of M40 and M300 samples: (a) in MgO substrate, (b)
in Cr@400°C, (c) in Fe (at RT for M40 and at 300°C for M300) and (d) in Cr@RT.
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Figure IlI- 16: Relative composition of elements in M40 and M300 samples at Cr\Fe interface (top
image) and at Fe\Cr interfaces (bottom image).
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(a2) the content of oxygen is significantly higher for M40 (O ~ 45% and FWHM' =~
0.4540.04 nm) than for M300 (O = 8% and FWHM = 0.9410.04 nm). This observation
(Figure III-16 top) means that the long delay time between the growth of Cr and Fe layers is
responsible for the higher content of the oxygen at Cr@400°C\Fe@RT interface than for
Cr@400°C\Fe@ 300°C leading to an oxide Cr and Fe layer formation. For M40, the thickness
of the oxide layer is 0.45 nm with a high content of oxygen and for M300, the oxide layer
thickness is 0.94 nm but with lower concentration of oxygen than that of M40.

(a3) a larger intermixed area at the Cr@400°C\Fe interface for M300 (=4.4 nm) than for M40
(=2.9 nm) indicates a possible the diffusion of Fe in Cr due to atom peening model [3] and
the presence of defects in the layer. Note that this method of diffusion is a different process
compare to the interdiffusion mechanism which is caused by the annealing of the sample.

For Fe@T\Cr@RT interfaces (Figure I11-16 bottom):

(b1) the oxygen concentration is negligible in M40 contrary to M300 where O =~ 45% with a
large width of the oxygen Gaussian profile (FWHM = 1.1610.15 nm). This observation can
be due to the long delay time between the growth of Fe and Cr layers.

(b2) we observe an abrupt interface in M40 when Fe and then Cr layers are deposited at room
temperature.

In the Cr@RT capping layer, the concentrations of Cr and oxygen are constant and equal to
70% and 28% resp. for M300 whereas we have 92% and 2% resp. for M40. This means that
the Cr@RT layer for M300 sample is a chromium oxide layer. As the Figure I11-13 shows that
the Cr layer presents a columnar structure, we can assume that oxygen has diffused within the
Cr layer when the sample was in air, embedding the passivation of the Cr layer.

It should also be noted that EELS spectra recorded from 200 eV to 800 eV do not show any
argon L-edge expected at the ionization energy of 248 eV. We conclude that the argon
content, if present, is much lower than the oxygen concentration.

111.3.2.2 Manual estimation of O/Cr concentration-ratio.

Since the signal-to-noise ratio of oxygen in both Cr and Fe layers is much lower than the one
of Cr and of Fe, oxygen peak cannot be precisely analyzed over a background using the
conventional Gatan-Digital-Micrograph software [4]. This is because the analysis software is
not appropriate to very low concentration estimation.

We determine the concentration of oxygen in Cr layer manually using a Cr203 reference and
the EELS spectrum of Cr. After subtracting the background for Cr and O in both the sample
and the reference (see Figure I11-17), I calculate the oxygen concentration ratio comparing the
integrated surfaces on a range containing the ionization peaks (see Figure II1-18). Table III-5
contains the relative concentrations of Cr and oxygen in Cr@400°C for the M300 sample.

! The FWHM (Full Width at Half Maximum) is obtained by fitting the profile of oxygen at the
interface with a Gaussian function.
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Figure Ill- 17: Spectrum in the Cr@400°C showing also the extrapolated background below oxygen K
and Cr Lz edges (left image) and the signal after background subtraction (vight image).

This result shows that the high concentration of oxygen obtained in all Cr@400°C layers with
the conventional Gatan-Digital-Micrograph software was indeed due to a bad background
subtraction. We also made the same analysis for Cr@RT for M40 sample. The results are
summarized in table III-5. In the Cr@RT layer, the oxygen concentration is higher than in the
Cr@400°C layer. We noticed that the small L2 ionization edges of Cr overlapped with the Fe
ionization edge. To efficiently quantify, one should make a deconvolution of Cr and Fe
spectra with a specific plug-in for Digital Micrograph that we don’t have.
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Figure I1I- 18: Oxygen and Cr spectra after background subtraction for the signal of Cr@400°C layer
and the reference. The interesting range for the quantification of the signal is over an energy range of
width A.

Table 1II-5: Relative concentration of Cr and O in Cr@400°C and in Cr@RT for M40 samples. The
second line is the position of the analysis in the layer relative to the substrate surface. The thickness of
the tri-layers is about 140 nm with Cr and Fe thickness of 35 nm and 70 nm respectively.

Cr@400°C Cr@RT

21 nm 23 nm 27 nm 125 nm 132 nm 133 nm

%0 2.68+0.5 6.26+0.5 | 5.524+0.5 8.24+1 11.25+1 6.82+1
% Cr 97.324+0.5 93.744+0.5 | 94.48+0.5 | 91.76%1 88.75+1 93.18+1
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I11.4 Structural characterizations by XRD

We used X-ray diffraction techniques at high angle to study the structure of the samples
because XRD provides much more quantitative information than TEM.

I11.4.1 Texture quality

Figure III-19 and III-20 show the high-angle 6—-20 scans of Cr\Fe\Cr tri-layers for different
growth temperatures of the Fe layer. Note that the grains which are badly crystallized have a
XRD contribution not visible on the scans because very small grains diffract have a very wide
peaks.

We have also deposited a Cr buffer layer at room temperature and annealed it at 400°C with
the same growth conditions as for MT and ST samples. The corresponding x-ray diffraction
diagrams reveal no epitaxy of Cr on neither MgO nor STO substrates. High diffusion of Cr at
the surface of the substrates is thus needed for epitaxial growth of Cr.

By knowing the 20 position of the peak and the FHWM, we used the Scherrer equation to
estimate the size of crystallites <D> that reflects the out-of-plane coherence length of
crystallites (see tables I1I-6 and III-7). When the growth temperature of Fe decreases from
400°C down to RT, <D> values increase from 3.5 up to 21 nm on MgO and from 4.5 up to 17
nm on STO.

We will not discuss in details the size of crystallites of the tri-layers because of the unusual
shape of the (200) peak (the broadness or the asymmetry of the peak), which can be due to
some micro-deformations (presence of point defects, impurities, dislocations, surfaces or
grain boundaries) which are not considered in the Scherrer’s equation.
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Figure Ill- 20: 6-20 scans for the ST tri-layers.
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Table 111-6: < D > deduced from the values of 20 and FWHM for MB, MT and S&. The FWHM from
w scan is also presented.

6—-20 scans @ scans
MT samples 26(°) FWHM(°) <D > (nm) | FWHM(°)
MB 63.88 0.46+ 0.0014 20.3 0.4610.002
M400 64.75 2.681+0.010 3.5 2.68+0.11
M300 63.98 0.5342+0.0018 17.5 0.53+0.0025
M40_for Fe peak | 64.88 0.4718+0.001 19.9 0.453+0.002
M40_for Cr peak | 63.42 0.4440.001 21.2 0.50240.002
MY 65.05 0.59340.003 15.9

Table I1I-7: < D > deduced from the values of 20 and FWHM for SB, ST and S The FWHM from o
scan are also present.

6-20 scans @ scans
ST samples 26() | FWHM() 26() | FWHM(°)
SB 63.56 1.6381+0.0168 5.7 1.062+0.005
S400 64.79 | 2.0925+0.00437 4.5 2.14+0.004
S300 64.15 1.5785 5.9 1.09£0.004
S40 for Fe peak 64.8 0.549 17.1 1.23+0.006
S40_for Cr peak 63.81 0.877 10.7 1.2440.006
S 65 1.0956 £0.0042 8.6

I11.4.2 Epitaxial quality

To further study the epitaxy and determine the in-plane epitaxial relationship, pole figures
were measured for the {110} plane family of Fe and Cr using a four-circle Rigaku diffracto-
meter. We chose the (110) reflection at the 20 = 44.5° because it is the most intense Bragg
peak. I measured all the pole figures in the same conditions. Because the substrates have a
four-fold symmetry, quarter pole figures were sufficient for the study. Note that a signal at the
(110) reflection on the pole figure may come from either the metal which is epitaxied or from
the metal oxides (Cr203 and Fe203) that have a peak at 20 = 44.6°. Other oxides diffract at 20
different from 44.5° and will not contribute to the signal obtained at the (110) reflection.
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Figure IlI- 21: Pole figures for the (110) Fe/Cr reflection for different samples on MgO substrate: the
Cr buffer layer deposited at 400°C (MB) and tri-layers. The maximum intensity in counts per second is
Imax = 1200 for MB (a), 400 for M400 (b), 1300 for M300 (c), and 5350 for M40 (d). The pole
Figures are plotted in polar coordinates with y as radius and ¢ as polar angle. (0,0) corresponds to
[100] xo=[100] r., whereas (0,90) corresponds to [010]XO=[011]Fe and (90,0) to [001] xo=[011]r..
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Figure IlI- 22: Pole figure for the (110) Fe/Cr reflection for different samples on STO substrate: a Cr
layer deposited at 400°C (SB) and tri-layers. The maximum intensity in counts per second is
Lnax = 780 for SB (a), 460 for §400 (b), 700 for S300 (c) and 2700 for §40 (d). Same plot as in Figure
11-21.

As reported on Figure I1I-21 and II1-22, we observe a single intense-and narrow (110) spot at
the angles ¢=45° and = 45°corresponding to the epitaxy relationship M(100)[011] //
XO(100)[010] for M= Fe or Cr and XO=MgO or STO. This is consistent with our electron
diffraction patterns. The same epitaxial relation was obtained by Fullerton et al for Fe/Cr
multilayers deposited on MgO(100) by magnetron sputtering [5]. The pole figures prove an
epitaxial growth of the single Cr layer and of the Cr\Fe\Cr tri-layers on MgO and STO
substrates, except for S400. The lower is the Fe growth temperature, the better is the epitaxial
growth. The best epitaxy is obtained for M40 and S40 samples. Moreover, the epitaxial
quality is better on MgO than on STO. In the case of S400, the epitaxy is partially lost giving
rise to a textured grains’ contribution.
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I11.4.3 Crystalline quality

The Figure I1I-23 shows the rocking curves of the Cr\Fe\Cr(200) peak of MT and ST samples
versus the growth temperature of Fe. The rocking curves of MB and SB reveal sharp peaks.
The sharp peaks are the effect of the preferentially well-aligned Cr grains on the substrate
lattice during film growth (for metals, a rocking-curve FWHM of about 0.5° means a good
crystalline quality). A higher degree of crystal orientation is obtained for samples on MgO
than on STO. For MT and ST samples, the rocking curves are sharp except for the Fe growth
temperature of 400°C (see tables III-5 and III-6). The rocking-curve FWHM reaches a value
smaller than 0.5° for M40, sign that the crystalline quality is very good, better than the value
of 1.3° obtained by Parkin for the growth of Fe\Cr superlattices on MgO(100) by sputtering.
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Figure Ill- 23: w scans for the samples on MgO (left image) and STO (right image). The scales of SB
and ST are multiplied by a factor x (x =10 for SB, x=1.9 for 300, x=2.1 for Crin S40 and x=3 for
Fe in §40) to have the same scale than for the MB and MT samples
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For S40, the rocking-curve FWHM is 1.24° which is almost 3 times higher than that of M40,
but still acceptable. To the best of my knowledge, this is the first report on the epitaxial Cr\Fe
layers on STO(100) substrate. Our value for S40 is almost similar to the value obtained by
Parkin in Fe\Cr superlattices grown on MgO(100) using sputtering.

In M400 and S400 samples, high values of rocking-curve FWHM are obtained as a result of a
high fluctuation of crystallites orientation of the Cr@RT layer which was deposited on
intermixed Fe and Cr oxide layers.

Note that the rocking-curve FWHM is a combination of the contributions of the in-plane
mosaicity and the in-plane coherence width (from which the coherence length can be deduced
using the Scherrer equation) if we suppose that the instrumental width is negligible. Thus the
variation of the rocking-curve FWHM can be due either to the change of the in-plane
mosaicity or to the change of the in-plane coherence width. To separate these two
contributions, it would be necessary to have several (4#00) peaks. Then, by plotting the
rocking-curve FWHM as a function of the number of (400) peaks “/4”, we would obtain a
constant value which corresponds to the mosaicity and a component which depends on “4” is
the width of coherence. In our case, we cannot separate these two components since we only
have access to a single peak 200 with 4=2.

I11.4.4 Strain and stress analysis

111.4.4.1 Evolution of strains

We have seen in the tables (III-5, III-6) that the (200) Bragg peak of Cr buffer layers have
lower 20 angle than the expected position. This indicates that the epitaxy of Cr at 400°C on
both STO and MgO substrates induces significant out-of-plane tensile strain that varies from
0.5 % to 0.85%. The same observation is done for M and SI.
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Figure I1I- 24: Plot of the out-of-plane dilatation versus the growth temperature of Fe for MT and ST
(black and red empty circles and full lines), MB and SB (black and red dot lines), for Fe in M40 and
S40 (full black square and red triangle) and Cr in M40 and S40 (empty black square and empty red

triangle). The insert sketches illustrate the direction of the strains in the epitaxial layer which are
either negative or positive.
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These results are surprising since the coherent epitaxy of Cr is expected to be accompanied
with a compressive strain on MgO and a tensile strain on STO when only intrinsic stress (or
misfit stress) is present. In MT and ST samples, the Figure I11-24 shows that the perpendicular
strains change from tensile to compressive when the growth temperature of Fe increases. To
analyze in details the stress evolution in the samples, we used the sin*(\y) technique.

111.4.4.2 Analysis of stresses

The Figure I11-25 shows the sin?*(y) plots for Fe and Cr in M40 and S40. On the Figure II1-26,
we plotted the sin*(y) plots for Fe and Cr in MB and SB (black), M@ and S@ (orange), M300
and S300 (red) and M400 (green). The arrows correspond to the values of the relaxed lattice
parameters and the horizontal dot lines are at the bulk lattice parameters.

We observe two slopes in Figure I1I-25: one for the Cr and another one for Fe peaks. Because
acr bulk = 2.884 A > are puk=2.8684 A, we attribute the highest values to the Cr layers and the
lowest to the Fe layer (the relative intensities of the peaks confirm this attribution). It is
noticeable that both in-plane lattice parameters are equal, meaning that Fe and Cr layers grow
coherently. Fe is thus stressed in tension whereas Cr layers are stressed in compression. The
swelling caused by Fe lattice distortion is small and positive. For Cr, the linear swelling is
large and positive (Figure I111-27).
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Figure Ill- 25: The sin’(y) plots for M40 and S40 tri-layers (triangles). The arrows correspond to the

values of the relaxed lattice parameters. The horizontal dot lines show the bulk lattice parameters. In

M40, the blue empty square is the out-of-plane lattice parameter of Cr@400°C layer whereas the top

triangle corresponds to the Cr@RT. On the bottom line, the intensity maps of 200, 211, 220, 222, and
130 peaks are shown from left to right.
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In all the tri-layers except X40 (Figure III-26), the presence of a line with a negative slope
indicates an in-plane compressive stress (a; > a /). The fact that only a single line is observed

is due to the formation of intermixed Fe and Cr metal or oxide when the growth temperature
of Fe is high.

The Figure III-27a shows the evolution of the swelling (relative departure of the relaxed
lattice parameter compared to the bulk lattice parameter) and the stress in MT (black empty
triangles) and ST (red filled triangles) samples as a function of growth temperature of Fe
layer. In M40, the individual values (for Fe and Cr) are shown as empty green squares for Cr
and empty wine circles for Fe. In S40, they are represented by red filled squares for Cr and
red filled circles for Fe. The values in MB and SB are also shown as dot-dashed lines. We
observe a large swelling in single Cr layers and in Cr layers of S40 and M40 samples,
indicating that Cr lattice parameters do not relax. In the Fe layer, the swelling is small. In
other MT and ST tri-layers, small and negative swellings are obtained because of the
formation of some Fe and Cr metal oxides when the Fe growth temperature increases. We
think that the formation of an Fe oxide layer gives a negative swelling.
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Figure IlI- 26: The sin?(y) plots for MB and SB (black triangles), MO and SO (orange squares), M300
and S300 (ved circles), M400 (green triangles), S200 (beige diamonds).

On the plot of the residual stress versus the growth temperature of Fe (Figure III-27b), in
plane stresses are in average in compression. This observation is surprising since the coherent
epitaxy of Cr is expected to be accompanied by a compressive stress on STO and tensile
stress on MgO. According to the elastic law, the maximum misfit stress (o = €E) due to the
epitaxy of Cr(100) is about of -12.77 GPa on STO and +8.77 GPa on MgO. In our films, we
think that this result can be due to two reasons: a) the presence of thermal stress in the Cr
buffers of ST and MT samples. This thermal stress arises during the cooling of the sample [6],
[7], [8] because STO and MgO have their thermal expansion coefficients very different from
that of Cr and Fe. b) the presence of impurities responsible for additional stress in the sample.

Let us first examine reason a); [ used the values of single Cr layers, MgO and STO substrates
extracted from the experimental data [9], [10] to calculate the component of thermal stress
when Cr is deposited at 400°C. I obtained thermal stress of about +0.206 GPa on STO and
+0.5025 GPa for the growth on MgO, which indicates that thermal stress component is in
tension and small. Thus thermal stress is not the main cause of the high compressive stress in
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Cr@400°C layers for all the samples. Let us now examine reason b); We think that the small
content of oxygen in Cr layers as shown by EELS analysis and its diffusion due to the high
growth temperature may generate compressive stress in the layer. For S40 and M40, the Fe
layer is almost not stressed thanks to its very good epitaxial quality of Fe deposited at room
temperature. In the tri-layers, the average stress is lower than in individual Cr layers but still
in compression because of the contribution of metal oxide layers when the growth
temperature of Fe is high.
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Figure Ill- 27: Average swelling (a) and residual stress (b) versus the Fe growth temperature for MT
(black empty triangles) and ST (red filled triangles) tri-layers. In M40, the individual values are shown
as empty green squares for Cr and empty wine circles for Fe. In S40, they are represented by green
filled squares for Cr and wine filled circles for Fe. The values in MB and SB are also shown as dot-
dashed lines.
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II1.5 Magnetic measurements
II1.5.1 Magnetic measurements of Fe in the in-plane configuration

The hysteresis curves for MT and ST samples are shown in the Figure III-28. A linear
component was subtracted from the raw data in the saturation range to remove the
contribution of the diamagnetic substrate. The magnetic moment in emu unit was then
normalized to the saturation moment M; deduced from the classical approach to saturation
model. We observe that the shape of the hysteresis loops depends on both Fe growth
temperature and the nature of the substrate. Only, the hysteresis curve for M40 has the
expected shape and a well-defined [110] magnetization axis with the values of the ratio
Mr /Ms (ratios Mr/Ms of Y-axis are taken at H= 0T), the coercive field Hc and the saturation
Hs (Hs is the field needed to align all the magnetic moment along the direction of the external
field) equal to 0.65, 1 mT and 51 mT resp. Indeed, for these samples, we are expecting to
obtain the ratio Mr/Ms and the Hs value is equal to 0.71 and 55 mT resp.
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Figure I1I- 28: M-H curves for MT and ST measured with the applied field parallel to both the sample
surface and the substrate edges.

From the hysteresis curves, we deduced the in-plane magneto-crystalline anisotropy energy Eq
between the [100] and the [110] axes® of Fe using the equation: Es = %(1- M,/Ms) Hy Ms =
HoxMs with Ha = %2(1-M,/Ms) Hs. My, and M; are the remanent and saturation magnetizations.
When the hysteresis curves of the Fe layer are measured along the [110] direction giving an

2 Strictly speaking, the real magneto-crystalline anisotropy energy of Fe is the area between the [111]
hard axis and the [100] easy axis. The [110] is an intermediate axis that we used in this manuscript as
the hard axis to calculate the in-plane anisotropy.
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in-plane magneto-crystalline anisotropy H. = 83x10™* T. We observed that when iron growth
temperature decreases, the anisotropy energy increases thanks to the better epitaxy attesting
higher in-plane magneto-crystalline anisotropy and the coercive field decreases due to defects
reduction. The highest magneto-crystalline energy is obtained in M40 and S40.

In contrast, for M400 and S400, the smallest value of H. is deduced from the hysteresis loop.
This can be correlated with the lower epitaxial quality. The latter can be caused by a small
interdiffusion [11] or the presence of defects such as the formation of interfacial oxide layers
at Cr@400°C\Fe@T and the dislocations at the interface between substrate and Cr@400°C
layer which is responsible of the increase of the coercive field. In addition, for M40 and S40
samples, the values of H. are quite close to the expected value H,=83x10* T suggesting the
absence of a strong magnetostriction anisotropy contribution.
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Figure I1I- 29: H, versus Tr. in MT and ST The dot line corresponds to for Fe bulk.

I11.5.2 Magnetic measurements in the out-of-plane configuration

The Figure III-30 is the magnetization curves for MT and ST samples measured in the
perpendicular configuration. The hysteresis curves for M40 and S40 reveal a linear increase
of the Fe magnetization with the Ha around 2.16x10* T as expected from the magnetization of
pure iron: 1720x10° A/m. When the growth temperature of Fe increases, two slopes can be
extracted from each hysteresis cycle. (a) The less steep slope is that of epitaxial Fe tri-layer
with Ms close to that of the Fe bulk. (b) The steepest slope corresponds to the Fe
magnetization between 397x10° A/m and 628x10° A/m that can be ascribed to the Fe layer
that intermixed with the Cr buffer layer. These values of Ms are between the value of 440—
490x10° A/m, reported for the bulk CrOz [12] and 458x10° A/m and 371x10? A/m reported
for CrOx and FeOx films resp., deposited in vacuum at 390°C on LaAlO3 substrates [12]. This
indicates the formation of some mixed Fe and Cr oxides. Besides, for a low Hext (/ Hext / <
+100 mT), small hysteresis cycles are present with a larger coercive field and a smaller M/M;s
amplitude than the values obtained in the parallel configuration (Figure III-31). The highest
coercive fields of 12 mT and 72 m T are obtained for M40 and S40 resp. and are higher than
that of the bulk Fe (Hc = 1 mT). We have attributed this result to the presence of
ferromagnetic CrO2 compound in the Cr buffer layer which is only form at high growth
temperature of CrO2 [13], [14]. Shima and al have obtained similar values of H. for the
growth of CrO: at 400°C on LaAlOs3 (He=11 mT) and on Si
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Figure I1I- 30: M-H curves for MT and ST measured with the applied field perpendicular to the
samples surface. The green line is the expected linear evolution of the Fe bulk magnetization

—— M40 —M300 — M400
0,2- (),2- / 0,2_ /
g /
S 00— 0,0 / 0,0 /
20,21 20,21 20,21
20,1 0,0 0,1 -0,1 0,0 0,1 -0,1 0,0 0,1
H(T) H(T) H(T)
—— S40 —S300 —S400
0,21 102 0,21
> 0.0 0.0 | 0.0
2 b b / b
021 20,21 20,21
20,1 0.0 0.1 -0,1 0.0 0,1 -0,1 0,0 0.1
H(T) H (T) H (T)

Figure Ill- 31: Zoom of M-H curves for MT and ST at small field.

(He=9.8 mT) substrates. A bias of 30 mT is observed on the curve of S40 (not in M40) and
may be caused by Cr203 and/or Fe20s. This is the CrO:2 response which is ferromagnetic and
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only forms at high T°C [15]. This means that this oxide comes from Cr at 400°C. When the
growth temperature of Fe increases, we observed that the M-H curves become narrower with
the Hc values of about 3 mT for M300 and M400 and, 14 mT for S300.

Discussions

The structure of Cr\Fe\Cr tri-layers were investigated as a function of the Fe growth
temperature and the nature of the substrate. For this purpose, Cr\Fe\Cr tri-layers were
prepared by sputtering on MgO and STO substrates to achieve the good epitaxy. The key
parameters were the growth temperature of Fe: T= 400°C, 300°C, 200°C and 40°C, and the
nature of the substrate.

TEM analyses on ST samples (ST= SB and S200) and on MT (M300 and M40) samples show
that Cr buffer layer has a good epitaxial quality. For the M40 and M300, Cr layers and Fe
layer are also epitaxied. However, these analyses reveal a thin Cr oxide layer at Cr@400°C\Fe
interface which is due to a long delay time between the growth of Cr@400°C and Fe@T.
XRD have been done to further study the structure of MT and ST samples. We found by 6260
scans that the samples are textured along the [100] direction of the substrates. The best
textured was obtained for S40 and M40 samples where we had clearly seen individual (200)
peaks of Cr and Fe. The decrease of the FWHM and increase of intensity of Cr\Fe\Cr(200)
rocking curves while the growth temperature of Fe decreases attests an improvement of the
crystallinity. For the M40 sample, it is only 0.47°for the Fe layer which is 2.7 times smaller
than the value obtained by Parkin [16]. The smaller FWHM of Cr\Fe\Cr(200) in M40 sample
than in S40 (= 1.52°) indicates a better degree of crystal orientation in M40. Pole Figure
maps, HRTEM, and electron diffraction indicate that by decreasing the Fe growth
temperature, a better epitaxy and quasi-coherent in-plane growth of Fe and Cr are achieved.
The same epitaxial relation Cr\Fe\Cr [011] (100) // XO [010] (100) on both XO=MgO and
STO was established from pole figures and electron diffraction patterns as well.

The sin*(y) measurements reveal that stresses are bi-axial as expected in all the samples
thanks to an improvement of the epitaxial quality. Our best samples are M40 and S40 where a
linear variation of an versus sin*(y) for Cr and for Fe are obtained separately with equal in-
plane lattice parameters. This attests an in-plane coherent Fe on Cr as observed by HRTEM.
However, for all the samples, significant compressive stresses are generated. For MB, SB,
M@ and S@, the highest compressive stresses were obtained. These high compressive residual
stresses are not due to the thermal stress since we calculated a value of about +0.206 GPa and
+0.5025 GPa for the growth of Cr on STO and MgO resp. which are very small. A high
compressive residual stress is usually due to the atomic peening effect [17], [18] caused by
energetic particles as sputtered atoms and sputtering-gas atoms leading to the densification of
the microstructure. Based on the literature and on EELS analyses, we think that one of the
origins of the strong compressive stress is the diffusion of oxygen impurities at the interstitial
sites of Cr@400°C network after its epitaxy since the base pressure of the sputtering chamber
is not perfect and the cooling process of the films cannot be accelerated. Theoretical
predictions of D'Heurle and Chason showed that oxygen has a considerable effect on the
stress that occurs in samples prepared by sputtering [19]. Indeed, during the growth, oxygen
impurities that adsorbed on the surface of the film and can later diffuse in the interstitial sites
of the network of the film leading to compressive stress within the film. This is consistent
with our results.
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Concerning the magnetic properties, we showed that hysteresis curves of Fe layer measured in
both parallel and perpendicular configurations could be influenced by the Fe growth
temperature and also by the nature of the substrate. Only the M40 gives an M-H loop that was
as expected for the growth of Fe on (100)-oriented MgO substrate. The decrease of Fe growth
temperature gives rise to a higher in-plane magneto-crystalline anisotropy thanks to an
improvement of the epitaxy and the presence of small stress in Fe layers. The smallest value
of Ha is achieved when Fe is deposited at 400°C. A high coercive field obtained on these
samples can be attributed to the oxygen defects which trap domain walls [20]. These two
observations (small Ha and high Hc) can be correlated with the lower epitaxial quality due to
the local diffusion of Fe atoms in Cr since both HAADF-STEM image and EELS profile of
Cr@400°C\Fe@300°C interface indicate a possible interdiffusion of Fe and Cr. This local
diffusion of Fe may introduce randomness in magnetic pair bonds leading to the reduction of
the interface anisotropy.

In the perpendicular geometry, the shapes of M40 and S40 M-H curves are as expected with
the Ha values equal to the one of Fe bulk. For very low Hex (see Figure III-31), other small
hysteresis cycles are present with a much larger coercive field and a smaller M/M; amplitudes
than the values obtained in the parallel configuration. Weak hysteresis curves with a very
large coercive field are attributed to CrOz ferromagnetic that is formed in Cr buffer layer. The
bias in the curve of S40 can be caused by the Cr203 anti-ferromagnetic oxide which is formed
at Cr\Fe interface as shown by HAADF-STEM image of Cr@400°C\Fe@RT for M40 sample
(Figure III-10).

These results confirm that the magnetic properties of the Fe layer are directly influenced by
the structural properties and also the residual stress evolution in Cr\Fe\Cr tri-layers deposited
by dc magnetron sputtering. Besides, the nature of the substrate also plays an important role
on the magnetic behaviors of the tri-layers.
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Chapter IV

Results on the samples
prepared by MBE

We have shown that a very good epitaxy of the tri-layers by sputtering is possible when the Fe
layer is deposited at room temperature on MgO(100) and STO(100) substrates with a Cr buffer
layer deposited at 400°C. However, due to the inertia of the sputtering sample holder and to the
medium quality of the vacuum in the sputtering chamber, the presence of metal oxides at Fe\Cr
interfaces and the diffusion of a small content of oxygen inside the layers make it impossible to
determine the variation of moments at the Fe\Cr interfaces. Therefore we chose to continue the
growth of tri-layers using MBE. One of the advantages of MBE is the low vacuum pressure of
the system which is about 3 orders of magnitude lower than in our sputtering chamber and will
allow a significant reduction of the pollution of the sample by eventual impurities from the
growth chamber. Other advantages are the slower growth, the lower energy of atoms when
landing on the surface and the possibility to perform RHEED characterization of the crystalline
surface of the layers after each step of deposition. The disadvantage of our MBE is that the
growth is much longer and specially for the multilayers. That is why our first attempts to grow
the samples were with the sputtering.

IV.1 Deposition of the samples

The optimization of the growth condition of Fe and Cr on a MgO(100) substrate has been done
by David Halley et al on the MBE machine [1], [2], [3]. We could use the same growth
conditions for the elaboration of the series of Fe\Cr\Fe tri-layers. For that reason, we started by
this series.

IV.1.1 Substrates preparation and growth of the MgO buffer layer.

MgO(100) and STO(100) are mounted on the same sample holder and introduced together in
the chamber. When the high vacuum is reached (about 10 mbar after 4 hours), the substrates
undergo a step-by-step heating toward high temperature and annealed overnight (the final
temperature is 600°C'). As for the sample prepared by sputtering, this step allows to remove
residual gazes adsorbed on the substrates (CO, CO2 or H20) and to extract the carbon contained

! This temperature corresponds to the value displayed on the thermocouple and not the exact value of the sample
temperature.
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inside the single crystal. RHEED patterns reveal rods and spots (see Figure IV-1a), meaning
that the surface of the substrates is rough. The presence of Kikuchi lines confirms the good
crystalline quality of MgO and STO substrates.

We performed some AFM images in order to quantify the surface roughness (Figure IV-1(c,
d)). AFMs topography images of the STO substrate revealed well-defined steps on the substrate
(the AFM scans were performed with a 45° angle relative to the STO substrate edges),
indicating smooth surface. From AFM set-up, we deduce the roughness parameters as the
maximum height of the roughness (0.6 nm), the average maximum height of the roughness
(0.375 nm) and the root means square (0.094 nm) which are very small.

=[] % [wrm]

Figure IV- 1: RHEED patterns of a STO(100) substrate at 600°C before (a) ([010] azimuth) and after
(b) the growth of 20 nm of MgO buffer layer ([011] azimuth). Corresponding AFM topography images
(c) and roughness profiles (d).
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Figure IV- 2: RHEED patterns of a MgO(100) substrate at 600°C before (a) and after (b) the growth
of 20 nm of MgO buffer layer ([011] azimuth). Corresponding AFM topography images (c) and
roughness profiles (d).

This indicates an almost flat surface of the STO(100) substrate. The MgO(100) surface shows
large terraces containing some bright dots which may be carbon clusters (Figure IV-2c). The
maximum height of the roughness is about 2.2 nm for the terrace and 6 nm for the bright dots,
the average maximum height of the roughness of 0.83 nm and the root means square is 0.2 nm.
This strong roughness may be due to the diffusion of the carbon (bright spot on the AFM image)
contained in the MgO single crystal. Such a roughness profile is not acceptable for the system
we want to study. Moreover, we have observed a better epitaxial quality on MgO(100) than on
STO(100) in the previous chapter. As STO is interesting for TEM cross-section preparation, we
used a MgO buffer layer on both substrates to start the growth on a clean and flat surface.
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A growth of a buffer layer is needed to improve the MgO substrate morphology and to block
the migration of carbon at the surface of MgO. A high growth temperature increases the
mobility and the ordering of Mg and O atoms on the surface. After the growth of a 20 nm thick
of MgO at 600°C on both substrates, the rods from RHEED patterns become narrower and more
visible confirming that surface is “flat”. This is excellent for our study. With a 20nm thick MgO
buffer layer, we expect a better nucleation of the Fe (or Cr) layer on the substrates which may
lead to an improvement of the structural and magnetic properties.

IV.1.2 Growth of the buffer layers and of the tri-layers

The first Fe layer was deposited at room temperature with a 0.2 A/s deposition rate. The
RHEED diffraction patterns reveal in general both rods and spots, meaning that the Fe deposited
at room temperature is rough (Figure IV-3). This is the reason why the annealing is essential to
reduce the roughness Fe buffer layer and maybe improve its structural quality. Indeed, the
annealing gives additional energy to Fe surface atoms, allowing them to cross the so called
Ehrlich Schwoebel potential barrier [4], [5] and then diffuse through the edges of steps.

Figure IV- 3: RHEED patterns at the different steps of the growth on MgO(100): (a) Fe deposited at
RT on MgO(100) ([010] azimuth), (b) Fe annealed at 500°C ([010] azimuth), (c) Cr deposited at RT
([011] azimuth) and (d) Fe deposited at RT ([011] azimuth).
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Figure IV- 4: RHEED patterns at the different steps of the growth on STO(100): (a) the Fe deposited
at RT on MgO ([010] azimuth), (b) Fe annealed at 500°C ([010] azimuth), (c) Cr deposited at RT
([011] azimuth) and (d) Fe deposited at RT ([010] azimuth).

After annealing at 500°C for about 2 hours, well-defined and narrower rods are observed on the
RHEED patterns. The Cr layers and then the Fe layer are deposited at a temperature lower than
35°C to avoid the intermixing at the interfaces. For both Cr and Fe, the deposition rate is 0.2
A/s. The RHEED images reveal the epitaxial growth and the low surface roughness of Fe and
Cr layers. A 5-10 nm gold (fcc structure) layer is deposited at room temperature to protect the
samples from oxidation. We prepared samples with different thickness Y= 2, 5, 10, 15, 20, 25,
and 30 nm in order to deduce the mean moment of the iron and the modification of its value at
the interfaces. In the following, the tri-layers will be named TXFY for XO\MgO 20
nm\Fe_Y\Cr_Y\Fe Y\Au 5 nm, with Y =2, 5, 10, 15, 20, 25, 30 nm and X=M for XO=MgO
and S for XO=STO. For comparison, Fe buffer layers were also prepared and will be called
BXFY = XO\MgO\Fe Y\Au with Y=10, 20, 40 nm.

In the same perspective of the precise determination of Fe moment at Fe\Cr interfaces, a second
tri-layer series was deposited starting with Cr layer deposited at 400°C. The study on sputtering
deposited samples showed that this was optimal for the deposition of a Cr buffer layer. After
cooling down to RT, the Fe\Cr bilayer and the gold coverage layer were deposited. The RHEED
patterns of the different layers show that the surface quality is good. In this manuscript, these
Cr\Fe\Cr tri-layers will be called TXCY for XO\MgO 20 nm\Cr_Y\ Fe Y\Cr_Y\Au 5 nm,
where Y= 10, 20, 40 nm. Their study is described in IV-5.
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Figure IV- 5: Architecture of Fe buffer layers on MgO(100) and STO(100). The Cr buffer layer was
deposited only on STO(100).
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Figure IV- 6: Structure of Fe\Cr\Fe tri-layers (left image) and Cr\Fe\Cr (right image) on MgO(100)
and STO(100).

Two 10 nm of Cr buffer layers on STO substrates were also prepared for comparison with two
methods prepared at 400°C and prepared at RT and annealed after it at 400°C. We called the
samples BSC400 =STO\MgO\Cr@400°C\Au and BSCRT= STO\WMgO\Cr@RT _annealed@
400°C\Au. Their study is described in IV-4.

The same growth conditions were used for all the samples in order to study the relation between
the structure, the stress and the magnetism as a function of the nature of the substrate.

IV.2 Analysis of Fe buffer layers

Prior to the growth of the Fe\Cr\Fe tri-layers, we deposited Fe with different thickness (Y= 5-,
10- and 20 nm) and then studied their structural and magnetic properties. In fact, the best epitaxy
of the first Fe layer is necessary for the good structural and magnetic properties of Fe\Cr bi-
layer and multilayers. This Fe layer is considered as a buffer layer for the epitaxy of Cr\Fe bi-
layers and multilayers.
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IV.2.1 Thickness determination
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Figure V- 7: XRR of single Fe layer on MgO and on STO.

The first analysis is to determine the thickness as well as the roughness of the layers by XRR.
The Figures IV-7 show the x-ray reflectivity of the Fe buffer layers deposited on MgO and
STO. The black dotted curves represent the experimental data and the red solid curves stand for
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the fitted data. The insert tables are the results of the fit. For the fitting, we used a constant value
of the Fe density of 7.8 g/cm®.

We did not include the MgO buffer layer in the fitting procedure because it has the same density
as the MgO substrate. One can see well-defined Kiessig oscillations for both Fe and Au layers
on MgO and on STO substrates. For the growth on STO, the interference oscillations due to the
MgO buffer layer are also present in the pattern because the technique is sensitive to the density
difference between the layers (5.12 g/cm® for STO and 3.58 g/cm® for MgO). This explains the
difference between the reflectivity patterns for the growth on STO and those on MgO. Many
and well-defined fringes are observed up to the value of 26 =18° for the growth of Fe buffer
layer on STO(100), indicating a very flat and smooth interface between the first Fe layer and
the MgO buffer layer on the substrate as shown by AFM images (see Figure 1V-2). All the
Figures also show a faster vanishing of the fringes with the increase of the Fe thickness on MgO
substrate than on STO, which indicates that the layers on MgO substrate are rougher than those
on STO. This higher roughness may affect the structural and the magnetic properties of the
samples on MgO. The values of the roughness deduced from the fitting are underestimated.
This is why the fitting do not overlap on the experimental data. However, the obtained values
of the thickness are very precise since the thickness of the layer is not deduced from the
amplitude, but from the period of the oscillations. The thickness values of Fe layers are close
to the nominal thickness with an error bar of 6.8%.

IV.2.2 Structural properties

Texture in BXFY

The Figure IV-8 shows the 620 scans of the Fe buffer layers with various thicknesses. For all
the samples, the diffractions patterns show that besides the (K00) intense peaks of the MgO and
STO substrates, a (200) peak from the (200) planes of Fe layers is observed. This indicates a
texture of the Fe layers with a growth direction along [100] of the substrates. The presence of
supplementary peaks at the Bragg angles 20 = 44.44° and 97.89° corresponding to the (200)
and (400) peaks of the Au layer attests that the capping layer is single crystalline. X-ray intensity
of Laue oscillations are observed around the gold (200) peak. These coherency oscillations are
indicative that the Au film thickness is extremely uniform and that the surface between the gold
layer and Fe buffer layer is extremely flat. Laue fringes of Au and of the buffer layers as well
become more visible thanks to a better texture of the layer when the thickness increases.

From the spacing of the oscillations peaks, the gold thickness was calculated to be 5.83 nm
thick for the BMF20 sample (with the best defined Laue oscillations), which is in agreement
with the x-ray reflectometry results. For the Fe layers on STO, the (KOO) peaks of the MgO
buffer layer are also present on the diffraction pattern, attesting that MgO is single crystalline.
In all cases, the Bragg position of the (200) and (400) peaks are respectively around 20 = 44.89°
and 93.80°. The MgO out-of-plane lattice parameter deduced from the value of 26 = 93.76° of
the (400) buffer layer peak on BSF5 is about 4.2211(9) A. This means that a 20 nm of MgO
buffer layer is almost fully relaxed on STO with a small tensile out-of-plane dilatation of about
0.24(2)% and a small compressive in-plane strain equal to -0.55(5)% (deduced with a Poisson
coefficient of 0.180(5)). For the growth of the MgO buffer layer on the MgO substrate (homo-
epitaxy), no distortion of the MgO lattice parameters caused by the epitaxial misfit is expected,
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but other factors as the roughness of the substrate, the diffusion of contaminants in the buffer
layer and the presence of an oxide layer at the interface may affect the structure of the sample.
This will be discussed later. The (200) Fe peaks (Figure IV-8) were fitted with an asymmetric
pseudo-Voigt function to extract the peak position and the full width at half maxima (FWHM)
which are used to determine the coherence length L, the lattice parameter a1 and the strain
along the growth direction &1 (see tables IV-1 and IV-2). Higher values of the 20 position than
the bulk value (expected at 20 = 65.05°) indicate a compression of Fe in the out-of-plane
direction. The values of the out-of-plane crystallite sizes L vary from 7.281+0.009 nm to
12.97440.009 nm for the thickness of 10 nm to 20 nm on MgO and from 4.001£+0.008 nm to
13.78+0.011 nm for 5 nm to 20 nm thick Fe for the growth on STO substrate which are slightly
smaller than the nominal thickness. These high values of the average crystallite sizes are an
indication of the good out-of-plane coherence length of Fe grains on the MgO buffer layer for
all the samples. We also notice that for both BMFY and BSFY samples, the out-of-plane strains
are in compression. This will be further discussed later.
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Figure 1V- 8. 6-20 scans on Fe buffer layers on STO.
Table IV- 1: Parameters deduced from the #—28scans of BMFY samples.
Y*(nm) | 26(°) FWHM (°) | Li(nm) aL(d) EL (%)
BMF10 | 9.93 65.28+5E-3 | 1.168+0.015 7.281+0.009 2.8575+2E-4 | -0.330+0.008
BMF20 | 18.87 65.40+ 5E-4 | 0.660+0.012 | 12.974+0.009 | 2.8517+2E-5 | -0.470+0.002
Table IV- 2: Parameters deduced from the 6-26 scans of BSFY samples
Y#(nm) |26(9 FWHM (°) | Li(nm) al(d) EL (%)
BSFS5S 4.66 65.60+ 1E-2 | 0.899+0.013 | 4.001+£0,008 | 2.8439+4E-4 | -0.74+0.02
BSF10 9.83 65.62+ 3E-3 | 0.487+0.003 | 7.466+0,017 | 2.8432+1E-4 | -0.78+0.01
BSF20 19.32 65.57+ 6E-4 | 0.269+6E-4 | 13.78+0,011 2.8451+£2E-5 | -0.69+0.003
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Crystalline quality in BXFY

The Figure IV-9 shows the rocking curves at the Fe (200) Bragg reflection peak on MgO and
on STO. The width and the intensity of Fe (200) Bragg peak depend on the thickness of Fe
layer. As the thickness increases, the Fe peak gradually becomes sharper and more intense
thanks to the improvement of the preferentially well-aligned grains of Fe on the substrates. For
the same thicknesses of the Fe layer, we note that the intensity of BSFY samples is higher than
that of the BMFY samples which may be due to the roughness of MgO substrate before and
after the growth of MgO buffer layer as shown by AFM and reflectometry analyses. The
increase of the in-plane sizes of Fe crystallites Dy is a sign of a high degree of crystallinity of
Fe when its thickness increases.
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Figure V- 9: (left image) @ scans on BXFY, (right image) In-plane coherent length versus “Y”.

Epitaxy in BXFY

To further study the epitaxy and determine a possible epitaxial relationship with the substrate,
pole-figure maps and TEM analysis were performed. For pole Figures, the measurements are
done on the {110} Fe reflection (20 =44.5°). The Figure IV-10 shows the results of the Fe layer
on MgO and on STO substrates respectively including the plot of the maximum intensity as a
function of the thickness of Fe layer.

Quarter pole figures were acquired in steps of 3° in ¢ and in . All the Fe layers show epitaxial
growth characteristics on both MgO and STO: a single (110) reflection of Fe close to the angles
d=45° and y= 45° is attributed to an epitaxial relationship Fe(100)[011] // XO(100)[010] for
X0O=MgO or STO. The intensity does not vary linearly because the epitaxial quality improves
with the thickness. An increase of the Fe layer thickness leads to a narrow and increased intense
of the (110) Fe reflection. Two supplementary strong and circular spots are also present: the
first at the origin of the pole figures and the second at the edge of the pole figure. These spots
correspond to the reflection of the gold single crystalline capping layer. For a non-crystalline
gold layer, these spots are not present at these specific positions on the map as it will be shown
latter on the pole figure of the Cr buffer layer (see part IV-4.2).
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Figure IV- 10: Pole figures of Fe buffer layers on MgO and on STO substrates.

TEM analysis has been done on cross sectional STO\Fe20 nm sample with the beam direction
along the [010] zone-axis of the STO substrate. The Figure IV-11 shows a HRTEM image of a
single Fe layer deposited on STO, including the MgO buffer layer and the capping layer of Au.
Well defined (100) planes of Fe going from the substrate to the surface of the Fe layer indicates
that Fe is textured along the [100] directions of the substrate, this is consistent with the
0-20 scans. The (011) plane family of Fe along the MgO\Fe interface attests the epitaxy of the
Fe layer on the STO through the MgO buffer layer.

Figure IV- 11: HRTEM image (left image) and diffraction pattern (right image) of the first Fe layer on
STO including the MgO buffer layer.
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The Figure IV-11 also shows the diffraction pattern on the sample. The diffraction spots of
STO, MgO and Fe along the in-plane and the out-of-plane directions confirm the good epitaxy
of the Fe layer. The most intense spots are the substrate reflections and the less intense ones are
the diffraction of (100) and (011) plane families of the MgO buffer layer and the Fe layer. Along
the [001] direction, the diffraction spots of STO, MgO and Fe are almost at the same position.
This corresponds to a coherent in-plane growth of Fe with a 45° rotation of the lattice which
induces an out-of-plane dilatation (tensile strains) of the Fe lattice parameter in the [001]
direction due to the epitaxy. The epitaxy relationship is Fe (100) [011] // STO (100) [010], in
agreement with pole figure measurements.

Stress analysis in BXFY

In order to have comprehensive information on the residual stress evolution in Fe buffer layers,
x-ray stress analyses were made on the samples. The Figure IV-12 gives the ank versus the
sin’*(y) variation for some reflections of Fe on MgO and on STO. The Figure IV-13 shows the
strain evolution in Fe layer deduced from sin?(y) (in green on STO and in red on MgO), and
the strain in MgO buffer layer (in black) deduced from 6—-260 scans on BSFY samples. The in-
plane strain of MgO were deduced using a Poisson’s coefficient of 0.18. We fin a strain between
-0.5 and -0.3%, which correspond to a MgO in-plane lattice parameter between 4.19 and 4.20
A instead of 4.2112 A in bulk.

As shown by Figure IV-12, the plot of Fe ank as a function of sin*(y) indeed follows a linear
evolution with values of the in-plane lattice parameters higher than that the out-of-plane values,
attesting that the stresses in Fe layers are bi-axial and in tension. The highest in-plane lattice
parameter is observed in BSFS5. It decreases when the thickness of Fe increases. For the BMFY
samples, the in-plane strains are more constant and smaller than for BSFY samples. The strains
associated to these lattice parameters (in-plane and out-of-plane) follow the same trends for
BSFY samples and for BMFY samples: decreasing in amplitude when the thickness increases.

The results obtained on STO are strange since we were expecting the in-plane strain to be
smaller because the STO substrate has the smallest lattice parameter (astofioo) = 3.905 A,
amgorioo) = 4.21 A), inducing a smaller lattice parameter of the MgO buffer layer and thus a

smaller misfit for the first Fe layer (@re[110= 4.05 A). To understand this result, we determined
the contribution of the thermal strain due to the temperature change. We obtained a negative
and small value of the Fe in-plane thermal dilatation of MgO as one can see on the Figure V-
13. This attests that the large in-plane dilatation (or out-of-plane compression of the Fe lattice
parameter) cannot be attributed to the presence of thermal stress in the Fe layers.

Another hypothesis is that the “large” dilatation of Fe in BSFY samples can be due to the
mechanism of stress relaxation which is different to that in BMFY samples, owing to the
difference in the lattice mismatch inducing a higher dislocation density for BSFY samples than
that for BMFY samples (see the illustration on the Figure [V-13).
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Figure 1V- 13: Variation of in-plane and out-of-plane strains of Fe buffer layers (in green on STO and
red on MgO) as a function of the thickness. It also includes the out-of plane strains of MgO buffer
layers (in black) deduced from 6—26scans. In MgO, the in-plane strains are deduced using a
Poisson’s coefficient of 0.18. On (a) and (b) illustrations, ¢; and &,” correspond to the strains due to
the epitaxy of the MgO buffer layers on the XO substrate; &> and &’ correspond to the strains due to
the epitaxy of the Fe layers on the MgO buffer layer. We observe that the strain of Fe is smaller on
STO\WMgO than on MgO\MgO.

Indeed, for the growth of MgO buffer layer on STO substrate, some misfit dislocations are
generated at the MgO buffer layer bottom due to the high misfit of -7.43% between the lattice
parameters of the STO and the MgO buffer layer. These dislocations correspond to one plane
of MgO missing every 13 or 14 planes of STO perpendicularly to the STO\MgO interface. They
generate some threading dislocations through the MgO buffer layer so that a huge density of
dislocations is present in the MgO buffer layer. When the Fe is then deposited on MgO buffer
layer, some dislocations from the MgO buffer layer can be annihilated at the MgO\Fe interface
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to relax the Fe layer. News dislocations can be also created in the Fe layer (one additional Fe
plane every 28 MgO planes perpendicularly to the MgO\Fe interface) for its relaxation due to
the mismatch between MgO and Fe lattice parameters.

The decrease of stress for the samples on STO when the thickness increases may indicate a
better relaxation of Fe layer. The dislocations present in MgO due to the epitaxy of MgO buffer
layer on STO substrate may facilitate the relaxation of Fe as these dislocations can be
annihilated. Moreover, Fe can create its own new dislocations as on MgO/MgO. This is
consistent with Saloaro et al results who indicate a better relaxation of the epitaxial thin film
through the defects formation when the lattice mismatch is high enough [6].

As the thickness of Fe increases, a small remaining strain is observed meaning that the Fe layer
is not completely relaxed. For the BMFY samples, the density of dislocations is smaller. As the
thickness increases, it becomes more difficult for Fe layer to produce a sufficient number of
dislocations for its relaxation. This is very common in the epitaxial metallic layers to have small
remaining stress.

Assuming that stress are bi-axial, we deduced the Poisson's ratio of Fe from the relation
e/=-(1-v)/(2v) x &, which is equivalent to v=1/(1-2¢//e1). We obtained an average value of
0.4 which is close to 0.36 [7]. The Poisson's ratio of 0.4 was used to determine the free of stress
lattice parameter. It is shown that a wrong value of Poisson’s ratio affects the relaxed lattice
parameter and the swelling as well inducing some wrong interpretation of the result. With the
Poisson ratio of 0.4 for Fe, we have deduced the swelling and the bi-axial stress (table IV-3)
which follows the same evolution as above explained. As the Fe thickness increases, residual
stress decreases significantly for the BSFY sample whereas it increases consistently for the
BMFY samples (table IV-3).

Table 1V- 3: Swelling and Residual stress deduced from sin?(y) plots.

Y BMFY BSFY

Sa o/ (GPa) Sa o/ (GPa)
5 0.122+0.077 1.04+0.38 0.273+0.038 2.69+0.64
10 0.164+0.041 1.454+0.38 0.082+0.088 2.43+0.73
20 0.098+0.03 1.68+0.43 0.093+0.031 2.11+0.54

IV.2.3 Magnetic properties

Magnetic characterizations were performed ex-situ using the AGFM measurements at RT as
shown on the Figure IV-14 on BMFY and BSFY samples. First, a linear diamagnetic
background has been subtracted (contributions from the substrate and from the capping layer).
The magnetic moment in emu was then normalized to the volume to obtain the atomic moment
of Fe in us. In this context, the volume considered is given by the thickness of the Fe layer Y
(determined by XRR) multiplied by the precise value of the surface S of the sample.
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Figure IV- 14: M-H hysteresis loops for BMFY and BSFY samples. In brown dot-dash line: the partial
cycle expected in bulk Fe with the magnetic field along [011].

We observe that in all cases, the hysteresis curves are almost identical (except in BMFS5) with
the magnetization axis along the [011] direction as expected and a similar coercive field He (see
Figure IV-15). This is due to an improvement of the structural quality of thick Fe layer. The
magnetic moment of Fe is close to the expected value, for all samples except for BMF5. A
significant decrease of the Fe magnetic moment is observed in BMFS5, the 5 nm-thick Fe layer
deposited on MgO, and can be explained by two reasons: The first reason is the intrinsic
roughness of the substrate. Indeed, Sangwal et al have shown that for a very thin layer of Fe
grown on MgO substrate, if the amplitude of elementary step on the MgO substrate is higher
than the thickness of the Fe layer, the coalescence of Fe platelets will not occur [8] inducing a
very large coercive field. In our case, the height of each MgO terrace including the height of
carbon clusters is between 1.24 to 2.5 nm along the (100) axis, as shown by AFM in the figure
IV-2 of section IV-1. Thus the growth of a 5 nm-thick Fe layer on MgO could result in isolated
Fe platelets. The second reason can be the presence of a magnetic dead layer caused by the Fe
oxidation at the bottom interface through the reaction with MgO [9], [10] which is difficult to
determine by XRR because the densities of Fe oxide layer and MgO are close. The interesting
information given by XRR is the fast decrease of the Fe Kiessig oscillations for BMF5
compared to those on BSF5 as a sign of a higher MgO substrate roughness.
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Figure IV- 15: Plot of H¢ as a function of Y for BMFY and BSFY samples.

IV.3 Fe\Cr\Fe tri-layers
IV.3.1 TEM analysis

We performed TEM on TMF30 and one tri-layer in order to determine the thickness of each
layer and study their epitaxial quality. The tri-layer was prepared by FIB in cross section in
order to be analysed along the growth direction where the succession of the layers on the
substrate can be observed.

The Figure IV-16 presents a low magnification HAADF-STEM image with the direction of
observation along the [010] zone axis. It clearly reveals that the Fe buffer layer, Cr and Fe layers
and the gold capping layer are continuous. The MgO buffer layer cannot be identified because
it has the same Z-contrast as the MgO substrate. A very thin layer with different contrast is
observed at the MgO\Fe interface. For the other interfaces, the almost identical chemical
contrast between Fe and Cr layers at Fe\Cr interfaces suggests that these interfaces are abrupt.
The Fe\Au interface also appears as smooth. The thicknesses were evaluated to 28.5 nm, 28 nm
and 29.5 nm and 6.5 nm for Fe buffer, Cr, Fe and Au capping layers resp. These values are just
approximate because of the resolution problem of different layers.

The electron diffraction pattern was also performed on the TMF30 sample as reported on the
Figure IV-17. In the in-plane direction, the narrow (002) spot of the substrate is superposed on
the (002) spot of the MgO buffer layer and on the (011) reflection of the tri-layer, indicating a
coherent in-plane growth of the Cr and Fe. Along the out-of-plane direction, the presence of
(200) spot for both Fe and MgO is a sign of a good textural quality of the tri-layers along the
growth axis of the substrate. The epitaxial relation is deduced from the diffraction pattern and
is written as MgO(100)[001] \\ Fe (100)[011] \\ Cr(100) [011].
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Figure IV- 16: HAADF showing the superposition of MgO buffer, Fe, Cr, Fe, and Au layers on MgO.
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Figure IV- 17: Diffraction pattern of TMF30 sample.

IV.3.2 XRR characterization

The Figures IV-18 to 21 show the reflectivity spectra for the Fe\Cr\Fe tri-layers deposited on
MgO and STO, TMFY and TSFY with Y =2, 5, 10, 15, 20, 25, 30 nm, the thickness of each
layer. All the x-ray reflectivity curves reveal a drop of intensity after the critical angle 26. as
expected. We observe for TMF2, TMF5 and TSF2 samples, a fast vanishing of the Kiessig
oscillations’ amplitude as a sign of a strong roughness of the substrate. When the thickness of
the tri-layers increases, the x-ray reflectivity patterns show well-defined Kiessig oscillations.

On the XRR, there is no contrast between Cr and Fe because they almost have the same density
and the deposited thicknesses of Cr and Fe are identical. Thus, it was more accurate to perform
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the fitting using only one (Fe,Cr) layer (a) to determine the total thickness of the tri-layer instead
of using in the fitting program two Fe layers “sandwiched” by a Cr layer (b). In the cases (a),
the refinement gives access to 2 parameters for the 3d-metal: the total thickness (d) and the
roughness (o) of the interface with Au. In the cases (b), 6 parameters have to be considered: the
thickness of each layer, the roughness of the substrate and of each interface, but there is a strong
dependence between them. The density of the layers (p) are kept equal to those of the tables
(the average for the 3d-metal layer). The plot of the thickness of the tri-layer obtained by
reflectivity versus the nominal thickness is shown on the Figure IV-22. The thickness from
reflectometry is systematically slightly smaller than the nominal value.
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Figure IV- 18: XRR plots on TMFY and TSFY samples with Y=2 and 5 nm.
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Figure IV- 19: XRR plots on TMFY and TSFY samples with Y=10 and 15 nm.

IV-21



10 _ TMF20 1 10 _ TSF20 1
z z
g i 5| & EE
S S
E; E:
— —
1E-7 H Experiment 1E-7 o Experiment
Fit — Fit
BT 71T 1 711 B ——T—T—T 71T T 711
2 4 6 8 10 12 14 2 4 6 8 10 12 14
20 (°) 20 (°)
Materials  d (nm) pCr) o@mm) d@m) ol
Au 4.76 19.3[--] 0.18 4.82 19.3[--] 0.16
Fe 56.2 7.8 [-] 0.21 55.4 7.8 [-] 0.2
MgO 19.94 3.58]--] 0.19
Substrate  0.0[--] 3.58[--] 0.186 0.0[--] 5.12[-]

Figure IV- 20: XRR plots on TMF20 and TSF20 samples.

For most samples (except TMF5), two sets of oscillations are observed: a large period/ large
amplitude one and small period/ small amplitude one (most pronounced on TSFY samples).
The large period/ large amplitude oscillations come from the gold layer which has a higher
density and a smaller thickness than (Cr,Fe) layers. The oscillations with the small period and
amplitude oscillations belong to (Fe,Cr) layers. We also observe that (Cr,Fe) layers are
smoother when grown on STO than on MgO. For a thickness above 20 nm, the reflectivity
patterns become very similar for all samples, except the fact that in some cases, the slope of the
XRR curve is higher due to a higher roughness of the substrate.
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Figure IV- 21: XRR plots on TMF30 and TSF30.
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Figure IV- 22: Thickness ““d” from reflectometry as a function of nominal thickness.

IV.3.3 Structural properties

1V.3.3.1 Texture

Figures IV-23 and IV-24 show the high-angle 6—26 scans for all the Fe\Cr\Fe tri-layers with
different thickness deposited on MgO and on STO. The 626 scans show that Fe\Cr are textured
along the growth direction of MgO and of STO. A better texture is obtained when the thickness
of the tri-layers increases. A reduction of the tri-layers thickness (for Y= 2 and 5 nm) lead to a
less intense and broad (200) peak because the number of diffracting atoms is small. H00) and
(K00) for the single crystalline gold capping layer and MgO buffer layer (only on STO) are also
observed. Moreover, the presence of Laue oscillations around the (200) peak of Au indicates
an abrupt Au\Fe interface. As can be seen from Figure IV-24, the Laue oscillations are more
numerous and better defined when the thickness of the tri-layers increases. Their occurrence is
a sign of the excellent quality and smoothness of each Fe and Cr layer. The Laue oscillations
around the (200) peak of Au are narrower for the TMF25 and TSF25 compared with other
fringes because a 10 nm of the Au layer was used instead of 5 nm. As the thickness of the tri-
layers increases, the Laue oscillations are well pronounced around the (200) peak, meaning that
the surface of the Fe\Cr trilayer is also extremely smooth for thicker layers. One should note
that the Laue oscillations and the Kiessig fringes give different information. The Kiessig fringes
are only sensitive to the difference in the density between elements but are not sensitive to the
atomic structure of the sample; they can also be observed in liquids [11] and in polycrystalline
materials [12], whereas Laue oscillations are related to the crystal structure. For all the tri-
layers, the intensities of the (200) peaks for TSFY samples are identical within the error bar to
the intensities of the TMFY samples thanks to the presence of the MgO buffer layer. The Figure
IV-25 is a zoom of the 6—26 scans around the (200) peaks of Fe and Cr and the insert graphs
are in logarithm scale for better visibility of the small satellites. Many peaks and satellites are
observed due to the interference effect between Cr and Fe layers as well as the concentration
and the lattice parameters modulations of Fe and Cr. A better resolution is observed for the
XRD patterns on STO.
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Figure 1V- 24: §-20scans of the tri-layers on the STO(100).
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For a more quantitative interpretation of XRD profiles, we have performed some simulations
based on the superlattice construction and the calculation of the diffracted amplitude using eq.
II-13. We described the trilayer as ni planes of Fe with di inter-planes distance, n2 planes of Cr
with d2 distance and n3 planes of Fe with di distance. We assumed that the number of planes in
each layer is integer. We considered that all the Fe\Cr interfaces are abrupt: the concentration
of Cr varies from 0 to 1 discontinuously (taking into account some smoother variation has no
significant effect as long as the thickness of the layers are large compared to the interface
extend, considering the experimental error bars). This assumption was justified by the
characterizations of the multilayers using atomic tomographic probe and EELS profiles (see
Chapter V) and the fact that the Laue fringes around the Au (200) peak show that the layers are
very flat, at least locally. The number of atoms per surface unit of the planes are taken as equal
as we have shown that the fe/Cr/Fe epitaxy is coherent (same a, for Fe and Cr). The most
important parameter is the lattice parameter contrast between Fe ad Cr layers. The Z contrast
alone does not give rise to any satellites (see Appendix 2.2). The signal has been convoluted by
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a gaussian of width & to take into account the experimental resolution and some thickness
distribution. The parameters of the adjustment were thus: ni, n2, n3, di, d2, and §. We gave the
possibility to have ni < n3 because the first Fe layer is not always totally coherent contrary to
the other two (some mis-oriented grains, the presence of defects in the first Fe layer as

dislocations or of a thin oxide formation at Fe\MgO interface). The results are presented on
Figure IV-26

3.00 3.00

Brar™ gz [ L Bray= Bpgn [ L
Qo e TMFY A, voa TSFY
a, " a3 ag, " a.
205 L a, i 2054 v 2 G
=z =
B b
g T
£
S 2.00 - » ® 290
- S I "SR b _E_ kD Lo P PRI, (RN, NN S U, -
R = L e e i R
] ]
= 285+ 4 < 4 < d = 285 & A
< A A K A
2.80 ; 2.80
0 5 10 15 20 25 30 0 5 10 15 20 25 0
Y Y
e T 35
" d, e Oy
g = d
a0 *® e . | g .
= [t TMFY 4 T i, maa., TSFY 2
E254| g & £254|0 «
@ o @ S g
g’zo ® . 2 a5 L]
] — a . o unw'd B .
.‘—E- 5 T e - é e @
- 15 = 15
3 = - = -
2 2 - = p
5 104 < . 3 10 = -
£ . £ .
. » -
5 5 ¥
0 T T T T T T T . o ; T T T : : T -
0 10 20 30 40 S50 60 70 8 0 0 10 20 30 40 50 B0 TO B0 90
reflectometry total thickness (nm) reflectometry total thickness (nm)

Figure IV- 26: Lattice parameter (top) and individual thicknesses (bottom) deduced from the least
square fits of 626 patterns around the (200) (Fe,Cr) Bragg peak in TMFY and TSFY samples. The
dot-dashed lines show the bulk values (top) and the black lines (bottom) show the individual thickness
expected from XRR results.

We obtained simulated diffraction scans that are superimposed on the experiment. Figure V-
27 shows the example of TMF20. The red line corresponds to the diffraction without
convolution and the orange one after convolution. This is also the case for all the tri-layers on
MgO and on STO (Figure 1V-28). The fit is only qualitatively improved by the asymmetry of
the Fe layers (this was not successful in the thinnest and thickest samples). Note that the
important parameter is the total coherent Fe thickness dre1+dres in the asymmetric case is very
close to 2dre in the symmetric case. There is some anomaly in TMF10 (too large are; we do not
understand why) and TXF25 (too small thicknesses compared to reflectometry thickness that
was too large on Figure IV-22). The lattice parameter results will be discussed in the 1V.3.3.4
paragraph on stress analysis.
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Figure IV- 27: Measured and simulated 6—2¢ patterns performed around the (200) Bragg peak for
TMF20 samples.
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Figure V- 28: Measured and simulated 6—26 patterns performed around the (200) Bragg peak for
TMFY and TSFY samples. The angle deduced from ar. and acr are shown as vertical bars.
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1V.3.3.2 Crystalline quality

The Figure IV-29 shows the rocking curves at the Fe\Cr\Fe (200) Bragg peak of the TXFY tri-
layers. Thanks to the simulations, Cr and Fe peaks can be identified separately. As the thickness
of the tri-layer increases, the Cr and the Fe peaks gradually become sharp and more intense
thanks to the improvement of the preferentially well-aligned grains of Fe and of Cr on the
substrates. For the same thickness of the tri-layers, the intensity of Fe layers is twice that of Cr
layer in the tri-layer.

The values of the FWHM as reported on the Figure IV-30 vary from 1° for thinner sample to
0.21° for single Fe and Cr peak. This indicates a very good crystalline quality for both Cr and
Fe layers when the thickness increases. Higher values of FWHM are obtained in thinner tri-
layers (for Y=2 nm and Y=5 nm samples) may attest a higher fluctuation of Fe and Cr
crystallites orientation at the beginning of the growth.
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Figure IV- 29: w scans for the tri-layers on MgO and on STO.
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Figure IV- 30: FWHM for Fe (full square) and in Cr (empty square) as a function of the thickness of
the tri-layer. The empty triangles stand for the FWHM on a single (200) peak of Fe\Cr\Fe peaks in
small thickness samples.

1V.3.3.3 Epitaxy: Pole figures and TEM analyses

Pole Figure measurements on the {110} (Fe,Cr) reflection (26 = 44.5°) were performed on all
the tri-layers (Figure IV-31 and IV-32). The pole figures have the characteristics of an epitaxial
growth: a single (110) reflection of Fe and Cr close to the angles ¢=45° (relative to the {020}
peaks of the substrate) and y=45° is attributed to an epitaxial relationship M(100)[011] //
X0O(100)[010] for M= Fe or Cr and XO=MgO or STO.

This is consistent with the electron diffraction patterns of Figure IV-17 in the TMF30 sample.
However, the broad (110) spot with low intensity observed on the sample with small thickness
(Y=2, 5 nm) indicates that this mosaicity is much larger than for other samples. A shift of the
(110) spot from the expected $p=45° position is observed on some pole Figures; it is due to the
positioning of the sample. A strong and circular spot at the origin of the pole figures corresponds
to the gold capping layer reflection.
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Figure 1V- 31: Pole figures for the (110) Fe/Cr reflection for TMFY samples. The sample is positioned
so that the Fe or Cr reflection is at the ¢ and y location.
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Figure IV- 32: Pole figures for the (110) Fe/Cr reflection for TSFY samples. The maximum intensity
for TMFY and for TSFY sample is plotted as a function of the thickness “Y”’.

1V.3.3.4 Stress analysis

In order to have comprehensive information on the residual stress evolution in Fe and Cr layers,
x-ray stress analyses were made. Besides of the (200) peak, it was possible to measure the
20 values from the (222), (130), (310), (220) and (211) reflections planes despite the low
intensity of some peaks for small-thickness samples. For all these peaks, the uncertainty is
smaller than 10 A. The Figure IV-33 is an example of (200), (220) and (130) maps in the
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reciprocal space for the TSF30 sample measured at different y angles (or o = 6—w angles). The
lattice parameter ank = dnkxsqrt(h?+k2+12) is plotted versus sin?(y) for all observable
reflections on the Figure IV-34. The horizontal dot lines represent the bulk value for Fe and Cr.

For the small thickness samples (Y=2 and 5 nm), only one slope is obtained with almost the
same value of a; and ay for TMF2 and TMF5 samples. We obtain a linear variation of anki
versus Sin?(y) with positive slopes, indicating tensile in-plane stress.
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Figure IV- 33: Maps of TSF30 (with and without Fe and Cr peaks separation).
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Figure IV- 34: The sin?(y) plots for Fe and Cr in TMFY and TSFY

Along the growth direction, Fe lattice parameter is smaller than the bulk value whereas Cr
lattice parameter is almost equal to the bulk value. On both substrates, the in-plane lattice
parameter a/ decreases when the thickness increases showing the stress relaxation in the layers
(Figure IV-34), but the decrease is larger on STO (Figure IV-35). At large thickness of the tri-
layer, in-plane lattice parameters are constant and equal for Cr and Fe showing the coherent
growth of Cr on Fel and Fe3 on Cr.

For a better understanding of strains’ evolution of Fe layers in the tri-layers, we plotted the in-
plane strains for Fe and for MgO buffer layer in TSFY samples. In the MgO buffer layer,
negative and almost constant values of the in-plane strain (about -0.61%; Figure IV-36b) are
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observed due to 1) the misfit of MgO on STO (the number of epitaxy dislocations created during
the growth and the annealing is not large enough to relax the misfit) and ii) the contraction of
the MgO on STO substrate during the cooling of the MgO buffer layer deposited at 600°C due
to the larger expansion coefficient of STO.

2,92
| @ TMFY Y% a, < a,(Fe)
2,90 ° TSFY ® a, MW a(Fe
] * ®
s K K * £ %
- RS
S 2,86
s 1 © © 8 ¥ &
2849 &
2,82
2,80 +
0 5 10 15 20 25 30

Figure IV- 35: Evolution of the in-plane lattice parameter and the out-of-plane lattice parameter for
Fe as a function of the thickness.

For TMFY samples, the in-plane strains is about 0.786+0.04% in TMF2 and has a constant
value of 0.41%at larger tri-layer thickness. Along the growth direction, the strain in Fe layers
1s -1.048+ 0.171% in TMF2 and -0.51% for the other tri-layers. For the TSFY samples, the
Figure IV-36a reveals an exponential-like decrease of the in-plane strains when the thickness
increases. For large Y, tensile strains are identical in the tri-layers on STO and on MgO, but
below 10 nm it is much higher on STO.

We estimated the thermal strains due to the STO substrate shrinkage during the cooling down
to room temperature after the growth of MgO buffer layer at 600°C. We obtained an in-plane
contraction of about 0.574% for the growth on STO and 0.742% on MgO substrate. This
induces a thermal in plane dilatation of 0.17% of the MgO buffer on the STO substrate.
Assuming a Poisson’s coefficient of 0.180(5), as /=-(1-v)/(2v) x €1 =-2.28 x €1, we get €| =-
0.17%/2.28=-0.075%. This value has the opposite sign of the measured out-of-plane strain
measure on MgO (0.15-0.25%; Figure IV-36). Thus, the strain of MgO mainly originates from
the misfit with the substrate (-7.3%) that is not completely relaxed by the formation of epitaxy
dislocations. It is classical that the residual strain is around 1%. The thermal strain has even the
effect to reduce it. We would thus expect smaller strains on STO than on MgO, as the lattice
parameter of MgO in plane is indeed smaller than in bulk MgO. The positive in-plane strain of
Fe, larger on STO than on MgO, has another origin.
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Figure 1V- 36: Plot of in-plane and out-of-plane strains in Fe layers in TMFY and TSFY (a) and MgO
buffer layer in TSFY (b) as a function of the thickness Y. The values in MgO are deduced from the 6 —
20 scans on TSFY samples (&) and calculated with a Poisson’s coefficient of 0.180(5) (&). The red
(black) dashed line shows the estimated in-plane (out-of-plane) thermal strain expected in MgO.

Considering the cooling after the annealing of Fe at 500°C, the thermal strain is between -
0.11% to - 0.17% for Fe. When comparing strains at 25°C (red bullet and purple star on Figure
IV-36) to those at 500°C (blue triangle and pink square), we note that the effect of thermal
strains is almost negligible.

However, for small sample thickness on STO, we observe a strong in-plane dilatation of the Fe
lattice parameter. The EELS chemical analysis of the Fe\Cr multilayer deposited on STO
(Figure IV-37) shows that some Sr atoms are present in the MgO buffer layer and near the
MgO\Fe interface. No titanium atoms were detected. The diffusion of Sr through the MgO
buffer layer in Fe could be at the origin of a dilatation of the Fe lattice near to the MgO buffer
layer. This is consistent with Zhang et al results which show that despite the fact that the Sr has
a larger ionic radius than Mg [13], the diffusion coefficient of Sr in MgO is higher than the one
of Ti in MgO.

Using the result of R. FREER [14], we extrapolated the diffusion coefficient of Sr in MgO at
2.33x10"2” m?/s along the dislocations and between 4x107% m?/s and 1x10">’ m?/s in bulk for the
growth at 600°C. At 500°C, these values are respectively 2x102° m*/s along the dislocations
and between 5x107?” m?/s and 7x102m?/s in bulk MgO oxide materials.

A typical value of the diffusion coefficient of Sr in metals at 500°C is 10! m?/s [16]. The width
of the Sr distribution is after a 2h annealing is (2Dt)">=(2 102'x7200)"?>=4 nm [15].

The size factor as proposed by Hepbrun [17] induces a strain of 0.15% (as observed in TSF5)
for a concentration of 120 ppm of Sr, which is very small and cannot be quantified by TEM.
The average strain will decrease with an allotropic-type function when the pure layer increases.
This function is similar to the measured variation. Thus the dilatation of Fe (Figure IV-36) can
be due to the diffusion of Sr at MgO\Fe interface. Besides, it has been shown by other authors
that the presence of Sr does not change the magnetization of Fe [18]. To summarize, we can
say that a small content of Sr is present at MgO\Fe interface for all the samples on STO. Its
effect is more pronounced near to the MgO\Fe interface, inducing for the smallest thickness
samples a strong stress (Figure 1V-38). With the increase of the thickness, both the bi-axial
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stress and the in-plane stress reduce in TSFY and TMFY samples thanks to an improvement of
the layer microstructure which induces a better stress relaxation in Fe and Cr layer. For a
thickness higher than Y=5 nm on MgO and Y=15 nm on STO, we observed that the bi-axial
stress remains constant when the thickness increases. This indicates that the residual stress is
not sufficient to create more dislocations for a complete relaxation of Fe.
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Figure IV- 37: EELS map on Fe\Cr multilayers deposited on STO substrate.
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Figure 1V- 38: Evolution of residual stress in TXFY as a function of Y.

These results clearly show that the residual stress level in the films is strongly correlated to their
microstructure and the mechanism of stress relaxation in Fe layers. This relaxation behavior
has not been clearly investigated to date. For a deeply investigation of the relaxation process,
one should complete this analysis with the study of the strain relaxation’s mechanism by the
dislocation at MgO\Fe interface and in the layer. This is discussed in Chapter V.
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1V.3.4 Was the MgO buffer layer necessary to epitaxy the tri-layers?

In this manuscript we have highlighted the study of the MgO buffer layer’s effect on the
structure of the sample on MgO and on STO. In this regards, we prepared Fe\Cr\Fe tri-layers
on STO and MgO substrates with and without the MgO buffer layer. The thickness of each
layer is 10 nm. The sample without the MgO buffer layer is named TSF10_no MgO for the tri-
layer on STO and TMF10 no MgO for the tri-layer on MgO. 6—-26 scans were realized on the
tri-layers as reported on the Figure IV-39. For the growth on MgO with and without the buffer
layer, a good texture of the tri-layers with a growth direction along [100] of MgO is observed.
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Figure V- 39: 8 — 26 scans for TXF10 samples with and without the MgO buffer layer.

The intensity of the (200) Bragg peak is slightly higher for the TMF10 sample than for the
sample without a buffer layer indicating that the presence of MgO buffer layer reduce the
substrate roughness. For the growth on STO with no MgO buffer layer, we obtained a very
small (200) Bragg peak of the tri-layer; meaning a poorer ordering along the [100] of STO. The
presence of the (111) peak of Au implies that Au layer is polycrystalline. When the MgO buffer
is used, the (200) Fe\Cr\Fe peak becomes extremely strong compared. This indicates a notable
improvement of the textural quality of the tri-layer on the MgO buffer layer on STO substrate
compared with the “same” sample without a buffer layer of MgO.
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We also studied the crystalline quality of the samples by performing rocking curves scans. The
Figure IV-40 shows that for samples on MgO substrates, the (200) peak becomes narrower with
a two times smaller value of the FWHM when the MgO buffer layer is used.
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Figure IV- 40: w scans for TXF10 samples with and without the MgO buffer layer on MgO (left
image) and STO (right image).

This attests a better crystal quality for the sample with MgO buffer layer thanks to a smoother
and more homogenous MgO\Fe interface. A notable improvement of the crystalline quality is
obtained for the samples on STO where the presence of the MgO buffer layer gives rise to an
extremely intense (24 times higher than for the TSF10 no MgO sample) and narrow peak

(4 times smaller than for the TMF10_no MgO sample).

IV.3.5 Magnetic properties

All the hysteresis loops for the TMFY and TSFY samples were measured with the external field
along the sample edge i.e. the [010] direction of the substrate and the [011] direction of Fe. The
Figure IV-41 shows that in all samples, the magnetization was mainly in the film plane. The
values of the coercive field are similar to the expected values in Fe bulk. In the thin tri-layers,
a small contribution is observed perpendicularly and a large coercive field is obtained for the
samples on MgO, indicating the presence of magnetically decoupled grains, which can be
explained by the roughness of the interfaces that is in these samples of the same order of

magnitude as the thickness.
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Figure IV- 41: M-H hysteresis loops for TMFY and TSFY samples.

For a better understanding, SQUID measurements were done on TMFS5 and on TSF5 samples
with the field applied along the easy axis of Fe in the plane and out-of-the plane (see Figure V-
42). The AGFM curve is plotted on the Figure [V-42 to show that similar result within the error
bar of 3% is obtained for the in-plane measurements using AGFM or the SQUID. In
perpendicular we observe also some contribution of decoupled grains with a large coercive
field. We think that for the growth on MgO, the large coercive field is due to the intrinsic
roughness of both substrate and film, giving rise to a lower structural quality (to the Fe grain
size distribution as observed by the 620 scans and the rocking curves). This is called in the
literature the Néel’s orange-peel effect: the surface roughness of the substrate gives rise to a
random microscopic field (due to dipole—dipole interaction coupling) acting on the interface
spins [19] as illustrated on the inset image (see Figure [V-42).

As the thickness increases, the saturation moment per surface unit increases linearly (Figure
IV-43). The straight lines are the results of the linear fits of the experimental data. The slope is
used to deduce the saturation magnetization of Fe. The obtained values are close to that in Fe
bulk (Ms=1720 emu/cm?) for the tri-layers on MgO (Ms=1705 £ 27 emu/cm?®), whereas they are
slightly higher for the tri-layers deposited on STO (Ms=1813+ 35 emu/cm?®). This small
difference can be due to the higher tensile stress in TSFY samples than in TMFY samples. This
indicates that the nature and the sign of strain can affect the magnetic properties. It is suggested
by Kock that the magneto-striction energy due to the lattice distortion (& ~ 102) in
heteroepitaxial films is expressed as Fmel= Bixe where B1 is the magneto-elastic constant of Fe
bulk B = - 3.44x10°J/m> and ¢ the in-plane strains. Using this expression, we obtained the value
of 5.5x10* J/m? for TSF2 and 3.44x10* J/m* for TSF5. These values are in the same order of
magnitude as the magneto-crystalline anisotropy Fmerindicating that Fmei may compete with Fmer
and stabilize the magnetic anisotropies which are different from the bulk.

The intercept of the Mi axes with the vertical axis gives the contribution of interfaces. We have
obtained values that are not larger than the error bar (Mi =-104 + 273 emu/cm? for TMFY and
M;i = -248 £ 260 emu/cm? for TSFY samples). The obtained M; has a negative sign in both cases
as expected by Freyss [20].
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Figure IV- 42: M-H hysteresis loops in parallel and perpendicular geometries for TMF5 and TSF5
samples.
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Figure 1V- 43: Plot of the magnetization per surface as a function of the thickness of Fe layer for
TMFY and TSFY samples.
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Conclusion on TXFY trilayers

We have prepared Fe\Cr\Fe samples with different thickness Y= 2, 5, 10, 15, 20, 25, and 30 nm
in order to study the structure of the tri-layer and deduce the mean moment of the iron and the
modification of its value at the interfaces. TEM measurements have been performed for the
local study of the structure of Fe\Cr\Fe tri-layers. The HAADF image on the TMF30 sample
reveals a diffusion contrast between Fe and Cr layer indicating that Cr and Fe are not mixed
and the electron diffraction patterns reveals an epitaxial growth of the tri-layers attesting the
good structure of Fe\Cr\Fe tri-layers deposited by MBE. To have the global information on the
structure of the samples, XRD have been done on Fe layers and Fe\Cr\Fe tri-layers. We found
by 6—26 scans that the samples are textured along the [100] direction of the substrates. A better
resolution is observed for the 6—20 scans of the samples on STO substrates (Figure IV-25). The
pole figures maps reveal that the samples are epitaxied. These observations are in agreement
with TEM results. 620 scans, pole figures and rocking curves measurements also reveals that
the small thickness tri-layers on STO have a better epitaxial quality than that on MgO. As
expected, the (200) peaks become narrower and more intense when the thickness of the tri-layer
increases, reflecting an improvement of the out-of-plane coherence length. The decrease of the
FWHM and increase of the intensity of Cr\Fe\Cr(200) rocking curves while the growth
temperature of Fe decreases attests an improvement of the crystallinity.

To further study the structure of the samples, we have analyzed the stress using the sin*(y)
method. For the single Fe layers, we found that the in-plane residual stress is in tension on both
substrates with a higher in-plane dilatation for the Fe layers deposited on STO than on MgO
substrates. The decrease of the in-plane lattice parameters of Fe with the Fe thickness indicates
a better relaxation. In the Fe\Cr\Fe tri-layers, only one slope (Figure IV-34) is observed for
small thickness samples. For the thick tri-layers, a linear variation of ank versus sin*(y) for Cr
and for Fe are obtained separately with equal in-plane lattice parameters attesting an in-plane
coherent growth of Cr and Fe as observed by HRTEM (Figure IV-17). Higher in-plane strains
of Fe in the tri-layer are also observed for the growth on STO compared to the growth on MgO.
On MgO, except for the TMF2 sample, the in-plane residual strain is almost constant whereas
on STO, its amplitude is higher for thin samples. We have attributed this strong in-plane
dilatation of Fe in single layer and in the tri-layers on STO to the presence of Sr impurities in
the MgO buffer layer that diffuses in the Fe layer.

Concerning the magnetic properties, we observe a difference of the in-plane anisotropy with a
hysteresis curves having the expected shape when the thickness of the tri-layer increases. This
is related to the epitaxial quality of the tri-layers. For the small thickness samples (TMF2 and
TMF5), we obtained a large coercive field on MgO which can be due to the strong roughness
of MgO inducing at the MgO\Fe interface a Néel’s orange-peel coupling.

From the plot of the saturation magnetization of Fe versus the thickness of the Fe layer, I
deduced the mean magnetization of Fe called Ms and the global contribution of the moment
from Fe\Cr interfaces Mi. The values of Ms are almost close to the bulk. These results confirm
that the magnetic properties of the Fe layer are directly influenced by the structural properties
and also the residual stress evolution in the tri-layers. Despite the growth of MgO buffer layer
on both substrates, we see that the nature of the substrate still affects the structure and the
magnetic properties of Fe single layers and Fe\Cr\Fe tri-layers. However, the values of Mi
obtained for the tri-layer on MgO and STO are very small. The small magnetic contributions of
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the interfaces could originate from a) the formation of a dead layer at MgO\Fe interface as
suggested in the papers [9] and [10]. b) the contribution of the Fe moment from Fe\Au
interfaces, c¢) the magneto-striction that changes with thickness (constant at high thickness), d)
the presence of Sr impurities which may affect the magnetic environment of Fe atoms. To get
rid of a), b) and c) artefacts and have a better determination of the moment change at the Fe\Cr
interfaces, Cr\Fe\Cr tri-layers have been prepared and investigated.

IV.4 Analysis of Cr buffer layers

Before to study Cr\Fe\Cr tri-layers, we have deposited 10 nm of Cr buffer layers under different
conditions and studied their structural properties.

IV.4.1 Thickness determination

The Figure IV-44 shows the x-ray reflectivity profile for two samples of Cr layer deposited on
STO with a MgO buffer layer. One of the Cr layer was deposited at 400°C because it has been
shown in Chapter III that this temperature allows a good epitaxy of Cr on MgO. Another Cr
layer was deposited at room temperature then annealed at 400°C for about 2 h. We observe
more defined and more numerous fringes when Cr is deposited at high temperature. A fast
vanishing of Kiessig oscillations when Cr is deposited at room temperature indicates that
surfaces and/or interfaces are rough.
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Figure IV- 44: XRR of buffer Cr layers on a STO\MgO substrate.

These results imply that high diffusion of Cr at the surface of the substrates is thus needed for
the epitaxial growth of Cr. The inserted fitting results give a thickness of 12 nm and 13.66 nm
for Cr@400°C and Cr@RT annealed respectively. In the following work, the Cr growth time
was adjusted so that we obtained the expected thickness. A much stronger roughness is obtained
at each interface between elements when Cr is deposited at room temperature and annealed.
The roughness of the MgO buffer layer for Cr@RT annealed is at least six times higher than
that of the MgO buffer for Cr@400°C, meaning that, during the post-growth annealing of Cr
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deposited at room temperature, bulk diffusion is not able to improve the crystallinity and
flatness of the layer (whereas during the growth of Cr@400°C, the surface diffusion of Cer,

much more active, is at work).

IV.4.2 Structural properties

Texture in BSCY

The Figure IV-45 shows the diffraction patterns of Cr buffer layers deposited on STO. For the
two samples, it reveals a texture of Cr along the growth direction of the STO substrate. The
(200) Cr peak is more intense in the BSC400 sample than in the BSCRT sample, attesting a
better texture of BSC400. Besides, the diffraction pattern contains the peaks of the single
crystalline MgO buffer (in BSC400 and RSCRT) and some peaks of the Au capping layer (200
and 400 in BSC400; 111 and 222 in BSCRT). We observe a better relaxation of the MgO buffer
layer in BSC400 (the out-of-plane lattice parameter is 4.2106 £0.001 A). For BSCRT sample,
the out-of-plane lattice parameter is about 4.2204 £0.0004 A.
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Figure IV- 45: @ — 20 scans for Cr buffer layers on STO.
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Table 1V- 4: Position, width and corresponding perpendicular coherence length of the (200) Cr peak.

d* is the thickness determined by XRR.

d*(nm) 20 (°) FWHM (°) D (nm)
BSC400 12 64.77+9E-4 0.909+2E-3 10.35+ 5E-3
BSCRT 13.66 64.75+12E-4 1.024 + 3E-3 7.813+ 4E-3
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The presence of the (111) and (222) peaks of Au (at the Bragg positions 20 = 38.18° and 81.72°)
indicates a (111) texture of the capping layer for the BSCRT sample (texture expected for a
non-epitaxial growth as (111) are the densest planes).

Crystalline quality in BSCY

The ® scans measured on the (200) reflection (Figure IV-46) reveal a higher intensity and a
larger FWHM for the BSC400 sample than on BSCRT sample. The in-plane minimal coherence
length (assuming a zero mosaicity and a zero experimental enlargement), evaluated to 7.719+
0.012 nm for the BSC400 sample and 8.065+ 0.041 nm for the BSCRT sample, are almost
identical table IV-5). This result is close to that of BSF10 sample (7.80+ 0.01 nm). This
indicates a good in-plane coherence length if the buffer layer deposited on the MgO buffer layer
is either Fe or Cr.
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Figure 1V- 46: w scans on Cr buffer layers.

Table 1V- 5: Fitting parameters of the w scan (200) Cr peak. d* is the thickness determined by XRR.

d*(nm) FWHM (°) D/ (nm)
BSC400 12 1.218+0.001 7.719+ 0.012
BSCRT 13.66 1.168 + 0.003 8.065+ 0.04
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Epitaxy in BSCY

A further study of the epitaxy was done by measuring pole figures on the buffer BSCY layers
(Figure IV-47). On the quarter pole figures, the signature of the coherent epitaxy of Cr on STO
is observed: the (110) reflection of Cr is observed at the expected position. A better epitaxy is
obtained for the BSC400 sample than on BSCRT sample. Besides, the Au (HO00)-type
diffraction peaks are observed on the BSC400 sample whereas for the BSCRT sample, only a
texture contribution corresponding to the (200) reflections of Au (111) textured grains is visible
on the amplified image (Figure [V-47).
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Figure IV- 47: Pole figures of Cr buffer layers on STO substrate. Bottom: intensity amplified by 10.

Stress analysis in BSCY

Stress analysis for Cr layers on STO substrates are presented in the Figure IV-48. A similar
tensile bi-axial stress is observed with almost the same value of the lattice parameters, the out-
of-plane lattice parameter is 2.8754=+ 0.0013 A (resp 2.8769 + 8E-4 A) and the same in-plane
lattice parameter 2.9173+0.0034 A (resp 2.9168+0.0021 A) for BSC400 (resp. BSCRT). An in-
plane strain of about 1% and 0.7% is found in BSC400 and BSCRT respectively. To these
strains is associated a tensile residual stress evaluated to 2.26 + 0.5 GPa for BSC400 and
2.16 £ 0.4 GPa for BSCRT. Thus, the residual stress generated during the epitaxy are almost
the same when the Cr layer is deposited at high temperature and when Cr is deposited at room
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temperature and annealed at 400°C. This shows that 2 hours of annealing at 400°C is sufficient
to relax the layer to the minimum residual strain. Along the growth direction, the Cr lattice
parameter is smaller than in the bulk.

m BSC400 A BSCRT| 7

0,0 0,5 1,0
.2
s ()
Figure IV- 48: sin?(y) plots for BMC400 and BSCRT samples.

Considering v=0.21, the usual value for Cr [9], we deduce the value of the free of stress lattice
parameters and the swelling (see table IV-6). Slightly higher values are obtained for the BSCRT
sample than for the BSC400 sample. Thus, for the growth of Cr\Fe\Cr tri-layers, we choose to
grow the Cr buffer layer at high temperature since the BSC400 sample shows smaller
roughness, better texture and epitaxy than BSCRT.

Table 1V- 6: Parameters deduced from sin?(y) plots.

ay(A) o (GPa) Sa (%)
BSC400 2.8899(21) 2.26(5) 0.21(1)
BSCRT 2.8907(12) 2.16(4) 0.23(5)

IV.5 Cr\Fe\Cr tri-layers

Cr\Fe\Cr tri-layers with various thicknesses: 5, 10 and 20 nm were prepared by MBE on STO
and MgO substrates. The x-ray reflectivity and structural properties are investigated. The
magnetic properties of Cr\Fe\Cr tri-layers are discussed.
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IV.5.1 XRR measurements

The Figures IV-49 and IV-50 show the raw specular XRR scans obtained on TSCY tri-layers.
Specular XRR intensities were recorded over an angular range from 20 = 0.2° (below the critical
angle) up to an angle where all intensity oscillations arising from the tri-layers’ thickness were
damped out. The red line shows the best fit model for the data set in black. The insert tables are
the results of the fit. In the fitting process, the density of Cr was kept constant to 7.5 g/cm® and
the fitting were performed by replacing the tri-layer with only one Cr layer. Except the case of
TMCS sample (where the fit was not possible), the fitting results are in good agreement with
the experiment. A substantial reduction in the amplitude oscillations for TMCY samples is
observed compared to the TSCY samples. This attests a higher roughness in the tri-layers on
MgO than in those on STO. The results in the inserted tables indicate that the thickness of the
tri-layer is close to the nominal thickness of the layers with an error bar of about 3%.
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Figure IV- 49: XRR plots on TMC5 and TSC5 samples.
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Figure 1V- 50: XRR plots on TMCY and TSCY samples with Y=10 and 20 nm.

IV.5.2 Structural properties

Texture in TXCY

The Figure IV-50 shows the diffraction patterns of Cr\Fe\Cr tri- layers. It reveals that Fe and
Cr are textured along the growth direction of the substrates. The improvement of the texture of
TMCY and TSCY samples is observed when the thickness of the tri-layers increases. The

positions of Au and MgO peaks attest that they are single crystalline except for TMCS5 and
TSCs.
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4,40 CEe
w{E B n B 2 | ===
~ g I g 3 3,52+ ]
o MgO(200)< |0 U [®) @)
1054 |7 N’\\ & 11—~ 5 5 2,641 1
f VH \ § E 1,76 1
~ 10%4 ] 20nm /\J /ww | _308] | E=T1scio
= 10 g
= 1,54+ :
& | %
= S 077t 1
245l [— TsCs|
10! 1,96 F d ]
1,47F 1
5 T T T T T 1 0.98 I v 4
20 40 60 80 100 120 60 65 7
20 (°) 20 (°)

Figure 1V- 52: §-20scans of the tri-layers on the MgO/STO(100).

The absence of Laue oscillations around the (200) peak of gold capping layer indicates that the
Cr\Au interface is not as flat as at the Fe\Au interface for the Fe\Cr\Fe tri-layers. The 6260
measurements around the (200) peaks of Fe and Cr show many satellites surrounding the (200)
peak particularly for TMC10 and TSC10. As discussed in the section 1V.3.3, the presence of
satellites around the main peak comes from the interferences of the amplitudes scattered by Cr
and Fe layers. As the thickness increases, the distance between satellites decreases giving rise
to two symmetric and intense peaks for the TMC20 and TSC20 samples. For these thickest
samples, we note a shift of the 20 Bragg position of the film to higher angles compared to the
bulk positions attesting a contraction along the growth direction. Along this direction, the
crystallites size 1s10+0.05 nm in TXC10 and 20.804+0.09 nm in TXC20 whereas in TMCS the
crystallites size of about 3 nm indicates a poorer texture. Due to the bad epitaxial quality of
TMCS (low signal over background), other measurements on TMCS were not usable.
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Pole figures in TXCY

We also performed pole figures to study the epitaxial quality of the samples in detail. All the
pole figures were measured in the same conditions so that their intensities could be compared.
On the quarter pole figures, a signature of a coherent epitaxy of Cr on STO is observed: the
(110) reflection of Cr is observed at the expected position.
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Figure 1V- 53: Pole figures for TSCY and TMCY samples. The maximum intensity for TMCY and TSCY
samples is plotted as a function of Y.

For the TSCS5 sample, the (110) reflection of the tri-layer is broad and less intense because the
epitaxy is partially lost. As the thickness increases, we observe a single (110) spot becoming
narrower and more intense, indicating a better epitaxy.

Stress analysis in TXCY

In Cr\Fe\Cr tri-layers, the Figures IV-54 show that bi-axial stresses are tensile in all cases. A
coherent in-plane growth of Fe on Cr is observed for the thickest tri-layers. For the TSC5
samples, the sin?(y)-plot shows a strong in-plane distortion (1.39 £ 0.25 %) of (Cr,Fe) lattice
parameter during the epitaxy. This induces in the out-of-plane direction a compressive strain of
about -1.85 + 0.52%. The magnitude of the in-plane residual stress generated within the tri-
layer is also high, about of 7.0 = 1.8 GPa (tables IV-7). This may indicate a more difficult
incorporation of misfit dislocations for the relaxation in Cr\Fe\Cr than in Fe\Cr\Fe tri-layers.

IV-50



When the thickness of the Cr\Fe\Cr tri-layers increases, the in-plane strains and the residual
stress reduce significantly as a result of the relaxation. The tri-layers deposited on MgO show
a small value of the strains and stress compared to those grown on STO, attesting a better
relaxation for the tri-layers on MgO.
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Figure IV- 54: The sin2(y) plots for TMCY and TSCY samples.
Table 1V- 7: Parameters deduced from sin?(y) plots.
€7 (%) €1 (%) o (GPa)
TMCI10 0.55+0.135 Fe -0.734+0.245 Fe 2.7856+0.87 Fe
0.53+0.06 Cr -0.705+0.155 Cr 2.68+0.52 Cr
TMC20 0.603+0.09 Fe -0.804+0.106 Fe 3.05+0.32 Fe
0.61 Cr -0.814 Cr 3.09 Cr
€/ (%) €1 (%) o (GPa)
TSCS 1.385+0.25 -1.846+0.516 7.01+£1.8 Fe\Cr
TSC10 0.962+0.17 Fe -1.283+0.352  Fe 4.87+1.23 Fe
1.01+0.08 Cr -1.34+0.26 Cr 5.09+0.87 Cr
TSC20 0.773+0.03  Fe -1.031+0.125  Fe 3.91+0.37 Fe
0.69+0.008 Cr -0.92+0.212 Cr 3.5+0.72 Cr
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IV.5.3 Magnetic properties

The M-H loops of the TMCY and TSCY samples are shown on Figure IV-55. When the
thickness increases the shape of the hysteresis loop becomes closer to the expected shape for a
bcc Fe with the external field along the [110] direction. The insert Figure reveals that the
coercive field is slightly higher than in Fe bulk for the TSCY samples. The coercive field
decreases as the thickness increases, but is always higher than the bulk values. A high Hc was
also obtained on the small-thickness Fe\Cr\Fe tri-layers on MgO. SQUID analyses on TMC5
samples show that the coercive field is also high in the perpendicular geometry meaning an
orange peel effect due to the substrate roughness is transferred through the Cr layer. The
saturation magnetization is plotted as a function of the Fe thickness on the right panel of Figure
IV-56. For comparison, the plots obtained for Fe\Cr\Fe tri-layers were included. Despite the
fact that the statistic is worse, the slopes for the Cr\Fe\Cr samples and Fe\Cr\Fe samples are
different, indicating different values of Fe moment. Besides, the slopes are identical for the
Cr\Fe\Cr tri-layers on both MgO and STO, indicating that the average value of Fe magnetization
is the same in both cases.

As reported in the table (IV-8), the means magnetization of Fe for Cr\Fe\Cr tri-layers is smaller
than the bulk value which is 1720 emu/cm?®. The contribution of the moment changes due to
interfaces is also small.
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Figure IV- 55: M-H hysteresis loops for TMFY and TSFY samples.
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Figure IV- 56: Left image: in-plane and perpendicular M-H hysteresis loops for TMC5 and TSC5

samples. Right image: Plot of the magnetization per surface unit as a function of the thickness of Fe
layer

Table 1V- 8: Parameters deduced from the magnetization plots.

TMCY
M; (emu/cm?) | M; (emu/cm?)

1385 + 186 176 + 246

TSCY
M; (emu/cm?) M; (emu/cm?)

1437 £ 132 57 +174

Conclusion on TXCY trilayers

The aim of the sections V-4 and V-5 was to estimate the contribution of the global moment
from Fe\Cr interface from Cr\Fe\Cr tri-layers.

We have studied the structure of Cr single layers and Cr\Fe\Cr tri-layers with the thickness Y
=5, 10 and 20 nm. XRD diffractions analyses reveal an improvement of the structure: the
texture, the epitaxy and the crystalline quality. We also found that the in-plane bi-axial stresses
are in tension and decrease when the thickness increases thanks to a better epitaxy of the tri-
layers. The change of the average moment at the Fe\Cr interfaces deduced from the hysteresis
curves is as small as in the case of Fe\Cr\Fe tri-layers. The precision is probably not sufficient.

Since it is difficult to estimate efficiently the interface contribution in the tri-layers, we have

prepared some Fe\Cr multilayers in order to have a larger relative contribution of the Fe\Cr
interfaces.
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IV.6 Cr\(Fe\Cr)~ multilayers
IV.6.1 Architecture of the multilayers

Fe\Cr multilayers were prepared in the same conditions as the tri-layers. The architecture of the
multilayers is as follows: A 10 nm of Cr is used as a second buffer layer (considering that the
20 nm of MgO is the first buffer layer). This allows to avoid the presence of a magnetic/insulator
interface which may induce a hybridization, an interdiffusion, some stacking faults and maybe
impurities at the interface. We fixed the thickness of Cr of the Fe/Cr multilayer at 2 nm and
varied the thickness of the individual layer of iron in order to always have the total thickness of
Fe equal to 20 nm (see the appendix I). This thickness corresponds to 140 atomic planes of Fe.
We call n the number of Fe/Cr interfaces.

If we consider one Fe atom in the multilayer, its effective moment depends on his environment
and the average moment per Fe atom in the multilayer can be expressed as m=2.25+ Au - n/140.
In this equation, 2.25 uB represents the moment per Fe atom in the volume (neglecting the strain
effects); Au is the moment change at a Fe\Cr interface per atom of the interface. Some
theoreticians have evaluated the effect of the vicinity of a Fe/Cr interface on the moment of Fe
and Cr atoms in the case of perfect interfaces (see the Introduction Chapter).

For a precise determination of the total moment, SQUID magnetometer was used to measure
the M-H loops in the multilayers. In the following, we named MXCY the multilayers
XOWMgO\Cr_10\(Fe_Y\Cr_2)p\Au, where Y is the thickness of the Fe layer in nm and p the
number of Fe\Cr bilayers (we have: p=n/2=20/Y). We used the couples: (Y,p)=(2,10), (2.5,8),
(4,5), (5,4), (6.5,3), (10,2). The TXC20 tri-layers take place in this series with (Y,p)=(1,20).

IV.6.2 Magnetic properties and discussion

The Figure IV-56 shows the hysteresis cycles for the multilayers on MgO and on STO. To
normalize the moment per Fe atom, we use the nominal thickness of the multilayers and the
density of iron. A precise determination of the sample surface was done using an optical
microscope.

3

—MMC10

— MSC10
2—\1\:(ﬁ~ 2—\“(64 lrF-—“ﬂﬂﬂt
—— MMC25 —w«;(zq
] f=——MMC2 1 MSC2
[=-="Fe bulk H//[011]] = - = Fe bulk H //[011]|

m(ug)
o
m(pg)
o

2 2
o4 7 N 0
-2 ﬁf -2 ‘J -2

-0.02  0.00 0.02 -0.02 0.00 0.02

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
H (T) H (T)

Figure IV- 57: The m-H plots for the multilayers on MgO and STO. In braun dash-dot line the
expected partial cycle for bulk Fe along [011] direction.
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We are expecting a linear evolution of the moment per Fe atom as a function of n, the number
of Fe\Cr interfaces (Figure IV-58). This is the case up to 16 interfaces. Nevertheless, the slope
is far more important than expected from the theoretical results. This can be due to the in-plane
strain of about 1% in Cr@400°C or to the oxidation at Cr@400°C and Fe@RT. Some points
are obviously false: there is a significant decrease of Fe moment for MMCS5, and the values for
MMC2 and MSC2 are much too high, probably due to an orange peel effect (finally no well-
defined interfaces are present) or to the poor textural, epitaxial and crystalline quality of the
multilayers as shown by 6—-20 scans, pole figures and rocking curve analysis (see the appendix
I). The linear evolution of the moment in the MSCY multilayers (with a thickness larger than 2
nm) has a slope of -0.0163 us per interface, which corresponds to a lack of 2.28 us per interface
(one atomic dead layer and/or some alloyed layer due to roughness). The intercept at n=0 shows
a decrease of the Fe moment in the core of the layers: 2.17 uB (instead of 2.25 uB), i.e. 2 3.6 £
1.5 % decrease, that could be attributed to the effect of stress and oxygen defects.
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2.6 T T T T T T
1T % 20 10 67 5 2.5 2
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m (u, /atom)

1.9 1
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1.7 4
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Figure IV- 58: Plot of the moment per Fe atom (of MMCY: black circles and MSCY: red squares) as a
function of n, the number of Fe\Cr interfaces. The brown and green lines are the predictions of [20]
and [21] resp. The red line is the linear fit of the moment in MSCY for Y between 2.5 nm and 20 nm.
Its equation is: m(ug)=(2.172 £ 0.033)-n*(0.0163 + 0.0038). The points circles are obviously false.

Conclusion

In this chapter, we have prepared a series of Cr and Fe single layers, tri-layers and multilayers
in order to study the structure and the magnetic properties of Fe. We have successfully
established a correlation between structural and magnetic properties for all the samples.
However, the experimental estimation of the global moment at Fe\Cr interfaces called mi, which
is known to be very small (see referees [20], [21]) is still a challenging issue. Very small (almost
negligible) values of mi are obtained on the two series of the tri-layers. For Fe\Cr\Fe tri-layers,
we have suggested that the formation of a dead layer at MgO\Fe interface, the contribution of
the Fe moment from Fe\Au interface, the presence of Sr impurities in Fe and/or the effect of
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magneto-striction (which is thickness-dependent) can reduce the value of mi. In order to have
only clean Fe\Cr interfaces, we have prepared the Cr\Fe\Cr tri-layers but the precision is not
sufficient to make a conclusion on the value of mi. Since it is difficult to have an accurate
estimation of the global moment at Fe\Cr interfaces in the tri-layers, we have prepared Fe\Cr
multilayers in order to have additive contributions of Fe\Cr interfaces. In this case, we have
followed the variation of the moment per Fe atom as a function of the number of Fe\Cr
interfaces. Our result is far from the expected tendency, showing an atomic dead layer at each
interface and a small decrease of Fe moments in the core of the layers. As we will see in the
next chapter, the oxygen is limited to the interfaces and in the Cr layers, so there are no oxygen
atoms within the core of the layers. The oxygen impurities can thus be responsible of the dead
layers at the interfaces and not of the decrease of the moment inside the layers.
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Chapter V:

Interdiffusion in epitaxial
Fe\Cr multilayers

In this Chapter, XRD, APT, TEM and Monte Carlo simulations (MC) are used to study the
interdiffusion mechanism in Fe\Cr multilayers.

V.1 Architecture of Fe\Cr multilayers

For the interdiffusion studies, we have prepared Fe\Cr multilayers on STO substrate with a
buffer layer of Fe. Previous studies have shown that the best structure and abrupt interfaces are
obtained when the layers are deposited on STO and when a buffer layer of Fe is used (see
Chapter IV). The multilayer is constituted of 5 bi-layers of about 20 nm thick, corresponding
to 140 planes of Fe and 140 planes of Cr. The growth of these multilayers was done in MBE
using the same conditions as for the tri-layers Fe/Cr/Fe samples presented in Chapter [V. In the
following, the multilayer is named MS10.

Au@ RT

Fe@ RT_10nm
5x - — -

Cr @RT_10nm

Fe@ RT+ann_10nm

. MgO buffer _20nm

Figure V- 1: Architecture of MS10 sample. The thickness of Au capping layer is about 5 nm

V.2 X-ray studies on the sample before the annealing
V.2.1 XRR analysis

XRR analysis has been done on MS10 to determine the total thickness of the multilayer and the
roughness of the Fe\Au interface and also to control the surface roughness of Au before and
after the annealing. Kiessig oscillations are observed in the Figure V-2: large oscillations come
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from the gold layer and small oscillations correspond to the Kiessig fringes of Fe and Cr total
thickness. Two peaks with higher amplitude at 20 = 3.3° and 4.25° (red array) correspond to
the period of the Fe\Cr superlattice. Most of the superlattice peaks are hidden in Kiessig fringes
of (Fe,Cr) and gold. The simulated intensity curve, in red on Figure V-2, gives a total thickness
of the multilayer of 105(4) nm (instead of 110 nm nominal, there is a 4.8% reduction). For the
capping layer of Au, we obtain 6.31 nm with a very small roughness as reported in the inserted
table. The substrate and Cr layer surfaces present a small roughness.
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L Mat d(nm) p(-2;) o (nm)
0,1 5 e
T Au 631 193[--] 0.08
] Fe 105(4) 7.8[--] 028
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Figure V- 2: XRR on MS10. The experimental data are in black and the fitting is in red.

V.2.2 XRD for structural studies

Prior to the annealing steps, the samples with 10x10 mm? initial size was divided into 9 samples
of 3x3 mm? size on which XRD was performed in order to determine its structural properties.
The graph shows the 6—-26 diffraction patterns (Figure V-3). We distinguish a well-defined and
intense (200) Bragg central peak surrounded with many well-resolved satellites. This is due to
the modulation of both the concentration and the lattice parameters in Fe and Cr of the
multilayer. This result is consistent with the epitaxial growth. All the samples have more or less
the same intensity, indicating that the growth of the multilayer is homogeneous. From the
position of the (200) main peak, we deduce the mean lattice parameter of Fe\Cr along the growth
direction to be (2.8657+ 0.0002) A. The positions of the satellites allow determining with a
good precision the period of the multilayer (plotting the intensity in log evidences the high
index satellites, see Figure V-4). The Bragg peak angle and the diffusion vector are related by
the expression Q = 4 sin(6)/A; we plot the variation of Q as a function of », the satellites’ index
relative to the main peak (#n=0), and use the slope to deduce the period (slope = 2n/A) of the
multilayer (see Figure V-5a). We find about of 191.6(6) A which is just 4.2% smaller than the
nominal period. This result is consistent with TEM observations.
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Figure V- 3: 6-20 scan on the multilayer as prepared. The left insert is the illustration of how the
sample with the dimension 10x10mm? was divided into 9 pieces.
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Figure V- 4: 6-20scan in log scale on the N°6 multilayer as prepared, with numerous evidenced
satellites.

The Figure V- 5b is the rocking curve measured on the main peak of the initial 10x10 mm? size
and of two 3x3 mm? samples. The FWHM of 0.2623 + 0.0005° for the biggest sample is almost
identical to the value obtained on the small size sample as expected, corresponding to both a
small mosaicity and a high in plane coherent length, which is a sign of a good crystalline quality.
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Figure V- 5: (a) Diffusion vector Q as a function of the satellite order n. The inserted table gives the
value of Q deduced from the angular position of each peak. The period of the multilayer is deduced
from the slope. (b): @ scans for the 10x10 mm? sample and for the 3x3 mm? samples (N°5 and N°7).

On the poles figures, the presence of a single (110) reflection of (Fe,Cr) at ¢ = 45° and y= 45°
(Figure V-6)is a signature of the epitaxial quality of the multilayer, corresponding to the
epitaxy relationship M(100)[011] /7 STO(100)[010] for M= Fe or Cr.
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Figure V- 6: Pole figure on MS10 (N°5).

In order to determine of the lattice parameter and analyze stress evolution in MS10, the sin?(y)
method was used (Figure V-7). The Figure V-8 shows amu versus the sin*(y) for some
reflections of Fe and Cr on STO. As reported on the Figure V-7, the main peak and the satellites
are observed on the (200), (220) and (211) maps whereas only one value of the lattice parameter
is observed along the (222) and the (130) maps (due to the fact that these maps are done in
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symmetric geometry — 0/20 at different ¥ — which highly convolutes the spectrum, whereas the
other 3 can be measured in asymmetric geometry — ®/20 — with no y tilt).
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Figure V- 7: Maps in the reciprocal lattice unit (RLU) showing the mean peak and the satellites for the
200, 220 and 211 reflections of MS10.
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Figure V- 8: The sin? (y) plots of MS10 sample N°5. The index “c” is for the main peak of the

multilayer and other indices stand for satellites. The dot lines represent the bulk lattice parameter for
Fe (in wine), for Cr (in green), for the Fe\Cr multilayers (in black). The bulk lattice parameter of the

multilayer is arecr = 1—11 (6ap,+5ac,) = 2.8737 A.

Identical values of the lattice parameter in the plane of the film attests a coherent in plane growth
of Fe and Cr. If we consider only the reflections of the main peak, we obtain the mean values
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of the out-of-plane and in-plane lattice parameters: aj200c = alrecr = 2.8628 + 0.0002 A and
a,200c= a,/200Fe = a200cr = 2.8896 + 0.0005 A respectively. Values of a 200c higher than the aj200c
indicates a tensile bi-axial stress, generated in the multilayers during the epitaxy.

V.2.3 Simulation of XRD profiles with the Python code.

We have simulated the XRD spectrum of the multilayer by considering the nominal thickness
and supposing a rectangular periodic shape of the multilayer. Since we couldn’t determine
separately the lattice parameters of Cr and of Fe along the growth direction, we used the values
obtained on the tri-layers TSF15 which are 2.84 A for Fe and 2.885 A for Cr to generate the
profile (Figure V-8). The simulated pattern is shown in the Figure V-9: green triangles show
the curve before convolution. The position of the satellite peaks is well reproduced, confirming
that the interfaces are initially abrupt. Laue oscillations surrounding the main peak correspond
to the total thickness.

We did a convolution of the simulated spectrum (black and blue graphs) in order to represent
experimental convolution which depends on the mosaicity, some structural inhomogeinity and
the instrumental width. The position and amplitude of the satellite peaks are well reproduced,
confirming that the interfaces are initially abrupt.

Knowing the structure of the prepared multilayer, the next step is to determine the appropriate
range of annealing temperature for the interdiffusion studies.
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Figure V- 9: Simulation of the diffraction pattern of the MS10 sample. Black dots: experimental
results; green triangles: raw simulated data; blue dots: convoluted simulated data; kaki line: gaussian
curve for convolution.
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V.3 Study of Fe\Cr multilayers after 4h at different temperatures
V.3.1 Evolution of x-ray diffraction pattern

In order to find the appropriate range of temperature for the interdiffusion studies, different
samples have been annealed in vacuum at different temperatures and XRD measurements have
been done on each sample to follow the variation in intensity of satellites as a function of the
annealing temperature. For all the samples, the annealing time was 4 hours. The Figure V-10
shows the diffraction pattern (a) and the ratio of the satellites intensities over the main peak
intensity as a function of T (in °C) (b). We observe that the intensity of satellites is almost
constant for the sample annealed at the temperature lower than 400°C. At 400°C, there is a
significant decrease of the satellites’ relative intensities.
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Figure V- 10: (a) 6-260scans on the samples annealed at different temperatures. The intensity is
normalized by the surface of each sample. (b) Plot of the ratios of the satellite intensities over the
main peak intensity as a function of T.

For the sample annealed at 500°C, we notice a vanishing of the second order satellites which
may indicate the concentration variation at Fe\Cr interface or in the layers. A considerable shift
of the main peak at a lower 20 angle is observed for the samples annealed at the temperature
between 400°C and 500°C. This attests the compression of the mean lattice parameter along
the growth direction. In order to determine the expected concentration variation at the Fe\Cr

interface, Monte Carlo simulations were realized by our partners from Paris Saclay for samples
annealed at 400°C and 500°C.

V.3.2 Monte Carlo simulations of the annealed samples.

The Figure V-10 shows the concentration profiles of Fe for different annealing times at
T=400°C (blue line), 450°C ( green line) and 500°C (orange line).

The simulation conditions are:

- The box size was (256x128x%128)/2 where 2 is the number of atomic sites in bcc.

- The vacancy jump frequency model is taken from [1].
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- The vacancy is assumed to be at equilibrium with respect to the concentration profile at
any time.

- The periodicity of the profile is 128 x d (d is the interplanes distance) along the [100]-
type directions of the bcc crystal.

Before the annealing, Fe layers are 64 planes of pure Fe and Cr layer 64 planes of pure Cr.
When the samples are annealed, there is a variation of concentration depending on the
temperature and the annealing time. The diffusion of Fe in Cr layers (resp. Cr in Fe layers) has
a symmetric variation at the Fe\Cr and Cr\Fe interfaces.
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Figure V- 11: Concentration profiles of Fe and Cr at 400°C, 450°C, and 500°C from Monte-Carlo
simulations. Bottom right (from [1]): phase diagram of Fe-Cr (full black line), calculated o—a’
miscibility gap (red circles), evolution of the Curie temperature in the homogeneous solid solution
(dashed line). Numbers give the concentrations of Fe or Cr inside the miscibility gap at the
equilibrium for T=400°C (blue line), 450°C (green line) and 500°C (orange line).

For short annealing times at 400°C, we observe that the concentration of Fe in the Cr layer are
only extended on few Cr planes while the concentration of Cr in the Fe layer varies from 0% to
11% on almost 24 planes of Fe. This indicates a slow diffusion of Fe into Cr layers and a rapid
diffusion of Cr into the Fe layers. For further annealing, the diffusion of Cr into the Fe layer
continues until the equilibrium concentration of Cr is reached in the Fe layers. The increase of
the thickness of the Fe layers is also observed.



At higher annealing temperatures (450°C and 500°C), the diffusion process is faster and the
thickness of Fe layer further increases. The equilibrium concentration of Cr in Fe layers is
reached after 600 hours at 450°C and 30 hours at 500°C while the diffusion of Fe in Cr layer is
still going.

In order to study the role of defects in the diffusion process, we have performed transmission
electron microscopy (TEM) and atomic probe tomography (APT) measurements on one sample
before and after annealing at 500°C during 4 hours.

V.3.3 TEM and APT analysis before and after annealing at S00°C for 4 hours

V.3.3.1 TEM results

TEM and APT analysis have been done by Estelle Meslin and Maxime Vallet on the prepared
multilayer in order to verify the multilayers’ architecture (by TEM) and also for chemical
analysis (APT). The sample was prepared in cross section and as a needle by FIB. For the TEM
observation, the beam direction is along [010] zone-axis of the STO substrate. Figures V-12
show the nanometer scale arrangement of the Fe and Cr layers with uniform thickness for the
sample as prepared and after the annealing. For both samples, multilayers are full of line
dislocations that propagate through all layers. They are called threading dislocations. They
originate from the misfit dislocations that are located at STO\MgO interface but are not
observed due to the resolution of the images.

Before the annealing, the thickness of both Fe and Cr layers is about 9.5 nm with an error bar
of 0.3 nm. When the sample is annealed at 500°C for about 4h (Figure V-13), the thickness of
Fe varies from 9.5 nm (before the annealing) to 10.3 nm (after the annealing) and from 9.5 nm
(before the annealing) to 8.5 nm (after the annealing) for Cr layers.

Growth
direction
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Figure V- 13: HAADF image of the MS10 sample annealed at 500°C during 4 hours.

V.3.3.1 EELS analysis
EELS analyses have been done by Michael Walls using a Nion Operating at 100kV (Figures

V-14 and V-15). The scan directions were parallel and perpendicular to the interface of the
multilayer. We observe that before the annealing, the dislocation lines that are observed on the
HAADF image do not affect the Fe and Cr concentrations. The EELS profile is symmetric. The
finite slope at the interfaces (right bottom profile) is due to the spatial resolution of the TEM in
the EELS mode.
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Figure V- 14: EELS images and concentration profiles of MS10 before annealing.
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Figure V- 15: EELS images and concentration profiles of MS10 annealed at 500°C during 4 hours

When the sample is annealed, for the in-plane profile, the relative concentration of Fe decreases
attesting a diffusion of Cr in Fe layers of about 4-5 %. In the Cr layers, there is a significant
increase of the Fe concentration from 17 to 19 % (averaged on the whole Fe thickness) along
threading dislocations. When Fe goes into Cr layer, Cr atoms are driven out and dispersed into
the Fe layer. This attests that dislocations in Cr layers act as pipes, allowing Fe to be rapidly
transported into the Cr layers. Along the growth direction (Figure V-15, right image), two
important information can be extracted: a) the maximum concentration of Cr is about 10 % in
Fe layers, meaning that the equilibrium concentration for both Cr and Fe is not yet reached. At
500 °C, the equilibrium concentrations of Fe in Cr-rich and in the Fe-rich region are respectively
17% and 86% (see the phase diagram of the Figure V-11). The obtained concentrations in Fe
layers are close to the one obtained by the Monte Carlo simulations. b) Some modulation of Cr
composition in the Fe-rich layers is also observed.

V.3.3.3 APT results
In order to precisely quantify the layers’ composition, the relative content of impurities and

their distribution, we performed some APT analysis on the samples. Figure V-16 shows that Fe
and Cr layers are homogeneous in composition, suggesting that defects observed by TEM do
not affect the chemical composition of layers. The atomic composition of each layer has been
quantified on a 7x7x60 nm? in the middle of the needle extracted from the layers to prevent any
artefact on the APT results due to the difference of evaporation field between Fe and Cr.

The results show a purity higher than 99.7% for all the Fe and Cr layers. The oxygen distribution
was also analyzed due to its high reactivity with Cr. Oxygen levels remain extremely weak
through the sample thanks to the ultrahigh vacuum chamber of our MBE machine. The oxygen
is mainly localized at interfaces with a maximum local atom composition of 2%. The global
oxygen content in the layer is very small (0.05%).
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Figure V- 16: As prepared sample: (a) 3D reconstruction from APT of MS10 including several Fe-Cr
periods. (b) Map of Fe-Cr (middle) and O (top) from a 7x7 %60 nm’® box extracted close to the (100)
pole and the relative atomic composition of Fe, Cr and O (x10) along the growth direction (bottom).
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Figure V- 17: Sample annealed 4h at 500°C: (a) 3D reconstruction from APT of MS10 including
several Fe-Cr periods. (b) Map of Fe-Cr (middle) and O (top) from a 7x7 %60 nm’ box extracted close
to the (100) pole and the relative atomic composition of Fe, Cr and O (x10) along the growth direction

(bottom).

After the annealing, the diffusion of Cr atoms in Fe layers is observed on the Figure V-17. The
variation of the relative concentration of Fe in the Fe layers is different from one layer to another
and may be due to the distribution of defects in the multilayer. The concentration of Cr in Fe is
the highest for the layer Fe4 of Figure V-17b. We observe on the Figure V-17a the presence of
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Fe aggregates in some Cr layers, with elongated shape as if they were formed on a line of
diffusion. Besides, the migration of Fe in Cr layers is along the threading dislocations in Cr
(small yellow cycle on Figure V-17a), as observed by EELS.

For a better understanding of the heterogeneity of Cr layers, many 3D reconstruction volumes
have been done to determine the distribution of Fe and O in Cr layer. Eleven defects have been
analyzed by APT. The diffusion of Fe in Cr is generally localized along the [211] direction
(Figures V-18-20). Some agglomerates of oxygen have similar location, either alone of near to
some Fe pipe. In bcc materials, the [211] direction of a defect can be the trace of the (111)
gliding plane along the [011] direction [2]. Thus, the Fe inclusions that diffuse along the [211]
direction may preferentially accumulate along the (110) dislocation planes present in Cr layers.
Nine other Fe inclusions and chromium oxide were analyzed by Maxime Vallet (not shown)
and the relative composition of each element was determined. He showed that Fe and oxygen
indeed diffuse in Cr layers along the threading dislocations and the migration direction of Fe in
Cr layers is the [112], the [113] or the [111]. This will affect the diffusion mechanism.
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Figure V- 18: Composition map showing on the left an Fe inclusion in the Cr layer and on the right
the corresponding composition profile.

Figure V- 19: Composition map showing an oxygen pipe in a Cr layer (the points representing O
atoms have a larger radius than those representing Cr atoms).
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Figure V- 20: Composition map of a thin slice on the left showing a Fe inclusion near to a Cr oxide
and the corresponding concentration of each element on the right. The observation planes of defects is
[100] along the growth direction and [011]along the interface.Tthe points representing O atoms have
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V.4 Isothermal annealing at high temperatures

To study the interdiffusion, we have annealed one sample at 400°C and another one at 450°C
during different annealing times.

V.4.1 Evolution of x-ray diffraction patterns: Satellite intensities and peaks’ positions

The diffraction patterns of the sample annealed at 450°C (Figure V-21) show a non-regular
decrease of satellites intensities with the annealing time. This indicates that shape of Fe\Cr
interface profiles get modified. In the first stage of annealing, a fast and abrupt decay of
satellites takes place. After the first step of annealing, the satellites’ intensities’ decay becomes
slow. The fast decrease of the 2" order satellites indicates that the smaller-wavelength
modulations decay more rapidly. Figure V-21 also reveals an angular shift of the whole
spectrum to a lower 26 value, indicating an increase of the average out-of-plane lattice
parameter (table V-1).

For the sample annealed at 400°C, the decay of the satellites has also a jump after the first
annealing. The shift of satellites’ positions is smaller (table V-2).

In order to find the analytic model that is the most appropriate for our system and will give
access to some interdiffusion coefficients D, we plot on Figure V-23 for each satellite S; of
intensity /i, either log(4i) (with Ai(t) = [Zi(¢)/ lo(¢)] / [1(0)/ 1o(0)], the relative intensity of the
satellite normalized to its value at /=0) as a function of the time ¢ (case a), or log(4i) as a function
of log(?) (case b), or the ratio 4; as a function of the square root of the annealing timeVt (case
c), for the samples annealed at 450°C and 400°C.

In Figures V-23 (a) and (c), we observe a rapid decay of A; (or In(A;)) for the first annealing
and a noticeable slow decrease for the long time annealing. The log-log model (Figure V-22b)
which shows a more linear evolution than the others (Figure V-22a and c), was fitted with a
linear function to deduce the composition gradient-correlation constant Kc. For the Fickian
diffusion model, K. is equal to 0.5. For all the satellites, we obtain K. values that were different
from 0.5 and different from each other [3]. In all the cases, the three diffusion regimes (or
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Figure V- 22: 8-20 scans on the samples annealing at 400°C during different times.
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Figure V- 23: Plots of A(t) as a function V't (c), log (4) as a function of log (1) (b) and log (4) as a

function of t (a) for MS10 annealed at 450°C (left images) and at 400°C (right images).

Table V-1: Lattice parameter deduced from the 6—260 scans of MS10 annealed at 450 °C.

t(h) |0

4

8

20

28

44

68

116

164

260

2.862

a (A)

2.861

2.862

2.863

2.866

2.866

2.867

2.868

2.869

2.869




Table V-2: Lattice parameter deduced from the 6—260 scans of MS10 annealed at 400 °C.

t (h)

28

76

168

384

540

2.866

2.866

2.866

2.866

2.867

2.867

a(A) 2.865

domains of linearity) Ro, R1 and Rz are observable indicating that in our Fe\Cr system, it is not
possible to determine a unique value of the interdiffusion coefficient.

Since the Figure V-22a shows an exponential decrease of the satellites intensities, we can
determine the relaxation time z which corresponds to the inverse of the slope (slope = -1/7) for
each regime. The variation of relaxation times 7z with the temperature follows the Arrhenius
law (7= 7o exp(E+/ksT). From the plot of log(7) as a function of 1/7 (R1 and R2 on Figure V-
28), the activation energies are deduced and are resumed in the tables V-3. Details on the
attribution of mechanism that controls each regime are discussed in the discussion section.

V.4.2 Effect of relaxation on the variation of diffraction spectrum.

V.4.2.1 Correlation between A and a, as a function of the time at T=450°C

To study if there is a correlation between the relaxation and the satellites’ evolution, we plotted
in Figure V-24 both 4 and a1 as a function of the annealing time. When the annealing time
increases, the decrease of the relative intensity of satellites is accompanied with an increase of
the average out-of-plane lattice parameter of Fe\Cr. This attests that Cr and Fe lattices are
relaxing. Figure V-24 also shows that the relaxation is not abrupt as the decay of satellites’
intensities during the first step of the annealing. This may indicate a rapid diffusion of atoms in
a dilated Fe lattice to relax defects (vacancies, O interstitials...) that were trapped in Fe layer
during the sample preparation.

To conclude this part, we observe that there is a correlation between 4 and a |, after the first
step, meaning that the diffusion regimes that we are looking for must be accompanied by a
relaxation, but not always along the same direction.

V.4.2.2 Strains evolution during the annealing

To obtain the strains, we measured the intensity maps for different peaks and made a sin*(y)
plot for the sample annealed at 450°C for 4, 116, 164, 260 hours. In Figure V-24, only the lattice
parameters deduced from the main peak are represented for a better visibility. We see that when
the annealing time increases, the average in-plane lattice parameter decreases, inducing a
dilation of the mean lattice parameter of Fe\Cr along the growth direction as also observed on
the 0-20 scans. These observations may be due to the diffusion of Cr atoms in Fe layers that
gives rise to an alloy compound at the interface with a smaller value of the mean lattice
parameter of the multilayer as predicted by Vegard’s rule [4]. This change of about 0.3% of the
in plane lattice parameter ay may affect the diffusion along the normal. We observe that the
free-of-stress lattice parameter decreases for a short annealing and its value is slightly higher
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than the bulk value of the multilayer arecr = 1—11 (6az,+5a,,) = 2.8737 A. For a long annealing

time, the free-of-stress lattice parameter increases and tends to a value that is slightly higher
than the bulk.
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Figure V- 24: Variation of the intensity ratios and of the out-of-plane lattice parameter as a function of
the annealing time. Different diffusion regime Ry (regime 0), R; (Regime 1) and R; (regime 2) are

separated by dot lines.
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Figure V- 25: (a) The sin’(y) plots of MS10 sample annealed at 450°C. The dot-dashed lines represent
the bulk values of the lattice parameter for Fe (in wine), for Cr (in green), for the multilayer (in red).
(b) Lattice parameters’ variation as a function of the annealing time. To deduce the free of stress

lattice parameter, we used the average value v expressed as v = 1—11 (6VEe+5ve,.) = 0.297 with Vpe=
0.37 and vcr.= 0.21. The different diffusion regimes Ry, R; and R, are separated by dot lines.



V.5 Isothermal annealings at low temperatures

To better analyze the regime Ro (jump on the curves at 400°C and 450°C), 6—26 scans were
performed on some samples annealed at lower temperatures (200, 275, 325°C); this temperature
range enables to explore the first step of interdiffusion. This will allow determining the
migration energy of the defects (vacancies, threading dislocations, O interstitials...) in the Fe-
rich region. The annealing times were adjusted so that the satellites’ intensities decay after the
first annealing is as small as possible. This is because the intensity decrease is extremely fast in
the beginning of the annealing. The highest is the annealing temperature; the shortest is the
annealing time. The -26 patterns are given in the Figure V-26 and the Ln(4i)=f(¢) in the Figure
V-27. We see that the decrease of satellites’ intensity is obviously more linear for the sample
annealed at low temperature for a long annealing time. With the increase of temperature, the
linear decay of satellites’ intensities is shorter.
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Figure V- 26: 6—20 scans on the samples annealed at different temperatures and times.

Discussion and conclusion

Epitaxial Fe\Cr multilayers have been prepared in order to study the interdiffusion mechanism.
As reported in many studies on FeCr alloys [5], we found that the diffusion of Cr and Fe in the
multilayers is asymmetric. 6—26 scans show a significant decrease of satellites intensities when
the sample is annealed at the temperature range between 400 and 500°C for 4 hours. This was
confirmed by Monte Carlo simulations. The concentration profiles of Cr obtained by Monte
Carlo simulations for the samples annealed at 400°C, 450°C
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Figure V- 27: (a) Plot of intensity decay as a function of the annealing time for the samples annealed
at low temperature (275°C: yellow filled symbols, dashed lines; 400°C: empty symbols, dotted lines;
325°C: symbols filled with red, full lines). For a better clarity, the plot for the sample annealed at
200°C is in inset.

and 500°C for different annealing times show a faster diffusion of Cr in Fe rich regions than Fe
in Cr rich regions. This induces some interfaces mobility of Fe layers, to keep constant the
number of Fe atoms during this asymmetric diffusion. This corresponds to a diffusion of Fe
into the Fe layer towards the interface, then through the interface in order to make the interface
move from the Fe layer to the Cr layer by replacing Cr atoms that have diffused into the Fe
layer.

The TEM, EELS and APT have been done on the sample before and after annealing at 500°C
for 4 hours. TEM results show an enlargement of Fe layer of about 1 nm to the detriment of Cr
layers. This is consistent with the Fe interface mobility observed on concentration profiles
obtained by Monte Carlo simulation. TEM images also reveal a huge amount of threading
dislocations that propagate through all layers. These dislocation lines come from the MgO
buffer layer; they are generated as a result of a significant misfit between the MgO buffer layer
and the STO substrate. The partial planes that are excluded from the MgO to relax the lisfit,
have some lateral limits that are these threading dislocations. The analysis of EELS maps
reveals that before the annealing the dislocation line that are observed on the HAADF image
do not affect the concentration of Fe and Cr layers: Cr layers are pure in Cr and Fe layers are
pure in Fe. The EELS profile is not abrupt at Fe\Cr interfaces because of the convolution effect
between Fe and Cr but the profile is symmetric. After the annealing, we found that some Fe
atoms diffuse in Cr layers through the pipes created by the dislocations (this corresponds to
pink color in Cr layer (see Figures V-18 and V-20)) inducing a depletion of Cr in Cr layers.
Along the growth direction, the profiles are asymmetric attesting an asymmetric diffusion
between Cr and Fe. This is in agreement with the Monte Carlo simulations.
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We have performed ATP analysis on the samples in order to precisely quantify the layers’
composition, the relative content of impurities and their distribution. As observed from the
EELS profiles, ATP results confirm the fast diffusion of Cr in Fe layers for the sample as
prepared and after the annealing. The ATP distribution map reveals three types of defects in Cr
layers (Fe inclusions, Cr oxide and both Fe inclusions and Cr oxide) along the propagation
direction that are in the dislocation slip planes expected for the bcc systems. Only Cr layer are
oxidized because of the fact that the free enthalpies of formation of chromium oxides are smaller
than that of iron oxides as predict by the Ellingham diagram for metals [6]. These
thermodynamic considerations explain why defects are preferentially formed in Cr layer and
not in Fe layers.

In order to determine the interdiffusion parameters, we have annealed one sample at 400°C and
another one at 450°C.We found by 6—268scans a non-regular decrease of the satellites intensities
with the annealing time indicating that the concentration profile at the Fe\Cr interfaces get
modified. This was confirmed by TEM analysis which shows that after the annealing of MS10
at 500°C for about 4h, the thickness of Fe varies from 9.5 nm (before the annealing) to 10.3 nm
(after the annealing) and from 9.5 nm (before the annealing) to 8.5 nm (after the annealing) for
Cr layers. The Figures VI-23-a, b and c indicate that 3 diffusion regimes are observable but
only the regime 1 and the regime 2 can be analyzed. In order to explore the regime 0, we have
realized the 6-20 scans on the samples annealed at low temperatures (200, 275, 325°C). At
200°C, we found the most linear decay of the satellites’ relative intensities which corresponds
to the regime 0.

We have plotted (Figure V-28) the relaxation time as a function of the temperature of all the
regimes. We also included the data for the regime 3 obtained by Monte Carlo simulations. The
slopes of the graph give the corresponding activation energies. The regime 0 has a much smaller
activation energy than the others, in agreement with the annihilation of already present point
defects.

Based on the experimental activation energies, the TEM, EELS and APT analyses, we attribute
these three experimental diffusion regimes to different physical mechanisms:

Regime 0: Points defects in sursaturation and additional (near and with opposite Burger's
vectors) dislocations are eliminated.

Regime 1: Oxides are formed only in Cr layers because of the fact that the free enthalpies of
formation of chromium oxides are smaller than that of iron oxides as predict by the Ellingham
diagram for metals. This indicates that the diffusion coefficient depends extremely on the nature
of the studied material.

Regime 2: Diffusion of Fe in the pipe dislocation that are in Cr layer until these pipes are
saturated with Fe. This is more rapid than in the bulk.

Regime 3: Diffusion of Cr in Fe from the interfaces and from the surface of the pipes.

Regime 4: Diffusion of Fe in Cr layers without any dislocation support. This regime is very
slow and requires a very long time of annealing to be observed experimentally.

Complementary measurements are necessary to observe the two last regimes, which is out of
the scope of this thesis.
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GENERAL CONCLUSION



General conclusion

The main objectives of this thesis were (i) to elaborate some Fe\Cr tri-layers and multilayers
with good structural and magnetic properties, (ii) to estimate, if possible, the moment change
due to one Fe\Cr interface and (iii) to study the interdiffusion mechanisms in epitaxial Fe\Cr
multilayers.

The structure (texture, epitaxy, crystalline quality and strains/stress analysis) was studied using
the 4-axes Rigaku and the Jeol2100F transmission electron microscope whereas the SQUID
and AGFM were used for the magnetic measurements (saturation magnetization, coercive and
saturation fields in-plane and in perpendicular, in-plane anisotropy). Complementary
information was obtained by collaborators who performed ATP and high resolution EELS
measurements as well as Monte-Carlo simulations.

In the first part of our work, the structure and the magnetic behaviors of sputtered Cr\Fe\Cr tri-
layers were investigated as a function of the Fe growth temperature and the nature of the
substrate. For this purpose, Cr\Fe\ Cr tri-layers were prepared by sputtering on MgO and STO
substrates. To optimize the epitaxy, the tested parameters were the growth temperature of Fe:
T= 400°C, 300°C, 200°C and 40°C, and the nature of the substrate. The thickness was kept
constant to 35 nm for Cr layers and 80 nm for the Fe layer.

The main results on sputtered Cr\Fe\Cr trilayers are the following:

¢ Texture, epitaxy and degree of crystal orientation are improved when the Fe growth
temperature decreases. The best growth is obtained when Fe is deposited at 40°C. In M40 and
S40 samples, the growth of Fe on Cr is coherent. The best substrate is MgO(100). The increase
of Fe growth temperature leads to the formation of either a mixed (Fe,Cr) oxide or a non-
negligible polycrystalline amount.

¢ Stresses are bi-axial, as expected, in all the samples. However, for all the samples, unusual
compressive stresses are observed with the highest values in the Cr layers. We show that these
stresses are not due to the thermal stress. They are caused by the diffusion of a small amount of
oxygen impurities as interstitials in the Cr buffer layer during the waiting time after its epitaxy.

¢ Hysteresis curves of the Fe layer measured in both parallel and perpendicular configurations
are dependent on the Fe growth temperature and also on the nature of the substrate. Only the
M40 gives the M-H loop shape expected for Fe grown on a (100)-oriented MgO substrate. The
decrease of Fe growth temperature gives rise to a higher in-plane magneto-crystalline
anisotropy thanks to an improvement of the epitaxy and the presence of a smaller stress in the
Fe layers. The smallest value of Ha is obtained when Fe is deposited at 400°C. The high coercive
field obtained on these samples is attributed to the oxygen defects which trap the domain walls.
Small Ha and high Hc are correlated with the lower epitaxial quality.

¢ In the perpendicular geometry, we have observed hysteresis curves with a very large coercive
field when some the CrO: ferromagnetic is formed in Cr buffer layer. A bias present in the
hysteresis curve of S40 is attributed to the Cr203 anti-ferromagnetic oxide which is formed at



Cr\Fe interface for S40 sample due to a long delay time between the growth of Cr@400°C and
Fe@RT.

These results show that a very good epitaxy of the tri-layers by sputtering is possible when the
Fe is deposited at room temperature on MgO(100) and STO(100) substrates with a Cr buffer
layer. We established a correlation between structural and magnetic properties. We can say that
one of the objectives of this work is achieved. However, the presence of metal oxides at Fe\Cr
interfaces and the diffusion of a small amount of oxygen inside the layers make it very difficult
to determine the variation of moments at the Fe\Cr interfaces.

In the second part of this work, MBE is used as a growth technique because of the low vacuum
pressure of the system which is about 3 orders of magnitude lower than in our sputtering
chamber and allows reducing significantly the pollution of the sample by eventual impurities
from the growth chamber. Fe\Cr\Fe and Cr\Fe\Cr trilayers as well as Fe\Cr multilayers with
different thickness were prepared for this purpose. A 20 nm-thick MgO layer was used as a
buffer on the substrates. We show that the surface quality of STO substrate was excellent and
obtained a notable improvement of the structural quality of Cr and Fe layers when the MgO
buffer layer is used. On the MgO substrates, the MgO buffer layer reduces the surface roughness
but does not change significantly the structure of Fe and Cr layers.

For the Fe\Cr\Fe tri-layers prepared by MBE, we found that:

¢ Texture, epitaxy, and mosaicity are improved when the thickness of the tri-layers is increased.
The best substrate is STO(100)\MgO.

¢ In-plane strains are bi-axial and in tension. With the increase of the thickness, both the bi-
axial stress and the in-plane strains are reduced, on both substrates. When the tri-layer is thicker
than 3x10 nm, the lattice parameters of Cr and Fe can be measured separately and a coherent
growth of Cr on Fe is evidenced. For the small-thickness samples on STO, an in-plane dilatation
of the Fe/Cr lattice parameter is observed and attributed to the diffusion of Sr through the MgO
inside the Fe buffer layer during the annealing of the latter.

¢ The shape of hysteresis loops attests that Fe magnetic moments are mainly in the film plane
with a coercive field similar to that expected in bulk Fe. In the thinnest tri-layers on MgO, a
large coercive field is observed due to the Néel’s orange-peel effect.

¢ As the thickness increases, the saturation moment per surface unit increases linearly. The
slope gives a Fe saturation magnetization close to that in bulk Fe (Ms=1720 emu/cm?) for the
tri-layers on MgO (Ms=1705 + 27 emu/cm®), whereas it is slightly higher for the tri-layers
deposited on STO (Ms=1813+ 35 emu/cm?). This small difference in M; can be attributed to the
tensile stress (higher in TSFY samples than in TMFY samples) inducing a higher
magnetostriction contribution.

¢ The global contribution of Fe\Cr interfaces is found small due to the combination of different
phenomena: (i) contributions of the MgO\Fe and Fe\Au interfaces (formation of a dead layer at
the MgO\Fe interface?), (ii) thickness-dependent magnetostriction and (iii) presence of Sr
impurities in the Fe buffer layer.



¢ For a better determination of the moment change due to the Fe\Cr interfaces, getting rid of (i)
and (iii), Cr\Fe\Cr tri-layers have been prepared. The structural and magnetic properties again
improved with the increase of the thickness of the tri-layers, but the epitaxial quality was worse
than in the Fe\Cr\Fe samples. The contribution of interfaces to the global moment was also
small in the Cr\Fe\Cr tri-layers.

¢ We have then prepared some Fe\Cr multilayers in order to have a larger relative contribution
of the interfaces. We fixed the thickness of Cr of the Fe/Cr multilayer at 2 nm (to keep a
ferromagnetic coupling between the Fe layers) and varied the thickness of the individual Fe
layers keeping the total thickness of Fe equal to 20 nm. A linear evolution of the total
magnetization as a function of the number of interfaces is expected. It is the case up to 16
interfaces. Nevertheless, the slope is far more important than expected from the theoretical
results. The formation of an alloy and/or of a dead layer can explain this observation.

Despite the difficulty to determine the interface contribution in Fe\Cr systems, we have clearly
established a correlation between the structural and magnetic properties of the sample prepared
by MBE. But there is still some way to optimize the deposition conditions or improve the
measurement itself (using more sophisticated measurement techniques for example as Magnetic
Circular Dischroism techniques) on much thinner layers.

For the interdiffusion study, we studied a multilayer constituted of 5 bi-layers (about 20 nm
thick), grown in our MBE machine on STO(100)\MgO. XRD, APT, TEM and Monte Carlo
simulations were used for this study. The sample were studied before annealing, after isochronal
annealing at various temperatures and after isothermal annealing at several chosen
temperatures.

As prepared:

¢ Structural characterizations by XRD show a well-defined (200) central Bragg peak of high
intensity of Fe\Cr, with many well-resolved satellites. The small obtained mosaicity is the sign
of'a good crystalline quality. The in-plane stress are bi-axial and in tension.

¢ TEM analysis shows the nanometer scale arrangement of the Fe and Cr layers in MS10. The
thickness of both Fe and Cr layers is about 9.5 nm. The multilayer presents many misfit
dislocations, formed at the STO\MgO interface and propagating through all layers. Fewer
dislocations are formed at the MgO\Fe interface.

¢ APT profiles reveal that Cr and Fe layers are homogeneous in composition and that oxygen
levels remain extremely weak (0.3% in average) through the sample. Oxygen atoms are mainly
present in the Cr layers near the Cr\Fe interfaces.

* After a 4 h annealing at different temperatures:
¢ We determine the interesting temperature range for interdiffusion studies: [400°C, 500°C].

¢ In this temperature range, Monte Carlo simulations reveal an asymmetric diffusion of Cr and
Fe (Cr diffuses rapidly into Fe whereas Fe diffuses very slowly into Cr) and an associated
interface mobility.

¢ A sample annealed at 500°C was studied in details:
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TEM shows that the Fe layers’ thickness increase whereas the Cr layers’ thickness decrease,
confirming the global diffusion of Cr into Fe more rapid than the diffusion of Fe into Cr.

APT analyses show that some defects like Fe inclusions and Cr oxides are present in Cr layers
and that their distribution is anisotropic. The Fe inclusions appear along the [113], [112] or
[111] directions and are preferentially accumulated along the (110) dislocation planes present
in Cr layers due to thermodynamic considerations. Moreover, the oxygen atoms are regrouped
as oxide grains inside the Cr layers, along the [113] direction and near to the interfaces.

EELS show the diffusion of Cr in Fe layers up to a concentration about 4-5%. In Cr layers, a
significant increase of the Fe concentration up to 17 to 19% (averaged on the whole Fe
thickness) is only observed along transversal dislocations attesting that dislocations act as pipes
in the Cr layers, allowing Fe to be rapidly transported inside Cr layers.

* After isothermal annealing:

¢ XRD reveals a non-regular decay of satellites’ intensities with the annealing time indicating
different regimes of diffusion. Three diffusion regimes are observed experimentally:

Regime 0: Points defects in supersaturation formed during growth and supplementary
dislocations with opposite Burger’s vectors are eliminated.

Regime 1: Oxide clusters are formed in Cr layers because the diffusion of oxygen is very fast
through interstitial sites.

Regime 2: Diffusion of Fe along the threading dislocations in Cr layers to relax the tensile
strains in Cr until these pipes are saturated with Fe and homogenous in concentration with the
Fe layer.

For these three kinetic processes, the activation energy is smaller than 2eV and the relaxation
times very similar, contrary to the regimes observed using Monte-Carlo (for which the
activation energy is around 3 eV):

Regime 3: ‘Bulk’ diffusion in Fe of Cr atoms coming through the interfaces and through the
surfaces of the pipes until the Fe is saturated according to the phase diagram (maximum
enlargement of Fe layers).

Regime 4: ‘Bulk’ diffusion of Fe in Cr layers far from dislocations. This regime is very slow
and requires very long annealing times to be observed experimentally. The interfaces move
back towards the final equilibrium positions corresponding to the equilibrium concentrations in
both Fe-rich and Cr-rich layers.

Complementary measurements are necessary to observe the two last regimes experimentally.
They are not within the framework of this thesis. Moreover, measurements in some different
multilayers will be useful to confirm some points: role of dislocations (on multilayers on MgO
substrate where the dislocations are few), observation of the Cahn-Hilliard process (in
multilayers with an average concentration in the equilibrium solid solution range)...
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Figure APP1-0: Architecture of MSCY samples. “p” is the number of Fe\Cr bi-layers.
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Figure APP1- 2: 6-26 scans of MSCY sample. We didn’t represents the diffraction pattern of
Fe2.5\Cr2]xp because of its worst textural quality as you can see on the next Figure.
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Figure APP1- 6: Stress analysis for MMCY and on MSCY samples.
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APPENDIX 2

2.1) Thermal annealing treatment
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Figure APP2- 1: Schematic representation of the furnace

The architecture of the furnace which is used in this thesis for the annealing (Figure APP 2-1).
The furnace is constituted of a cylindrical stainless steel tube inside which the sample is placed.
The furnace is equipped with a vacuum pumping system to reduce oxygen levels before heat
treatment and an argon cylinder to accelerate the temperature drop after annealing. After
Oxygen levels have been reduced (pressure ~107 mbar), heat treatment begins in an inert
atmosphere. The highest possible temperature of our furnace is 600°C in vacuum. The
monitoring of the temperature rise in the furnace is on the computer connected to the device. A
thermocouple is connected to the sample holder and gives the value of the sample voltage as a
function of the temperature. The sample temperature Tsample is obtained using three inputs: the
characteristic function E(T) of the thermocouple, the measured voltage V, and the reference

temperature Tref. Prior to the annealing of the multilayers, we calibrate the temperature of the sample (Figure APP 2-2). The
temperature range was 200 to 500°C. The step in temperature during the annealing was 5°/min. The Figure APP 2-2 shows that when Ar is

used for the cooling of the samples, the surface quality of the multilayer is deteriorated due to a chemical reaction
between Ar and Au capping layer. Thus, Ar has not been used during the cooling of the system.
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Figure APP2- 2: (a) Example of the evolution of the sample annealing temperature with our furnace.

(b) and (c) are the XRR analyses on the samples annealed at 450°C and 500°C with and without Ar

during the cooling.

2.2 Simulation of the XRD diffraction pattern

In order to study the effect of the variation of the lattice parameter of Fe and Cr on the position
of the intensity of the main peak and satellites of the Fe\Cr multilayer, we simulated the
diffraction spectra using Python code.

2.2.1) Effect of the modulation of the concentration and of the out-of-plane lattice
parameter a.

The Figure APP 2-3 is the diffraction patterns simulated with and without modulations of the
concentration and/or aj. We see that only the main peak is observed when there is no
modulation of a| or when there is a variation of both the composition and the lattice parameter
al. The modulation of the concentration and a| gives rise to one main peak surrounding by
satellites. Besides, the intensity of the main peak increases and the position of the peaks are
shifted compare to the case where there is no modulation. If there is only a modulation of the
lattice parameter, satellites intensities are affected.
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Figure APP2- 3: 6—268scans with and without the modulation of the concentration and the
out-of-plane lattice parameter.

2.2.2) Effect of the anomal correction on the XRD diffraction patterns.

The Figure APP 2-4 shows that the anomal correction affects slightly the intensities of satellites
peaks. For the accuracy of the result, the anomal corrections on Cr and Fe have been considered
during the simulation of the diffraction pattern.
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Figure APP2- 4. 6—26scans showing the effect of the anomal correction.
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2.2.3) Effect of the lattice parameters difference on the XRD diffraction patterns.

The Figure APP 2-5 shows that the difference of the lattice parameter along the growth direction
affects the intensities of the satellites in Fe\Cr multilayer.

1,24 MSF10 daoO
{ da: perp parameter difference da 0.01
1,0 +
o ﬂ da 0.03
= 0,81
= | da 0.05
=
= 0,6
=) |
o
= 04-
0,2 1 V ! !
0,0
. , i : . |
62 64 66 68

26 (°)

Figure APP2- 5: §—26 scans showing the effect of the out-of-plane lattice parameter.

2.3) Monte Carlo simulations

The Figures APP 2-6 show the satellites evolution as a function of the time for the samples
annealed at 400°C and 450°C. The data in red stand for Monte Carlo simulations and the blue
data are obtained from experiment. The simulations follow the same trend that the experiment
and different regimes of diffusion are also observed depending on the annealing time and
temperature. At 400°C, the regime 1 is ended after 7000 hours whereas at 450°C, the regime 1
is observed up to 67 hours.
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ions for the samples annealed at 400°C and 450°C.




2.4) XRR, AFM and MEB to check the surface morphology of Au capping
layer during the annealing.

XRR on the MS10 annealed at 450°C

XRR was performed after each step of the annealing in order to control the surface roughness
of the Au capping layer. When the multilayer is annealed for about 4h and 8h, large and well
defined oscillations of Au capping layer are present. We observe also shift of the Kiessig
oscillations to lower a dilatation of the lattice Fe lattice parameter due to the diffusion of Cr in
Fe layers. For a long annealing, Au oscillations are not observed indicating a strong roughness
of the Au layer. The 6™ and 8" order superlattice peaks are visible. I have realized the rocking
curves on the peak at 20 = 1.45° on the XRR. The intensity of the peak from the w scan is
almost identical to the one on the XRR at 20 = 1.45°. This confirms that the intense peaks
observed on the XRR patterns are indeed the superlattice peaks of the multilayer.

150
"~ ———450°C_116h —450°C_236h
——— 450°C_236h 125 1 ﬁ&
= 10 i
7 107 100 i
< = ! *%
% 1074 g 751 3
< = o
~ 102 504 f !
4
1 g }
10"
10° : : ; ; . |
1 2 3 4 5 6
20 (°)
800
5
10”7 700 -
10* 600
5 101 ~ 500
< w2
= Q.
g0 1071 S 4004
= p—
% o] 3001
200
10°
100 -
1071 T T T T T T T T T
1 2 3 4 5 6 0,6 0,7 0,8 0,9 1,0
20 (°) o (°)

Figure APP2- 7: XRR image of the sample annealed at 450°C and at 400°C showing surperlattice peaks
of the multilayers. @ scans measured on the 1 order superlattice.
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AFM on the MS10 annealed at 450°C

AFM was used to determine the Au roughness. We see that the thickness roughness of Au
capping layer increase from 1.6 to almost 5 nm when the sample is annealed for a long time.
The annealing induces a strong coalescence and formation of isolated islands of Au layer.
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Figure APP2- 8: Topography AFM images for the samples before and after annealing. The horizontal
red line gives the height variation as a function of the vertical displacement.

SEM on the MS10 annealed at 450°C

Scanning Electron Microscopy image shows that the sample is not completely covered by the
Au capping layer for long annealing time. Bright contrasts are for the Au capping layer and
dark regions stand for the top Fe of the Fe\Au interface.

Figure APP2- 9: SEM image showing the morphology of Au capping layer when the sample is
annealed at 400°C for about 540h
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o scans on the MS10 annealed at 450°C

Rocking curves scan on the multilayer annealed at 450°C for different annealing times. We
observe that the crystalline quality is highly improved for a long annealing time.

6000 - avn rec
{ ——450°C_4h
5000 -
40004 —~— 450°C_28h
—~ 1 —— 450°C_44h
@ 3000 -
- 1——450°C_116h
20009 . 450°C_164h
| ——450°C_236h
1000
0 4
T T T T T T T

30,5 31,0 31,5 32,0 32,5 33,0 33,5 340 34,5

o (°)
0,65
T=450°C
]
0,60 | \
@ 0,55 - l\
]
= \
= 0,50 - a
9 ||
_ \.
0,45 \.
\.
—nm
=
0,40 T T T T T T T T T T T T 1
0 40 80 120 160 200 240
t (h)

Figure APP2- 10: @ scans on the sample annealed at 450°C for different times. The bottom image
shows is the plot of the FWHM deduced from the rocking curves versus the annealing time.
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Etude des multicouches de Fe/Cr
épitaxiées : propriétés
structurales et magnétiques,

meécanisme d’interdiffusion

Résumé

Contexte et Objectif du projet de thése

Les alliages FeCr sont utilisés depuis longtemps comme matériaux de structure dans le cceur des réacteurs a
fission nucléaire. A une température de fonctionnement supérieure a 875K [1], les alliages Fe-Cr peuvent en effet
résister a des irradiations intenses présentes dans le coeur des centrales nucléaires. Depuis quelques décennies,
les systemes Fe-Cr sont a nouveau étudiés pour les futures centrales nucléaires a fusion qui nécessiteront des
conditions d'irradiation et de température encore plus drastiques que les réacteurs a fission. Selon Zinkle et al,
le matériau de structure idéal pour les réacteurs nucléaires a fusion doit supporter 4 fois plus d'irradiation et une
température 3 fois plus élevée que les réacteurs nucléaires de génération 2 utilisés en France [2]. Pour ces raisons,
les matériaux de structure sont toujours étudiés et doivent étre optimisés pour accélérer le développement de
réacteurs a fusion comme ITER (International Thermonuclear Experimental Reactor). Le matériau de structure
idéal doit présenter une densité élevée et uniforme de grains nanométriques qui servent simultanément
d'obstacles au mouvement de dislocations (pour une résistance mécanique €levée) et de centres de recombinaison

de défauts ponctuels (pour une guérison facile des dommages d’irradiation) [1], [2], [3], [4], [5].

Les alliages FeCr restent de bons candidats pour les réacteurs a fusion, car leurs propriétés d'auto-guérison des
défauts d'irradiation a haute température permettent [6]: (a) de conserver une bonne stabilité dimensionnelle (pas
de déformation et de gonflement) sous irradiation de neutrons, (b) de conserver des propriétés mécaniques

acceptables (résistance a la traction, ductilité, résistance au fluage) lors du vieillissement thermique et (c) de




préserver ces propriétés mécaniques dans des environnements corrosifs tels que les liquides de refroidissement

des réacteurs.

Une autre caractéristique des alliages Fe-Cr liée a ces propriétés mécaniques est le changement du signe de
l'ordre atomique a courte distance en fonction de la concentration de Cr dans I’alliage. En effet, le diagramme de
phase d’équilibre du systéme fer-chrome présente deux phases cubiques centrées (phases o et a’) avec une lacune
de miscibilité (Figure 0-1). La présence d’une lacune de miscibilité signifie généralement que le paramétre
d'ordre a courte portée est positif (interaction répulsive entre les atomes de Fe et de Cr plus proches voisins) quel
que soit la concentration de I'alliage. Cependant, des mesures expérimentales de diffusion diffuse de neutrons
réalisées par Isabelle Mirebeau (Figure 0-2a) ont montré que dans la phase a riche en Fe, ce paramétre d'ordre
est négatif pour les faibles concentrations de Cr (inférieures a 11 at.%), indiquant une tendance a 'ordre a courte
distance (interaction attractive entre les atomes de Fe et de Cr plus proches voisins). Pour comprendre ce
comportement singulier, des mesures magnétiques locales par diffusion diffuse de neutrons polarisés ont été
réalisées. Leurs résultats ont montré une variation relative considérable du moment du Cr pour les faibles
concentrations de Cr dans I’alliage alors que celle des atomes de Fe varie beaucoup moins pour la méme gamme
de concentrations. Il est donc possible que I'évolution du parameétre d'ordre chimique a courte portée dans ces
alliages soit liée au comportement magnétique du Cr, ce qui justifie de I'étudier plus en profondeur dans le

systeme FeCer.
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Mon travail de thése s'est déroulé dans le cadre du projet franco-allemand MAGIKID (MAGnetism in Iron based
systems: Thermodynamic, KInetic and Defects). L'objectif de ce projet est de réunir des théoriciens (de Saclay,
Chatillon, Bochum et Diisseldorf) et des expérimentateurs (de I'lPCMS et de Miinster) dans le but d'étudier les
effets du magnétisme et des défauts dans les systémes Fe-M, avec M = Cr, Co et Mn. Dans ce projet, mon travail
a consisté a élaborer des échantillons modeles de multicouches Fe\Cr afin d'étudier la diffusion atomique et

I’influence des défauts étendus sur les propriétés magnétiques.



Historiquement, les multicouches Fe\Cr ont été étudiées pour leur magnétorésistance géante. Jusqu'a présent, la
plus grande attention a été portée aux multicouches polycristallines de Fe/Cr et au couplage magnétique des
couches de fer a travers les couches de chrome. Cependant, les questions posées dans le projet MAGIKID, a
savoir l'influence des interactions magnétiques (a) sur les propriétés thermodynamiques et cinétiques, (b) sur
1'évolution des défauts ponctuels et étendus dans les multicouches Fe\Cr, ainsi que, réciproquement, les effets de

la présence de défauts étendus sur les propriétés magnétiques locales, n'ont pas encore été traitées en détail.

Dans mon travail de thése, des multicouches épitaxiées de Fe\Cr ont été préparées par pulvérisation cathodique
et par épitaxie par jet moléculaire (EJM). L’épitaxie par jet moléculaire permet d’élaborer des couches de hautes
qualités épiaxiales grace a un vide de trois ordre de grandeur meilleur qu’en pulvérisation cathodique et grace a
une vitesse de dépot tres lente. Cependant, en réduisant la vitesse atomique de dépdt, on arrive a avoir des

couches épitaxiées de qualité satisfaisante par pulvérisation cathodique.

Nous avons étudié les propriétés structurales et magnétiques afin de faire une corrélation entre ces propriétés.
L'objectif de ce travail était de déterminer la variation globale du moment magnétique aux interfaces Fe\Cr.
Quelques travaux ont déja été réalisés par des théoriciens sur les multicouches Fe\Cr afin d’estimer la variation
de moment global aux interfaces Fe\Cr. Daniel Stoeffler et Michel Freyss [7] ont utilisé¢ 1'approximation de
liaison fortes pour comprendre l'influence des marches atomiques aux interfaces sur les propriétés magnétiques
du Fe induites par la nature antiferromagnétique du Cr. Ils ont également déterminé les valeurs des moments des

Cr et des Fe en fonction de leur position par rapport a une interface Fe\Cr parfaite (Figure 0-4).
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A partir de la variation des moments de Fe et de Cr en fonction de la distance a l'interface, nous avons calculé la
variation globale de moment magnétique par atome d'interface (Figure 0-4). Elle est faible et négative (-
0.065 puB). Récemment, Chu-Chun Fu ef a/ [8] ont calculé les moments sur les différents atomes pres de l'interface

par DFT (Figure 0-7). En additionnant les contributions individuelles, nous obtenons une valeur positive du



changement de moment global a l'interface Fe\Cr d'environ 0.21us par atome d'interface (Figure 0-8). Ces

résultats montrent que la variation du moment global aux interfaces Fe\Cr est relativement faible.
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La deuxiéme partie de mon travail a consisté a étudier les mécanismes d'interdiffusion dans les multicouches

épitaxiées de Fe\Cr. Des travaux récents ont été menés sur les alliages FeCr par nos partenaires du CEA afin de

déterminer les parameétres influengant l'interdiffusion [9]. Ils ont déterminé par simulations Monte Carlo (MC)

des coefficients d'interdiffusion pour des températures comprises entre 850K et 1700K (Figure 0-9). Ils ont

¢galement montré que le coefficient d'interdiffusion diminue considérablement avec la concentration de Cr dans

l'alliage, confirmant les résultats expérimentaux obtenus par radiotraceurs [10], [11] a trés hautes températures.

Pour des températures inférieures a 900K, les mesures de diffusion par radiotraceurs ne sont pas possibles. Pour

répondre a ce probléme, nous avons réalisé des multicouches Fe\Cr avec une excellente qualité épitaxiale pour

suivre l'interdiffusion et déduire les coefficients de diffusion pour les différents processus de diffusion observés

en combinant les résultats de diffraction des rayons X, les simulations Monte Carlo, la Microscopie Electronique

en Transmission (MET) et la tomographie par sonde atomique.




Les principaux objectifs de cette these étaient (1) d'élaborer des tri-couches et multicouches Fe\Cr avec de bonnes
propriétés structurales et magnétiques, (ii) d'estimer, si possible, le changement de moment da a une interface
e\Cr, (ii1) d’étudier les mécanismes d'interdiffusion dans les multicouches épitaxiales Fe\Cr. La texture, 1'épitaxie
et la qualité cristalline ont été étudiées a I'aide d’un diffractométre Rigaku 4 axes (mesures en mode 6-26, figures
de podle et mesures en mode w) et du microscope électronique a transmission Jeol2100F. L'analyse des
déformations/contraintes a été réalisée par la méthode des sin*(y). Cette méthode consiste a cartographier un
certain nombre de pics de la structure du matériau a différentes rotations et basculements de 1’échantillon. A
partir des positions en 26 de tous les pics, on déduit les parametres de maille hors-plan et dans le plan.
Connaissant le coefficient de Poisson du matériau, nous pouvons déduire le paramétre de réseau relaxé, le
gonflement et la contrainte bi-axiale de 1’échantillon. Le SQUID et 'AGFM ont été utilisés pour les mesures
magnétiques. Les grandeurs recherchées ont été I’aimantation a saturation, les champs coercitifs et de saturation

dans le plan et en perpendiculaire, I’anisotropie dans le plan.

Résultats obtenus sur les tri-couches de Cr\Fe\Cr préparées

par pulvérisation cathodique

Pour les échantillons préparés par pulvérisation cathodique, nous avons joué sur la nature du substrat et la
température de dépot du Fe pour optimiser la qualité épitaxiale des échantillons. Nous avons choisi les substrats
MgO et SrTiO3 (STO) d’orientation (100) du fait du faible désaccord entre les parametres de maille des substrats
et du Cr tourné de 45°, ce qui favorise une épitaxie de bonne qualité. La couche de Cr a été déposée a chaud pour
permettre son épitaxie sur les substrats. La couche de Fe a été¢ déposée a différentes températures (T = 40, 200,
300, 400°C) et la couche de protection de Cr a température ambiante. Nous avons utilisé les vitesses de dépot de
2.1 A/s et 1.1 A/s pour le Cr et le Fe respectivement. Dans la suite, les échantillons sont nommés MT
(respectivement ST), ou la premicre lettre M (respectivement S) correspond au substrat MgO (respectivement
STO) et T correspond a la température de croissance de la couche de Fe en degrés Celsius. L’épaisseur a été
maintenue constante a 35 nm pour la couche de Cr et 80 nm pour la couche de Fe. Des couches tampon seules

(MB et SB) ont été préparés et étudiées en comparaison.

Les principaux résultats sur les tri-couches de Cr\Fe\Cr pulvérisées sont les suivants :
¢ La texture, 1'épitaxie et le degré d'orientation des cristaux sont améliorés lorsque la température de croissance
du Fe diminue. Des analyses MET ont été faites sur les échantillons SB et S200 ainsi que sur les échantillons

M300 et M40 et ont révélé que la couche tampon de Cr a une bonne qualité épitaxiale. Les mesures de diffraction



des rayons X réalisées sur les échantillons ST et MT ont montré que les échantillons sont texturés suivant la
direction [100] des substrats (mesures en mode 6—20). La meilleure texture a été obtenue pour les échantillons
S40 et M40 ou on observe clairement des pics individuels (200) de Cr et de Fe. L'augmentation de la température
de croissance de Fe conduit a la formation d'un oxyde mixte (Fe,Cr) polycristallin en quantité non négligeable.
En mode ®, nous avons observé la diminution de la largeur a mi-hauteur (FWHM) et I'augmentation de l'intensité
du pic de Bragg du Cr\Fe\Cr(200) lorsque la température de croissance du Fe ce qui atteste une amélioration de
la cristallinité. Les figures de pole et les images de microscopie €lectronique a haute résolution montrent une
meilleure épitaxie et une croissance quasi cohérente dans le plan du Fe et du Cr lorsque la température de

croissance du Fe diminue. Le meilleur substrat est MgO(100).

¢ Les contraintes obtenues par la méthode sin?( ) sont bi-axiales comme prévu, et ce dans tous les échantillons.
Pour les échantillons M40 et S40, les parametres dans le plan du Cr et du Fe sont égaux, ce qui signifie que la
croissance du Fe sur le Cr est cohérente confirmant ainsi les résultats de diffraction aux ¢électrons. Cependant,
pour tous les échantillons, des contraintes de compression importantes sont générées et pourraient provenir de
facteurs externes tels que 1’insertion d’impuretés d’oxygene et/ou d’atomes d’argon dans les couches. Afin de
suivre la distribution élémentaire aux interfaces et dans les couches, les spectres EELS ont été enregistrés et

analysés pour les échantillons M40 et M300 (Figure I11-16).

Pour les interfaces Cr@400°C\Fe@T :

(a1) la concentration d'oxygene augmente a l'interface Cr@400°C\Fe pour I'échantillon M40 (Figure I1I-16 en
haut a gauche) et donne lieu a un profil gaussien de concentration en oxygene. Ceci atteste la présence des
couches d'oxyde de Cr et Fe. La présence d’un profil asymétrique a I’interface indique que la concentration en
oxygene est plus importante dans le Cr@400°C que dans le Fe@RT.

(a2) la teneur en oxygene est significativement plus élevée pour M40 que pour M300. Cette observation signifie
qu’un temps d’attente plus long entre la croissance des couches de Cr et de Fe est responsable de la quantité plus
¢levée en oxygeéne a l'interface Cr@400°C\Fe@RT par rapport a celle de I’interface Cr@400°C\Fe@300°C
conduisant a la formation d'une couche d'oxyde de Cr et de Fe. Pour le M40, nous avons obtenu une couche
d'oxyde de 0.45 nm d’épaisseur avec une teneur €levée en oxygeéne et pour M300, la couche d'oxyde a une
épaisseur de 0.94 nm mais avec une concentration d'oxygene inférieure.

(a3) A l'interface Cr@400°C\Fe@T, nous avons obtenu un mélange du Cr et du Fe dont I’épaisseur est plus
importante pour M300 (4.4 nm) que pour M40 (2.9 nm) indiquant ainsi une possible diffusion du Fe dans le Cr
pendant le dépdt du fer et le refroidissement. L’épaisseur de prés de 3 nm pour le dépot de fer a température
ambiante montre qu’il y a aussi une diffusion du Fe dans le Cr par « atomic peening » [12], [13]. Cette méthode

de diffusion est un processus différent de celui du mécanisme d'interdiffusion qui est provoqué par le recuit de



I'échantillon. L’énergie supplémentaire des atomes y est apportée par les chocs avec les atomes déposés et

entraine aussi la présence de défauts dans les couches.
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Figure IlI-16 : Variation de la concentration relative du Cr, du Fe et de O aux interfaces Cr\Fe (image au-dessus)
et Fe\Cr (image en-dessous) des échantillons M40 et M300.
(b), (c) et (d) indiquent respectivement les couches de Cri@400°C, Fe@T et Cr(@RT.

Pour les interfaces Fe@T\Cr@RT:

(b1) la concentration en oxygeéne est négligeable pour M40 contrairement a M300, ce qui est dii au long temps
d’attente entre la croissance des couches de Fe et de Cr.

(b2) nous observons une interface abrupte pour M40 lorsque les couches de Fe puis de Cr sont déposées a

température ambiante.

Dans les couches de Cr, la teneur d’oxygéne varie de 7 a 11% dans la couche Cr@RT et de 3 a 6% dans celle

de Cr@400°C.

Nous avons aussi montré que les spectres EELS enregistrés de 200 eV a 800 eV ne montrent aucun seuil
d’ionisation de 1’argon attendu a une énergie de 248 eV. Nous en avons conclu que l'argon, s'il est présent, a une
concentration bien plus faible que 1’oxygene. La présence des contraintes en compression observées sur tous les
¢chantillons serait donc da a la diffusion d'impuretés d'oxygeéne au niveau des sites interstitiels du réseau du
Cr@400°C apres son épitaxie puisque la pression de base de la chambre de pulvérisation n'est pas trés basse et
que le processus de refroidissement des films ne peut pas étre accéléré. Les prédictions théoriques de D'Heurle
et Chason ont montré que l'oxygeéne a un effet considérable sur les contraintes produites dans les échantillons

déposés par pulvérisation cathodique [14]. En effet, pendant la croissance, les impuretés d'oxygene qui sont



adsorbées a la surface du film peuvent diffuser dans les sites interstitiels du réseau du film et conduire a une
contrainte de compression considérable a l'intérieur du film. Cette prédiction théorique est cohérente avec nos

résultats.

La forme des cycles dhystérésis de la couche de Fe mesurés dans des configurations paralleles et

perpendiculaires dépend de la température de croissance du Fe et de la nature du substrat.

¢ Dans la configuration parall¢le, seul M40 présente la forme M-H attendue pour du Fe déposé sur un substrat
MgO de surface (100). La diminution de la température de croissance du Fe entraine une anisotropie magnéto-
cristalline dans le plan plus élevée grace a une amélioration de 1'épitaxie et a la présence d'une contrainte plus
faible dans les couches de Fe. La plus petite valeur du champ d’anisotropie Ha est obtenue lorsque le Fe est
déposé a 400°C. Sur ces échantillons, nous avons obtenu un champ coercitif He €levé que nous avons attribué
aux défauts d'oxygene qui piegent les parois de domaine. Une valeur de Ha petite et une valeur de H. élevée sont
corrélées a une moins bonne qualité épitaxiale.

¢ Dans la géométrie perpendiculaire, les cycles d'hystérésis ont un champ coercitif trés important lorsque 1’oxyde
de chrome CrO: ferromagnétique est formé dans la couche tampon de Cr. Shima ef al ont obtenu des valeurs
similaires de H. pour la croissance de CrO2 a 400°C sur les substrats LaAlOs et Si[15]. La présence d’un « bias »
sur le cycle d'hystérésis de S40 est attribué a 1'oxyde anti-ferromagnétique Cr203 qui se forme a l'interface Cr\Fe
pour I'échantillon S40 a cause d'un temps d’attente important entre la croissance de Cr@400°C et Fe@RT. Ces
résultats montrent qu'une trés bonne épitaxie des tri-couches par pulvérisation cathodique est possible lorsque le

Fe est déposé a température ambiante sur des substrats MgO(100) et STO(100) avec une couche tampon de Cr.

Nous avons établi une corrélation entre les propriétés structurales et magnétiques. Cependant, la présence
d'oxydes métalliques aux interfaces Fe\Cr et la diffusion d'une faible quantité d'oxygene a l'intérieur des couches

rendent tres difficile la détermination de la variation des moments aux interfaces Fe\Cr.

Résultats sur les tri-couches et multicouches préparées par

Epitaxie par Jet Moléculaire (EJM)

Nous avons montré qu'une trés bonne €pitaxie des tri-couches par pulvérisation cathodique est possible lorsque
la couche de Fe est déposée a température ambiante sur des substrats MgO(100) et STO(100) avec une couche
tampon de Cr déposée a 400°C. Cependant, en raison de l'inertie du porte-échantillon de pulvérisation et de la

qualité¢ moyenne du vide dans la chambre de pulvérisation, la présence d'oxydes métalliques aux interfaces Fe\Cr



et la diffusion d'une faible teneur en oxygene a l'intérieur des couches rendent impossible la détermination de la
variation du moment global aux interfaces Fe\Cr. C'est pourquoi nous avons choisi de poursuivre la croissance
des tri-couches par EJM. L'un des avantages de cette technique est la faible pression du vide de base du systéme
qui est d'environ 3 ordres de grandeur inférieure a celle de notre chambre de pulvérisation, ce qui permet une
réduction significative de la pollution de 1'échantillon par d'éventuelles impuretés de la chambre de croissance.
D'autres avantages sont la croissance plus lente et la possibilité de réaliser une caractérisation RHEED de la
surface cristalline des couches aprés chaque étape de dépot. L'inconvénient de notre EJM est que la croissance
est beaucoup plus longue et spécialement laborieuse pour les multicouches. C'est pourquoi nos premicres
tentatives de croissance des échantillons avaient utilisé la pulvérisation cathodique. Pour les échantillons élaborés
par EJM, nous avons choisi des substrats STO et MgO d’orientation (100) recouverts d’une couche tampon de

MgO de 20 nm d’épaisseur.

Role de la couche tampon de MgO

Nous avons mis en évidence I’effet de la couche tampon MgO en réalisant des tri-couches Fe\Cr\Fe sur les
substrats de MgO et de STO d’orientation (100) avec ou sans couche tampon de MgO. Sur MgO brut, le profil
DRX a montré un pic (200) intense de la tri-couche ce qui traduit une bonne épitaxie. Sur STO, une mauvaise
¢épitaxie est observée. En présence d’une couche tampon de MgO, la qualité épitaxiale des tri-couches est
légerement améliorée sur le substrat MgO. Cependant, sur STO, nous observons une augmentation considérable
de I’amplitude du pic, ce qui signifie que la couche tampon de MgO est essentielle pour la reprise d’épitaxie des

tri-couches.

Tri-couches Fe\Cr\Fe

Pour les tri-couches Fe\Cr\Fe, les substrats ont été¢ chauffés, puis recouverts de 20 nm de MgO qui permet de
réduire leur rugosité. La premicre couche de Fe a été déposée a température ambiante, puis recuite pour améliorer
ses propriétés structurales. Les clichés RHEED contiennent des tiges mieux définies aprés qu’avant le recuit.
Les couches de Fe et de Cr sont ensuite déposées a température ambiante afin d'éviter leur interdiffusion. On a
utilisé une couche de protection d’or dont 1’épaisseur varie entre 5 et 10 nm. La vitesse de dépdt du Fe et du Cr
est de 0.2A/s. Dans la suite, les tri-couches seront nommées TXFY, ot X=M ou S correspond au substrat, F
signifie que la lere couche est du Fe et Y est I’épaisseur de chaque couche qui varie de 2 a 30 nm. Pour

comparaison, nous avons également préparé des échantillons de Fe@RT seules nommées BXFY.

Pour les tri-couches Fe\Cr\Fe préparées par EJM, les conclusions sont les suivantes :
¢ La texture, 1'épitaxie et la mosaicité sont améliorées lorsque I'épaisseur des tri-couches augmente. En effet,
nous avons fait une étude locale de la structure par MET pour une tri-couche de Fe\Cr\Fe préparée en section

transverse. L’image de microscopie en champ sombre nous a permis de voir un contraste entre les couches



(contraste de diffusion des électrons). Pour avoir I’information sur la qualité épitaxiale, nous avons fait des
clichés de diffraction et déduit la relation d’épitaxie dans le plan :

MgO(100)[010] // Fe(100)[011] // Cr(100)[011] // Fe(100)[011].

Cette relation indique que la direction dans le plan [011] du plan (100) de Cr (resp. Fe) est alignée avec la
direction [010] du plan de surface du substrat (100). Cette expression confirme la trés bonne structure de nos
couches. L’étude globale de la structure des couches a été réalisée par diffraction des rayons X. On note qu’en
plus des pics des substrats, les réflexions (200) de la tri-couche sont aussi présentes, en accord avec les résultats
MET. Une dilatation de la courbe autour du pic (200) a révélé la présence de plusieurs pics due a des effets
d’interférences, de la modulation de parametre de maille et de concentration du Fe et du Cr. Pour les tri-couches
de faible épaisseur, une meilleure résolution des profils sur STO a été observée, ce qui atteste que la croissance

sur STO est de meilleure qualité. Le meilleur substrat est le STO(100)\MgO.

¢ Les mesures en sin?( ) ont réveélé que les déformations dans le plan sont bi-axiales et en tension pour tous les
¢chantillons. Avec 'augmentation de 1'épaisseur, la contrainte bi-axiale et les déformations dans le plan sont
réduites sur les deux substrats. Lorsque la tri-couche est plus épaisse que 3x10 nm, les paramétres de réseau du
Cr et du Fe peuvent étre mesurés séparément et une croissance cohérente du Cr sur du Fe est mise en évidence.
Pour les échantillons de faible épaisseur sur STO, une dilatation dans le plan du paramétre de réseau du Fe/Cr
est observée. Les analyses EELS sur une multicouche Fe\Cr déposée sur STO (Figure IV-37) nous ont permis
d’attribuer cette dilatation a la diffusion de strontium (Sr) dans la couche tampon de MgO, puis dans le Fe lors
du recuit de cette derniere. Ceci est cohérent avec les résultats de Zhang et al qui montrent que malgré le fait que
le Sr a un rayon ionique plus grand que le magnésium Mg [16], le coefficient de diffusion du Sr dans le MgO est

supérieur a celui du Ti dans le MgO.
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Figure IV-37 : Cartographie EELS de la multicouche de [Fe;0\Cr ] <5 déposée sur le STO(100). Les chiffres 10 et 5
correspondent respectivement a [’épaisseur de chaque couche en nm et au nombre de bi-couches Fe\Cr.




¢ Les cycles d'hystérésis des échantillons TMFY et TSFY ont été mesurés avec le champ externe le long du bord
de I'échantillon. La forme des cycles a permis de déduire que les moments magnétiques du Fe sont principalement
dans le plan du film avec un champ coercitif similaire a celui attendu dans le Fe massif. Dans les tri-couches les
plus minces sur le substrat MgO, on observe un champ coercitif important du fait de la rugosité importante du
MgO qui induit un effet « peau d’orange » (décrit par Louis Néel) aux interfaces MgO\Fe.

¢ Lorsque 'épaisseur augmente, le moment a saturation par unité de surface augmente linéairement. La pente
donne une aimantation a saturation du Fe proche de celle du Fe massif (Ms = 1720 emu/cm?) pour les tri-couches
sur MgO (Ms = 1705 + 27 emu/cm?), alors qu'elle est légérement plus élevée pour les tri-couches déposées sur
STO (Ms = 1813 £ 35 emu/cm?). Cette petite différence de Ms a été attribuée a la contrainte en tension (plus
¢levée dans les échantillons TSFY que dans les échantillons TMFY) induisant une contribution de
magnétostriction plus élevée.

¢ Nous avons obtenu une contribution globale des interfaces Fe\Cr faible du fait de la combinaison de différents
phénomeénes : (i) contributions des interfaces MgO\Fe et Fe\Au (formation d'une couche morte a l'interface
MgO\Fe?), (i) magnétostriction dépendant de I'épaisseur et (iii) présence d'impuretés Sr dans la couche tampon

de Fe.

Pour tenter une meilleure détermination du changement de moment dii aux interfaces Fe\Cr, nous avons déposé

des tri-couches de Cr\Fe\Cr afin de s’affranchir de la contribution de (i) et de (iii).

Tri-couches Cr\Fe\Cr

Pour cette série de tri-couches, nous avons commencé la croissance avec une couche de Cr déposée a 400°C.
L'étude des échantillons déposés par pulvérisation cathodique a montré que cette température était optimale pour
le dépdt d'une couche tampon Cr. Apres refroidissement a température ambiante, la bicouche Fe\Cr et la couche
de protection d’or ont été déposées. La vitesse de dépot du Fe et du Cr est de 0.2 A/s. Les clichés RHEED des
différentes couches ont montré que la qualité de la surface est bonne. Les tri-couches préparées sont TXCY, soit

XO\WMgO 20 nm\Cr_Y\Fe Y\Cr Y\Au 5 nm, avec Y = 10, 20, 40 nm.

Nous avons observé que les propriétés structurales et magnétiques se sont encore améliorées avec 1'augmentation
de I'épaisseur des tri-couches, mais la qualité épitaxiale était moins bonne que dans les échantillons Fe\Cr\Fe. La
contribution des interfaces au moment global était également faible dans les tri-couches Cr\Fe\Cr.

Puisqu'il est difficile d'estimer efficacement la contribution d'interface dans les tri-couches, nous avons préparé

des multicouches Fe\Cr afin d'avoir une plus grande contribution relative des interfaces.



Multicouches Cr\(Fe\Cr)x

Les multicouches Fe\Cr ont été préparées dans les mémes conditions que les tri-couches. Nous avons fixé
I'épaisseur de Cr de la multicouche Fe/Cr a4 2 nm (pour maintenir un couplage ferromagnétique entre les couches
de Fe) et avons varié 1'épaisseur des couches individuelles de Fe en gardant 1'épaisseur totale de Fe égale a 20
nm. Une évolution linéaire de 1'aimantation totale en fonction du nombre d'interfaces est attendue. C'est le cas
jusqu'a 16 interfaces. Néanmoins, nous avons obtenu une pente bien plus importante que prévu d'apres les

résultats théoriques. La formation d'un alliage et/ou d'une couche morte peut expliquer cette observation.

Malgré la difficulté a déterminer la contribution de l'interface dans les systémes Fe\Cr, nous avons clairement
établi une corrélation entre les propriétés structurales et magnétiques des échantillons préparés par EJM. Pour
améliorer la mesure elle-méme, on pourrait utiliser des techniques de mesure plus adaptées comme les techniques
de Dischroisme Circulaire Magnétique des électrons sur des couches fines. Nous avons fait des essais mais

n’avons pas obtenu de résultats concluants dans le cadre de cette these.

Résultats d'interdiffusion sur les multicouches de Fe\Cr

épitaxiées

Des multicouches épitaxiées de Fe\Cr ont été préparées afin d'étudier le mécanisme d'interdiffusion. Les
multicouches sont constituées de 5 bi-couches (environ 20 nm d'épaisseur), déposé¢ par EJM sur le
STO(100)\MgO. Des mesures de diffraction des rayons X, des analyses au MET, de la tomographie par sonde
atomique et des simulations Monte Carlo ont été utilisées pour cette étude. Les échantillons ont été étudiés avant
recuit, apres recuit isochrone a différentes températures et apres recuits isothermes a plusieurs températures

choisies.

* Avant le recuit :

¢ Les caractérisations structurales par XRD montrent un pic (200) de Bragg central de Fe\Cr bien défini, de haute
intensité, entouré de nombreux satellites bien résolus. Cela est di a la modulation de la concentration et a la
modulation des parametres de réseau du Fe et du Cr dans la multicouche. Ce résultat est cohérent avec la
croissance ¢épitaxiale. Les échantillons ont été¢ coupés en 9 échantillons pour effectuer les différentes séries de
recuits. Tous les échantillons ont la méme forme de courbe /() a la barre d’erreur pres, ce qui indique que la
croissance de la multicouche est homogéne. La faible mosaicité obtenue est signe d'une bonne qualité cristalline

de la multicouche. Les contraintes dans le plan sont bi-axiales et en tension.



¢ Les images MET ont confitmé la succession a l'échelle nanométrique des couches de Fe et de Cr dans la
multicouche. L'épaisseur des couches de Fe et de Cr est d'environ 9.5 nm. La multicouche présente de
nombreuses dislocations, formées a 1'interface STO\MgO et se propageant a travers les couches de Cr et de Fe.
La densité des dislocations est plus faible a I'interface MgO\Fe.

¢ Les profils en tomographie par sonde atomique ont révélé que les couches de Cr et de Fe sont de composition
homogene et la teneur en oxygéne reste extrémement faible (0.3% en moyenne) a travers 1'échantillon. Les

atomes d'oxygene sont principalement localisés dans les couches de Cr prés des interfaces Cr\Fe.

* Apres un recuit de 4 h aux différentes températures T = 100, 200, 300, 400 et 500°C :

¢ Nous avons déterminé que la plage de température intéressante pour les études d'interdiffusion est [400°C,
500°C]. En effet, les balayages #—26 ont mis en évidence une diminution significative des intensités relatives
des satellites indiquant une variation de concentration a l'interface Fe\Cr ou dans les couches lorsque la
température de recuit est comprise entre [400 et S00°C].

¢ Dans cette plage de températures, les simulations de Monte Carlo révelent une diffusion asymétrique de Cr et
de Fe (Cr diffuse rapidement dans Fe alors que Fe diffuse trés lentement dans Cr) et une mobilité d'interface
associce.

¢ Pour un échantillon recuit a 500°C, nous avons observé que 1'épaisseur des couches de Fe augmente alors que
I'épaisseur des couches de Cr diminue, confirmant une diffusion globale du Cr dans le Fe plus rapide que la
diffusion de Fe dans le Cr. Les analyses en sonde atomique tomographique ont montré que des défauts tels que
les inclusions de Fe et les oxydes de Cr sont présents dans les couches de Cr et que leur distribution est anisotrope.
Seules les couches de Cr sont oxydées du fait que les enthalpies libres de formation des oxydes de chrome sont
plus petites que celles des oxydes de fer comme le prévoient les diagrammes d'Ellingham pour les métaux [17].
Ces considérations thermodynamiques expliquent pourquoi les défauts se forment préférentiellement dans la

couche de Cr et non dans les couches de Fe.

* Apres les recuits isothermes :

¢ La DRX a révélé une décroissance non régulicre des intensités des satellites avec le temps de recuit indiquant
différents régimes de diffusion. Pour des recuits courts, nous avons observé une décroissance rapide et brutale
de I’intensité satellites qui devient beaucoup plus lente pour des recuits plus longs. Trois régimes de diffusion
sont observés expérimentalement :

Régime 0 : les défauts ponctuels en sursaturation formés lors de la croissance des couches et les dislocations
supplémentaires avec les vecteurs de Burger opposés sont éliminés. Pour ce régime cinétique, l'énergie
d'activation est inférieure & 1 eV, en accord avec les valeurs attendues pour la migration de défauts ponctuels

préformés.



Régime 1 : Des amas d'oxyde se forment dans les couches de Cr, via la diffusion de I'oxygéne qui est trés rapide

entre sites interstitiels.

Régime 2 : Diffusion du Fe le long des dislocations traversantes dans les couches de Cr pour relaxer les
déformations en tension dans la couche de Cr jusqu'a ce que ces « tuyaux » soient saturés en Fe et homogénes
en concentration avec la couche de Fe. Pour ces deux régimes cinétiques, 1'énergie d'activation est supérieure a
4 eV et les temps de relaxation trés similaires, contrairement aux régimes observés en Monte-Carlo (pour lesquels

I'énergie d'activation est d'environ 3 eV et les temps plus longs d’un ordre de grandeur).

Régime 3 : Diffusion en volume des atomes de Cr dans le Fe a partir des interfaces et des surfaces des tuyaux
jusqu'a saturation du Fe selon le diagramme de phase (agrandissement maximal des couches de Fe).

Régime 4 : Diffusion en volume des atomes de Fe dans le Cr loin des dislocations. Ce régime est tres lent et
nécessiterait des temps de recuit trés longs pour €tre observé expérimentalement ou pour étre simulé par Monte
Carlo. Les interfaces reviennent vers les positions d'équilibre finales correspondant aux concentrations

d'équilibre dans les couches riches en Fe et en Cr.

Des mesures complémentaires sont nécessaires pour observer expérimentalement les deux derniers régimes.
Elles n'entrent pas dans le cadre de cette thése. Par ailleurs, des mesures d’autres multicouches seront utiles pour
confirmer certains points : le role des dislocations (pour les multicouches équivalentes sur le substrat MgO ou
les dislocations sont peu nombreuses), la validit¢ du modeéle de Cahn-Hilliard (dans des multicouches avec une

concentration moyenne dans la solution solide d’équilibre).
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Figure V-28 : Variation de log(t) en fonction de 1/T du
régime 0 (Ro), régime 1 (R1), régime 2 (R2) et du régime 3
(R3). R3 est obtenu par simulation Monte Carlo. Pour une

meilleure visibilité, seuls les temps de relaxation des
satellites d’ordre 1 sont représentés. Les énergies
activation des différentes cinétiques de diffusion sont
deduites des pentes ( ligne rose, bleue, rouge et noire
pour Ro, Ri, R> et R3 respectivement).

Figure V-18 : Cartographie des élements de la
multicouche montrant des inclusions de Fe (en violet)
dans la couche de Cr (en vert). Les oxygenes sont
montrés en gros points jaunes.
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